
1 

 

 

FACULTY OF TECHNOLOGY 

APPLICATION OF ROCK MASS 

CLASSIFICATION METHODS FOR SLOPE 

STABILITY DESIGN IN OPEN PIT OF OTSO 

GOLD OY (LAIVAN KAIVOS) 

Arnold Asiedu 

 

 

MINERAL RESOURCES AND SUSTAINABLE MINING 

(MINING ENGINEERING AND MINERAL PROCESSING) 

Master’s thesis 

JUNE 2022 



2 

 

ABSTRACT 
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Rock Mass Classification systems are used in the mining industry to classify rock types 

based on their physical and mechanical properties. It is one of the basic requirements on 

which the development of the mine will be based. Previous geotechnical studies at the 

Otso Gold Laivan Mine employed the Rock Mass Quality Index (Q-system), Goelogica l 

Strength Index (GSI), Mining Rock Mass Rating (M-RMR) and later Rock Quality 

Designation Index (RQD) to determine the quality of rocks at the mine for mine planning, 

designs, and development, including slope stability analysis and design. However, these 

were done at a time there was less or no pit development. This study aims to classify 

unexposed sections of the mine Rock Mass Rating (RMR) and perform a Slope Mass 

Ratings for the stability of rock slopes in the south pit of the mine. RMR results will be 

used to compare with previously used classification systems. Three slopes are selected 

for stability analysis. Field measurements and observations were conducted to obtain data 

for rock classification and kinematic analysis. Kinematic analysis with the information 

on rock quality and stability of slopes from calculated RMR and SMR, will be used to 

perform a slope stability analysis on the present slopes and for consideration in future 

development of the pit. This study will also suggest slope specifications for further 

development based on present performances of the slopes.  

Keywords: Rock Classification Systems, Rock Mass Rating, Slope Mass Rating, Slope 

Stability, Otso Gold Laivan Kaivos 
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FOREWORD 

Rock mass classifications play key role during early stages of planning and designing 

entire project by mining, civil and geological engineers on a wide scale of construction 

projects. Popularly used rock mass classification systems such as Rock Mass Rating 

(RMR), Modified Rock Mass Rating (M-RMR), Rock Mass Quality (Q), Geologica l 

Strength Index (GSI), and Rock Quality Designation index (RQD). 

This study performs a rock mass classification, using RMR, in the south pit of Otso Gold 

Laivan Kaivos mining area. Slope mass ratings will also be deduced from the RMR results 

to check the stability of the walls selected for this study. RMR results will again be 

correlate with previous classifications, GSI and M-RMR for any inherent variability in 

the rocks as new developments have taken place from the time previous classificat ions 

were done. It is noteworthy that slope designs of open pits largely depend on the type of 

rocks found at the project site. Observations will be made on the current situations of the 

slopes in south pit of the mine and be used for a kinematic analysis. Furthermore, the 

RMR classification, which gives the rock quality, along with a kinematic analysis for 

slope failure potential in three selected walls conducted will be utilised in designing slope 

configuration for future development of the south pit.   

I wish to express my sincere gratitude to all who offered their time and energy in support 

of this work. Special mention to Dr. Adeyemi Aladejare for his supervision of the work, 

Toochukwu Malachi Ozoji, Doctoral Researcher at Oulu Mining School, University of 

Oulu and from Otso Gold Laivan Kaivos, Riccardo Aque, Percy Scholtz and Jaakko 

Pihlaja, for their support and encouragement. I dedicate this work to my family for their 

support over the period. 

Oulu, 24.06.2022 

Arnold Asiedu 
Author 
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1 INTRODUCTION 

Rock mass classification refers to the practice of grouping rock mass on defined 

interconnections and allocating a distinctive description and a numeric rating to it based 

on similarities in properties such that the behavior of the rock mass can be predictable 

(Bieniawski, 1989). Rock mass classifications provide simple and effective way of 

defining rock mass quality and summarizing standard practice (Harrison and Hudson, 

2000). Rock mass classification systems utilize universally understandable systems that 

provide quantitative information about rock mass for engineers. Rock classifications also 

give guidelines for engineering purposes on previously abstract descriptions of rock mass 

from inherent and structural parameters through basic calculations (Pantelidis, 2009).  

Rock mass descriptions by Terzaghi (1946) draw attention to parameters dominating rock 

mass behaviour. These include the composition, behaviour and recommended treatment 

of intact rock, stratified rock, moderately jointed rock, blocky and seamy rock, crushed 

but chemically intact rock, squeezing rock and swelling rock. Sequel to this, Lauffer 

(1958) investigated stand-up time of un-supported span and showed that rock mass quality 

significantly affects stand-up time. Furthermore, he stated that greater span of the tunnel 

may lead to a substantial decrease in the time available for support installation. These 

basic findings by Terzaghi (1946) and Lauffer (1958) have been further improved by 

several authors to design numerous rock classification systems widely in use today (see 

Table 1). Applications of rock mass classification systems range from specific 

engineering purposes e.g., in tunnelling (New Australian Tunnelling Method, NATM by 

Pacher et al., 1964) and in mining (Rock Mass Rating, RMR by Bieniawski, 1973) to 

general engineering purposes (for example, Rock Mass Quality Index, Q-system by 

Barton et al., 1974; Geological Strength Index, GSI by Hoek and Brown, 1997). The 

importance of rock classification systems is evident in providing information on 

geotechnical competence of rock mass, re-enforcement requirements and insight on best 

underground excavation methods to employ based on rock properties. Despite the role of 

rock mass classifications, failures still occur in some engineering structures and this in, 

some cases can be attributed to inherent variability in rocks which affects their 

competence throughout the rock structure (Aladejare & Wang, 2017).  

Furthermore, rock slope stability for open pit mines requires careful design and 

assessment during the feasibility study stage of operations. It is more essential that 
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assessment and monitoring of slopes continues during the excavation and operating stages 

of the mine (Taheri & Tani, 2010). Other environmental factors or external forces such 

as seismic activities and groundwater can affect the behaviour and may induce responses 

from the rock mass and need to be addressed along with development (Basahel & Mitri, 

2017). 

In 2008, WSP classified exposed sections of rock mass in Otso Gold Laivan Kaivos mine 

area for geotechnical study during a feasibility study. At the time, no pits were developed. 

Later in 2015, SRK Consulting (UK) reviewed earlier studies by WSP on exposed 

sections in the south and north pits. However, new sections have been developed in the 

pits after the review with possible varying geotechnical properties. Accordingly, the aim 

of this study is to conduct a rock mass classification using rock mass rating on newly 

exposed sections in the south pit. This study will provide a pit slope specification that 

considers the quality of rock and potential failure modes given in selected walls. These 

specifications are intended to provide safe slopes which give good allowance on berm 

width and reduce failure, providing safety for workers and machinery. The objectives are 

to perform rock mass rating to determine rock quality, kinematic analysis for slope 

stability analysis, and recommend a slope specification for future developments. Slope 

mass ratings for the selected rock slopes will be derived from rock mass ratings by adding 

adjustment parameters that represent the discontinuity orientations in relation to the basic 

RMR and the effect of the excavation method (Singh and Goel, 2011). The slope mass 

ratings will determine the stability situation of the selected walls. Rock mass ratings will 

also be compared with GSI and MRMR done previously to determine whether rock 

quality changes as the pit depth is increasing.  
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2 LITERATURE REVIEW 

2.1 Rock Mass Classification Systems 

Rock mass classification systems can be defined as a general process from which 

engineers obtain information on rock mass surface and inherent properties which aid in 

decision making. Rock classifications provide quantitative data and guidelines for 

engineering purposes on originally abstract descriptions of rock mass from inherent and 

structural parameters (Pantelidis, 2009). It is however intriguing to note that of rock mass 

classification systems development has evolved over 100 years after Ritter (1879) 

attempted to produce an empirical approach to tunnel design for support requirements 

determination. Subsequently, Terzaghi (1946) described the dominant characteristics of 

rock covering the rock composition and behaviour and recommended specific ways of 

handling the various classes. Lauffer (1958) later proposed the stand-up time in an 

excavated rock mass, describing it in relation with the unsupported span and the rock 

quality, where greater span of tunnel may lead to a substantial decrease in the time 

available for support installation. Rock mass classifications form the backbone of the 

empirical design approach and are widely employed in rock engineering. Rock mass 

classification systems assist in the planning and design of excavations in rock with 

quantitative data and provide a general means of effective communication to engineers 

on a geotechnical project. Another purpose of rock mass classification system is to divide 

rock mass with similar behaviour into groups and provide an understanding of 

characteristics of each group (Bieniawski, 1976). In the mining industry, rock mass 

classification systems are useful in the assessment and monitoring of stability or 

performance of rock slopes based on structural and in-situ properties of rock mass 

(Sujatha & Thirukumaran, 2018). A rock mass classification can be useful when it is made 

understandable with widely accepted terminologies. The classification system should 

describe most significant properties of rock masses based on measurable parameters that 

are easy to obtain. A rock mass classification system must be based on a rating system of 

significant parameters and be functional in providing relevant information on rock mass 

under consideration (Bieniawski, 1976). 

Wickham et al. (1972) proposed a quantitative method for describing the quality of a rock 

mass and for selecting appropriate support based on their rock structure rating. Although 

the rock structure rating classification system is not widely used, Wickham et al.’s work 



10 

 

played a significant role in the development of other classification systems. However, the 

most widely known classifications include the rock mass rating classification system of 

Bieniawski (1973, 1974) and Q system of Barton, Lien and Lunde (1974). These 

classifications placed emphases on strength of intact rock material, spacing, number and 

surface properties of structural discontinuities. Allowances are given for subsurface 

groundwater conditions, existing stresses and the orientation and inclination of dominant 

discontinuities. The applications of these classification methods have become wider in 

several fields of rock engineering other than its primary purpose of development in 

estimation of the support requirements in tunnels. There are several multi-parameter 

classification methods that emanate from civil engineering case projects. The emphasis 

placed on various parameters differs from classification systems which makes it useful to 

employ two or more methods for analysis at different sites mostly during the initial stages 

of a project. Palmstrom and Broch (2006) noted, that when rock mass classifica t ion 

systems are used purposefully within the limits with which they were developed, they 

serve as handy practical engineering tools, not only for providing a basis for the design 

of tunnel support but also equipping the user with a tool to study rock mass properties 

with systematic approach. Table 1. below shows some of the commonly known and used 

classification systems in application. 

Table 1. Major rock mass classification systems (Modified after Cosar, 2004). 

S/N Rock Mass Classification 

System 

Proposer and Year Country of 

Origin 

Application Areas 

1 Rock Load Terzaghi, 1946 USA Tunnels with steel 

Support 

2 Stand-up time Lauffer, 1958 Australia Tunnelling 

3 New Austrian Tunnelling 

Method (NATM) 

Pacher et al., 1964 Austria Tunnelling 

4 Rock Quality Designation 

(RQD) 

Deere et al., 1967 USA Core logging, tunnelling 

5 Rock Structure Rating (RSR) Wickham et al., 1972 USA Tunnelling 

6 Rock Mass Rating (RMR) Bieniawski, 1973 

(last modification 

1989-USA 

South Africa Tunnels, mines, (slopes, 

foundations) 
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Rock Mass Tunnelling Quality 

Index (Q) 

Barton et al., 1974 

(last modification 

2002) 

Norway Tunnels, mines, 

foundations 

8 Strength-Block size Franklin, 1975 Canada Tunnelling 

9 Basic Geotechnical 

Classification  

ISRM, 1981 International General 

10 Rock Mass Strength (RMS) Stille et al., 1982 Sweden Metal mining 

11 Unified Rock Mass 

Classification System (URCS) 

Williamson, 1984 USA General 

12 Communication Weakening 

Coefficient System (WCS) 

Singh, 1986 India       Coal mining 

13 Modified Rock Mass Rating 

(M-RMR) 

Ünal and Özkan, 

1990 

Turkey Mining 

14 Rock Mass Index (RMi) Palmström, 1996 Sweden        Tunnelling 

15 Goelogical Strength Index 

(GSI) 

Hoek and Brown, 

1997 

Canada All underground openings 

2.1.1 Rock Load Classification 

Terzaghi (1946) in collaboration with Proctor and White Steel Company designed this 

comprehensive classification system with a knowledge of the geology on designing steel 

supported tunnels and rock loads carried by steel sets. The objective of this system, based 

on the descriptive classification of rock classes, is to make an assessment on rock load to 

be carried by steel arches installed as support in tunnel (Hoek, 2007). The rock load, 

known as the first in English language, to integrate geology into design of tunnel support, 

forms the foundation for the development of three most common classifications i.e., Q, 

RMR, and GSI (Singh and Goel, 2011). Terzaghi developed an equation for support 

pressure (p) as p = HpγH, where Hp is the rock load factor, γ represents the unit weight 

of the rock mass and H is the tunnel depth or thickness of the overburden (Terzaghi, 

1946). 

There were limitations evident in rock load classification system and thus has undergone 

modifications by other authors. An example is Deere et al. (1970) who defined classes of 

rock load in relation with rock quality designation (RQD), in which class I of rock load 

classification corresponds to RQD 95–100%, Class II to RQD 90–99%, Class III to RQD 

85–95%, and Class IV to RQD 75–85%. Another modification was by Rose (1982) who 
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suggested that a reduction by 50% in Terzaghi’s rock conditions from their original rock 

load values necessary. Later, Cording and Deere (1972) recommended that Terzaghi’s 

rock load system should be limited to tunnels supported by steel sets because there is no 

application to tunnels or cavers supported by rock bolts. From the research study by 

Singh, Jethwa, and Dube (1995), a comparison of support pressure measured from tunnels 

and caverns with estimates from Terzaghi’s rock load theory was conducted. The study 

established that support pressure in rock tunnels and caverns does not increase directly 

with excavation size as assumed by Terzaghi (1946) and others. This attributed to the 

dilatant behaviour of rock masses, joint roughness, and prevention of rock mass loosening 

by improved tunnelling technology, and support pressures are almost independent of the 

size of opening. From their experiments, they recommended ranges of support for tunnels 

and caverns in rock load applications (Singh and Goel, 2011). 

2.1.2 Stand-up Time Classification 

Stand-up time can be defined as the time span within which an excavated active span can 

stand without being supported or providing reinforcement (Hoek, 2007). Lauffer, (1958) 

proposed a relationship between the stand-up time for an unsupported span to the quality 

of the rock mass in which the span is excavated based on earlier work by Stini (1950), on 

tunnel geology. The unsupported span refers the unsupported tunnel section or the 

distance between the face of the tunnel and the nearest installed support if this distance is 

greater than the tunnel span. Rock mass is classified from A to G depending on the 

relationship of stand-up time and unsupported span; such that Class A denotes a very 

good rock and Class G shows very poor. 

Estimating the stand-up time of a rock mass may require some assumptions to be 

considered. The first is, that rock mass surrounding the tunnel behaves as rheological and 

is impacted by some factors, such as weak mineral components, joint sets, discontinuity 

filling materials, physical and chemical changeability.  In addition, stress and strain 

redistribution process after tunnel excavation is dependent on the distance to the tunnel 

face. The rock mass surrounding the tunnel begins to fail when the maximum creep 

displacement gets to a critical value (Nguyen & Nguyen, 2014). The stand-up time 

classification method does not consider spalling, slabbing, rock bursts or wedge failure 

in a tunnel. Modifications by other authors especially Pacher et al., (1974) to Lauffer's 

method of classification are utilised in the New Austrian Tunnelling Method (Hoek, 

2007). 
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2.1.3 New Austrian Tunnelling Method (NATM) 

The New Austrian Tunnelling Method (NATM) was developed by Rabcevicz, Müller and 

Pacher between 1957 and 1965 in Austria. In the New Austrian tunnelling method, rock 

is classified by its behaviour when subjected to load after tunnel excavation, in which the 

surrounding rock mass in excavated tunnel act as the main support within the excavation. 

The excavation is continually monitored for any movements and application of support 

for stability during construction (Karakus & Fowell 2004). Bieniawski (1989) highlighted 

on some significant principles on which the NATM established are mobilization of the 

rock mass strength, shotcrete protection, measurements, flexible support system, invert 

closing, contractual arrangements and rock mass classification which determines the 

measures for support system. Furthermore, the classification involves qualitat ive 

description of rock mass based on ground conditions to serve as a guide in tunnel 

reinforcement. In a summary, the system combines methods of excavation and tunnell ing, 

with the implementation of continual monitoring of surrounding rock movement and use 

of support to obtain the most stable and economical lining (Cosar, 2004). The 

classification utilises techniques for safe tunnelling in rock conditions in which the stand-

up time is limited before failure occurs (Hoek, 2007).  

The New Austrian tunnelling method has been applied in several tunnel constructions 

including the Lodano-Mosagno tunnel of the Maggia-Electric Scheme in Switzerland, 

Schwaikheim Tunnel in Germany and for the first time in UK for access tunnels in a 

gypsum mine at Barrow-upon Soar. Despite the wide usage of this method of tunnell ing, 

it has undergone some scrutiny by researchers on the high requirement of coordination 

when using the method, less rates of production and interruptions during excavation and 

support works (Karakus & Fowell 2004). 

2.1.4 Rock Structure Rating 

Rock structure rating is a quantitative method was developed by Wickham et al. (1972) 

for defining rock mass quality and choosing suitable support. These were based on 

engineering projects of relatively small tunnels supported by steel sets. RSR became one 

of the earliest methods used to describe shotcrete support, despite its application in small 

tunnels with steel set support system. The feature of RSR incorporating multiparameter 

rating techniques and a ground-support design approach makes its application meaningful 

(Bieniawski, 1989). In RSR application, rock mass behaviour in a tunnel is influenced by 
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two parameters namely, geological parameters and construction parameters (Hoek, 2007). 

The weighted values of the various parameters, which are expanded below are summed 

together to get a numerical value of RSR i.e., 𝑅𝑆𝑅 = 𝐴 + 𝐵 + 𝐶 (Wickham, 1972), where 

parameter A covers geology in which is based on rock type, rock hardness and geologica l 

structure. Also, parameter B is the geometrical effect of discontinuity pattern with respect 

to direction of tunnel construction, based on joint spacing and joint orientation. Parameter 

C is the effect of groundwater inflow and joint condition.  

RSR classification applies imperial units. Shotcrete thickness is factored into the diameter 

of a tunnel so as rock bolts spacing and steel ribs spacing of typical sizes used for the 

tunnel of specified diameter. The type of support system, either rock bolts and shotcrete 

or steel set solution, can be evaluated for selection as to the most economic and effective 

depending on the amount of data available and reliable (Hoek, 2007). 

2.1.5 Rock Mass Index (RMi) 

Palmström (1995a) developed rock mass index (RMi) to characterize rock mass strength. 

The classification system describes the reduction in in-situ strength of rock mass due to 

varying adverse effects of joints (Singh and Goel, 1999). RMi basically implies uniaxia l 

compressive strength of the rock mass in MPa and is expressed as: 

𝑅𝑀𝑖 =  σc ∗ JP                                                                                       (1) 

where σc is the uniaxial compressive strength of the intact rock material in MPa, JP is the 

jointing parameter; comprised of 4 joint characteristics, specifically, block volume or 

joint density, joint roughness (jR), joint size (jL) and joint alteration (jA). JP is reduction 

factor which accounts for the impacts of jointing on the strength of rock mass. For intact 

rock, JP equals 1 and equals 0 for crushed rock masses (Singh and Goel, 1999). The four 

jointing parameters can be used to calculate jointing parameter as (Singh and Goel, 1999): 

𝐽𝑃 = 0.2(jC)0.5(Vb)D,                                                                         (2) 

where the block volume, Vb, is given in m3, and block diameter, D=0.37* jC0.2 

Joint condition factor, jC is correlated with jR, jA and jL as follows (Singh and Goel, 

1999): 

𝑗𝐶 = jL (
𝑗𝑅

𝑗𝐴
),                                                                                           (3) 
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The overall rating of RMi and the classification is presented in Table 2. 

Table 2. Classification based on RMi (Palmstrom, 1996). 

RMi Value  RMi Rating Strength Rating 

< 0.001  Extremely low  Extremely weak  

0.001 – 0.01  Very low  Very weak 

0.01 – 0.1  Low  Weak 

0.1 – 1.0  Moderate  Medium 

1.0 – 10  High  Strong 

10 – 100  Very high  Very strong 

>100  Extremely high  Extremely strong  

RMi is applicable for preliminary estimates in the early stages of a feasibility design of a 

project (Palmstrom, 1996). RMi can serve as a basic system for engineering judgment. In 

the application of RMi, values of the parameter (s) of Hoek-Brown Criterion can be easily 

and more accurately determined by the relation s = JP2. Consequently, applications of 

parameters in RMi can develop inputs in other classification systems (Abbas and 

Konietzky, 2015). RMi system has a wide range of applications over a several rock mass 

variations and has as a result seen wider applications than other classification systems 

(Abbas and Konietzky, 2015). 

2.1.6 Unified Rock Classification System (URCS) 

The unified (formally referred to as ‘Uniform’) rock classification system was proposed 

as a dependable and fast technique of representing detailed information about rock 

conditions for engineering purposes (Williamson 1980, 1984). There has been extensive 

application of the system over some 27 years especially by the Soil Conservation Service 

of the U.S Department of Agriculture in classifying and describing rock materials data. It 

has also seen its application in a wide variety of geotechnical investigations for the design 

and construction of civil engineering projects (Kirkaldie et al., 1988). 

The URCS basically describes four physical properties of a rock mass includ ing 

weathering, strength, discontinuities, and density. Rock performance assessment is then 

based on a classification of these key elements for engineering decisions and designs. 

Each of the four properties are estimated in the field with the use of a hand lens a 1-lb 

(0.5 kg) ball peen hammer, a spring-loaded “fish” scale, and a bucket of water. Each 

property is then classified into five ratings which will have singular meaning to 

geologists, engineers, inspectors, and contractors as well as contract-appeal board 

members (Bieniawski, 1989). The URCS provides a means of initial assessment of 
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geotechnical rock conditions in the field by provable and reproducible means. The URCS 

is flexible regarding the scale and scope of the project. In addition, the URCS can be 

further modified by laboratory testing depending on the application and meeting the cost 

and risk involved in the project (Kirkaldie et al., 1988). A reliable classification system 

to be used for civil, mining, and geological engineering applications must meet the criteria 

of Objectivity, Reliability, Validity, Sensitivity, Comparability, and Utility. The URCS 

was developed to meet these criteria and application outcomes have demonstrated that 

(Kirkaldie et al., 1988). 

2.1.7 Rock Mass Strength (RMS) 

The Rock Mass Strength (RMS) classification was developed by Stille et al., (1982), as a 

modification to the RMR classification system. It considers the first five basic parameters 

of RMR. The RMS can be described as a strength classification method as it ignores the 

loading conditions and the initial strength field the rock mass (Edelbro, 2003). In the 

rating system of RMS, the combination of three different forms of joint sets and two 

different forms joints are added to the RMR value for rating (Edelbro, 2003). This is as 

shown in the Table 3. 

Table 3. Rate reductions of different joint sets in RMS (Stille et al., 1982) 

Type of joint set One Predominant 

joint 

1 or 2 joint sets  

Type of joint Strength in joint 

direction 

Remaining 

conditions 

More than 2 

joint sets 

Continuous -15 -15 0 -15 

Not continuous -5 -5 0 -10 

The RMS value for a rock mass is given by the sum of RMR value and the rating 

reduction, due to the number of joint sets. The Table 4 shows how the rock mass strength 

can be estimated in which values corresponding to uniaxial compressive strength of rock 

and the parameters for Mohr-Coulomb failure criteria equivalent rock mass cohesion c 

and friction angle Φ (Edelbro, 2003). Additionally, Stille et ai., (1982) compiled 8 

different cases for which the rock mass strength was measured from different field 

observations. 
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Table 4. Rock mass strength as a function of RMS Value 

RMS-value 100-81 80-61 61-41 41-20 <20 

σm,Mpa  30 12 5 2.5 0.5 

Parameters in the Mohr-Coulomb 
Failure criteria  

ɸ 55o 45o 35o 25o 15o 

C(MPa) 4.7 2.5 1.3 0.8 0.2 

2.1.8 Basic Geotechnical Classification (BGC) 

The Basic Geotechnical Classification (BGC) was developed by the ISRM in 1981 to 

classify in a simpler form, the different types of zones a rock mass is composed of 

(Edelbro, 2003). In applying this system, the rock mass to be classified is first divided 

into geotechnical units and zones. The resulting BGC-value is determined by (Edelbro, 

2003): 

 Rock identity, with a simplified geological description such as geologic structure, 

colour, texture, degree of weathering, etc. 

 Two structural characteristics of the rock mass: the layer thickness and the 

fracture intercept. 

 Two mechanical characteristics; the uniaxial compressive strength of the rock 

material and the angle of joint friction. 

This method of classification yields zones of which each is characterized by the rock 

name followed by the material symbols for an example Granite LoF3S2A3 (Edelbro, 2003). 

2.1.9 Rock Quality Designation Index (RQD) 

Rock quality designation (RQD) concept was developed by Deere (1964) to evaluate rock 

quality quantitatively. RQD is defined as the percentage of intact core pieces longer than 

100 mm (4 inches) in the total length of a core having a core diameter of 54.7 mm. RQD 

provides a quantitative estimate of rock mass quality from drill core by the percentage of 

intact core pieces longer than 100 mm in the total core length. Although RQD is found to 

be a practical parameter for core logging, it is incapable of providing an adequate 

description of rock mass (Bieniawski, 1984). It is mostly used as an index for description 

of rock mass in fractured state. The most widely accepted method for measuring RQD is 

illustrated in an example shown in Figure 1. The RQD index describes rock quality in a 

rock that is highly weathered, soft, fractured, sheared, or jointed, counted against the rock 

mass. It is therefore, basically, a measurement or the percentage of "good" rock recovered 
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from an interval or a borehole (Deere et al., 1987). The photograph was taken at the core 

shed of Otso Gold Oy, Finland. 

 

Figure 1.  Procedure for computing RQD value from rock core samples (Deere et al., 
1987; Photo: Core Shed, Otso Gold Oy, Laivan Kaivos). 

Initially, the RQD was developed for NX-size core (54.7 mm diameter) obtained with 

double-tube core barrels to be used. However, it was stated that other core sizes obtained  

from proper drilling techniques that do not cause excess core breakage and poor recovery, 

are also acceptable in recording RQD measurements (Deere et al., 1987). RQD may be 

estimated from the number of discontinuities per unit volume (Palmström, 1982) which 

are exposed on the outcrops or exploration adits, by using the relationship for clay-free 

rock masses: 

𝑅𝑄𝐷 = 115 − 3.3𝐽𝑣                                                         (4) 

where Jv, the volumetric joint count, is the sum of the number of joints per unit length for 

all joint sets. 

The borehole orientation is an important factor and utilising volumetric joint count is 

useful in minimizing this factor of directional dependence (Palmström, 1982). Table 5 

shows the ratings for RQD and their various descriptions. 
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Table 5. RQD rating and description 

RQD rating Description 

90% to 100% Excellent 

75% to 90% Good 

50% to 75% Fair 

25% to 50% Poor 

0% to 25% Worse 

RQD has been extensively used in engineering classifications of the rock mass as 

discussed in subsequent chapters of this book. In addition, RQD has also been used to 

estimate the deformation modulus of the rock mass. Zhang and Einstein (2004) studied a 

wider range of rock masses with RQD values ranging from 0 to 100% and proposed the 

following mean correlation between RQD and modulus ratio: 

𝐸𝑑

𝐸𝑟
= 100.0186𝑅𝑄𝐷−1.91                                                          (5) 

where Ed and Er are deformation moduli of the rock mass and the intact rock, respectively. 

Problems associated with the application of RQD compared to other classifica t ion 

systems are highlighted in research works. Some of these problems include the reason 

that the standardised length of 10 cm used in measurements is subjective and form an 

abrupt boundary. This is further explained as the RQD of core in a rock mass that has an 

ideal uniform distributed joint spacing of 9 cm is 0% (drilled perpendicular to the joints) 

and when spacing is just above 10 cm the RQD is 100%. Other issues as the method’s 

dependency on the orientation of measurements and the influence of drilling equipment, 

core handling and personnel experience were highlighted. 

2.1.10 Rock Mass Number 

The rock mass quality value with Stress Reduction Factor (SRF) to 1 (meaning normal 

condition, stress reduction is not considered) defines the Rock Mass Number (Goel et al., 

1995). N can be calculated from the equation: 

𝑁 = (
𝑅𝑄𝐷

𝐽𝑛
) (

𝐽𝑟

𝐽𝑎𝐽𝑤
)                                                             (6) 

𝑁 = 𝑄, (𝑆𝑅𝐹 = 1)                                                                 (7) 
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This system removes the difficulty in obtaining stress reduction factor in the Q-system 

hence making it easier to apply this system. The wide range coverage of the SRF value 

makes it insensitive in the Q-system for rock engineering design applications (Abbas and 

Konietzky, 2015). For illustration, assume that the SRF value is 1 for the ratio of σc/σ1 

ranging from 10 ~ 200, which implies, that for a rock with σc = 50 MPa, in situ stresses 

of 0.25 to 5 MPa results the same SRF value. It is demonstrated here that the import of in 

situ stress for the stability of underground excavation is inadequately characterized in the 

Q-system (Goel et al., 1995). In the N system, the in-situ stress impacts are separated 

from the rock mass quality. In situ stress is the external source of squeezing and is 

associated to overburden depth (H). Rock Mass Number is applied to effectively predict 

squeezing and its intensity in the underground excavation. Equation 8 shows the 

squeezing ground condition (Goel et al., 1995): 

𝐻 = (275𝑁
1
3 )𝐵−0.1                                                                               (8) 

where H is the tunnel depth or overburden in meters, 

           B is the tunnel span or diameter in meters. 

The degree of squeezing can be characterized from the following equations (Goel et al., 

1995). Mild squeezing occurs when (275 N1/3) B–0.1 < H < (450 N1/3) B–0.1, moderate 

squeezing occurs when (450 N1/3) B–0.1 < H < (630 N1/3) B–0.1 and high squeezing occurs 

at H > (630 N1/3) B–0.1 (Abbas and Konietzky, 2015). 

2.1.11 Rock Mass Ratings 

Bieniawski (1989) developed a system of classification named rock mass rating (RMR) 

system, which uses simple parameters relating to the geometry and mechanical conditions 

of the rock mass (Bieniawski, 1989). The RMR system is less complicated and has found 

wide applications in different mining engineering projects. The RMR system applies the 

following six basic parameters to classify rock mass (Bieniawski, 1989): 

 The uniaxial compressive strength of the intact rock (σc): for rocks of moderate 

to high strength, point load index is also acceptable (Bieniawski, 1989).  

 Rock Quality Designation (RQD)  

 Discontinuity spacing  

 Condition of discontinuity surfaces  

 Groundwater conditions  
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 Orientation of discontinuities relative to the engineered structure   

The RMR classification system does not include in-situ stress conditions. In application 

of the classification system, the rock mass is divided into several structural regions 

separated from other regions by faults. A structural region is characterised by uniform 

rock type or discontinuities. Regions are classified and characterized separately from the 

other by this principle (Hoek, 2007).  Tables 6 to 11 describes the various parameters that 

were utilised in the classification system. Table 6 describes the first five classifica t ion 

parameters applied. Parameters are assigned different value ranges based on their 

importance since different parameters have different significance for the overall 

classification of a rock mass. As a result, higher value represents better rock mass 

conditions (Bieniawski, 1989). Table 7 deals with ratings for discontinuity characterist ics 

of rock mass. Tables 8 and 9 shows the effect of discontinuity angles with respect to 

excavation direction and subsequent adjustment of ratings for different engineer ing 

applications (Bieniawski, 1989). Tables 10 and 11 define rock mass classes based on 

RMR values, give estimates of tunnel stand-up time and maximum stable rock span, and 

the Mohr-Coulomb rock mass strength parameters (equivalent rock mass cohesion c and 

friction angle Φ) for the rock mass classes (Bieniawski, 1989). 
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Table 6. RMR system for rock mass classification (Bieniawski, 1989). 

S/N    Parameter  Range of values / ratings 

1 Strength of intact 
rock material 

Point-load strength 
index 

> 10 MPa 4 - 10 MPa 2 - 4 MPa 1 - 2 MPa For low range UCS 
is preferred 

UCS > 250 MPa 100 - 250 MPa 50 - 100 MPa 25 - 50 MPa 5 - 25 
Mpa 

1 - 5 
MPa 

< 1 
MPa 

                Rating 15 12 7 4 2 1 0 

2 Drill core quality RQD 90 - 100% 75 - 90% 50 - 75% 25 - 50% < 25% 

                Rating 20 17 13 8 5 

3 Spacing of discontinuities > 2 m 0.6 - 2 m 200 - 600 mm 60 - 200 mm < 60 mm 

               Rating 20 15 10 8 5 

4 Condition of 
discontinuities 

Length, persistence < 1 m 1 - 3 m 3 - 10 m 10 - 20 m > 20 m 
Rating 6 4 2 1 0 

Separation None < 0.1 mm 0.1 - 1 mm 1 - 5 mm > 5 mm 
Rating 6 5 4 1 0 
Roughness very rough rough slightly rough smooth slickensided 

Rating 6 5 3 1 0 
Infilling (gouge) none - Hard filling < 5 mm Hard filling > 5mm Soft filling < 5mm Soft filling> 5 mm 

Rating 6 4 2 2 0 
Weathering unweathered slightly w. moderately w. highly w. decomposed 
Rating 6 5 3 1 0 

5 Ground water Inflow per 10 m 
tunnel length 

None < 10 litres/min 10 - 25 litres/min 25 - 125 litres/min > 125 litres /min 

pw / σ1 0 0 - 0.1 0.1 - 0.2 0.2 - 0.5 > 0.5 

General conditions completely dry damp wet dripping flowing 

              Rating 15 10 7 4 0 

pw = joint water pressure; σ1 = major principal stress 
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Table 7. Guidelines for classifying discontinuity conditions (Bieniawski, 1989). 

Parameter   Ratings   

Discontinuity length 
(persistence) 

<1 m 1–3 m 3–10 m 10–20 m >20 m 

6 4 2 1 0 

Separation (aperture) None <0.1 mm 0.1–1.0 mm 1–5 mm >5 mm 

6 5 4 1 0 
Roughness Very rough Rough Slightly rough Smooth Slickensided 

6 5 3 1 0 

Infilling 
(gouge) 

Hard filling   Soft filling  
None <5 mm >5 mm <5 mm >5 mm 

6 4 2 2 0 
Weathering Unweathered Slightly 

weathered 
Moderately weathered Highly weathered Decomposed 

6 5 3 1 0 

Table 8. Joint orientation effects in tunnelling (Bieniawski, 1989). 

Strike perpendicular to tunnel axis 

Drive with dip  Drive against dip 

Strike parallel to tunnel axis Dip 0° -20° 

Dip 45° – 90°   Dip 20° – 45°   Dip 45° – 90°     Dip 20° – 45°      Dip 45° – 90°    Dip 20° – 45° Irrespective of 

strike 

                    Very fav.      Favourable          fair   unfavourable Very unfavourable        fair              fair 
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Table 9. Joint orientations rating adjustments (Bieniawski, 1989). 

Strike and dip orientation of joints Very favorable favorable fair unfavorable Very unfavorable 

Ratings  Tunnels 0 -2 -5 -10 -12 

Foundations 0 -2 -7 -15 -25 

              Slopes 0 -5 -25 -50 -60 

Table 10. Rock mass classes determined from total ratings (Bieniawski, 1989). 

Rating 100-81 80-61 60-41 40-21 <20 

Class no. I II III IV V 

Description Very good rock Good rock Fair rock Poor rock Very poor rock 

Table 11. Rock mass classes description (Bieniawski, 1989). 

Class no.  I   II  III  IV  V  

Average stand-up time 20 years for 15 
m span 

 1 year for 10 
m span 

1 week for 5 m 
span 

10 hours for 
2.5 m span 

30 minutes for 1 m span 

Cohesion of rock mass 
(kPa) 

>400  300–400 200–300 100–200 <100 

Friction angle of rock 

mass (degrees) 

>45  35–45 25–35 15–25 <15 

RMR = Σ (classification parameters) + discontinuity orientation adjustment. 
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Cummings et al. (1982) and Kendorski et al. (1983) made other modification to RMR for 

block cave mining resulting in the MBR (modified basic RMR) system. This modified 

system assigns different ratings for the original RMR parameters and the values from the 

MBR are adjusted for blast damage, induced stresses, structural features, distance from 

the cave front and size of the caving block. The RMR gives support recommendations for 

isolated or development drifts as well as for the final support of intersections and drifts 

(Hoek, 2007). The Table 12 provides RMR classification guide for excavation and 

support in rock tunnels (Bieniawski, 1989). Stand-up time as function of unsupported 

span and RMR-values are shown in Figure 2 (Bieniawski, 1989). 

 

Figure 2.  RMR classification of rock masses. (Contour lines shows the levels of 

applicability) (Bieniawski, 1989).  
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Table 12. RMR guide for rock tunnel excavation and support (Shape: horseshoe; Width: 10 m; Vertical stress: below 25 MPa; Excavation by drill & 

blast). 

Rock mass 

class 
Excavation Support 

Rock bolts (20 mm diam., fully 
bonded) 

Shotcrete Steel sets 

1.  Very good 

rock 
RMR: 81-100 

Full face: 

3 m advance 

Generally, no support required except for occasional spot bolting 

2.  Good rock 

RMR: 61-80 

Full face: 

1.0-1.5 m advance. 
Complete support 20 m from face 

Locally bolts in crown, 3 m long, 

spaced 2.5 m 
with occasional wire 

mesh 

50 mm in crown where 

required 

None 

3.  Fair rock 
RMR: 41-60 

Top heading and bench: 
1.5-3 m advance in top heading. 

Commence support after each 
blast. 

Commence support 10 m from face 

Systematic bolts 4 m long, spaced 
1.5-2 m in crown and walls with 

wire mesh in crown 

50-100 mm in crown, 
and 30 mm in sides 

None 

4.  Poor rock 
RMR: 21-40 

Top heading and bench: 
1.0-1.5 m advance in top heading. 

Install support concurrently with 
excavation - 10 m from face 

Systematic bolts 4-5 m long, spaced 
1-1.5 m in crown and walls with 

wire mesh 

100-150 mm in crown 
and 100 mm in sides 

Light ribs spaced 1.5 m where 
required 

5.  Very poor 
rock 

RMR < 21 

Multiple drifts: 
0.5-1.5 m advance in top heading. 

Install support concurrently with 
excavation; shotcrete as soon as 
possible after blasting 

Systematic bolts 5-6 m long, spaced 
1-1.5 m in crown and walls with 

wire mesh. Bolt invert 

150-200 mm in crown, 
150 mm in sides, and 50 

mm on face 

Medium to heavy ribs spaced 0.75 m 
with steel lagging and forepoling if 

required. Close invert 
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2.1.12 Rock Mass Tunnelling Quality Index (Q-System) 

Barton et al. (1974) proposed a tunnelling quality index (Q) for defining rock mass 

characteristics and tunnel support requirements. The rock mass tunnelling quality index, 

Q which varies on a logarithmic scale from 0.001 to a maximum of 1,000 was defined 

by: 

𝑄 = (
𝑅𝑄𝐷

𝐽𝑛
) (

𝐽𝑟
𝐽𝑎

) (
𝐽𝑤

𝑆𝑅𝐹
)                                                                            (9) 

where RQD is the Rock Quality Designation  

Jn is the joint set number  

Jr is the joint roughness number  

Ja is the joint alteration number  

Jw is the joint water reduction factor 

SRF is strength reduction factor 

The first quotient (RQD/Jn), which is a simple rock mass geometry that estimates the 

block or particle size, characterizes the structure of the rock mass, with the two extreme 

values (100/0.5 and 10/20) differing by a factor of 400. Tables 13 and 14 show the rock 

quality designation, RQD and the joint set number Jn respectively. 

Table 13. Rock Quality Designation, RQD (Barton et al., 1974). 

RQD rating Description 

90% to 100% Excellent 

75% to 90% Good 

50% to 75% Fair 

25% to 50% Poor 

0% to 25% Worse 

Note: (1) For RQD ≤ 10 (including 0), a nominal value of 10 is used to evaluate Q. (2) 

RQD interval of 5, i.e., 100, 95, 90, etc., are sufficiently accurate. 
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Table 14. Joint Set Number, Jn (Barton et al., 1974). 

Joint Set Number, Jn Joint Condition 

0.5 – 1 A Massive, no or few joint sets 

2 B One joint set 

3 C One joint set plus random joint  

4 D Two joint set 

6 E Two joint set plus random joint  

9 F Three joint set  

12 G Three joint set plus random joints 

15 H Four joint sets, heavily jointed 

20 J   Crushed rock, earthlike 

The second quotient (Jr/Ja) represents the roughness and frictional features of the joint 

walls or infills. This quotient is measured on basis of rough, unaltered joints in direct 

contact. Rock walls contact after small shear displacements proves to be a significant 

factor for preserving the excavation from ultimate failure whereas no rock wall contact 

produces conditions extremely unfavourable to tunnel stability. Tables 15 and 16 describe 

the joint roughness number and the joint alteration numbers (Abbas and Konietzky, 

2015). 

Table 15. Joint Roughness Number, Jr ((Barton et al., 1974). 

Joint Roughness 

Number, Jr 

Joint conditions 

(a) Rock-wall contact, and (b) Rock wall contact before 10 cm shear 

4 A Discontinuous joints 

3 B Rough or irregular, undulating 

2 C Smooth, undulating 

1.5 D Slickensided, undulating 

1.5 E Rough or irregular, planar 

1.0 F Smooth, planar 

0.5 G Slickensided, planar 

(c) No rock-wall contact when sheared 

1.0 H Zone containing clay minerals thick enough to prevent rock-
wall contact 

1.0 J Sandy, gravelly, or crushed zone thick enough to prevent rock-

wall contact 
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Table 16. Joint Alteration Number, Ja (Barton et al., 1974). 

Joint 

Alteration 

Number, Ja 

Description φr approximate 

(a) Rock-wall contact (no mineral fillings, only coatings) 

0.75   A Tight healed, hard, non-softening, impermeable 
filling, i.e., quartz or epidote  

– 

1.0 B Unaltered joint walls, surface staining only  25 – 35° 

2.0  C Slightly altered joint walls. Non-softening mineral 
coating, sandy particles, clay-free disintegrated rock, 
etc.  

25 – 30° 

3.0 D Silty or sandy-clay coatings, small clay fraction (non-
softening)  

20 – 25° 

4.0 E Softening or low friction mineral coatings, i.e., 

kaolinite or mica. Also, chlorite, talc, gypsum, graphite, 
etc., and small quantities of swelling clays 

8 – 16° 

(b) Rock walls contact before 10 cm shear (thin mineral fillings) 

4.0 F Sandy particles, clay-free disintegrated rock, etc.   25 – 30° 

6.0 G Strongly over-consolidated non-softening clay minera l 

fillings (continuous, but < 5 mm thickness)  

16 – 24° 

8.0 H Medium or low over-consolidated softening clay 
mineral fillings (continuous, but < 5 mm thickness) 

12 – 16° 

8 - 12 J Swelling-clay fillings, i.e., montmorillonite 
(continuous, but < 5 mm thickness). Value of Ja depends 

on the percent of swelling clay size particles, and access 
to water, etc. 

6 – 12° 

(c) No rock-wall contact when sheared (thick mineral fillings) 

6, 8, 8 or 12  K, L, M Zones, or bands of disintegrated or crushed rock 

and clay (see G, H, J for description of clay condition) 

6 – 24° 

5 N Zones or bands of silty- or sandy-clay, small clay 

fraction (no softening) 

– 

10, 13, or 13 - 
20  

O, P, R Thick, continuous zones, or bands of clay (see 
G, H, J, or clay condition description) 

6 – 24° 

The third quotient (Jw/SRF) represents two stress parameters. SRF, being a total stress 

parameter, is a measure of a) loosening load for excavation in shear zones and clay 

bearing rock, b) rock stress in competent rock, and c) squeezing loads in plastic 

incompetent rocks. The parameter Jw accounts for water pressure, with a relative effect 
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on the shear strength of joints due to a reduction in effective normal stress. Tables 17 and 

18 show joint water reduction and the stress reduction factors (Abbas and Konietzky, 

2015). 

Table 17. Joint water reduction factor, Jw (Barton et al., 1974). 

Joint Water 

Reduction Factor, 

Jw   

Joint Description Water pressure 

(kg/cm2) 

1.0   A Dry excavation or minor inflow, i.e., < 5 l/min locally <1 

0.66    B Medium inflow or pressure, occasional outwash of 
joint fillings 

1 – 2.5 
  

0.5        C Large inflow or high pressure in competent rock with 
unfilled joints 

2.5 – 10 
  

0.33 

 

D Large inflow or high pressure, considerable   outwash  

of joint fillings 

2.5 – 10 

  

0.2 – 0.1  E Exceptionally high inflow or water pressure at 
blasting, decaying with time 

> 10 

0.1 - 0.05 F Exceptionally high inflow or water pressure 
continuing without noticeable decay 

>10 
  

Note: (1) Factors C to F are approximate estimates. Increase Jw increases with installa t ion 

of drainage measures. (2) Special problems from ice formation are not considered. 

Table 18. Stress reduction factor, SRF (Barton et al., 1974). 

(a) Weakness zones intersecting excavation, which may cause loosening of rock mass  

when tunnel is excavated  

Stress Reduction 

Factor, SRF 

Description 

10 A Multiple occurrences of weakness zones containing clay or chemica lly 

disintegrated rock, very loose surrounding rock (any depth) 

5 B Single weakness zone containing clay or chemically disintegrated rock (depth 

of excavation ≤ 50 m) 

2.5 C Single weakness zone containing clay or chemically disintegrated rock (depth 

of excavation > 50 m) 

  7.5 D Multiple shear zones in competent rock (clay-free) (excavation depth ≤ 50 m) 

  5 E Single shear zone in competent rock (clay-free) (excavation depth ≤ 50 m) 

  2.5 F Single shear zone in competent rock (clay-free) (excavation depth > 50 m) 

  5 G Loose, open joint, heavily jointed (any depth) 

Note: (1). Reduce SRF value 25-50% if relevant shear zones influence but not intersect excavation. 
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(b) Competent rock, rock stress problems   

SRF Description σc / σ1 σθ / σc 

2.5   H Low stress, near surface, open joints  200 < 0.01 

1 J Medium stress, favourable stress condition  200 – 10 0.01 – 0.03 

0.5 - 2   K High stress, very tight structure. Usually favourable to 
stability, may be unfavourable to wall stability  

10 – 5 0.3 – 0.4 

5 – 50 L Moderate slabbing after > 1 hour in massive rock  5 – 3 0.5 – 0.65 

50 – 200 M Slabbing and rock burst after a few minutes in massive 
rock  

3 – 2 0.65 – 1 

200 - 400 N Heavy rock burst (strain-burst) and immediate 
dynamic deformation in massive rock  

< 2 > 1 

Note: (2) For strongly anisotropic virgin stress field (if measured): when 5 ≤ σ1 /σ3 ≤ 10, 

reduce σc to 0.75 σc; when σ1 / σ3 > 10, reduce σc to 0.5 σc; where σc is unconfined 

compressive strength, σ1 and σ3 are major and minor principal stresses, and σθ is maximum 

tangential stress (estimated from elastic theory). (3) Few case records are available where the 

depth of crown below the surface is less than span width. Suggest increase in SRF from 2.5 

to 5 for such cases (see H).  

(c) Squeezing rock: plastic flow in incompetent rock under the  influence of high rock pressure 

SRF Description 

5 - 10                               O Mild squeezing rock pressure                                                                 
  

10 - 20 P Heavy squeezing rock pressure 
  

Note: (iv) Cases of squeezing rock may occur for depth H > 350 Q1/3. Rock mass compressive 

strength can be estimated from Q = 7 γ Q1/3 (MPa), where γ = rock density in g/cm3.   

(d) Swelling rock: chemical swelling activity depending on presence of water 

SRF Description 

5 - 10                                                                           R Mile swelling rock pressure 

10 - 15 S Heavy swell rock pressure 

Note: Jr and Ja classification is applied to the joint set or discontinuity that is least 

favourable for stability both from the point of view of orientation and shear resistance. 

The Q-system is a sensitive index of classification, and its value varies from 0.001 to 

1000. The system application is mostly for tunnels and caverns with an arched roof. The 

Q-value can be divided into nine categories to classify rock masses, as given in Table 19. 

In the application of tunnel boring machines (TBM) or road header in tunnel excavations, 

higher Q-values are a result of smoothness of excavation surface. On the other hand, Q-

values may be lower in tunnels where blasting methods are used because of high 
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overbreak and the development of new fractures. Using a controlled method of blas ting 

can aid to minimise the negative effect of on Q-values. (Singh & Goel, 2011). 

Table 19. Classification of Rock masses based on Q-Values (Singh & Goel, 2011). 

Q-Values Group Classification 

0.001 – 0.01  Exceptionally poor 

0.01 – 0.1 3 Externally poor 

0.1 – 1  Very poor 

1 – 4  Poor 

4 – 10 2 Fair 

10 – 40  Good 

40 – 100  Very Good 

100 – 400 1 Extremely good 

400 - 1000  Exceptionally good 

2.1.13 Modified Rock Mass Rating (MRMR) 

Most classification systems are designed for specific cases or projects with defined 

objectives and are applicable to specific rock types. For this reason, applications to 

different complex rock masses are almost impossible without modifications to previous 

classification system or developing a new system. Common examples are the Q system 

and RMR system, which are although of wide applications in tunnelling and mining 

projects, have some limitations (Abbas and Konietzky, 2015). Bieniawski's rock mass 

rating (RMR) system has seen some modifications by Laubscher (1977 & 1984), 

Laubscher and Taylor (1976), and Laubscher and Page (1990), for effective applications 

in mining projects, based on case histories of caving operations. Factors such as in-situ 

and induced stresses, stress changes from the effects of seismic events and weathering are 

accounted for in modifying the RMR classification system values to develop the MRMR 

system where the quality rating index may go up to 110 (Hoek, 2007). Furthermore, 

Cummings et al. (1982) and Kendorski et al. (1983) developed a Modified Basic RMR, 

which was used in block caving mining. This modified system has adjustments in the 

original RMR parameters and assigns different ratings which yields different 

classification values for blast damage, induced stresses, structural features, distance from 

the cave front and size of the caving block. This modification to the basic RMR system 

provides support recommendations for underground developments (Hoek, 2007). Also, 



33 

 

Ünal and Özkan (1990) made a modification in the RMR system from extensive 

geotechnical investigations. 

In 2000, Laubscher’s Mining Rock Mass Rating (MRMR) classification system 

introduced essential variations that were in direct response to the challenges and glitches 

confronted in the mining environment application, especially in caving operations 

(Laubscher and Jakubec 2001). Major adjustments in the MRMR 2000 system compared 

to earlier editions of MRMR, Q-system, and Bieniawski RMR systems are:  

 Scale model in material strength (intact rock > rock block > rock mass)  

 Addition of cemented joints and veinlets 

 Removal of the Rock Quality Designation (RQD) as an input parameter  

 Adjustments for mining projects (in comparison to Q)  

Additionally, the following equation can be used to correlate MRMR and GSI values 

(Douglas & Duran, 2000): 

𝑀𝑅𝑀𝑅 = 1.28𝐺𝑆𝐼 − 32.33                                                              (10) 

This classification system has been successful in its application and gained much 

acceptance in the mining industry (Laubscher 1993). 

2.1.14 Geological Strength Index (GSI) 

The Geological Strength Index (GSI), developed by Hoek (1994) and Hoek et al. (1995) 

provides a number which, when combined with the intact rock properties, can be used to 

estimate the reduction in rock mass strength for different geological conditions. GSI was 

introduced to simplify define rock mass properties of both hard and weak rock masses for 

use in rock engineering (Hoek, 1994). Combining observations of the rock mass 

conditions (Terzaghi’s descriptions) with the relationships developed from the experience 

gained case histories using the RMR-system (Singh and Goel, 1999), resulted in GSI. 

Hoek and Brown (1997) devised simple charts, see figure 3, for estimating GSI. 
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Figure 3.  Estimate of Geological Strength Index (GSI) based on visual inspection of 
geological conditions (Hoek and Brown, 1997). 

Hoek and Brown, 1997, based estimation of GSI on the following two correlations: 

𝐺𝑆𝐼 = 𝑅𝑀𝑅′
89 − 5, for GSI ≥  18 or RMR ≥  23                (11) 

𝐺𝑆𝐼 =  9 lnQ’ +  44, for GSI < 18                     (12)  

where Q’ = modified rock mass quality, 

𝑄 = (
𝑅𝑄𝐷

𝐽𝑛
) (

𝐽
𝑟

𝐽𝑎
)                                                    (13) 

and RMR’89 = rock mass rating according to Bieniawski (1989) when the groundwater 

rating = 15 and joint adjustment rating = 0. 

Sometimes, it is difficult to obtain RMR in poor rock masses, and Q’ may be used more 

often because it is relatively more reliable than RMR, especially in openings in weak 
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rocks (Singh and Goel, 1999). Before the GSI system was developed in 1994, the Hoek-

Brown criterion usage in the field was based on a correlation with the 1976 version of 

Bieniawski’s rock mass rating. In this application, groundwater rating was set to 10 (dry) 

and the adjustment for joint orientation was also set to 0 (very favourable) (Bieniawsk i, 

1976). However, these parameters of groundwater and joint orientation were set to 15 and 

0 respectively when the 1989 version of Bieniawski’s RMR classification (Bieniawsk i, 

1989) was used. This method of direct estimation was abolished for the inaccuracies in 

rock quality lithological estimations (Singh and Goel, 1999). 

 

Figure 4.  Modified charts for estimating the Geological Strength Index (Hoek et al., 
1998).  
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GSI charts were designed to deal with issues through a series of modifications. 

Application of a range of values of GSI is encouraged to that of a single value, see figure 

4 (Hoek, 1998). These modifications make the system an easy, fast, and reliable in 

describing nonlinear relationship for weak rock mass and is possible to be modified by 

computer simulation of rock structures (Singh and Goel, 1999). Modifications also 

provide means of quantifying both strength and deformation properties of a rock mass 

(Abbas and Konietzky 2003). For a situation where the spacing of discontinuity is large 

compared with the tunnel dimensions or slope under consideration, GSI tables and the 

Hoek-Brown criterion should not be applied, and the discontinuities are to be considered 

separately. This is described in Figure 5. Also, when discontinuity spacing is small in 

comparison with dimensions of the structure, GSI tables can be used with certainty. 

 

Figure 5.  Modified Geological Strength Index (after Barton and Bandis, 1990; Cai et 

al., 2004; Kaiser et al., 2000; Martin et al., 1999). 
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2.2 Correlations between RMR, M-RMR, Q and GSI 

Most rock mass classification systems consider the relevant parameters affecting rock 

mass to rate its quality, mostly with a scalar value, which is functional, linear, or non-

linear of those parameters independently. Parameters considered by each of the 

classification systems are not common to all of them. It is therefore necessary to correlate 

parts of the quality ratings common to the systems in relation to a particular rock mass 

(Tzamos & Sofianos, 2007).  The RMR, M-RMR, Q and GSI classification systems are 

based on the quantitative properties of rock mass. However, the general concept of 

support systems is close to each other. In tunnel designs, these classification systems are 

used simultaneously as empirical approach (Cosar, 2004). Various empirical correlations 

have been made between RMR and Q classification in previous studies. The most popular 

and applicable one is proposed by Bieniawski (1976). Also, different correlations 

proposed between GSI and RMR (Hoek, et al., 1995), GSI and Q (Hoek, et al., 1995), 

and M-RMR and Q (Ünal, 1996) as given in Table 20. 

Table 20. Some Correlations between classification systems (Cosar, 2004; Soufi et 
al.,2018). 

Empirical equation by: Equation 

Bieniawski (1976) RMR = 9 lnQ + 44 

Rutledge and Perston (1978) RMR = 5.9 lnQ + 43 

Cameron Clarke and Budavari (1981) RMR = 5 lnQ + 60.8 

Abad and al. (1984) RMR = 10.5 lnQ + 41.8 

Hoek et al. (1995) GSI = RMR76 (use of 1976 version of RMR) 

GSI = RMR89 – 5 (use of 1989 version of RMR) 

Hoek et al. (1995) GSI = 9 lnQ’ + 44 (Q’= RQD/Jn x Ja/Jr) 

Ünal (1996) M-RMR = 9.66 lnQ + 37.9 

Kumar and al. (2004) RMR = 5.4 lnRMi + 54.4 

RMi = 0.5 Q0.93 

Hashemi and al. (2009) RMR = 7.5 RMi + 36.8 

RMi = 1.082Q0.4945 
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2.3 Rock Slope Failure Modes and Analyses Methods 

Rock classification equip engineers with knowledge of the competencies of rock masses 

for initial design and suggestions on how to control failures of structures in such rocks. 

However, despite the application of such knowledge, failures still occur in rock structures 

such as slope failures that occur on highway construction sites and in open pit mines.  

Slope failures occur when there in movement in slope materials, whether soil, rock or 

rock debris, which fall due to slope instability. The stability of slope is usually governed 

by slope geometry and geological characteristics of the slope. Failures may be in the form 

of planar, wedge, toppling or circular type of failure. Planar mode of failure, shown in 

figure 6A occurs in mostly stratified sedimentary and meta-sedimentary rock formation 

slopes in which a structural discontinuity plane dips or daylight towards the valley at 

lesser angle compared to the slope face angle and is more than the friction angle of 

discontinuity surface. Toppling mode of failure, see figure 6B, occurs in slopes where the 

discontinuity orientation has a deviation degree close to the vertex and is opposite to the 

excavation orientation or slope faces. Toppling failure condition is satisfied when joint 

sets dip in the opposite direction of slope by very steep angle, usually > 75°. Circular 

failure, shown in figure 6C, also known as rotational failures, occurs with movement in 

slope surface in the outwards and downwards directions. This can happen by different 

failure mechanisms either by face, base, or toe. This form of failure is dominant in heavily 

jointed rocks. Wedge type of failure, see figure 6D, occurs when the line formed by 

intersection of two joint planes forming wedge shaped rock block, falls in the slope face 

direction (Stead & Wolter, 2015; Neman et al., 2018; Bowa, 2020). 

 

Figure 6.  Different Modes of Failure: A. plane failure, B. toppling failure C. circular 
failure, D. wedge failure (Neman et al., 2018). 
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Stability of engineering structures, whether in or on rock requires significant 

consideration of rock mass strength and deformation modulus (Aladejare and Wang, 

2019). However, application of the term instability usually depends where is occurs, 

whether in open pit mines or civil engineering construction. In an open pit mine area, 

there may be several meters of displacement of slope which may not affect operations but 

will be a different case for a slope supporting a bridge abutment which have very little 

tolerance for movement. In a similar situation, there may be a little or probably no 

consequences from a rock fall from a slope above a highway with the provision of an 

adequate ditch to control the fall, but failure of a considerable region of the slope that 

reaches the travelled surface could have serious consequences. Fleurisson (2012) 

highlighted the significance of geological and structural approach in addressing slope 

design in open pit mines in which geological structures have major control on stability. 

Identifying these structures, in the preliminary stages, allows a procedure for geologica l 

survey and detailed geotechnical investigations required to produce an accurate and 

dependable geomechanical model. The process helps to achieve the most appropriate 

modelling methods and calculation to be used. This well composed method boasts to 

optimize the slope design process that considers safety and economic constraints.  

Furthermore, slope design methods consider shear that takes place along either a discrete 

sliding surface, or within a zone behind the face of the slope. If the shear displacing force 

is more than the shear strength of the rock, also the resisting force, on this surface, the 

slope is unstable. Displacement caused by instability may or may not be acceptable, or 

there may a sudden or gradual collapse of the slope (Hoek and Bray, 2005). The stability 

of a slope can be assessed by analysing a factor of safety and defined by also by the strain 

enough for the slope to be unsafe for mining the open pit (Fleurisson, 2012). Other ways 

of assessment are by a load and resistance factor design and the probability of failure  

(Hoek and Bray, 2005).  

Conventional rock slope analysis methods can basically be divided into two, kinematic 

and limit equilibrium techniques. However, in recent times there have been development 

of computer-based programs that analyses discrete rock block falls and displacements. A 

summary of these techniques is given together with their advantages and disadvantages 

in the Table 21. 
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Table 21. Conventional methods of rock slope analysis (After Coggan et al. 1998). 

Analysis Method Critical Parameters Advantages Disadvantages 

Kinematic (using 
stereographic 

interpretation) 

Critical slope and discontinuity 
geometry 

Simple to use; initial failure potential 
detection; allows identification and 

analysis of critical key-blocks using block 
theory; can be used with limit equilibrium 
methods and statistical techniques to 

indicate probability of failure. 

Only suitable for preliminary design or 
design of non-critical slopes; critical 

discontinuities must be ascertained; must be 
used with representative discontinuity/jo int 
shear strength data; neglects some important 

joint properties. 

Limit Equilibrium Depicts geometry and material 
characteristics, soil, or rock 
mass shear strength parameters 

(cohesion and friction); 
discontinuity shear strength 

characteristics; groundwater 
conditions; support and 
reinforcement characteristics. 

Availability of software for different 
failure modes (planar, wedge, toppling, 
etc); can analyse factor of safety 

sensitivity to changes in slope geometry 
and material properties; more advanced 

codes allow for multiple materials, 3-D, 
reinforcement and/or groundwater 
profiles. 

Deterministic producing single factor of 
safety (but increased use of probabilis t ic 
analysis) which gives no indication of 

instability mechanisms; numerous 
techniques with varying assumptions; 

strains and intact failure not considered; 
probabilistic analysis requires well-defined 
input data to allow meaningful evaluation. 

Physical Modelling Represents material 
characteristics; appropriate 

scaling factors 

Mechanisms clearly portrayed and results 
of analysis are a useful constraint for 

numerical modelling; centrifuge models 
able to investigate effects of time on 
failure mechanisms. 

Simplistic groundwater simulat ion 
especially in rock; techniques do not allow 

for effects of scale and in situ stress; 
centrifuges can be expensive. 

Rockfall Simulators Slope geometry; rock block 

sizes and shapes; coefficient of 
restitution. 

Practical tool for siting structures; can 

utilize probabilistic analysis; 2D & 3D 
codes available. 

Limited experience in use relative to 

empirical design charts. 
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The guidelines for the general slope design process are diagrammatically illustrated in 

Figure 7. This procedure is applicable to open pits and other engineering case projects, 

with adjustments to local geological and mining requirements (Read & Stacey, 2009). 

 

Figure 7.  Slope Design process (Read & Stacey, 2009). 
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2.4 Slope Classification Systems 

Rock mass classification systems mentioned in section 2.1 have been on several 

tunnelling and underground mining projects around the world. Although most of the 

systems have seen some successes, there are still some limitations in their applications in 

rock slope projects in open pit and highway constructions projects. Their shortcomings 

are evident when used for closely jointed rock masses, coupled with the unavailability of 

relatable design charts for estimating the stable angle of slope appropriate to ensure 

stability (Taheri & Tani, 2009). However, there are several classification systems that are 

developed from the basic ones mentioned above given in Table 22. Most of these slope 

classification methods were developed from case histories and was used to solve a 

particular limitation. This section considers the two basic slope classification methods 

that are used in engineering projects over the years. These are Slope Mass Rating from 

Rock Mass Rating and the Qslope developed from the Rock Mass Quality (Q) system. 

Table 22. Some Slope Classification Systems. 

Slope Classification Method Developed or modified by Year 

Slope Rock Mass Rating, (SRMR) Robertson 1988 

Chinese Slope Mass Rating 

(CSMR) 

Chen Zuyu 1995 

Natural Slope Methodology (NSM)  Tomas Shuk E. 1994 

Slope Stability Probability 
Classification (SSPC) 

Henri Robert Hack 1998 (modified by 
Lindsay et al., 2001) 

Continuous Rock Mass Rating  Sen and Sadagah 2003 

Continuous Slope Mass Rating Tomás et al. 2007 

Fuzzy Slope Mass Rating (FSMR) Daftaribesheli et al., 2011 

Graphical Slope Mass Rating 
(GSMR) 

Tomás et al., 2012 

2.4.1 Slope Mass Rating 

Romana (1985) proposed a classification system known as the “slope mass rating” (SMR) 

system to be applied in evaluating rock slopes stability. This classification system is 

developed as a follow-up of Bieniawski’s rock mass rating (RMR) by deducting 

adjustment factors of the joint–slope relationship and adding a factor depending on 

method of excavation, as shown in equation 12 (Singh and Goel, 2011). 
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𝑆𝑀𝑅 =  𝑅𝑀𝑅𝑏𝑎𝑠𝑖𝑐 +  (𝐹1.𝐹2. 𝐹3) +  𝐹4                   (12) 

where RMRbasic is estimated according to Bieniawski (1979, 1989) by adding the ratings 

of five parameters. F1, F2, and F3 are adjustment factors from joint orientation with 

respect to slope orientation, and F4 is the correction factor for method of excavation 

(Singh and Goel, 2011). These five are basic parameters for SMR are obtained from the 

field by measurement and analysis of strength, rock quality designation (RQD), spacing 

of discontinuity, condition of discontinuity and ground water condition (Khanna and 

Dubey 2020). F1 can be estimated from the parallelism between joints and slope face 

strikes and ranges from 0.15 to 1.0. F1 results to 0.15 when the angle greater than 30o 

between the critical joint plane and the slope face and the probability of failure is less, 

and however 1.0 when both are near parallel. F1 was originally estimated empirically but 

later determined to approximately be obtained by the relationship in equation 13 (Singh 

and Goel, 2011): 

𝐹1 =  (1 −  𝑠𝑖𝑛 𝐴)2                                                             (13) 

where A denotes the angle between the strikes of the slope face (αs) and that of the joints 

(αj), that is, (αs- αj). 

F2 is the joint dip angle (βj) in planar failure mode. F2 varies from 0.15 to 1.0. It is 0.15 

when the dip of the critical joint is less than 20 degrees and 1.0 for joints with dips greater 

than 45 degrees. For the toppling mode of failure, F2 remains equal to 1 (Singh and Goel, 

2011). F2 equation is given by: 

𝐹2 =  𝑡𝑎𝑛 𝛽𝑗                                                                   (14) 

F3 describes the relationship between the slope face and joint dips. In planar failure, F3 

indicates a probability of joints “day-lighting” in the slope face for planar failure. There 

are fair conditions when the slope face and the joints are parallel. For a slope that dips 10 

degrees more than the joints, the condition is “very unfavourable.” Unfavourab le 

conditions in toppling failure depend upon the sum of the dips of joints and the slope βj 

+ βs (Singh and Goel, 2011). F4 refers to the adjustment for excavation method. It 

includes the natural slope given as 15 in rating, or the cut slope excavated by pre-splitting 

rated 10, smooth blasting rated 8, normal blasting, poor blasting, and mechanica l 

excavation are rated 0. However, deficient blasting is rated as -8. 



44 

 

On the other hand, Romana (1993) proposed the following continuous function for 

computation of F1 and F2 given in equations 15 and 16 respectively: 

𝐹1 =  (1 − 𝑠𝑒𝑛 │𝐴│)2                                                       (15) 

𝐹2 =  𝑡𝑎𝑛2 𝐵                                                                           (16) 

where A is the parallelism between discontinuity and slope strikes and B is the 

discontinuity dip (βj). 

The adjustment ratings for factors F1, F2 and F3 were summarised by Romana (1985) 

and was later modified by Anbalagan et al. (1992), as shown in Table 23. 

Table 23. Adjustment ratings for F1, F2, and F3 (Romana, 1985, modified by Anbalagan 
et al., 1992). 

Case of Slope Failure Very 

Favourable 

Favourable Fair Unfavourable Very 

Unfavourable 

P A = αj-αs >30o 30o – 20o 20o – 10o 10o – 5o <5o 

T A = αj-αs-180o      

W A = αj-αs      

P/T/W F1 0.15 0.4 0.7 0.85 1 

P B = βj <20o 20o – 30o 30o – 35o 35o – 45o >45o 

W B = βi      

P/W F2 0.15 0.4 0.7 0.85 1 

T F2 1 1 1 1 1 

P B = βj - βs >10o 10o – 0o 0o 0o ≤ Ꝋ ≤ -10o < -10o 

W B = βi - βs      

T B = βj + βs <110o 110o – 120o >120o - - 

P/T/W F3 0 -6 -25 -50 -60 

Different stability classes and the empirically found limit values of SMR associated to 

the different failure modes are shown in Table 24. It is proven from field experience that 

slopes with a SMR values lower than 20 fail very quick and that no slopes with SMR 

value below 10 are possible (Khanna and Dubey 2021).  
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Table 24. Description of SMR classes (Romana, 1985). 

Classes  V IV III  II I 

SMR 0-20 21-40 41-60  61-80 81-100 

Description Very bad Bad Nomal  Good Very good 

Stability 
Completely 

unstable 
Unstable Partially stable  Stable 

Completely 

stable 

Other guidelines for remedial measures based on SMR were proposed by Romana (1985) 

as shown in Figure 8. Detailed field work and engineering experience is required when 

designing remedial measures for slopes, however the provided recommendations offer 

approximations during the early stages of a project. Slopes with SMR values ranging from 

75-100 normally requires no support measures, with some slopes of SMR values of 65 

found to be stable.  Also, no slopes totally re-excavated has been found with SMR over 

30 (Khanna and Dubey 2021). 

 

Figure 8.  Slope support guidelines based on SMR (Romana, 1985). 
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2.4.2 Q-Slope 

The Q-slope is an empirical rock slope engineering technique for the assessment of 

excavated cut slope stability in rock during road construction projects, railways, and open 

pit mining sites (Barton & Bar, 2015). The Q-slope system is developed from Q-system 

of rock mass characterization (Barton et al., 1974) used for rock exposures, drill cores 

and tunnels for some time now. This system uses the parameters from the Q-system unlike 

the SMR which sums the RMR value with other adjustment values. In developing the Q-

slope, the Q-system parameters RQD, Jn, Ja and Jr are maintained and used (Barton et al., 

1974). The Q-slope is defined by the equation below: 

𝑄𝑠𝑙𝑜𝑝𝑒 =  (
𝑅𝑄𝐷

𝐽𝑛
) 𝑥 (

𝐽𝑟
𝐽𝑎

) 𝑥 (
𝐽𝑤𝑖𝑐𝑒

𝑆𝑅𝐹𝑠𝑙𝑜𝑝𝑒
)                                 (17) 

From the Q-system, the rock mass quality in Q-slope is given by a function of three 

parameters, which are basic measures of (Barton & Bar, 2015): 

 Block size is given by (RQD/Jn). 

 Shear strength: least favourable (Jr/Ja) or average shear strength in case of wedges 

(Jr/Ja)1 x (Jr/Ja)2. 

 External factors and stress: (Jwice/SRFslope). 

Shear resistance, s, is approximated using: 

𝜏 =  𝜎𝑛 𝑡𝑎𝑛 − 1 (
𝐽𝑟
𝐽𝑎

)                                                                       (18) 

In the Q-slope system, ratings for rock quality designation, RQD (Deere 1963; Deere et 

al. 1967), joint set number (Jn), joint roughness number (Jr), and joint alteration number 

(Ja) remain unchanged from the Q-system (Barton et al. 1974; Barton and Bar 2015). For 

Q-slope equation, there is a new approach for applying Jr/Ja ratios to both planes of 

potential wedges used with relative orientation weightings for each plane known as 

orientation factor (O) (Khanna and Dubey 2021). Jw is denoted by Jwice which deals with 

long term exposure of rock mass to varying climatic and environmental conditions. Also, 

slope related SRF for slope surface conditions, stress-strength ratios and major 

discontinuities is applied. Q-slope is developed from not less than 400 case histories of 

slopes ranging from less than 5 m to more than 250 m in height (Bar & Barton, 2017). 
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The discontinuity orientation factor (O-factor) described in Table 25 provides orientation 

adjustments for discontinuities in rock slopes (Barton & Bar 2015). 

Table 25. Discontinuity orientation factor—O-factor (Barton & Bar 2015). 

O-factor description Set A Set B 

Very favourably oriented 2.0 1.5 

Quite favourable 1.0 1.0 

Unfavourable 0.75 0.9 

Very unfavourable 0.50 0.8 

Causing failure if unsupported 0.25 0.5 

Also in Table 26, Jwice has a new structure for slopes, involving tropical rainfall effects 

and ice wedging effects. Adjustment factors in case of slope reinforcement or drainage 

measures are also included (Bar & Barton, 2017). 

Table 26. Environmental and geological condition number (Bar & Barton, 2017) 

Ja
wice Desert environment Wet environment Tropical storms Ice 

wedging 

Stable structure; competent rock           1.0           0.7         0.5   0.9 

Stable structure; incompetent 

rock 

          0.7           0.6         0.3   0.5 

Unstable structure; competent 

rock 

          0.8           0.5         0.1   0.3 

Unstable structure; incompetent 

rock 

          0.5           0.3        0.05   0.2 

a When drainage measures are installed, apply Jwice x 1.5, when slope reinforcement 

measures are installed, apply Jwice x 1.3, and when drainage and reinforcement are 

installed, apply both factors Jwice x1.5 x 1.3. 

Table 27 describes strength reduction factors (SRFa) for the physical condition of the 

slope surface (present or expected) due to susceptibility to weathering and erosion. 
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Table 27. SRFa physical condition (Bar & Barton, 2017). 

Description SRFa 

A    Slight loosening due to surface location, disturbance from blasting or excavation 2.5 

B Loose blocks, signs of tension cracks and joint shearing, susceptibility to weathering, severe       

disturbance from blasting 

5 

C   As B, but strong susceptibility to weathering 10 

D   Slope is in advanced stage of erosion and loosening due to periodic erosion by water and/or 

ice-wedging effects 

15 

E    Residual slope with significant transport of material downslope 20 

Table 28 describes strength reduction factors (SRFb) for adverse stress-strength ranges in 

the slope (Bar & Barton, 2017). 

Table 28. SRFb stress and strength (Bar & Barton, 2017). 

Description σc/σa
1 SRFb 

F     Moderate stress-strength range 50–200 2.5–1 

G    High stress-strength range  10–50 5–2.5 

H    Localized intact rock failure 5–10 10–5 

J     Crushing or plastic yield   2.5–5 15–10 

K    Plastic flow of strain softened material 1–2.5 20–15 

Table 29 describes strength reduction factors (SRFc) for major discontinuities such as 

faults, weakness zones, and joint swarms which may also contain clay filling that 

adversely affects slope stability (Bar & Barton, 2017). 

Table 29. SRFc major discontinuity (Bar & Barton, 2017). 

SRFc Favorable Unfavorable Very 

unfavorable 

Causing failure if 

unsupported 

L   Major discontinuity with little or no clay      1       2      4      8 

M Major discontinuity with RQD100 = 0a 

due to clay and crushed rock 

     2       4      8      16 

N   Major discontinuity with RQD300 = 0b 

due to clay and crushed rock 

     4       8       12      24 

a RQD100 = 1 m perpendicular sample of discontinuity, b RQD300 = 3 m perpendicular 

sample of discontinuity. 

It is possible to use Q-slope regardless of rock strength, degree of fracturing, degree of 

weathering, etc. It also remains unchanged whether it is being used as a predictive or 

retrospective analysis. The Q-slope system is not applicable to soil masses, rock fill, or 

landslide debris (Bar and Barton 2015). 
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2.5 History and Geology of the Study Area 

2.5.1 History of Otso Gold Laivankangas Gold Deposit 

The Laivan deposit was first discovered by an inexpert prospector in 1980, coming across 

a mineralised boulder, and sent it to Outokumpu for investigation (Mäkelä, 1984). This 

led to the discovery of several gold-bearing boulders and outcrops. Outokumpu begun 

with a preliminary boulder sampling campaign, which was later followed by an organized 

boulder mapping and sampling programme in 1981. The central area bedrock was also 

mapped, although there was a little quantity of outcrops present. Mapping activities were 

organised to support a percussion drilling programme from the autumn of 1981 through 

the summer of 1982, with sampling on a 100m x 50m grid. Outokumpu organised 

diamond drilling, vibration drilling, stream sediment, organic sediment sampling and till 

sampling programmes (Mäkelä, 1984; Korhonen, 2015). As well, ground geophysica l 

surveys in the winter of 1981-1982. Later in 1983, GTK carried out a National Aero 

geophysical Mapping Programme, with the Laiva area being flown over including proton 

magnetometry, gravity surveying. The low-altitude aerial survey by GTK involved 

aeromagnetic, gamma ray spectrometry, and electromagnetic (EM) methods (Lehtonen, 

2006). Nordic Mines begun exploration in the Laivakangas area in 2005 and conducted 

systematic drilling of the Laivakangas deposit. The deposit is still open to many 

directions. In 2010, Nordic Mines started to build the mine and in 2011, they began the 

gold mining casting first gold bar on December 2011 (Korhonen, 2015). The Laiva gold 

mine is located approximately 16km SSE of the city of Raahe, in the Central Ostrobothnia 

province in central Finland, and approximately 500 km north of Helsinki. Figure 9 shows 

the layout view of the mining area from an aerial photograph. 
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Figure 9.  Layout of the mine (Source: Otso Gold Oy, Mining Department). 

2.5.2 Geology of the Mine 

The Laivakangas (or Laiva) gold deposit is situated in the NW part of the Savo belt, which 

is a NW-SE trending Svecofennian mobile belt adjacent to the Archean Karelian craton 

(Eilu et al. 2003), and is an accretionary orogenic belt, with the presence of several shear 

zones. The bedrock geology which covers the Laiva-Oltava region, consists mainly of a 

sequence of supracrustal Svecofennian age island arc volcanic and sedimentary rocks, 

intruded by a series of predominantly felsic plutonic rocks (GTK, 2013). Figure 10 shows 

location of Laivan deposit occupied by Otso Gold Oy. The major supracrustal volcanic 

and sedimentary rock forms in Laiva mine zone are mafic, and occasional intermed iate 

to felsic volcanics, with some volcanoclastic tuffaceous sediments and siliciclas t ic 

sediments (greywackes) of the Ylivieska and Vihanti Groups. A series of predominantly 

felsic to intermediate intrudes these island arc volcano-sedimentary rocks, with subsidiary 

mafic and ultramafic plutonic rocks.  The felsic intrusions are formed from different types 

of granite, granodiorite, and quartz diorite lithologies.  Numerous amounts of minor mafic 
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gabbros and ultramafic peridotite intrusions are seen in the general area, with several 

areas of higher grade metamorphic amphibolites, obtained from unidentified precursor 

rocks (GTK, 2013). The oldest rocks in the Laivakangas deposit area are volcanic rocks. 

They consist mostly of uralite porphyrites, which are probably basaltic lavas in origin. A 

quartz diorite pluton cuts and brecciates the volcanic rocks. The contacts between the 

volcanic rocks and quartz diorite are usually sharp and quartz diorite carries fragments of 

volcanic rock. The contact is more gradational in cases where the composition of quartz 

diorite is more mafic. Microcline granite is the youngest rock type in the area, cross-

cutting sharply all other rock types (Korhonen, 2015). The Laivakangas gold deposit is 

held by quartz diorites and volcanic rocks. Gold is embedded in quartz veins or quartz 

vein groups in the contact zone between these rock types, where younger granite and 

pegmatite veins frequently cut the host rocks (Korkala 1991). In aeromagnetic maps, the 

deposit is referred to as a negative anomaly (Mäkelä 1984). Quartz diorites differs from 

melanocratic quartz diorite to quartz monzonite. Gold itself occurs in sheared and 

silicified quartz veins, which have mainly a west-east direction and are almost vertical. 

These quartz veins cut metavolcanites and diorites (Korhonen, 2015). 
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Figure 10.  Geology map of Finland showing location of Laiva deposit (Hanski, 
2015). 
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3 METHODOLOGY 

3.1 Review of previous methods of data collection 

Geotechnical studies were conducted by WSP Finland Limited (WSP) in 2008 and later 

a review from SRK Consulting (UK) Limited (SRK) through field observations and 

laboratory tests in 2015 for the Geological and geotechnical conditions of the study area. 

WSP from test pits, selected borehole drillings and laboratory tests determined the general 

rock mechanical properties from eleven specimens for rock types in the mine includ ing 

quartz diorite, granite and pegmatite and vulcanite. WSP conducted rock mechanical Q-

value logging from 196 drill holes. Total length of logged core was 39163 m. SRK in 

2015 reviewed of the geotechnical information used for mine design, followed by 

recommended improvements to the available data, analysis, and slope design where 

necessary. In addition to the existing data from the WSP Geotechnical Study for 

Feasibility Study, Sirovision photogrammetry was done to 70% of the North pit 

exposures. This was followed by field mapping of the accessible benches from the pit 

floors and ramps in the North and south pits. Digital mapping of the full slope height 

using the geo-referenced Sirovision models were produced and compiled with available 

drill core logging data (SRK, 2015). From the previous data provided to SRK, it was clear 

that the study was based on data collection from only two test pits in the North pit area 

and limited drillhole logging. SRK’s geotechnical expert performed analysis to determine 

the slope construction and stability performance of the existing North pit development to 

60 m depth. 

In their review, SRK recognised the intact rock strength as very high as stated by WSP 

earlier in their study. SRK performed analyses on the RQD value in a gridded mesh 

spacing of X=15 m, Y=15 m from aerial photographs taken from the north pit. There were 

high values of RQD obtained indicating high competency of the rock types. This also 

shows a correlation with the lower RQD mean values (40%) in the GR domain and this 

reduces closer to the surface. SRK found that hydro-geological influence on slope 

stability deemed significant is the seasonal influx of snow and ice melting during spring. 
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3.2 Method of study 

Site selections for locations on the walls in the south pit of the mine are made for stability 

analysis and classification of rocks and this begins the methodology of this study. In the 

second stage, field measurements and observations are conducted on the selected walls in 

the south pit. This included all physical observations and measurements related to 

discontinuities and rock properties, such as dip and dip direction, spacing, roughness or 

smoothness, infillings, alterations, and rock mass properties. The third stage of the 

methodology is to process and analyse the data collected from the field. A comparison of 

the present data will be done with the previous studies by WSP Finland Limited (WSP) 

and SRK Consulting (UK) Limited (SRK) on the mine. This is to assess the general 

behaviour of rocks in the mine and utilise some information relevant to this study. In the 

fourth stage, two types of analyses were performed, which are kinematic analysis and 

RMRbasic calculations. The kinematic analysis is done with the use DIPS 6.0 software 

(Rocscience Inc., 2019). This is to determine the potential failure modes and critical 

failure of wall surface slope. The fifth and final stage of the methodology will discuss 

results to determine suitable slope angle, followed by conclusions and recommendations 

for subsequent slopes as the pit operations advances. Figure 11 shows a graphical 

representation of the methodology. 



55 

 

 

Figure 11.  Flow chart of Method of study. 

3.2.1 Site Selection 

Three areas from the south pit were chosen and this was because majority of production 

operations since the reopening of the mine in 2021 was carried out there. The three areas 
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selected are located at the upper north wall (Wall 1), north-eastern wall (Wall 2) and the 

lower southern wall (Wall 3). The south pit is characterised by Quartz Diorite (QD), 

Uralite Porphyrite (UP) and Granite Pluton (GR) types of rocks. It is however dominated 

by the Granite Pluton (GR). The south pit floor is currently at a level of 15 m above mean 

sea level and bench heights are as high as 20 m on the average. Figures 12, 13 and 14 

show the walls selected for the studies. 

 

Figure 12.  Wall 1 on the northern of south pit selected for study. 
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Figure 13.  Wall 2 on north-eastern part of south pit selected for study. 

 

Figure 14.  Wall 3 on southern part of  south pit selected for study. 

3.2.2 Data Collection 

Field data were collected for the selected three walls from the south pit. Wall 1 is located 

at the north side of the south pit, wall 2 is located at the east side of the pit and Wall 3 is 
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located at the southern part of the pit. The field observations and measurements were 

made to assess the existing wall slope height, rock type or lithology, joint orientation, 

joint set number, joint spacing, joint condition, joint roughness, joint alteration, rock mass 

structure and infilling condition. The south pit is dominated by granite and were typical 

of the selected walls. The field data collected for the three walls involved three various 

joint sets for each wall with 20 sets of observations and measurements. This is presented 

in the Appendix 1 to 3. 

3.2.3 Data Processing 

Field data obtained from the pit including slope details, joint characteristics and 

orientation, and rock mass parameters were used in the processing. The data was used to 

calculate the RMRbasic according to Bieniawski (1989) ratings. The RMR system applies 

the following six basic parameters to classify rock mass (Bieniawski, 1989): 

 The uniaxial compressive strength of the intact rock (σc): for rocks of moderate 

to high strength, point load index is also acceptable (Bieniawski, 1989).  

 Rock Quality Designation (RQD)  

 Discontinuity spacing  

 Condition of discontinuity surfaces  

 Groundwater conditions  

 Orientation of discontinuities relative to the engineered structure 

In this study, RMRbasic is estimated using field observations and measurements done on 

the various selected walls in the south pit. All six parameters required for RMRbasic 

calculations were used. Slope mass ratings of the selected rock slopes will be calculated 

from the RMRbasic results. The RMRbasic calculation results will also be correlated to the 

Geological Strength Index (GSI) by the empirical formula by Hoek et al. (1995) using the 

1989 version of RMR of Bieniawski (1989) as shown in equation 19 (see Cosar, 2004). 

Mining rock mass ratings will be calculated from the results of the GSI values obtained 

using the correlation in equation 10. 

𝐺𝑆𝐼 =  𝑅𝑀𝑅89 –  5                                                            (19) 

Kinematic analyses were carried out to understand the failure modes possible to occur on 

the slopes. Kinematic analysis involves geometric test to evaluate the possibility of failure 

mechanisms in a slope using the mean slope orientation by an assumed discontinuity 
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friction angle and the discontinuity measurements from the slope (Brideau et al., 2011). 

In this study DIPS 6.0 Software (Rockscience Inc., 2019). The field data on joint 

orientations obtained from the field were plotted on the stereographic projection on lower 

hemisphere net. Contour in the form of vectors were done to depict the different pole 

concentrations. Discontinuity planes were traced on projection net for each concentration 

area, representing a major joint set. The slope face plane is plotted along with great circle 

on stereonet projection using predefined angle of internal friction (ϕ) of 30o for the walls 

made up of granite. To determine the failure modes, the relationship between the joint 

planes and plane of slope face together with friction cone has been employed. 
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4 RESULTS AND DISCUSSIONS 

4.1 Results of Previous Studies by WSP and SRK 

From laboratory tests on core samples taken by WSP, parameters such as the density, 

Uniaxial Compression Strength, Young’s modulus, Poisson’s ratio, and the Tensile 

strengths of the dominant rocks were obtained as shown in Table 30. 

Table 30. Laboratory test results (WSP, 2008). 

From the Table 30, pegmatite has the lowest values of 2604 kg/m3, 138 MPa, 69 N/m2, 

0.17 and 8.2 MPa for density, UCS, Young’s modulus, Poisson’s ratio, and tensile 

strength, respectfully. On the other hand, Amphibolite recorded highest density of 2965 

kg/m3, granite showed the highest UCS value of 305 MPa, Young modulus was highest 

in uralite porphyrites, highest Poisson’s ratio recorded by granite and Uralite porphyrites 

as 0.26 each. Finally, the intermediate vulcanite recorded highest value of tensile strength 

of 18.8 MPa (after WSP, 2008). The results seen in the Table 30 show generally that rocks 

in the mine area are of high quality and are very hard. WSP conducted rock mechanica l 

Q-value logging from 196 drill holes. Total length of logged core was 39163 m. Rock 

quality mapping was made in two test pits, a small pit made up of two sub-areas areas A 

and B, and a large pit made of six sub-areas, labelled from A to F. Figure 15 shows the 

position of Q-logged drill holes, surface mapping areas and boreholes where oriented 

Rock Type Density 

(kg/m3) 

UCS 

(MPa) 

Young's 

Modulus 

(N/m2) 

Poisson's 

Ratio 

Tensile 

Strength 

(MPa) 

Quartz diorite 2840 217 85 0.25 14.1 

Quartz diorite 2719 265 79 0.23 16.0 

Quartz diorite 2715 258 80 0.23 16.9 

Granite 2622 267 68 0.24 15.1 

Granite 2616 302 70 0.26 15.4 

Pegmatite 2607 154 68 0.18 8.2 

Pegmatite 2604 138 69 0.17 9.8 

Pegmatite 2615 250 75 0.22 15.7 

Intermediate 

vulcanite 

2649 291 79 0.23 18.8 

Amphibolite 2965 248 83 0.27 18.0 

Uralite porphyrite 2962 247 92 0.26 17.4 
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samples have been made. The positions reflect an area covered presently by the north pit 

area (after WSP, 2008). 

 

Figure 15.  Position of Q-logged drill holes, surface mapping areas and boreholes 
where oriented samples have been made (WSP, 2008). 

GSI-values from surface mapping are slightly higher than lower quartile value of core 

logging data. Between quartz diorite and vulcanite, there is no major differences. Granite 

dykes seems to be more fractured and made noticed in later designs. The Table 31 shows 

the results from the Q logging (WSP, 2008). 

Table 31. Q - mapping results from test pits (WSP, 2008).  

 Rock type  RQD  Jn  Jr  Ja  Q’  GSI  

Small pit                

Area A  quartz diorite  98  9  2  2  10.9  65  

Area B  vulcanite  97  9  2  2  10.8  65  

Large Pit                

Area A  quartz diorite  99  9  3  2  16.3  69  

Area B  quartz diorite  97  9  3  2  16.2  69  

Area C  quartz diorite  84  9  3  2  14.0  68  

Area D  vulcanite  96  9  3  2  16.0  69  

Area E  vulcanite  84  9  3  2  14.0  68  

Area F  vulcanite  97  9  2  2  10.8  65  
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According to core logging, about 80% of total length consists of two joint set or two joint 

set + random jointing. In Q-classification this means that the Jn value varies between 2 

and 6. After that core logging, oriented data analyses were performed. Since three joint 

sets are obvious, the Jn values under 4 were raised to 6 and Jn value between 4 and 6 were 

raised to 9. Underestimation of Jn value is obvious because every joint set cannot usually 

be seen from core logging. Logged logarithmic Q’ value was changed to linear GSI value 

to simplify statistical estimations from the equation: 

𝐺𝑆𝐼 =  9𝑙𝑛𝑄′ + 44                                                                                                (20) 

WSP further calculated for the Mining Rock Mass Ratings based on a mean GSI value of 

62 from models. To calculate MRMR value, the GSI value 62 was adjusted by:  

 not weathering as 100%  

 joint orientation of 3 joints defining block with 2 faces inclined away from the 

vertical as 80% 

  induced stress as 100%  

  smooth wall blasting as 97% 

Therefore, MRMR was calculated by the following equation by WSP using the 

percentages for the parameters listed: 

MRMR = GSI * Non-weathering * Joint orientation * Induced stress * smooth wall 

blasting  

=> MRMR = 62 • 100% • 80% • 100% • 97% = 48 

Laubscher, 1990, developed a table to estimate an overall pit slope angle from MRMR 

ranges and his recommendations are presented in Table 32.  

Table 32. Approximate overall angle of pit slopes (Laubscher, 1990). 

MRMR  0-20  21-40  41-60  61-80      80-100  

Angle  35˚  45˚  55˚  65˚  75˚  

From the recommendations, an MRMR value of 48 requires an angle of 55o for pit slopes. 
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During the review by SRK, the available Q based logging was gridded in 3D using Voxler 

3 software. The only parameter that was semi quantifiable was RQD as it was a direct 

measurement from drill core logging. SRK did not utilise 3D contouring of these 

parameters at this stage as it is deemed that the Q rock mass characterisation method is 

not applicable in the Laiva rock mass because it is governed by structural orientation, 

frequency, and persistence. Horizontal slices of mean RQD value gridded in a mesh with 

uniform spacing shown in Figure 16. RQD values in high ranges indicate rocks of high 

quality and competency. It appears that there is a correlation with the lower RQD mean 

values (40%) in the GR domain and this reduces closer to the surface. The application of 

this is only reported for preliminary use in the South pit area as there is a deficiency of 

structural information and developed pit slopes for more detailed analysis. The trends of 

lower mean RQD in the gridding align with the SRK updated major structures and their 

intersection points. This data was used to generate the updated structural surface models 

(shears and faults) and this geotechnical comment is done to validate this. The North pit 

area generally has RQD of more than 60%, which is considered good quality rock, and 

this analysis is not deemed material in defining rock mass characterisation domains in 

this pit as the data collection from pit mapping is utilised instead. 

 

Figure 16.  Mean RQD plot from gridding in Voxler3 (modified from SRK, 2015). 
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SRK also confirmed that slope stability is not compromised by rock strength for the 

maximum designed slope heights of 165 m. SRK has commented on this only to 

demonstrate that the rock types are of good quality and that there is some lower quality 

rock mass associated with the shear features and GR domains. Further data collection is 

required in the South pit area to better define the rock mass characterisation in terms of 

structural fabric. 

4.2 Results and Discussions from Current Study 

4.2.1 Rock Mass Classification 

For rock mass rating calculations for the walls selected, parameters for RMRbasic given by 

Bieniawski (1989) were obtained from site measurements and observations. The Tables 

A1 to A3, given in the Appendix, show site measurements and observations. An RQD 

estimate between 80% - 100% was applied, a uniaxial compression strength of the rocks 

in the selected walls dominated by granite was averaged as 285 MPa. There was no water 

inflow observed on the walls and no groundwater conditions were observed on the slope 

faces. Only Wall 3 was observed to have hard infillings of Fe and of joint spacing over 1 

cm. Calculations for RMRbasic were done for all three selected walls and shown in Tables 

33 to 35. 

Table 33. Wall 1 RMRbasic Calculations 

Parameter  Value Rating Description 

RQD  80% - 100% 20 From measurements on core samples 

UCS  285 MPa 15 From laboratory testing  

Average Spacing  <60 mm 5 measured on site 

Roughness  Rough 5 observed on site 

Infilling  0 6 observed on site 

Water Inflow  None 15 observed on site 

Discontinuity Length  <3 m 4 measured on site 

Dips  Very Favourable 0 measured on site 

Separation  None 6 observed on site 

Weathering  Unweathering 6 observed on site 

Total Rating                              82 
 

Class                              II 
 

Description                           Good Rock 
 

From the Table 33, the features of wall 1 show an average spacing <60 mm, rough surface 

when felt on the fingertips and from visual observations. There were no water inflows 

observed as well as no infillings. Very favourable dips were observed. Overall RMRbasic 
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rating from the measured and observed parameters resulted to 82, showing that the wall 

1 is made up of good rock belonging to Class II type of rocks. Table 34 shows as well the 

measured and observed parameters from the wall 2. 

Table 34. Wall 2 RMRbasic Calculations 

Parameter Value Rating Description 

RQD 80% - 100% 20 From measurements on core samples 

UCS 285 MPa 15 From laboratory testing  

Average Spacing <60 mm 5 measured on site 

Roughness Rough 5 observed on site 

Infilling 0 6 observed on site 

Water Inflow None 15 observed on site 

Discontinuity Length <3 m 4 measured on site 

Dips Very Favourable 0 measured on site 

Separation None 0 observed on site 

Weathering Unweathering 6 observed on site 

Total Rating                            76 
 

Class                            II 
 

Description                         Good Rock 
 

Average spacing from measurements showed <60 mm, no infillings and water inflows 

were observed as well. Surface felt rough between the fingers, rocks were unweathered 

and exhibit very favourable dips. It had discontinuity length of <3 m on the average with 

no separations observed. Total RMRbasic rating from the measured and observed 

parameters resulted to 76, showing that the wall 2 consists good rock belonging to Class 

II type of rocks. Table 35 shows the measurements and observations made on wall 3 and 

the RMRbasic calculated from them. 

Table 35. Wall 3 RMRbasic calculations. 

Parameter Value Rating Description 

RQD 80% - 100% 20 From measurements on core samples 

UCS 285 MPa 15 From laboratory testing  

Average Spacing <60 mm 5 measured on site 

Roughness Rough 5 observed on site 

Infilling Hard Infilling 4 observed to have Fe infilling 

Water Inflow None 15 observed on site 

Discontinuity Length <3 m 4 measured on site 

Dips Very Favourable 0 measured on site 

Separation None 6 observed on site 

Weathering Unweathering 6 observed on site 

Total Rating                                80 
 

Class                                II 
 

Description                            Good Rock 
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The average spacing from measurements on wall 3 showed <60 mm, hard infillings were 

observed but no water inflows were seen. Surface felt rough between the fingers, rocks 

were unweathered and very favourable dips. It had discontinuity length of <3 m on the 

average with no separations observed. Total RMRbasic rating from the measured and 

observed parameters resulted to 80, showing that the wall 3 is made up of good rock 

belonging to Class II type of rocks. Overall, RMR values of the rocks are 75 and above, 

which signifies a Class II and good rocks according to Bieniawski’s (1989). 

For slope mass rating calculations, the slope strike (αs), joint strike (αj), slope angle (βs) 

and joint dip angle (βj) were computed from the field measurements shown in the 

appendix. Table 36 and 37 shows the results of SMR computed for selected rock slope 

walls. Since all selected walls are observed to undergo toppling failure mechanisms, the 

parameter F1 is computed with A = αj – αs – 180o. F2 is given as the tan of the joint dip 

angel, βj, however, F2 remains equal to 1 for joints dipping over 45o as in the case of the 

selected walls in this study. F3 is estimated from the difference between the two dip 

angles of joint and slope, βj + βs. F4 is an adjustment factor that depends on the excavation 

method which is 0 for the selected pit since normal blasting is used (Basahel and Mitri, 

2017).  

Table 36. Joint parameters for SMR Calculations. 

Wall αs αj βj βs F1 F2 F3 

1 169o 147o 56o 79o 0.86 1 -25 

2 172o 146o 56o 82o 0.31 1 -25 

3 162o 130o 40o 72o 0.22 1 -6 

 

Table 37. Computations for SMR parameters and ratings for the selected rock slopes. 

Wall RMR F1 F2 F3 F4 SMR 

Value 

Description/Stability 

1 82 0.86 1 -25 0 60.5 Normal/Partially 
stable 

2 76 0.31 1 -25 0 68.25 Good/Stable 

3 80 0.22 1 -6 0 78.68 Good/Stable 
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From these RMRbasic classification, GSI and M-RMR values are calculated as well. GSI 

and M-RMR ratings are calculated to compare with the previous information from WSP 

in the study. The Table 38 shows the GSI and MRMR computed values. 

Table 38. Correlations between RMRbasic values, GSI and M-RMR for selected walls. 

Wall number RMRbasic GSI M-RMR 

1 82 77 66.23 

2 76 71 58.55 

3 80 75 63.67 

From the correlation in Table 38, GSI values range from 70 to 80, signifying a blocky 

rock mass structure from the GSI chart (by Hoek et al., 1998). This value is higher than 

the result from core logging of about 62 by WSP (WSP, 2008) and this may be attributed 

to data inputs as locations were not pit specific during WSP’s study. The value however 

denotes hard and quality rock characteristics of the granite dominant slopes, which is a 

further increase to the value from WSP. M-RMR ratings range from 50 to 70 which are 

higher than the value, 48, obtained from the chart WSP used in the chart in Table 32 (by 

Laubscher, 1990) for overall slope angle estimate of 55o. 

4.2.2 Kinematic Analysis 

Kinematic analysis has been employed in this study to assess the failure potential of the 

selected slopes. Slope dips and dip directions obtained from site measurements for various 

walls were inputted for plotting. A friction angle of 30o was used for the granite 

dominated walls. The three failure modes, planar, wedge and toppling failures were 

accessed from stereonet plots in DIPS software. The following analysis were made: 

1. Wedge Failure Mode:  

Wedge failure occurs when the line formed by intersection of two joint planes forming 

wedge shaped rock block, falls in the slope face direction. The line of intersection 

plunges at an inclination flatter than that of the overlying slope face. Conditions for 

wedge sliding to occur are satisfied when two joint discontinuities strike obliquely 

across the slope face. Also the plunge of the line of intersection “daylights” in the 

slope face and plunge of the line of intersection is greater than the angle of friction. 
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From the stereonet plotting for wall 1, there are critical joint planes that falls in the 

slope face direction, hence a possibility of wedge sliding of 9.3% indicated. Walls 2 

indicates a higher amount of critical joint planes in the slope face direction than wall 

1 and has a failure probability of 13.9%. However, wall 3 shows a few critical joint 

planes in the direction of slope face with a minimal probability of wedge sliding. 

Figure 17a, b and c demonstrate the wedge sliding in the three walls respectively. 

2. Planar Failure Modes: 

Planar failure occurs mostly in stratified sedimentary and meta-sedimentary rock 

formation slopes in which a structural discontinuity plane dips or daylight towards the 

valley at lesser angle compared to the slope face angle and is more than the friction 

angle of discontinuity surface. Planar failure to occur in a condition where the sliding 

plane strikes parallel or nearly parallel to the slope face, thus “daylighting” in the 

slope face at a lesser dip angle. Wall 1 shows a 10% likelihood of planar failure with 

some joint planes in the critical zones. Wall 2 however, has a fewer number of critical 

joint planes with 1.67% possibility of planar failure. There is no planar failure 

possibility found in Wall 3. Figure 18a, b and c illustrate the planar failure possibilit ies 

in the respective walls. 

3. Toppling Failure: 

Toppling mode of failure occurs in slopes where the discontinuity orientation has a 

deviation degree close to the vertex and is opposite to the excavation orientation or 

slope faces. Toppling failure condition is satisfied when joint sets dip in the opposite 

direction of slope by very steep angle, usually > 75°. Toppling failure mechanism 

involves rotation of columns or blocks of rock about a fixed base. Two forms of 

toppling failure, flexural and direct toppling are analyzed in this study. Wall 1 has a 

26.7% possibility of flexural toppling with joint planes in critical zone and a 0.79% 

possibility of direct toppling occurring. There is no possibility of flexural toppling 

observed in Wall 2 and 3, however, there is 5% and 3.87% possibility of direct 

toppling occurring respectively. These modes of failures are shown in the figures 19 

and 20a, b and c for the three walls. 

The results of the percentages of the various failure modes are tabulated in table 39.
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Figure 17.  Wedge Failure modes for the three selected walls. 
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Figure 18.  Planar Failure modes for the three selected walls. 



71 

 

 

Figure 19.  Direct Toppling Failure modes for the three selected walls. 
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Figure 20.  Flexural Toppling Failure modes for the three selected walls.
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A summary of results from Kinematic analysis is presented in Table 39 showing the wall 

number, probability of planar, wedge and toppling failure(s) in evaluated walls.  

Table 39. Kinematic analysis results for failure modes in the slopes of selected walls 

Results show that the probability of planar failure in walls 1-3 comprise 10%, 1.6%, and 

0% respectively while the probability of wedge failure in the same walls comprise 9.3%, 

13.9%, and 0.17% respectively. Evaluations show that the probability of direct toppling 

failure(s) in wall 1-3 comprise 0.79, 5, and 3.8 respectively while the probability of 

toppling flexural failure in the same walls comprise 26.7%, 0%, and 0% respectively. A 

graphical representation of results from kinematic analysis is presented in Fig. 21. 

 

Figure 21.  Graphical representation of kinematic analysis results. 
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Based on Kinematic interpretations, flexural failure is most probable in wall 1 while 

wedge failure and direct toppling failure are more probable in walls 2 and 3 respectively 

(Fig. 21). However, the percentage probability of the aforementioned failures are 

generally lower than 30%. Results from kinematic analysis indicate, that critical joint sets 

in wall 1 exhibit a higher probability of flexural toppling. Critical joint sets in wall 2 

demonstrates a higher probability of wedge sliding while the fewer critical joint sets in 

wall 3 shows a probability of  direct toppling failure. However, joint sets in all three walls 

show a low probability of failure, less than 30%, confirming the competencies of rock 

slopes from the RMR values and the stability of the walls from the SMR values obtained. 

The results serve as a basis on which further studies can be done when designing further 

developments of slopes with increasing pit depth since previous studies did not cover 

failure modes.  
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5 CONCLUSIONS AND RECOMMENDATIONS 

In this study, a rock mass classification system, using rock mass rating has been 

conducted on three selected pit wall slopes. This provided data to ascertain the 

competence of the rocks in those slopes. From the classification, the rocks were found to 

be of good quality belonging to class II of classification scale. Slope mass ratings 

calculated from addition of the rock mass ratings to the adjustment parameters 

representing discontinuity orientations in relation to the slope attitude and the effect of 

the excavation method. The slope mass ratings show that the rock slopes are good and 

stable. GSI and M-RMR ratings were correlated to the results obtained from RMR 

classification in this study. The results from the correlations shows an increase in the 

figures GSI and M-RMR compared to classification figures from WSP in 2008. However, 

it can be concluded, that the good quality of rocks still attains, as this study emphasizes 

the increasing quality with increasing depth of the pit. Changes in rock quality can be 

attributed to the inherent variability within rocks by location and depth.   

Kinematic analysis performed on the slopes show potential of wedge sliding possibility 

of 13.9%, highest recorded in wall 2, 9.3% in wall 1 and 0.17% in wall 3. Planar failure 

occurrence is found to be highest in wall 1 with a possibility of 10%, wall 2 with 1.6 and 

wall 3 with no possibility recorded. For toppling failure, analyses were done for direct 

toppling in which there were minimum possibilities of occurrence in the walls. The 

possibilities were 0.79%, 5% and 3.8% for walls 1, 2 and 3 respectively. The results 

conclude that there are conditions for the modes of failures to occur and therefore requires 

measures to deal with them as the pit is being developed deeper. Wall 1 shows a higher 

possibility of flexural toppling occurrence of 26.7%.  

Furthermore, the current walls of the south pit were observed to have areas of back-breaks 

as a result of blasting. Areas of rock falls and groundwater inflows were observed around 

the south pit walls. These affect the width and stability of berms and are high risk areas  

for operations. The face angle of bench slopes observed in the pit are more than 70o which 

contributes to the possibilities of occurrence of  structurally controlled failures of the 

slopes. A lesser slope angle is therefore recommended to ensure stability of the slopes.  

However, further studies are required to evaluate the cost of operations, economic 

implications and the safety of the pits for operations when a lesser slope angle is to be 

employed. This study, from the findings also recommends further investigations into rock 



76 

 

quality as the pit develops deeper. Knowledge on effects of inherent variabilities can 

assist in planning and designing of slopes and other infrastructure which goes a long way 

to affect mine cost of operations. Furthermore, it is recommended, that further studies on 

slope classification methods and slope monitoring be done during development. 

Excavation methods and groundwater effects have noticeable effects on slopes and plays 

a key role in stability of slopes and this also requires thorough consideration as well. 
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APPENDICES 

Appendix1. Field measurements and observation made for slope of wall 1. 

Appendix 1A. Measurements and observations for joint set 1. 

Joints 

set  Dip 

Dip 

Direction Spacing(mm) Lithology Roughness 

Roughness 

desc Smoothness Infilling Alteration Rockmass 

1 85 15 5 GR 2 non stepped 0 no infill fe 2 

1 75 8 5 GR 2 non stepped 0 no infill fe 2 

1 80 8 3 GR 2 non stepped 0 no infill fe 2 

1 90 0 2 GR 2 non stepped 0 no infill fe 2 

1 89 0 1 GR 2 non stepped 0 no infill fe 2 

1 90 0 5 GR 2 non stepped 0 no infill fe 2 

1 79 3 4 GR 2 non stepped 0 no infill fe 2 

1 85 6 2 GR 2 non stepped 0 no infill fe 2 

1 87 12 2 GR 2 non stepped 0 no infill fe 2 

1 88 3 1 GR 2 non stepped 0 no infill fe 2 

1 90 7 3 GR 2 non stepped 0 no infill fe 2 

1 79 3 2 GR 2 non stepped 0 no infill fe 2 

1 88 3 1 GR 2 non stepped 0 no infill fe 2 

1 79 10 2 GR 2 non stepped 0 no infill fe 2 

1 99 5 3 GR 2 non stepped 0 no infill fe 2 

1 79 3 1 GR 2 non stepped 0 no infill fe 2 

1 87 4 2 GR 2 non stepped 0 no infill fe 2 

1 90 6 3 GR 2 non stepped 0 no infill fe 2 

1 88 2 2 GR 2 non stepped 0 no infill fe 2 

1 78 5 1 GR 2 non stepped 0 no infill fe 2 

1 85 8 4 GR 2 non stepped 0 no infill fe 2 
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Appendix 1B. Measurements and observations for joint set 2 

Joints 

set  Dip 

Dip 

Direction Spacing(mm) Lithology Roughness 

Roughness 

desc Smoothness Infilling Alteration Rockmass 

2 72 180 1 GR 2 non stepped 0 no infill fe 2 

2 77 185 1 GR 2 non stepped 0 no infill fe 2 

2 77 190 3 GR 2 non stepped 0 no infill fe 2 

2 75 177 2 GR 2 non stepped 0 no infill fe 2 

2 80 166 3 GR 2 non stepped 0 no infill fe 2 

2 80 189 2 GR 2 non stepped 0 no infill fe 2 

2 80 195 4 GR 2 non stepped 0 no infill fe 2 

2 81 122 1 GR 2 non stepped 0 no infill fe 2 

2 77 165 4 GR 2 non stepped 0 no infill fe 2 

2 83 173 3 GR 2 non stepped 0 no infill fe 2 

2 81 170 2 GR 2 non stepped 0 no infill fe 2 

2 79 167 2 GR 2 non stepped 0 no infill fe 2 

2 80 159 2 GR 2 non stepped 0 no infill fe 2 

2 90 150 1 GR 2 non stepped 0 no infill fe 2 

2 89 155 2 GR 2 non stepped 0 no infill fe 2 

2 88 180 1 GR 2 non stepped 0 no infill fe 2 

2 78 182 1 GR 2 non stepped 0 no infill fe 2 

2 78 188 2 GR 2 non stepped 0 no infill fe 2 

2 80 189 2 GR 2 non stepped 0 no infill fe 2 

2 89 187 2 GR 2 non stepped 0 no infill fe 2 

2 88 170 2 GR 2 non stepped 0 no infill fe 2 
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Appendix 1C. Measurements and observations for joint set 3. 

Joints 

set  Dip 

Dip 

Direction Spacing(mm) Lithology Roughness 

Roughness 

desc Smoothness Infilling Alteration Rockmass 

3 0 85 2 GR 2 non stepped 0 no infill fe 2 

3 5 88 3 GR 2 non stepped 0 no infill fe 2 

3 3 90 1 GR 2 non stepped 0 no infill fe 2 

3 2 87 1 GR 2 non stepped 0 no infill fe 2 

3 4 77 3 GR 2 non stepped 0 no infill fe 2 

3 6 78 3 GR 2 non stepped 0 no infill fe 2 

3 6 83 2 GR 2 non stepped 0 no infill fe 2 

3 3 82 4 GR 2 non stepped 0 no infill fe 2 

3 2 91 2 GR 2 non stepped 0 no infill fe 2 

3 3 97 3 GR 2 non stepped 0 no infill fe 2 

3 3 100 2 GR 2 non stepped 0 no infill fe 2 

3 5 92 3 GR 2 non stepped 0 no infill fe 2 

3 6 69 2 GR 2 non stepped 0 no infill fe 2 

3 7 88 2 GR 2 non stepped 0 no infill fe 2 

3 4 84 1 GR 2 non stepped 0 no infill fe 2 

3 5 79 2 GR 2 non stepped 0 no infill fe 2 

3 5 76 2 GR 2 non stepped 0 no infill fe 2 

3 3 81 3 GR 2 non stepped 0 no infill fe 2 

3 7 97 2 GR 2 non stepped 0 no infill fe 2 

3 5 99 3 GR 2 non stepped 0 no infill fe 2 

3 8 93 1 GR 2 non stepped 0 no infill fe 2 
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Appendix 2. Field measurements and observation made for slope of wall 2. 

Appendix 2A. Measurements and observations for joint set 1. 

Joints 

set  Dip 

Dip 

Direction Spacing(mm) Lithology Roughness 

Roughness 

desc Smoothness Infilling Alteration Rockmass 

1 75 272 2 GR 1 non stepped 0 no infill fe 2 

1 80 280 2 GR 1 non stepped 0 no infill fe 2 

1 77 288 1 GR 1 non stepped 0 no infill fe 2 

1 78 265 3 GR 1 non stepped 0 no infill fe 2 

1 90 259 3 GR 1 non stepped 0 no infill fe 2 

1 87 266 4 GR 1 non stepped 0 no infill fe 2 

1 84 271 1 GR 1 non stepped 0 no infill fe 2 

1 82 280 2 GR 1 non stepped 0 no infill fe 2 

1 83 277 3 GR 1 non stepped 0 no infill fe 2 

1 88 283 3 GR 1 non stepped 0 no infill fe 2 

1 85 275 2 GR 1 non stepped 0 no infill fe 2 

1 79 271 1 GR 1 non stepped 0 no infill fe 2 

1 76 266 3 GR 1 non stepped 0 no infill fe 2 

1 89 269 2 GR 1 non stepped 0 no infill fe 2 

1 89 274 2 GR 1 non stepped 0 no infill fe 2 

1 79 276 2 GR 1 non stepped 0 no infill fe 2 

1 90 271 1 GR 1 non stepped 0 no infill fe 2 

1 90 270 2 GR 1 non stepped 0 no infill fe 2 

1 79 270 1 GR 1 non stepped 0 no infill fe 2 

1 84 269 1 GR 1 non stepped 0 no infill fe 2 

1 88 260 3 GR 1 non stepped 0 no infill fe 2 
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Appendix 2B. Measurements and observations for joint set 2. 

Joints 

set  Dip 

Dip 

Direction Spacing(mm) Lithology Roughness 

Roughness 

desc Smoothness Infilling Alteration Rockmass 

2 6 14 3 GR 1 non stepped 0 no infill fe 2 

2 5 17 2 GR 1 non stepped 0 no infill fe 2 

2 4 20 2 GR 1 non stepped 0 no infill fe 2 

2 5 12 2 GR 1 non stepped 0 no infill fe 2 

2 2 12 1 GR 1 non stepped 0 no infill fe 2 

2 2 16 2 GR 1 non stepped 0 no infill fe 2 

2 1 15 2 GR 1 non stepped 0 no infill fe 2 

2 1 11 3 GR 1 non stepped 0 no infill fe 2 

2 2 12 2 GR 1 non stepped 0 no infill fe 2 

2 2 18 1 GR 1 non stepped 0 no infill fe 2 

2 2 19 2 GR 1 non stepped 0 no infill fe 2 

2 3 21 1 GR 1 non stepped 0 no infill fe 2 

2 4 20 2 GR 1 non stepped 0 no infill fe 2 

2 4 20 2 GR 1 non stepped 0 no infill fe 2 

2 2 13 1 GR 1 non stepped 0 no infill fe 2 

2 1 14 2 GR 1 non stepped 0 no infill fe 2 

2 0 13 1 GR 1 non stepped 0 no infill fe 2 

2 0 15 2 GR 1 non stepped 0 no infill fe 2 

2 3 15 2 GR 1 non stepped 0 no infill fe 2 

2 4 20 1 GR 1 non stepped 0 no infill fe 2 

2 1 15 2 GR 1 non stepped 0 no infill fe 2 
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Appendix 2C. Measurements and observations for joint set 3. 

Joints 

set  Dip 

Dip 

Direction Spacing(mm) Lithology Roughness 

Roughness 

desc Smoothness Infilling Alteration Rockmass 

3 75 200 2 GR 1 non stepped 0 no infill fe 2 

3 76 197 3 GR 1 non stepped 0 no infill fe 2 

3 77 196 1 GR 1 non stepped 0 no infill fe 2 

3 80 188 3 GR 1 non stepped 0 no infill fe 2 

3 83 198 2 GR 2 non stepped 0 no infill fe 2 

3 76 196 1 GR 3 non stepped 0 no infill fe 2 

3 85 195 2 GR 1 non stepped 0 no infill fe 2 

3 86 197 1 GR 1 non stepped 0 no infill fe 2 

3 88 200 4 GR 1 non stepped 0 no infill fe 2 

3 90 198 3 GR 1 non stepped 0 no infill fe 2 

3 81 204 5 GR 1 non stepped 0 no infill fe 2 

3 79 203 1 GR 1 non stepped 0 no infill fe 2 

3 87 201 2 GR 1 non stepped 0 no infill fe 2 

3 86 200 1 GR 1 non stepped 0 no infill fe 2 

3 87 204 2 GR 1 non stepped 0 no infill fe 2 

3 87 203 1 GR 1 non stepped 0 no infill fe 2 

3 90 208 2 GR 1 non stepped 0 no infill fe 2 

3 90 204 1 GR 1 non stepped 0 no infill fe 2 

3 85 201 2 GR 1 non stepped 0 no infill fe 2 

3 84 200 1 GR 1 non stepped 0 no infill fe 2 

3 81 199 2 GR 1 non stepped 0 no infill fe 2 
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Appendix 3. Field measurements and observation made for slope of wall 3. 

Appendix 3A. Measurements and observations for joint set 1. 

Joints 

set  Dip 

Dip 

Direction Spacing(mm) Lithology Roughness 

Roughness 

desc Smoothness Infilling Alteration Rockmass 

1 41 304 2 GR 2 non stepped 0 fe fe 2 

1 46 311 2 GR 2 non stepped 0 fe fe 2 

1 42 320 3 GR 2 non stepped 0 fe fe 2 

1 48 319 1 GR 2 non stepped 0 fe fe 2 

1 50 308 3 GR 2 non stepped 0 fe fe 2 

1 48 315 2 GR 2 non stepped 0 fe fe 2 

1 43 303 3 GR 2 non stepped 0 fe fe 2 

1 42 318 1 GR 2 non stepped 0 fe fe 2 

1 42 309 3 GR 2 non stepped 0 fe fe 2 

1 47 320 3 GR 2 non stepped 0 fe fe 2 

1 51 318 2 GR 2 non stepped 0 fe fe 2 

1 49 312 3 GR 2 non stepped 0 fe fe 2 

1 42 307 1 GR 2 non stepped 0 fe fe 2 

1 46 311 4 GR 2 non stepped 0 fe fe 2 

1 48 320 2 GR 2 non stepped 0 fe fe 2 

1 42 314 3 GR 2 non stepped 0 fe fe 2 

1 43 317 2 GR 2 non stepped 0 fe fe 2 

1 46 312 1 GR 2 non stepped 0 fe fe 2 

1 44 313 2 GR 2 non stepped 0 fe fe 2 

1 42 300 2 GR 2 non stepped 0 fe fe 2 

1 48 305 3 GR 2 non stepped 0 fe fe 2 
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Appendix 3B. Measurements and observations for joint set 2. 

Joints 

set  Dip 

Dip 

Direction Spacing(mm) Lithology Roughness 

Roughness 

desc Smoothness Infilling Alteration Rockmass 

2 55 5 1 GR 2 non stepped 0 fe fe 2 

2 59 8 3 GR 2 non stepped 0 fe fe 2 

2 51 10 2 GR 2 non stepped 0 fe fe 2 

2 68 7 3 GR 2 non stepped 0 fe fe 2 

2 88 11 1 GR 2 non stepped 0 fe fe 2 

2 72 8 3 GR 2 non stepped 0 fe fe 2 

2 90 6 2 GR 2 non stepped 0 fe fe 2 

2 62 5 3 GR 2 non stepped 0 fe fe 2 

2 69 9 3 GR 2 non stepped 0 fe fe 2 

2 71 5 2 GR 2 non stepped 0 fe fe 2 

2 85 7 2 GR 2 non stepped 0 fe fe 2 

2 66 5 3 GR 2 non stepped 0 fe fe 2 

2 84 8 3 GR 2 non stepped 0 fe fe 2 

2 74 5 4 GR 2 non stepped 0 fe fe 2 

2 69 9 5 GR 2 non stepped 0 fe fe 2 

2 82 10 2 GR 2 non stepped 0 fe fe 2 

2 51 7 1 GR 2 non stepped 0 fe fe 2 

2 78 5 2 GR 2 non stepped 0 fe fe 2 

2 81 6 3 GR 2 non stepped 0 fe fe 2 

2 73 7 3 GR 2 non stepped 0 fe fe 2 

2 90 9 1 GR 2 non stepped 0 fe fe 2 
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Appendix 3C. Measurements and observations for joint set 3. 

Joints 

set  Dip 

Dip 

Direction Spacing(mm) Lithology Roughness 

Roughness 

desc Smoothness Infilling Alteration Rockmass 

3 3 1 2 GR 2 non stepped 0 fe fe 2 

3 5 5 4 GR 2 non stepped 0 fe fe 2 

3 4 3 3 GR 2 non stepped 0 fe fe 2 

3 3 5 1 GR 2 non stepped 0 fe fe 2 

3 4 3 3 GR 2 non stepped 0 fe fe 2 

3 3 4 2 GR 2 non stepped 0 fe fe 2 

3 3 3 4 GR 2 non stepped 0 fe fe 2 

3 5 2 2 GR 2 non stepped 0 fe fe 2 

3 4 4 1 GR 2 non stepped 0 fe fe 2 

3 3 5 2 GR 2 non stepped 0 fe fe 2 

3 5 4 3 GR 2 non stepped 0 fe fe 2 

3 4 6 2 GR 2 non stepped 0 fe fe 2 

3 5 5 3 GR 2 non stepped 0 fe fe 2 

3 4 4 2 GR 2 non stepped 0 fe fe 2 

3 3 4 3 GR 2 non stepped 0 fe fe 2 

3 4 3 2 GR 2 non stepped 0 fe fe 2 

3 3 0 3 GR 2 non stepped 0 fe fe 2 

3 5 2 2 GR 2 non stepped 0 fe fe 2 

3 3 5 2 GR 2 non stepped 0 fe fe 2 

3 6 3 1 GR 2 non stepped 0 fe fe 2 

3 5 0 3 GR 2 non stepped 0 fe fe 2 
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Guide: 

 

Legend 

Property Scale Description 

Roughness 

1 Rough 

2 moderate rough 

3 very rough 

Rock mass 

1 weakly jointed 

2 moderately jointed 

3 Heavily jointed 

Smoothness 
0 rough 

1 smooth 
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