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SUMMARY 

Knowledge of the rock mass behaviour in general, the failure process and the strength 
in particular, is important for the design of all kinds of underground excavations. One 
of the most common ways of estimating the rock mass strength is by using a failure 
criterion. The existing rock mass failure criteria are stress dependent and often include 
one or several parameters that describe the rock mass properties. These parameters are 
often based on classification or characterisation systems. A comprehensive literature 
review of existing classification/characterisation systems and rock mass failure criteria 
has been performed.  
 
As the application of this licentiate thesis is for hard rock masses some limitations have 
been stated on the systems and criteria. The limitations of the classification/ 
characterisation systems are that they (i) should present a result that is relevant for the 
strength, (ii) yield a numerical value, (iii) have been used after the first publication, and 
(iv) be applicable to hard rock masses. Based on the literature review, it was concluded 
that the uniaxial compressive strength, block size and shape, joint strength, and a scale 
factor are the most important parameters that should be used when estimating the rock 
mass strength.  
 
Existing rock mass failure criteria and classification/characterisation systems have been 
evaluated through the use of case studies. The aim of the case studies was to identify 
(i) robust systems and criteria, (ii) parameters having the strongest impact on the 
calculated rock mass strength, and (iii) those parameters giving a large interval of the 
result.  
 
The case study revealed that the rock mass quality (Q-system), rock mass Number (N-
system), Rock Mass index (RMi) system, Yudhbir – Rock Mass Rating (RMR76) and 
Hoek-Brown – Geological Strength Index (GSI) seem to be the most suitable systems 
and criteria to use when determining the rock mass strength. None of the systems or 
criteria complies with the requirements of a method to determine the rock mass 
strength and a better rock mass strength estimation method should be developed. This 
requires more case histories where the determined/estimated rock mass strength from 
the criteria/systems can be compared to the measured/determined rock mass strength.  
 
Keywords: Hard Rock Mass, Strength, Failure Criterion, Classification, 
Characterisation  
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SAMMANFATTNING 

Kunskapen om bergmassans lastbärande förmåga är viktig vid utformning av alla 
former av underjordsanläggningar. Ett av de vanligaste sätten att numeriskt uppskatta 
bergmassans hållfasthet är med hjälp av ett brottkriterium. De brottkriterier som finns 
beskrivna för bergmassor är spänningsberoende och inkluderar en eller flera faktorer 
som beskriver bergmassans egenskaper. Dessa faktorer är oftast baserade på ett 
klassificerings- eller karakteriseringssystem. En omfattande litteraturstudie av 
existerande klassificeringssystem och brottkriterier för bergmassan har genomförts i 
detta arbete.  
 
Eftersom resultatet av denna avhandling ska tillämpas på hårda bergmassor har vissa 
krav ställts på systemen och kriterierna. De krav som klassificerings/ 
karakteriseringssystemen måste uppfylla för att vara intressanta är att de ska (i) vara 
relevanta för bergmassans hållfasthet, (ii) ge ett numeriskt värde, (iii) ha använts i något 
praktikfall efter den första publiceringen samt (iv) vara tillämpbara för hårda 
bergmassor. Litteraturstudien har visat att det intakta bergets enaxiella tryckhållfasthet, 
blockstorlek och form, sprickhållfasthet samt en skalfaktor är de viktigaste parametrarna 
som bör användas för att bedöma bergmassans hållfasthet.  
 
Befintliga brottkriterier och klassificerings/karakteriseringssystem har utvärderats 
genom en kritisk fallstudie. Målet med fallstudien var att identifiera (i) vilka kriterier 
och system som är robusta, (ii) vilken påverkan vissa parametrar har på den beräknade 
hållfastheten och (iii) vilka parametrar som ger en stor spridning i resultatet.   
 
Baserat på fallstudien så bedömdes "rock mass quality" (Q-system), "rock mass 
Number" (N-system), "Rock Mass index" (RMi) system, Yudhbir – "Rock Mass 
Rating" (RMR76) and Hoek-Brown – "Geological Strength Index" (GSI) vara de mest 
tillämpbara brottkriterierna och systemen. Inget av systemen eller kriterierna uppfyller 
kraven på en fulländad tillämpbar metod att bedöma bergmassans hållfasthet. För att 
utveckla en sådan krävs fler fallstudier där uppskattad/beräknad hållfasthet för ett 
brottkriterium/system jämförs med uppskattad/uppmätt hållfasthet för bergmassan.  
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LIST OF SYMBOLS AND ABBREVIATIONS 

σ1 = major principal stress (compressive stresses are taken as positive) 
σ2 = intermediate principal stress  
σ3  = minor principal stress  
σ'1  = major effective principal stress  
σ'3  = minor effective principal stress  
σn  = normal stress  
σ1'n = normalized major effective principal stress  
σ3'n = normalized minor effective principal stress  
σc  = uniaxial compressive strength of intact rock 
σci  = uniaxial compressive strength of intact rock in the Hoek-Brown 

criterion 
σcm = uniaxial compressive strength of the rock mass 
σ'cm  = effective uniaxial compressive strength of the rock mass 
σt  = uniaxial tensile strength of intact rock 
σtm = uniaxial tensile strength of the rock mass 
σ'3max  = the upper limit of confining stress over which the relationship between 

Mohr-Coulomb and Hoek-Brown criteria are considered 
σp = pillar load  
σin situ  = maximum primary stress acting perpendicular to the tunnel axis 
τ  = shear stress 
τf  = shear stress along the contact surface at failure 
E  = Young's modulus 
c  = cohesion of intact rock or rock mass 
c' = effective cohesion of intact rock or rock mass 
cj  = cohesion of joint or discontinuity 
φ  = friction angle of intact rock or rock mass 
φ'  = effective friction angle of intact rock or rock mass 
φb  = basic friction angle of intact rock or rock mass 
ρ = rock density, in kg/m3 or t/m3 

CSIR = South African Council of Scientific and Industrial Research 
NGI = Norwegian Geotechnical Institute index (rock mass classification) 
NATM  = New Austrian Tunnelling Method (rock mass classification) 
RCR = Rock Condition Rating (rock mass classification) 
RQD  = Rock Quality Designation (rock mass classification) 
RSR = Rock Structure Rating (rock mass classification) 
RMR = Rock Mass Rating (rock mass classification) 
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RMRbasic = Rock Mass Rating Basic value, (RMR for dry conditions and no 
adjustment for joint orientation) 

RMR76 = Rock Mass Rating based on the version from 1976 
Q = the rock mass Quality system (rock mass classification, NGI-index) 
Q' = a modified Q-system, which is stress reduction free and where the 

ratings given for joint orientation are ignored   
MRMR = Mining Rock Mass Rating (rock mass classification) 
DRMS = Design Rock Mass Strength (in the MRMR classification) 
URCS = The Unified Rock Classification System (rock mass classification) 
BGD = Basic Geotechnical Description (rock mass classification) 
RMS = Rock Mass Strength (rock mass classification) 
MBR = Modified Basic Rock mass rating (rock mass classification) 
SMR = Slope Mass Rating (rock mass classification) 
SRMR = Simplified Rock Mass Rating (rock mass classification) 
RAC = Ramamurthy and Arora Classification (rock mass classification) 
GSI = Geological Strength Index (rock mass classification) 
N = rock mass Number (rock mass classification) 
RMi  = Rock Mass index (rock mass classification) 
S = shear resistance (Coulomb criterion) 
1/n = internal friction (Coulomb criterion) 
a = area of the shear plane (Coulomb criterion)  
N  = normal force on the shear plane (Coulomb criterion)  
W = pillar width 
H = pillar height  
k  = slope of regression line 
λ = joints per metre 
a, b = constants in the Fairhurst generalized criterion  
a = constant in the Bodonyi linear criterion 
F, f = constants in the Hobbs strength criterion  
B = constant in the Franklin curved criterion 
a and B = constants in the Ramamurthy criterion 
B and M = constants in the Johnston criterion 
b = constant in the Sheorey criterion 
A, B, S = three strength parameters in the Yoshida criterion  
A, B, α = constants in the Yudhbir criterion 
m  = material constant in the Hoek–Brown failure criterion 
mb  = material constant for broken rock in the Hoek–Brown failure criterion  
mi = material constant for intact rock in the Hoek–Brown failure criterion 
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s = material constant in the Hoek–Brown failure criterion 
a  = material constant for broken rock in the Hoek–Brown failure criterion 
D = disturbance factor in the Hoek–Brown criterion 
Qc  = normalised Q-value, using 100 MPa as a norm for hard rock 
Jn  = joint frequency or the joint set number (parameter in the NGI-index) 
Jr = joint roughness number (parameter in the NGI-index) 
Jv = numbers of joints/discontinuities per unit length (parameter in the 

NGI-index) 
Ja  = joint alteration number (of least favourable discontinuity or joint set) 

(parameter in the NGI-index) 
Jw  = joint water reduction factor (parameter in the NGI-index) 
SRF = Stress Reduction Factor (parameter in the NGI-index) 
jL = joint size factor (parameter in RMi) 
js = smoothness of joint surface (parameter in RMi) 
jw = waviness of planarity (parameter in RMi) 
jA = joint alteration number (parameter in RMi) 
jR = joint roughness number (parameter in RMi) 
Vb = block volume (parameter in RMi) 
JP  = jointing parameter (parameter in RMi) 
jC = joint condition factor (parameter in RMi) 
D = constant (parameter in RMi) 
B = tunnel span or diameter (parameter in the N-system) 
JRC = Joint Roughness Coefficient 
JCS = Joint wall Compressive Strength 
TBD = typical block dimension 
ISRM = International Society for Rock Mechanics 
LKAB = Luossavaara Kiirunavaara Aktie Bolag, Mining company 
ExamineTAB = three-dimensional displacement discontinuity program 
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1 INTRODUCTION 

1.1 Problem statement 

Knowledge of the rock mass behaviour in general, and the failure process and the 
strength in particular, is important for the design of drifts, ore passes, panel entries, 
tunnels, and rock caverns. It is important to improve the design in order to decrease 
the costs. Mining methods based on caving and blocking of the ore, such as sublevel 
caving and block caving, also require knowledge of the rock mass strength.  
Furthermore, knowledge regarding the physical and mechanical properties of the rock 
mass is of great importance in order to reduce potential environmental disturbance 
from mining and tunnelling. A better understanding of the failure process and a better 
rock mass strength prediction make it possible to, e.g., 

- reduce stability problems by improving design of the underground excavations, 
- improve near surface tunnelling and ore extraction to avoid or minimize the 

area over which subsidence occurs due to tunnelling and mining, and 
- reduce waste rock extraction. 

Despite the fact that research with a focus on rock mass strength has been performed 
for at least the last 20 years, the mechanisms by which rock masses fail remain poorly 
understood. The behaviour of the rock mass is very complex with deformations and 
sliding along discontinuities, combined with deformations and failure in the intact 
parts (blocks) of the rock mass. A mathematical description of the rock mass failure 
process will therefore be very complex. Furthermore, input to such a model is difficult 
to obtain since the rock mass is often heterogeneous. It is very difficult to determine 
the position, length, orientation, and strength of each and every individual 
discontinuity. Also, it is not possible to determine the properties of each individual 
block of intact material.  
 
Over the years, there have been some more or less successful attempts to determine 
the rock mass strength. Krauland et al. (1989) listed four principal ways of determining 
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the rock mass strength: (1) mathematical modelling, (2) rock mass classification, (3) 
large-scale testing, and (4) back-analysis of failures. Empirically derived failure criteria 
for rock masses, often used in conjunction with rock mass classification can be added 
to this list.  
 
In mathematical models, the strength of rock masses is described theoretically. The 
rock substance and the properties of the discontinuities can be modelled separately or 
together. A mathematical model requires determination of a large number of 
parameters and is often based on simplified assumptions.  
 
Classification is often used in the primary stage of a project to predict the rock mass 
quality and the possible need for support. The result is an estimate of the stability 
quantified in subjective terms such as bad, acceptable, good or very good rock 
conditions. During the excavation, more information about the rock mass is received 
and the classification can be continuously updated. The value obtained by some of the 
classification systems is used to estimate or calculate the rock mass strength using a 
failure criterion. 
 
Large-scale tests provide data on the true strength of the rock mass at the actual scale 
of the construction, and, indirectly, a measure of the scale effect that most rocks 
exhibit. As large-scale tests are often neither practical nor economically feasible, most 
researchers have studied the scale dependency of rock mass strength in a laboratory 
environment. The scale is thereby very limited.  
 
Back-analysis of previous failures is attractive, as it allows more representative strength 
parameters to be determined. Obviously, failure must have occurred and the failure 
mode must be reasonably well established. There are little data available on rock mass 
failure that can be used for back-analysis and even less data for hard rock masses. 
 
Rock mass failure criteria are generally stress dependent and often include classification 
systems to represent the rock mass properties as schematically described in Figure 1.1. 
As the classification system might be developed for certain geological environments or 
constructions (such as mines, pillars, tunnels etc.) the rock failure criterion is only 
applicable for the same conditions. 
 
Empirical failure criteria for rock masses are mainly based on triaxial testing of small 
rock samples and few of them have been verified against test data for rock masses. 
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Figure 1.1 Schematic picture of the relation between a rock classification system 
and failure criterion. 

1.2 Objective 

The objective of this licentiate thesis was to evaluate the existing rock mass failure 
criteria and classification systems and their parameters to identify which of them that 
can be used for estimation of the rock mass strength. Therefore a comprehensive 
literature study of existing rock mass failure criteria and classification systems was 
performed. Based on the literature study, the best hypotheses or ideas from the systems 
and criteria were further studied. The robustness and sensitiveness of each of the most 
interesting systems and criteria and their parameters were investigated. The 
investigation is made to exclude uninteresting parameters and evaluate interesting 
parameters, which preferably, in the case of two similar parameters, is the simplest 
parameter to determine. A parameter is hard to determine if it 

- is difficult to define in general (such as joint length), 
- is not clearly formulated, and 
- results in a wide scatter. 

As a result of this, important factors governing the strength of rock masses were 
identified and the existing systems and criteria that comply with the factors and 
include the most important parameters were evaluated.  

1.3 Scope 

Since this thesis focuses on hard rock masses, low-strength rocks and most sedimentary 
rocks are of less interest. Hard rock masses are here defined as those comprising 
predominantly high-strength rock types, such as those of Fennoscandia. Examples of 
these are granites, diorites, amphibolites, porphyries and gneisses. High strength is 
defined as a uniaxial compressive strength of the intact rock in excess of approximately 
100 MPa. Obviously, a precise limit between low-strength and high-strength rock 
materials cannot be established. However, this report is concerned with rocks whose 

Rock failure criterion ( )nparameter  ..., 3,parameter  2,parameter 1,parameter ,σ311 σσ =  

Rock classification or characterisation system 
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failure mechanisms primarily are spalling failure and shear failure. Tensile failure, e.g., 
through stress relaxation is not within the scope of this work.  
 
This thesis is limited to underground excavations with typical tunnel dimensions. The 
strength of a rock mass is defined as the stress at which the construction element in 
question (e.g., a stope or tunnel roof, or a pillar) cannot take any higher load. 
Depending on the construction element, the strength may be defined as the peak stress 
at failure (e.g., in a tunnel roof) or the average stress at failure (e.g., over the cross-
section of a pillar). Note that this definition does not imply that the load-bearing 
capacity of the rock is completely exhausted; rather, a lower post-peak strength may 
be present, but the prediction of post-peak behaviour is outside the scope of this 
licentiate thesis. 
 
Furthermore, the rock mass has to be treated as a continuum. A rock mass can be said 
to be continuous if it consists of either purely intact rock, or of individual rock pieces 
that are small in relation to the overall size of the construction element studied, see 
Figure 1.2.  

Figure 1.2 Example of continuous and discontinuous rock masses. The tunnel size 
is kept constant, while the joint spacing is decreased. 

A special case is when one discontinuity is significantly weaker than any of the others 
within a volume, as when dealing with a fault passing through a jointed rock mass. In 
such a case the continuous rock mass and the fault have to be treated separately. 
 
For jointed rock masses, the issue of whether the rock mass can be considered 
continuous or discontinuous is also related to the construction scale in relation to the 
joint geometry. An increased tunnel size in the same kind of rock mass can give 
different behaviour, as can be seen in Figure 1.3.  
 

Decreased joint 
spacing 

Intact Closely jointed 
rock 

Continuous Continuous Discontinuous 
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The smallest tunnel in Figure 1.3 is located inside a single block, which means that 
intact rock condition is valid. For the largest tunnel the rock mass can be assumed to 
be closely jointed. Thus both of these cases can be treated as continuum problems. 
The middle size tunnel is more likely to be a discontinuum problem. It is also 
important to notice that different construction sizes in a continuum material result in 
different strengths of the construction elements.  

Figure 1.3 Different construction sizes in the same kind of rock mass.  

Since there are few readily available case histories where the intermediate principal 
stress, σ2, has been used, the effect of σ2 will not be accounted for. As the influence of 
blasting on the rock mass strength is hard to define, a reduction factor for blasting will 
not be considered. The time dependent behaviour, such as creeping, is not within the 
scope of this thesis. 
 
Throughout this thesis, a geomechanical sign convention is used, where compressive 
stresses are taken to be positive and tensile stresses negative see Figure 1.4. As a result 
of this, normal strains are defined as positive when the material contracts.  
 
The original symbols are used in the reviewed systems and criteria, which has resulted 
in the fact that some of the symbols e.g., a and s are used several times, but with 
different meanings for different systems and criteria. Thus, each symbol, for different 
systems and criteria, is explained when it first appears in this thesis. 
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Figure 1.4 Geomechanical sign convention used in this report. 

1.4 Outline of report 

Chapter 2 gives an introduction to different rock mass classification and 
characterisation systems. Selected systems based on the limitations stated in this thesis 
are described in more detail. A review of intact rock and rock mass failure criteria is 
presented in Chapter 3. Based on the review of the empirical rock mass failure criteria 
and the limitations stated in this thesis, three of the criteria are described in more 
detail. Basic criteria, such as Coulomb criterion, Mohr's envelope, Mohr-Coulomb 
strength criterion, and Griffith crack theory are also described in Chapter 3. Important 
parameters for the rock mass strength determination are described in Chapter 4. To 
investigate the robustness of the rock mass failure criteria and classification/ 
characterisation systems, they were used in two tests described in Chapter 5. The 
criteria and systems used in Chapter 5 are used in one more case in Chapter 6. In 
Chapter 5, the rock mass strength, for the two tests, was determined by several 
participants, while in Chapter 6 it was only determined by the author. In Chapter 7, 
the most applicable criteria for hard rock masses are evaluated. Finally, in Chapter 8, 
conclusions and discussions concerning the case study and also suggestions and 
recommendations for future research are presented. This report includes four 
appendices with more detailed information on rock mass classification systems, rock 
mass failure criteria, detailed information of the results from the tests, and detailed 
information of the rock mass strength estimation performed by the author. 

y 

x 

σy 

σx 

τxy 

τyx 
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2 REVIEW OF ROCK MASS CLASSIFICATION AND 
CHARACTERISATION SYSTEMS 

2.1 General 

Within the society of rock mechanics two terms are used to ''describe'' the properties 
of the rock mass; classify and characterise. In practice there is not much difference 
between the process of classification and characterisation of the rock mass. The 
following description is based on Palmström (1995). Rock mass characterisation is 
describing the rock with emphasis on colour, shape, weight, properties etc. Rock mass 
classification is when one arranges and combines different features of a rock mass into 
different groups or classes following a specific system or principle. It is the descriptive 
terms that constitute the main difference between characterisation and classification. 
 
Rock mass classification/characterisation systems can be of considerable use in the 
initial stage of a project when little or no detailed information is available. This 
assumes, however, correct use of the selected system. There is a large number of rock 
mass classification systems developed for general purposes but also for specific 
applications. The classification systems take into consideration factors, which are 
believed to affect the stability. The parameters are therefore often related to the 
discontinuities such as the number of joint sets, joint distance, roughness, alteration 
and filling of joints, groundwater conditions, and sometimes also the strength of the 
intact rock and the stress magnitude. Classification of the rock mass is an indirect 
method and does not measure the mechanical properties like deformation modulus 
directly. The result is an estimate of the stability quantified in subjective terms such as 
e.g. bad, acceptable, good or very good. The value obtained by some of the 
classification systems is used to estimate or calculate the rock mass strength using a 
failure criterion. It can also be used to estimate necessary rock support.  
 
The earliest reference to the use of a rock mass classification system for engineering 
purposes is the rock load theory that was published in 1946 by Terzaghi. The only 
support element in his system was steel arches, which today makes the system 
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somewhat out-of-date. The rock load theory was a descriptive system and it was not 
until 1964, when Deere introduced the rock quality designation (RQD), that the first 
numerical form of a system was introduced. The RQD is an index of assessing rock 
quality quantitatively by estimating the core recovery percentage. The rock structure 
rating (RSR), which was introduced in 1972, was a precursor to the most commonly 
used classification systems today. The RSR value is a numerical value in the interval of 
0 to 100 and is the sum of weighted numerical values determined by three parameters. 
After the introduction of RSR, most systems were developed in numerical forms, 
where some specific parameters are rated numerically. The sum or product of the 
ratings of these parameters represents the quality of the rock mass.  
 
The two most commonly used rock mass classification systems today are the CSIR 
geomechanics classification (RMR, Bieniawski 1974) and the NGI-index (Q-system, 
Barton et al 1974). These classification systems both include the RQD. In addition to 
RMR-, RQD, RSR- and the Q-system, there are many others, see Table 2.1. For 
more detailed information of most of these systems, see Edelbro (2003). 

Table 2.1 Major rock classification/characterisation systems (modified from 
Palmström, 1995). 

Name of 
Classification 

Author and 
First version 

Country of 
origin 

Applications Form and Type *) Remarks 

Rock Load Theory Terzaghi, 1946 USA Tunnels with steel 
supports 

Descriptive F 
Behaviour F, 
Functional T 

Unsuitable for 
modern 
tunnelling 

Stand up time Lauffer, 1958 Austria Tunnelling Descriptive F, 
General T 

Conservative  

NATM Rabcewicz, 
1964/65 and 
1975 

Austria Tunnelling in 
incompetent 
(overstressed) ground 

Descriptive F 
Behaviouristic F, 
Tunnelling concept 

Utilized in 
squeezing 
ground 
conditions 

RQD Deere et al., 1966 USA Core logging, 
tunnelling 

Numerical F, 
General T 

Sensitive to 
orientation 
effects 

A recommended rock 
classification for rock 
mechanical purposes 

Coates and 
Patching, 1968 

 For input in rock 
mechanics 

Descriptive F, 
General T 

 

The Unified 
classification of soils 
and rocks 

Deere et al., 1969 USA Based on particles and 
blocks for 
communication 

Descriptive F, 
General T 

 

i) RSR concept Wickham et al., 
1972 

USA Tunnels with steel 
support 

Numerical F, 
Functional T 

Not useful with 
steel fibre 
shotcrete 

RMR-system (CSIR) Bieniawski, 1974 South Africa Tunnels, mines, 
foundations etc. 

Numerical F, 
Functional T 

Unpublished 
base case records 

Q-system Barton et al, 1974 Norway Tunnels, large chambers Numerical F, 
Functional T 

 

Mining RMR Laubscher, 1975  Mining Numerical F 
Functional T 

In Laubscher et 
al., 1976 
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Table 2.1  (continued.) 
Name of 
Classification 

Author and 
First version 

Country of 
origin 

Applications Form and Type *) Remarks 

The typological 
classification 

Matula and 
Holzer, 1978 

 For use in 
communication 

Descriptive F, 
General T 

 

ii) The Unified Rock 
Classification System 
(URCS) 

Williamson, 1980 USA For use in 
communication 

Descriptive F, 
General T 

In Williamson, 
1984 

Basic geotechnical 
description (BGD) 

ISRM, 1981 - For general use Descriptive F, 
General T 

 

Rock mass strength 
(RMS) 

Stille et al., 1982 Sweden  Numerical F, 
Functional T 

Modified RMR 

Modified basic RMR 
(MBR) 

Cummings et al., 
1982 

 mining Numerical F, 
Functional T 

 

Simplified rock mass 
rating 

Brook and 
Dharmaratne, 
1985 

 Mines and tunnels Numerical F, 
Functional T 

Modified RMR 
and MRMR 

Slope mass rating Romana, 1985 Spain Slopes Numerical F, 
Functional T 

 

Ramamurthy/ 
Arora 

Ramamurthy and 
Arora, 1993 

India For intact and jointed 
rocks 

Numerical F, 
Functional T 

Modified Deere 
and Miller 
approach 

Geological Strength 
Index – GSI 

Hoek et al., 1995 - Mines, tunnels Numerical F, 
Functional T 

 

Rock mass Number –
N 

Goel et al., 1995 India  Numerical F, 
Functional T 

Stress-free Q-
system 

Rock mass index – 
RMi 

Arild Palmström, 
1995 

Norway Rock engineering, 
communication, 
characterisation 

Numerical F, 
Functional T 

 

*)Definition of the following expressions (Palmström, 1995): 
Descriptive F = Descriptive Form: the input to the system is mainly based on descriptions 
Numerical F = Numerical Form: the input parameters are given numerical ratings according to their character 
Behaviouristic F = Behaviouristic Form: the input is based on the behaviour of the rock mass in a tunnel 
General T = General Type: the system is worked out to serve as a general characterisation 
Functional T = Functional Type: the system is structured for a special application (for example for rock support) 
i) RSR was a forerunner to the RMR-system, though they both gives numerical ratings to the input parameters and 
summarizes them to a total value connected to the suggested support. 
ii) The Unified Rock Classification System (URCS) is associated to Casagrandes classification system for soils in 1948. 

2.2 Selection of characterisation system for further studies 

The systems presented in this thesis fulfil the following conditions (i) give a numerical 
value (have a numerical form), (ii) present a result that can be used to 
determine/estimate the strength, (iii) have been used after the first publication, and 
(iv) be applicable to hard rock masses. 
 
The parameters included in the classification systems resulting in a numerical value are 
presented in Table 2.2. The most commonly used parameters are the intact rock 
strength, joint strength, joint distance, and ground water condition. It has often been 
suggested (RQD, RMR- and Q-system) that only the natural discontinuities, which are 
of geological or geomorphologic origin, should be taken into account when using 
rock mass classification or characterisation systems. However, it is often difficult, if not 
impossible, to judge whether a discontinuity is natural or artificial, after activities such 
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as drilling, blasting and excavation. 

Table 2.2 Parameters included in different classification systems resulting in a 
numerical value. 

Parameters RQD RSR RMR Q MRMR RMS MBR SRMR SMR *RAC GSI N RMi 
Block size - - - - - - X - - - - - X 
Block 
building 
joint 
orientation 

- - - - - - X - - - - - X 

Number of 
joint sets 

- - - X - X - - - - - X X 

Joint length - - - - - - - - - - - - X 
Joint spacing X X X X X X X X X X X X X 
Joint 
strength 

- X X X X X X X X X X X X 

Rock type - X - - - - - - - - - - - 
State of 
stress 

- - - X X - X  - - - - - 

Ground-
water 
condition 

- X X X X X X X X - - X - 

Strength of 
the intact 
rock 

- - X X X X X X X X X X X 

Blast 
damage 

- - - - X - X X - - X - - 

* RAC – Ramamurthy and Arora Classification 

All of the systems presented in Table 2.2 have not been developed to determine the 
rock mass strength and as the scope of this thesis is underground excavations, some 
systems can be excluded. Based on these limitations, seven classification systems and 
characterisation systems will be studied further in this report, as can be seen in Table 
2.3. The RMR-system is a basis for the RMS-, MRMR- and RCR- systems. Different 
versions of the GSI can be used; it can be based on the Q- and RMR-system, or on 
the tables from the latest versions of Hoek-Brown failure criterion (e.g. Hoek, 2002). 
The N system is based on both the Q- and RMR-system. In some senses, the RMi is 
related to the Q-system since jR and jA are similar to Jr and Ja in the Q-system.  
 
The Ramamurthy and Arora classification system (RAC) complies with the limitations 
stated in this chapter, but will, nevertheless, not be studied further. The RAC 
classification system is based on only the uniaxial compressive strength and the 
modulus ratio (this means that the uniaxial compressive strength is accounted for 
twice) and it is complicated to use. The classification classes for the strength and 
modulus ratio are the same for intact rock and rock masses.  As observed by Röshoff 
et al. (2002), the values of the rock mass strength determined by RAC are very high 
and almost of the same order of magnitude as the uniaxial compressive strength of the 
intact rock.  
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RQD will not be used in this thesis as a single system, but it has to be presented, since 
many of the classification systems described in this thesis include RQD as a parameter. 

Table 2.3 Parameters included in the 7 most interesting systems. 

Parameters RMR RMS Q MRMR GSI N (RCR) RMi 
Uniaxial compressive 
strength 

X X X X X X X 

Block building joint 
orientations. 

- - - - - - X 

Number of joint sets - X X - - X X 
Joint length - - - - - - X 
Joint spacing X X X X X X X 
Joint strength X X X X X X X 
Construction size  - - - - - X - 
Rock type - - - - - - - 
State of stress - - X X - - - 
Groundwater condition X X X X - X - 
Blast damage - - - X - - - 

2.3 Rock Quality Designation (RQD) 

In 1964, D. U. Deere introduced an index to assess rock quality quantitatively, called 
rock quality designation (RQD). The RQD is a core recovery percentage that is 
indirectly based on the number of fractures and the amount of softening in the rock 
mass that is observed from the drill cores. Only the intact pieces with a length longer 
than 100 mm (4 in.) are summed and divided by the total length of the core run 
(Deere, 1968) 

100
length core total

cm 10pieces core ofLength 
RQD ⋅

>
= ∑ (%). (1) 

It is used as a standard quantity in drill core logging and its greatest value is perhaps its 
simplicity and quick determination, and also that it is inexpensive. RQD is to be seen 
as an index of rock quality where problematic rock, that is, highly weathered, soft, 
fractured, sheared and jointed, is counted in complement to the rock mass (Deere D. 
U. and Deere D.W., 1988). This means that the RQD is simply a measurement of the 
percentage of "good" rock recovered from an interval of a borehole. 
 
The procedure for measuring RQD direct is illustrated in Figure 2.1. The 
recommended procedure of measuring the core length is to measure it along the 
centreline of the core. Core breaks caused by the drilling process should be fitted 
together and counted as one piece. 
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Figure 2.1 Procedure for measurement and calculation of rock quality designation 
(RQD) (Deere et al., 1988) 

The relationship between the numerical value of RQD and the engineering quality of 
the rock mass as proposed by Deere (1968) is given in Table 2.4. 

Table 2.4 Correlation between RQD and rock mass quality (Deere, 1968). 

RQD (%) Rock Quality 
< 25 Very Poor 

25-50 Poor 

50-75 Fair 

75-90 Good 

90-100 Excellent 

 
When no cores are available one can estimate RQD from, for instance, joint spacing 
(Brady et al., 1985). In 1976, Priest and Hudson found that an estimate of RQD could 
be obtained from joint spacing (λ [joints/meter]) measurements made on an exposure 
by using (Priest et al., 1976) 
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( )11.0100 1.0 += − λλeRQD . (2) 

For λ = 6-16 the simplified equation can be used (Priest et al., 1976) 

4.11068.3 +−= λRQD .  (3) 

Equations (2) and (3) are probably the simplest ways of determining RQD, when no 
cores are available. Palmström (1982) presented the relationship between Jv and RQD 
in a clay free rock mass along a tunnel as 

RQD = 115 – 3.3 Jv , (4) 

where Jv is known as the volumetric joint count and is the sum of the number of joints 
per unit length for all joint sets in a clay free rock mass. For Jv < 4.5, RQD = 100. 
 
The RQD is not scale dependent and is not a good measure of the rock mass quality 
in the case of a rock mass with joint spacing near 100 mm. If the spacing between 
continuous joints is 105 mm (core length), the RQD value will be 100%. If the 
spacing between continuous joints is 95 mm, the RQD value will be 0%. For large 
sized tunnels, RQD is of questionable value. It is, as mentioned by Douglas et al. 
(1999), unlikely that all defects found in the boreholes would be of significance to the 
rock mass stability. 

2.4 Rock Mass Rating (RMR)  

In 1973 Bieniawski introduced the Geomechanics Classification also named the Rock 
Mass Rating (RMR), at the South African Council of Scientific and Industrial 
Research (CSIR). The rating system was based on Bieniawski´s experience in shallow 
tunnels in sedimentary rocks. Originally, the RMR-system involved 49 unpublished 
case histories. Since then the classification has undergone several significant changes. In 
1974 there was a reduction of parameters from 8 to 6 and in 1975 there was an 
adjustment of ratings and reduction of recommended support requirements. In 1976 a 
modification of class boundaries took place (as a result of 64 new case histories) to 
even multiples of 20 and in 1979 there was an adoption of the ISRM rock mass 
description. The newest version of RMR is from 1989, where Bieniawski published 
guidelines for selecting the rock reinforcement. In that version, Bieniawski suggested 
that the user could interpolate the RMR-values between different classes and not just 
use discrete values. Therefore, it is important to state which version is used when 
RMR-values are quoted. Since the Hoek-Brown, Yudhbir and Sheorey rock mass 
criteria suggest and prefer that the 1976 version of RMR should be used (see Chapter 
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3), when estimating the rock mass strength, this version will be presented in this thesis.  
 
When applying this classification system, one divides the rock mass into a number of 
structural regions and classifies each region separately. The RMR-system uses the 
following six parameters, whose ratings are added to obtain a total RMR-value. 
 

i. Uniaxial compressive strength of intact rock material; 
ii. Rock quality designation (RQD); 
iii. Joint or discontinuity spacing; 
iv. Joint condition; 
v. Ground water condition; and 
vi. Joint orientation.  

 
The first five parameters (i-v) represent the basic parameters (RMRbasic) in the 
classification system. The sixth parameter is treated separately because the influence of 
discontinuity orientations depends upon engineering applications. Each of these 
parameters is given a rating that symbolizes the rock quality description. The ratings of 
the six parameters of the RMR-system (1976) are given in Appendix 1:1. All the 
ratings are algebraically summed for the five first parameters and can be adjusted 
depending on the joint and tunnel orientation by the sixth parameter as shown in 
equations (5a) and (5b). 

norientatio joint for adjustment += basicRMRRMR  (5a) 

∑ ++++= v)iviiiii(i parametersbasicRMR  (5b) 

The final RMR-value is grouped into five rock mass classes (see Table 2.5). The 
various parameters, in the system, are not equally important for the overall 
classification of the rock mass, since they have been given different ratings. Higher 
rock mass rating indicates better rock mass condition/quality. 
 
The RMR-system is very simple to use, and the classification parameters are easily 
obtained from either borehole data or underground mapping. It can be used for 
selecting the permanent support system. Most of the applications of RMR have been 
in the field of tunnelling but also in the stability analysis of slope foundations, caverns 
and different kinds of mining openings.  
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Table 2.5 Meaning of rock mass classes and rock mass classes determined from total 
ratings (Bieniawski, 1978). 

Parameter/properties of 
rock mass 

Rock Mass Rating (Rock class) 

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

Classification of rock 
mass 

Very Good Good Fair Poor Very Poor 

Average stand-up time 10 years for 
15 m span 

6 months for 8 m 
span 

1 week for 5 m 
span 

10 hours for 
2.5 m span 

30 minutes for 1 
m span 

Cohesion of the rock 
mass 

> 400 kPa 300-400 kPa 200-300 kPa 100-200 kPa < 100 k Pa 

Friction angle of the rock 
mass 

> 45° 35° - 45° 25° - 35° 15° - 25° < 15° 

2.5 The rock mass quality (Q) -system  

Barton et al., introduced the rock tunnelling Quality Index (the Q-system) in 1974. 
The classification method and the associated support recommendations were based on 
an analysis of 212 case records. The system is called the Rock Mass Quality or the 
Tunnelling Quality Index, (Q-system) but can also, as it was developed at the 
Norwegian Geotechnical Institute (NGI), be called the NGI-classification. The 
database for developing the Q-system was mostly provided by Cecil in 1970 (more 
than 90 cases), which described numerous tunnelling projects in Sweden and Norway. 
180 of the 212 case records were supported excavations, which means that 32 cases 
were permanently unsupported. The studied cases ranged from unsupported 1.2 m 
wide pilot tunnels to unsupported 100 m wide mine caverns. The excavation depths 
ranged from 5 to 2500 m where the most common depths were between 50 and 250 
m. Updating of the Q-system has taken place on several occasions. The original 
parameters of the Q-system have not been changed, but the rating for the stress 
reduction factor (SRF) has been altered by Grimstad and Barton (1993), when 1050 
new case records were included. In 2002, some new Q-value correlations were 
presented by Barton, which also included new footnotes for Jw, Ja and SRF. 
 
The fundamental geotechnical parameters are, according to Barton (1988), block size, 
minimum inter-block shear strength, and active stress. These fundamental geotechnical 
parameters are represented by the following ratios (Barton, 2002): 

- Relative block size = RQD / Jn. 

- Relative frictional strength (of the least favourable joint set or filled 
discontinuity) = Jr / Ja. 
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- Active stress = Jw / SRF. 

 
The rock mass quality is defined as (Barton et al., 1974): 
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where 
 
RQD  = Deere’s Rock Quality Designation (Deere et al., 1968),  
Jn =  joint set number, 
Jr  =  joint roughness number (of least favourable discontinuity or joint set), 
Ja  =  joint alteration number (of least favourable discontinuity or joint set), 
Jw  =  joint water and pressure reduction factor, and 
SRF  =  stress reduction factor-rating for faulting, strength/stress ratios in hard 

massive rocks, and squeezing and swelling rock.  
 
The value of the minimum inter-block shear strength shall be collected for the critical 
joint set, i.e., the joint set which is most unfavourable for the stability of a key rock 
block. More detailed descriptions of the six parameters and their numerical ratings are 
given in Appendix 1:2.  
 
Use of the Q-system is specifically recommended for tunnels and caverns with an 
arched roof. The rock mass has been classified into nine categories based on the Q-
value, as can be seen in Table 2.6. The Q-system is said to encompass the whole 
spectrum of rock mass qualities from heavy squeezing ground up to sound massive 
rock. The range of Q-values varies between 0.001 and 1000. For the first 212 case 
records (Barton, 1988) the largest group had exactly three joint sets, the joint 
roughness number were 1.0 - 1.5 - 2.0, the joint alteration number was 1.0, the joint 
water reduction was dry excavations or minor inflow and moderate stress problems. 
The largest number of cases (76) falls in to the central categories very poor, poor, fair 
and good. Squeezing or swelling problems were encountered in only nine of the case 
records.  
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Table 2.6 Classification of rock mass based on Q-values (Barton et al., 1974) 

Q Group Classification 

10-40 

40-100 

100-400 

400-1000 

1 Good 

Very Good 

Extremely Good 

Exceptionally Good 

0.10-1.0 

1.0-4.0 

4.0-10.0 

2 Very Poor 

Poor 

Fair 

0.001-0.01 

0.01-0.1 

3 Exceptionally Poor 

Extremely Poor 

 
The new Q-value correlations stated in 2002 by Barton, were mainly focused on the 
applicability of the Q-system in site characterisation and tunnel design. The Q-system 
(since 2002) can also be used to estimate the uniaxial compressive strength of a rock 
mass using 

3/15 ccm Qρσ = ,  (7) 

where ρ is the rock density in t/m3. The Qc-value is defined by 

100
c

c
σ

QQ ⋅= ,  (8) 

where Qc is a normalised Q-value, using 100 MPa as a norm for hard rock.  

2.6 Mining Rock Mass Rating (MRMR) 

The Mining Rock Mass Rating (MRMR) was developed for mining applications by 
Laubscher in 1975 (1977, 1984, 2000), and modified by Laubscher and Taylor (1976). 
Laubscher worked with chrysolite asbestos mining in Africa, within five different 
geological environments. The MRMR-system takes into account the same parameters 
as the basic RMR-value, see Appendix 1:3. The MRMR is determined by the rating of 
intact rock strength, RQD, joint spacing, and joint condition, which are described in 
Appendix 1:3. The range of MRMR lies, as the RMR-system, between zero and 100-
values that are stated to cover all variations in jointed rock masses from very poor to 
very good. The rating system is divided into five classes and ten sub-classes.  
 
Laubscher (1984) presented a relation between MRMR and the in situ rock mass 
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strength  

100
)( c for ratingMRMR σ

σσ
−

⋅= ccm . (9) 

The version of MRMR from 1984 also includes adjustments for joint orientation, the 
effect of blasting and weathering, for estimating the design rock mass strength 
(DRMS), see more details in Appendix 1:3. Similar to the RMR-system, a set of 
support recommendations is suggested for the final and adjusted MRMR-value. 
 
The latest modified version of MRMR is from 2000 (Laubscher et al., 2000). The 
modifications in 2000 were changes of the rating for two (weathering and joint 
orientation) of the three existing adjustment factors and addition of two new 
adjustment factors (water/ice and mining induced stresses). The system was also 
revised to adjust for cemented joints. Since this version contains some unclear 
information in the form of errors in equations and missing data in a table, the version 
from 1984 is used in this thesis.  

2.7 Rock Mass Strength (RMS) 

The Rock Mass Strength (RMS) classification by Stille et al. (1982), is a modification 
of the RMR-system, as it includes the first five parameters, i.e., RMRbasic. In addition 
to the RMRbasic-value, every combination of three different types of joint sets and two 
different types of joints is rated as can be seen in Table 2.7.  
 
The sum of the RMRbasic and the rating reduction with respect to joint sets is the 
RMS-value for the rock mass. The rock mass strength for a given RMS-value can be 
estimated according to Table 2.8.   
 
The RMS-system was developed using 8 different cases, compiled by Stille in 1982, 
where the rock mass strength was measured or estimated from different field 
observations.  

Table 2.7 Type of joint set (Stille et al., 1982). 

1 or 2 joint sets Type of joint One 
prominent 

joint 
Strength in joint 

direction 
Remaining 
conditions 

More than 
2 joint sets 

Continuous -15 -15 0 -15 

Not continuous -5 -5 0 -10 
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Table 2.8 The rock mass strength as a function of the RMS-value. 

RMS-value 100-81 80-61 60-41 41-20 < 20 

σm, MPa  30 12 5 2.5 0.5 

φ 55° 45° 35° 25° 15° Parameters in the Mohr-Coulomb 
failure criterion c (MPa) 4.7 2.5 1.3 0.8 0.2 

2.8 Geological Strength Index (GSI) 

Hoek et al., (1995) introduced the Geological Strength Index, as a complement to 
their generalised rock failure criterion, and as a way to estimate the parameters s, a and 
mb in the criterion, see Chapter 3.5. GSI estimates the reduction in rock mass strength 
for different geological conditions. The GSI has been updated for weak rock masses 
several times (1998, 2000 and 2001 (Hoek et al., 2002)). In this thesis, the latest 
version (2002) of the GSI is used. The GSI values are presented in more detail in 
Appendix 2:1. 
 
The aim of the GSI-system is to determine the properties of the undisturbed rock 
mass. For disturbed rock masses, compensation must be made for the lower GSI-
values obtained from such locations.  

2.9 Rock Mass Number (N) and Rock Condition Rating (RCR) 

The rock mass number, N, and rock condition rating, RCR, are modified versions of 
the Q-system and RMR-system. These systems were proposed in 1995 by Goel et al. 
The N-system is a stress-free Q-system, as seen by its definition 

]][/][/[ warn JJJJRQDN = . (10) 

When using the N-system, the 1974 version of the Q-system should be used. The 
only difference between the 2002 version and the 1974 version is an addition to the Ja, 
see comments in Appendix 1:2 (for no rock wall contact when sheared). The RCR-
system is defined as 

cbasic   RMR  RCR σforrating−= . (11) 

The RCR and the N-system were proposed to find a relation between the Q-system 
and the RMR-system. The Q-system and the RMR-system are equivalent if the joint 
orientation and intact rock strength are ignored in the RMR-system and the stress 
reduction factor is ignored in the Q-system (Goel, 1995). The correlation was 
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obtained by input data from 63 cases and resulted in the following equation 

30ln += N 8  RCR . (12) 

The rock mass strength can be determined by the formula (Singh et al., 1999) 

3
1

1.0
5.5
B

N
cm

⋅⋅
=

ρσ  , (13) 

where B is the tunnel span or diameter in metres. 

2.10 Rock Mass index (RMi) 

The Rock Mass index, RMi, has been developed to characterize the strength of the 
rock mass for construction purposes (Palmström, 1996). The selected input parameters 
are based on earlier research and opinions in the area of rock mass classification/ 
characterisation systems and of course Palmström's own experience in that field. The 
main focus of the development of RMi was on the effect of the defects in a rock mass 
that reduce the strength of the intact rock. The RMi represents only the inherent 
properties of a rock mass. The in situ rock stresses or water pressures are not included 
in the Rock Mass index. Thus the orientation of loads or stresses, structural elements, 
and permeability, and the impact from human activity are not included. Block shape is 
not directly included in the RMi. The main reason for this is to maintain a simple 
structure of RMi. The input parameters in a general strength characterisation of a rock 
mass are selected as (Palmström, 1995) 

- the size of the blocks delineated by joints — measured as block volume; 
- the strength of the block material — measured as uniaxial compressive strength; 
- the shear strength of the block faces — measured as friction angle; and 
- the size and termination of the joints — measured as length and continuity. 

The data and tests used in the calibration of the RMi were from (i) triaxial laboratory 
tests on Panguna andesite (Hoek et al., 1980), (ii) a large scale compressive laboratory 
test on granitic rock from Stripa, (iii) in situ tests on mine pillars of sandstone in the 
Laisvall mine, (iv) strength data found from back-analysis of a slide in the Långsele 
mine, and (v) large-scale laboratory triaxial tests in Germany on clay-silt schist from 
Thüringer Wald. 
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The RMi is principally the reduced rock strength caused by jointing and is expressed as 

JPRMi c ⋅= σ ,  (14) 

where JP is the jointing parameter, which is a reduction factor representing the block 
size and the condition of its faces as represented by their friction properties and the 
size of the joints. The value of JP varies from almost 0 for crushed rocks to 1 for intact 
rock. Its value is found by combining the block size and the joint conditions. An 
overview of the parameters applied in RMi can be seen in Figure 2.2.  
 
The joint condition factor jC represents the inter-block frictional properties and is 
expressed as 








 ⋅
⋅=








⋅=

jA
jwjsjL

jA
jRjLjC , (15) 

where jL is the size factor representing the influence of the size and termination of the 
joint, see Appendix 1:4, Table A1:18. The joint size factor (jL) is chosen since larger 
joints have a markedly stronger impact on the behaviour of a rock mass than smaller 
joints (Palmström, 1995).  

Figure 2.2 Parameters applied in the RMi (from Palmström, 1995). 

The roughness factor (jR) (see more details in Appendix 1:4) represents the unevenness of 
the joint surface which consists of: 

- the smoothness (js) of the joint surface, and 

Joint Roughness 

Joint Alteration 

Joint size and 
termination 

Density of joints 

Rock Material 

Joint Condition 
Factor jC 

Block 
Volume Vb 

Jointing 
Parameter JP 

Uniaxial 
compressive 
strength 

Rock Mass index 
(RMi) 
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- the waviness (jw) or planarity of the joint wall. 

The alteration factor (jA) (see more details in Appendix 1:4) expresses the characteristics 
of the joint (Palmström, 1995 based on Barton, 1974): 

- the strength of the rock wall, or 

- the thickness and strength of a possible filling. 

 
The factors jR and jA are similar to Jr and Ja in the Q-system. JP is given by the 
following expression 

D
bVjCJP ⋅= 2.0  , (16) 

where the block volume (Vb) is given in m3, and D = 0.37jC-0.2 is a constant.
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3 REVIEW OF ROCK MASS FAILURE CRITERIA 

3.1 General 

When designing an underground excavation, knowledge of the rock mass strength is 
important. The strength can be estimated using a rock failure criterion. There are four 
main classical failure criteria that have been applied to rock  

- Coulomb criterion, 
- Mohr's envelope, 
- Mohr-Coulomb criterion and 
- Griffith crack theory. 

These four are named classical since they are precursors to the rock failure criteria of 
intact rock and rock masses that are used today, and as they have been used for a long 
time for other materials than rock.  
 
The earliest reference to the use of a failure criterion for engineering purposes is the 
Coulomb criterion, which was published in 1773. It was not until 1964 that the first 
well-known empirical failure criteria for intact rock were introduced (Fairhurst, 1964 
and Hobbs, 1964). The development of intact rock failure criteria has continued since 
the first introduction. These are derived from triaxial testing of small rock samples. 
The first rock mass failure criterion was introduced in 1980 (Hoek and Brown, 1980). 
It was based on the experience from failure criteria for intact rock. The most well-
known classical, intact rock, and rock mass failure criteria are described in this 
Chapter. 

3.2 Classical failure criteria  

In 1773, Coulomb introduced a criterion based on research on shear failure of glass. 
He found that the shear strength is dependent on the cohesion of the material and by a 
constant times the normal stress across the plane. Coulomb proposed, in 1776, a shear 
resistance expression for masonry and soils, of the form 
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N
n

caS 1
+= ,  (17) 

where c is the cohesion per unit area, a is the area of the shear plane, N is the normal 
force on the shear plane and 1/n is the coefficient of the internal friction. 
 
In 1882, Otto Mohr presented a detailed graphical method to describe the state of 
stress in one point. Mohr's circles at failure are determined experimentally through 
triaxial tests at different confining stresses. To produce a Mohr envelope, several tests 
have to be performed at different stress levels. Every pair of σ1 and σ3, at failure, will 
define a circle. The curve, tangential to all of the experimentally obtained Mohr 
circles, is called the Mohr envelope, see Figure 3.1. Mohr's theory states that failure 
occurs when Mohr's circle for a point in the body touches or exceeds the failure 
envelope.  

Figure 3.1 Mohr's envelope 

Bypassing the problem of finding an exact equation for Mohr's envelope defined in 
principal stresses, Balmer presented in 1952, a simple relation to determine the normal 
stress, σn, and the shear stress, τ, for any given value of the major principal stress, σ1, 
and the minor principal stress, σ3. The relation is defined as 
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Partial differentiating of σ1 with respect to σ3 (and simplifying) gives 
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Substituting Equation (19) in Equation (18) gives the expression for τ 
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When a set of (σn, τ) values has been calculated, the average cohesion (c) and friction 
angle (φ ) can be found by linear regression analysis, through which the best fitting 
straight line is calculated for the range of the (σn, τ) pairs. 
 
Although the motives of Coulomb and Mohr for developing a failure criterion were 
very different and the considered materials were different, the result was a stress 
dependent criterion. In modern terms, the Coulomb equation is written in the form 

φστ tannf c += ,  (21) 

where   
τf  = the shear stress along the shear plane at failure,  
c  = the cohesion,  
σn  = the normal stress acting on the shear plane,  
φ  = the friction angle of the shear plane.  

 
This equation is often referred to as the Mohr-Coulomb criterion. The criterion 
assumes that failure occurs along a plane without any dilation. The Mohr-Coulomb 
criterion can also be expressed, in principal stresses, as 
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, (22) 

or in many cases written as 

31 σσσ kc += ,  (23) 

where k is the slope of the line relating σ1 and σ3 and, σc is the uniaxial compressive 
strength. The Mohr-Coulomb criterion is linear but since rock cannot sustain large 
tensile stresses, a tension cut-off is often included, as in Figure 3.2. 
 
The values of the friction angle (φ) and the cohesion (c) can be calculated using 
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Some of the reasons that Mohr-Coulomb criterion is often used in rock mechanics 
applications is that it is described by a simple mathematical expression, is easily 
understood, and as simple to use. To use the Mohr-Coulomb criterion one has to take 
the following into account 

- the failure mechanism has to be shear failure, and that 
- the relationship between normal and shear stress obtained by experimental tests 

usually show a non-linear behaviour and not linear as the Mohr-coulomb 
criterion predicts. 

 

Figure 3.2 Mohr-Coulomb criterion in terms of a) principal stresses and b) normal 
and shear stresses. 

Griffith (1924) suggested that in brittle materials such as glass, fracture initiated when 
the tensile strength was exceeded by the tensile stress which was induced at the ends of 
microscopic flaws in the material. These microscopic defects in intact rock could be 
randomly distributed small cracks, fissures, or grain boundaries. Assuming a plane state 
of stress within a plate, he stated that failure occurs when 

σ3 = - σt,  if σ1 + 3σ3 ≥ 0, or (26) 

0)(8)( 31
2

31 =+−− σσσσσ t , if σ1 + 3σ3 ≤ 0, (27) 

where σt is the uniaxial tensile strength of the material. Griffith's theory did not find 
any practical application in rock mechanics since it was only valid for brittle materials 
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in which failure occurs without the formation of zones of plastic flow of material that 
are typical of the failure for metals and other structural materials.  

3.3 Empirical rock failure criteria  

Empirical failure equations have been proposed based on laboratory tests of intact rock 
specimens. Some of these have also been developed as rock mass failure criteria, with 
suitable adjustments related to a rock classification index (such as RMR, GSI 
classification and the Hoek-Brown criterion). 
 
The expressions for well-known rock mechanicals empirical failure criteria for intact 
rock are given in Table 3.1. The parameters included in each criterion given in Table 
3.1 are constants depending on the rock specimen properties. As one can see from the 
equations in Table 3.1, the criteria are formulated in terms of σ1 and σ3 without any 
consideration of the intermediate principal stress, σ2.  

Table 3.1 Failure criteria for intact rock (Edelbro, 2003). 

Failure equation: Development / comments Author, criterion first 
published 
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An empirical generalisation of 
Griffith theory of intact rock. 

Fairhurst (1964) 
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rock. 

Hobbs (1964) 
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Empirical curve fitting for intact 
rock.  

Hoek (1968) 
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Triaxial tests on soft rock. Bodonyi (1970) 
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Empirical curve fitting for 500 
rock specimens. 

Franklin (1971) 
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Application of Griffith theory and 
empirical curve fitting. Both for 
intact and heavily jointed rock 
masses 
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al. (1983) 
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Table 3.1  (continued.) 

Failure equation: Development / comments Author, criterion first 
published 

B
nn B

M )1'(' 31 += σσ  
Empirical curve fitting for both 
soil and rock specimens. 

Johnston (1985) 

b

t
c )1( 3

1 σ
σ

σσ +=  
Both for intact and heavily jointed 
rock masses 

Balmer (1952), Sheorey 
et al. (1989) 

B

c
c SA /13

31 )( −+=
σ
σ

σσσ  
A, B and S are strength parameters Yoshida (1990) 

where: τm = (σ1 - σ3)/ 2 and σm = (σ1 + σ3)/ 2 
σ1 = Major principal stress,    σ3 = Minor principal stress, 
σ1

’
n = Major normalized effective principal stress, σt = Uniaxial tensile strength, 

σ3
’
n = Minor normalized effective principal stress, 

and a, b, F, f, C, D, B, M and α are constants. 

 
A vast amount of information on the strength of intact rock has been published during 
the 20th century and the intact rock strength is fairly well understood. Based on the 
experience of failure criteria for intact rock, different rock mass failure criteria were 
developed. The failure criteria for rock masses are based on large-scale and laboratory 
testing, experience and/or analysis. The most widely referred rock mass criteria are 
presented in Table 3.2.  

Table 3.2 Rock mass failure criteria (Edelbro, 2003) 

Failure equation: Comments: Author, criterion first 
published: 
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2001 version Ramamurthy, (1995) 

 
They are all formulated in terms of σ1 and σ3 and are, similar to the criteria for intact 
rock, independent of σ2. These criteria were derived from triaxial testing of small rock 
samples, but none of them have, to the author's knowledge, published any verification 
against test data for rock masses. 
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3.4 Selection of rock mass failure criteria for further studies 

Each of the four rock mass failure criteria presented in Table 3.2, are related to rock 
mass property parameters that describe the rock mass behaviour. The Hoek-Brown, 
the Yudhbir and the Sheorey criteria use classification systems to extract the difference 
between intact rock and the rock mass properties, see Table 3.3. The Ramamurthy 
criterion/classification is a mixture between a classification system and a failure 
criterion and is not combined with a well-known rock mechanics classification system.  

Table 3.3 Three of the rock mass failure criteria that use well-known rock 
mechanics classification systems 

Failure criterion Used Classification system Abbreviations and combinations used in 
this thesis 

Hoek-Brown RMR (1976),  

GSI (1995) 

Hoek-Brown – RMR76, 

Hoek-Brown - GSI 

Yudhbir Q-system and RMR-system (1983) Yudhbir - RMR76 

Sheorey Q-system (1989), RMR76 (1997) Sheorey - RMR76 

 
The Hoek-Brown, Yudhbir and Sheorey rock mass failure criteria and their 
application to hard rock mass case histories will be studied further in this thesis. Since 
Mohr-Coulomb criterion is one of the most used failure criterion in rock mechanics 
applications, its relation to rock masses will also be described. The Ramamurthy 
criterion will not be studied further in this thesis, since (i) its classification system is 
based on only the uniaxial compressive strength and the modulus ratio, (ii) the 
criterion and classification systems are rather difficult to use, (iii) it is not based on tests 
that are suitable for underground hard rock masses, (joints were introduced by cutting 
and breaking plaster of Paris specimens into desired orientations), and (iv) verification 
is missing regarding when and where this criterion can and has been used. 

3.5 Hoek-Brown failure criterion 

In 1980, Hoek and Brown proposed a relationship between the maximum and 
minimum principal stresses, to determine the failure of intact and broken rock. The 
Hoek-Brown failure criterion was developed in order to estimate the shear strength of 
a jointed rock mass. The criterion was developed due to the lack of available empirical 
strength criteria but it was neither new nor unique since an identical equation had 
been used for describing the failure of concrete as early as 1936 (Hoek, 2002).  
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Hoek and Brown experimented with a number of parabolic curves to find one that 
gave good agreement with the original Griffith theory (see Chapter 3.1) and which 
fitted the observed failure conditions for brittle rocks subjected to compressive stresses. 
The process used by Hoek and Brown to derive their failure criterion was one of pure 
trial and error (Hoek et al., 1993). Hoek and Brown (1980) found that the peak 
triaxial strength could be reasonably represented by the expression: 

2
331 cici sm σσσσσ ++= , (28) 

where m and s are constants which depend on the properties of the rock and upon the 
extent to which it has been broken before being subjected to the stresses σ1 and σ3.  
The uniaxial compressive strength of the intact rock material is σci. For intact rock s = 
1 and m = mi. Values for mi can be calculated from laboratory triaxial testing of core 
samples at different confining stresses, or extracted from reported test results, see 
Appendix 2:1 , Table A2:2. The constant mi is said to depend upon the mineralogy, 
composition and grain size of the intact rock.  
 
Hoek and Brown (1980) reported results from triaxial test data, from tests conducted 
on Panguna andesite from the Bougainville open pit in Papua New Guinea. The 
intact rock samples were very strong with a uniaxial compressive strength of about 270 
MPa. 
 
An addition of relationships between the constants m and s and a modified form of 
Bieniawski´s 1974 RMR classification, was introduced in 1988 (Hoek and Brown, 
1988). The modified form of the RMR classification is here named RMRbasic. When 
using the RMRbasic-value of the hard rock mass to estimate  

9
100−

=
basicRMR

es ,   (29) 

28
100−

=
basicRMR

iemm ,   (30) 

for underground excavations, dry conditions should be assumed (a rating of 10 for the 
groundwater parameter in Bieniawski's system). Since it is the RMRbasic-value that is 
used, no adjustments for joint orientation should be made. Instead, the effect of joint 
orientation and groundwater conditions should be accounted for in the stability 
analysis. 
 
In 1995, an index called the Geological Strength Index (GSI) (see Chapter 2.8) was 
introduced. It was introduced to overcome the deficiencies in RMR for very poor 
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quality rock masses. The GSI of the newest version (2002) can be seen in Appendix 
2:1, Table A2:1.  
 
In the 2002 edition of the Hoek-Brown failure criterion, the following expression is 
used  

a
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where σ1
' is the major principal effective stress at failure, σ3

' is the minor principal 
effective stress at failure and a is a constant for the broken rock, that changes the 
curvature of the failure envelope and 
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where D is a factor that depends on the degree of disturbance. The suggested value of 
the disturbance factor is D = 0 for undisturbed in situ  rock masses and D = 1 for 
disturbed rock mass properties. Based on the experience from five references, Hoek et 
al., (2002) suggested guidelines for estimating the factor D, see Appendix 2:1, Table 
A2:3. The values of D can be interpolated, if the studied excavation does not comply 
with the figures stated in the Appendix (Hoek, 2003). The 2002 edition also focused 
on the relationship between Hoek-Brown and Mohr-Coulomb criteria, see Chapter 
3.8. 
 
In this thesis, two versions for determination of the rock mass strength by the Hoek-
Brown criterion will be used. The first expression is based on the original version of 
the criterion, where the unconfined compressive strength of rock masses (σcm), is 
expressed as 

½sccm ⋅= σσ ,  (33) 

where s is defined by Equation (29). The second expression is  

a
ccm s⋅= σσ ,  (34) 

where the values of s and a can be determined by the expressions 
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3.6 Yudhbir criterion 

The Bieniawski criterion was proposed for intact rock (Bieniawski, 1974)  

α

σ
σ

σ
σ )(1 31

cc

b+= ,  (37) 

where b is dependent on rock type and a is a constant. Yudhbir et al (1983) used the 
original Bieniawski criterion (1974), and changed it to suit rock masses (mainly 
focused on soft rock) by testing a mixture of jointed gypsum-celite specimens. The 
constant, α, is independent of rock type and rock mass quality and is suggested to be 
0.65 (Yudbhir et al., 1983). 
 
The Yudhbir criterion (1983) was developed for encompassing the whole range of 
conditions varying from intact rock to highly jointed rock, which covers the brittle to 
ductile behaviour range. During the development of a new empirical failure criterion 
for rock masses a relationship that was formulated in terms of easily evaluated 
parameters which are correlated to rock mass quality indices was suggested. In 
laboratory experimental studies from 20 trial samples, triaxial tests were performed on 
crushed and intact model material representing soft rock-like material. Other types of 
tests made on the samples were uniaxial tests, direct shear tests and Brazilian tests. The 
new criterion for rock masses was written in the more general form 
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where A is a dimensionless parameter whose value depends on the rock mass quality. 
It controls the position of the σ1  vs. σ3-curve in the stress space. A is 1 for intact rock 
and 0 for totally disintegrated rock masses. B is a rock material constant and depends 
on the rock type and has low value for soft rocks and high values in the case of hard 
rocks (for example B=3.0 for siltstone and 4.5 for quartzite).  
 
The uniaxial compressive strength of the rock mass strength is, according to Yudhbir 
et al., (1983), defined as 
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3.7 Sheorey criterion 

A failure criterion, based on triaxial tests on coal, was proposed by Sheorey et al., 
(1989). The criterion was suggested to be linked to the Q-system (Barton et al., 1974). 
The reasons for choosing the Q-system was that it should be a stress free classification 
index (SRF=1) and that the Q-system covered a wider range of rock classes compared 
to other classification systems. All the case studies were related to coal seams and coal 
measures. 
 
In 1997, Sheorey changed the criterion to be linked instead to the RMR-system and 
mentioned that it was observed that the decrease in the tensile strength with RMR 
from its intact rock value must necessarily be gentler than that in the compressive 
strength. The uniaxial compressive strength of a jointed rock mass is expressed as 
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where for RMRbasic the 1976 version of Bieniawski's classification system should be 
used. The following procedure should be used to determine the RMRbasic value: 

- For RMRbasic ≥ 18, use the 1976 version of the RMR-system. 

- For RMRbasic < 18, determine the Q'-value and use Bieniawski's relation  

44'ln9 += QRMR , (41) 

where 

a

r

n J
J

J
RQDQ ⋅=' . 

3.8 Mohr-Coulomb criterion applied to rock masses 

Nearly all software developed for soil and rock mechanics analyses provides the Mohr-
Coulomb constitutive model for simulation of plastic behaviour. However, there is no 
generally accepted direct method to estimate the Mohr-Coulomb parameters (c, φ) for 
a rock mass. It has, therefore, become interesting to evaluate these parameters using a 
linear regression analysis of the non-linear Hoek-Brown failure envelope. This would 
allow the Hoek-Brown criterion to be used as input to numerical analysis. The latest 
version of fitting an average linear relationship to the curve generated by the 
generalized Hoek-Brown criterion was done in 2002, see Figure 3.3. 
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Figure 3.3 The relationships between major and minor principal stresses for Hoek-
Brown and equivalent Mohr-Coulomb criteria (Hoek et al., 2002). 

Hoek et al., (2002) presented the equations for the effective angle of friction φ' and 
effective cohesive strength c' as 
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based on balancing the areas above and below the Mohr-Coulomb plot, where 
cin σσ'σ max33´ = . The parameters mb, s and a are defined in Chapter 3.5 and σci  is the 

uniaxial compressive strength of the intact rock material. The upper limit of confining 
stress (σ'3max) over which the relationship between Mohr-Coulomb and Hoek-Brown 
criteria is considered, can be seen in Figure 3.3. For underground excavations the 
relationship between σ'3max and σ'cm, for equivalent Mohr-Coulomb and Hoek-Brown 
parameters, is suggested to be (Hoek et al., 2002) 
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where σin situ is the maximum virgin or primary stress acting perpendicular to the  
tunnel axis and σ'cm is the effective rock mass strength. If the vertical stress is the 
maximum stress, then σin situ = ρgH, where ρ is the density of the rock and H is the 
depth of the tunnel below surface. When treating block-caving problems, Equation 
(44) shall not be used since the Hoek-Brown and Mohr-Coulomb parameters should 
not be related when the failure zone extend to the surface (Hoek et al., 2002). 
Hoek et al., (2002) also introduced a concept of a global rock mass strength e.g., for 
estimating the overall strength of pillars. The global rock mass strength can be 
estimated using (Hoek et al., 1997) 
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with c' and φ' determined, for the stress range σt < σ'3 <σci/4, giving 
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The Mohr-Coulomb criterion for rock masses is not used in this thesis since it needs 
input data in form of rock mass properties. The input data of the strength parameters 
can be determined by back calculation. There is no acceptable method to determine 
the strength parameters for the rock mass.  
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4 IMPORTANT PARAMETERS OF THE ROCK MASS 
STRENGTH 

When developing a new or modifying an existing criterion, all parameters that in 
some way affect the strength cannot be included, in order to keep the method of 
determining the rock mass strength simple. The hypothesis in this thesis is that the 
rock mass is defined as a function of the mechanical properties of the intact rock 
material and the discontinuities in the considered rock mass. The uniaxial compressive 
strength of the intact rock represents the rock material. The influence of 
discontinuities is represented by the block size and shape, and the joint strength. 
Depending on the size of the construction versus the studied rock mass, a scale factor 
is required. As a result of this, the assumed most important parameters that should be 
used when determining the rock mass strength, are the 

- uniaxial compressive strength of the intact rock, 
- block size and shape, 
- joint strength, and 
- physical scale (of the construction versus the rock mass). 

In the following, each of these parameters is described briefly along with available 
methods to determine these parameters. 

4.1 Uniaxial compressive strength of intact rock 

The uniaxial compressive strength of intact rock is often determined through axial 
loading of core-based samples. The Commission on Standardization of Laboratory and 
Field Tests is one of the groups within the ISRM organisation that has proposed 
suggested standards for rock mechanical tests (Brown, 1981).  
 
Sometimes it might not be possible to prepare specimens and perform uniaxial 
compression tests. In those cases, point load tests can be used to determine the point 
load index, which, in turn, can be related to the uniaxial compressive strength of the 
intact rock (Brown, 1981).  
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Field estimates of the compressive strength can be done using rough but practical 
methods. This includes Schmidt hammer rebound tests or index testing using a 
geological hammer and knife (Brown, 1981).  

4.2 Block size and shape 

The block size is related to the degree of jointing, since the discontinuities that cut the 
rock mass in various directions create blocks between each other. Palmström (1995) 
described various types of calculations that can be used to estimate the block volume. 
For example, the block volume can be measured directly in situ or on drill cores, by 
joint spacing, joint frequency, the volumetric joint count etc., see Figure 4.1. The 
observation can be divided into 1-D, 2-D or 3-D surface observations in 1-D drill 
core observation. 

Figure 4.1 Methods to determine the block volume (Vb), (Palmström, 1995). 

According to Figure 4.1, the maximum and minimum block volume can only be 
directly determined if the joint spacing is known. One can determine the block 
volume by estimating the volumetric joint count, based on knowledge of the joints 
from drill cores or refraction seismic measurements. Instead of measuring each joint in 
the core, the RQD is often applied as a simpler method. Since RQD is a crude 
measure of the degree of jointing it is not possible to find good correlation with block 
size.  
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The shape of the blocks is very difficult to explain in specific and well-described terms, 
but they probably give different rock mass behaviour. The shape will therefore, 
preferably, be explained in simple terms with a wider range. To assume / determine 
the block size and shape, the joint spacing, orientation, number of joints and joint 
length of the block building joints have to be known.  

4.3 Joint strength 

To determine the rock mass strength, the average strength of the block-building 
joints, has to be known. The joint strength can be determined in several ways. In field 
tests, joint roughness coefficient (JRC), joint wall compressive strength (JCS) and tilt 
angle are often determined as a complement to the described joint filling and width. In 
addition to JRC and JCS, Zhao (1997) suggested the use of a joint matching 
coefficient (JMC). The JMC is obtained by observing the approximate percentage area 
in contact between the lower and the upper walls of a joint.  
 
Tilt or direct shear tests are the most common laboratory tests, where the basic friction 
angle, friction angle, and joint cohesion can be determined. If joint strength is a 
parameter in a classification or characterisation system, it is often presented in 
descriptive terms, such as joint condition, or alteration and roughness. The joint 
strength presented in a criterion has a numerical value, such as the shear strength. 

4.4 Physical scale 

Scale effect is when different specimen sizes give variations in test results. For an intact 
rock, heterogeneity is the most important factor for the scale effect (Cunha, 1990). 
Heterogeneity of a rock sample is when its mineral components have different 
behaviours. The heterogeneity increases for instance when the number of different 
mineral components increase, if there is a great difference in size of the components, 
or if there are concentrations of certain mineral components instead of a random 
distribution. Increased heterogeneity often results in decreased uniaxial compressive 
strength. Increased specimen size also results in increased heterogeneity and thereby a 
decrease of the uniaxial compressive strength of intact rock with increased specimen 
size (Hoek and Brown, 1980). This scale effect exists in intact rock samples. 
 
The scale effect for joints is that the peak shear strength decreases as the sample size 
increases (Bandis, 1980). The mechanical behaviour of rock masses depends on the 
strength of the blocks created by random patterns of discontinuities and their strength.  
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Hoek and Brown (1980) showed how the scale affects the rock mass strength for a 
tunnel with constant cross section and joint directions, see Figure 4.2. In a small scale 
the rock was intact compared to a very jointed rock mass in their largest chosen scale.  
 
If the volume in Figure 4.2 is enlarged or if the dimensions of the tunnel cross-section 
are changed, one can notice that the scale of the construction versus the rock mass and 
its block sizes has a great influence on the rock mass strength. As mentioned by 
Mostyn et al., (2000) the behaviour of a blocky rock mass at a scale of 10 metres is 
vastly different from a blocky rock mass at the scale of 500 metres. The effect of scale 
on rock mass behaviour can easily be seen by an example in Figure 4.3. Two joint sets 
with fixed dip and spacing have been used in Figure 4.3. The discontinuity pattern 
used in Figure 4.3 has an RQD of 100%, which indicates very good and solid rock, 
yet the difference in perceived conditions are striking for the three different slope 
heights. 
 

 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 4.2 Effect of scale on rock strength and possible mechanisms of failure in a 
tunnel and a slope. Modified from Hoek (1983). 

 

2. Single discontinuity (sliding along a  
single discontinuity set) 

3. Two discontinuities (structurally  
controlled failure, sliding, toppling or falling) 

1. Intact rock (rapid failure) 
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Figure 4.3 a) Bench slope with height of 30 metres with a 70º bench face angle. b) 
Interramp slope of 90-metre height and 50º interramp angle. c) Overall 
slope with 500-metre height and a 50º overall slope angle (Sjöberg, 
1999).  

a) 

b) 

c) 
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5 SENSITIVITY ANALYSIS OF EXISTING CRITERIA 

5.1 Introduction 

In order to study the subjectivity of the described criteria for determining the rock 
mass strength, a number of rock mechanics engineers were asked to participate in a so-
called Round Robin Test. This means that all participants were asked to 
calculate/estimate the rock mass strength by using the same recommendations of the 
systems and criteria and the same input data. The participants were specifically 
instructed to work independently of each other and were only allowed to ask the 
author questions. The results of the Round Robin Tests were used to analyse the 
sensitivity, applicability and robustness of each system and criteria. 
 
Two cases were studied in the Round Robin Tests. The first case deals with the pillar 
strength tests performed in the Laisvall mine in Sweden. The text of the pillar test that 
was sent out to the participants is described in Chapter 5.2.1. The second case is 
fictitious and represents a typical drift in a Swedish mine. Totally 11 persons 
participated in the Round Robin Test 1 and 7 persons participated in the Round 
Robin Test 2.  

5.2 Laisvall pillars 

The Laisvall mine in Northern Sweden was a lead-zinc mine operated by Boliden 
Mineral AB. The ore, which was extracted by room and pillar mining, was a flat-lying 
quartzite sandstone. The annual production was 1.6 Mt. There were four main ore 
bodies in the mine; most of them occurring in the lower sandstone see Figure 5.1. 
The mining in Laisvall came to an end in the year 2001.  

5.2.1 Description of the pillar test 

Krauland and Söder (1989) presented a full-scale pillar test, conducted between 1983 
and 1988, in the Laisvall mine in an ore body named Nadok. The full-scale test was 
conducted on 9 pillars to estimate the pillar strength, see Figure 5.2, in order to obtain 
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realistic future design values. Stresses, deformations and failure phenomena were 
monitored during the tests. The stress was measured in two pillars (pillars 5 and 9) 
using the doorstopper overcoring method, while the estimated pillar stresses were 
determined by Coates formula (Coates, 1970 cit Krauland et al., 1989). The aim was 
to determine the rock mass strength and whether failure occurred due to punching of 
the pillars into the roof or floor or due to pillar failure.  
 
The Nadok ore body occurs in the upper sandstone, see Figure 5.1, and consists of 
sandstone, with a maximum thickness of 11 m. The sandstone is interlayed with thin 
shale partings and overlayed by Lower Cambrian clayey schist, see Figure 5.1. The 
actual overburden, of the Nadok ore, varied between 110 and 300 metres (Krauland et 
al.,1989 ). The average uniaxial compressive strength and modulus of elasticity for the 
intact rock in Nadok are presented in Table 5.1. An average value of σc = 180 MPa is 
used for the uniaxial compressive strength (based on Krauland et al., 1989 and 
Palmström, 1995). 

Figure 5.1 a) Stratigraphy of Laisvall. b) Detailed stratigraphy of the test site 
(Krauland et al., 1989). 
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Figure 5.2 Overview of the test pillar area in Laisvall Nadok ore (The broken lines 
represent the faults in the roof). Scale 1:100 

Table 5.1 Mechanical properties for the most common rock types in the Nadok 
ore. 

Rock type σc [MPa] E [GPa] 

Sandstone 210 (range 130-290) 50 
Conglomerate schist 160 (range 105-210) - 
Schist 130 (range 50-220) 40 

 
The major weaknesses in the pillars are the horizontal, thin shale layers and parallel 
joints. These occur almost normal to the loading direction. The following joint 
characteristics were found: 

- Horizontal joints, which are mainly parallel to the thin shale layers; 

- presence of shale, 
- small undulations on wall, 
- assumed clay on joint wall, 
- mainly continuous, and 
- joint spacing for the horizontal joint set is 0.2-1.2 m. 

N 
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- Vertical joints, which are mainly short joints parallel to the loading direction; 

- slightly rough joints, 
- planar joints, 
- fresh joint walls, 
- mainly continuous joints with joint length 0.1-3 m, and 
- joint spacing for the vertical joint set is 0.3-1.5 m. 

The pillars were subjected to increased stresses by decreasing the cross-sectional area of 
the pillars. This was accomplished by slice blasting that reduced their width and length 
by approximately 0.4 m, in each of the 6 mining steps (see Table 5.2). The process 
was continued until pillar or roof/floor failure occurred. Cautious blasting was applied, 
which resulted in a minimum of blast damage.  

Table 5.2 Geometrical changes due to cutting pillar sides. 

Mining 
step 

Date of 
blast 

Height 
(m) 

Width 
(m) 

Length 
(m) 

Area 
(m2) 

Pillar 
area* (%) 

Calculated pillar 
stress by Coates 
formula (1970) 

(MPa) 
0  4.6 7.4 8.1 54.5 18.9 18.0 
1 85-08-16 4.6 6.7 7.8 46.7 16.1 19.7 
2 85-08-26 4.6 6.3 7.2 42.7 14.8 20.6 
3a 85-09-25 4.6 6.1 6.9 40.2 14.0 21.4 
3b 85-09-30 4.6 5.9 6.6 37.1 12.9 22.7 
4 85-10-28 4.6 5.5 6.2 32.4 11.3 24.8 
5 87-11-21 4.6 4.9 5.9 28.8 10.0 27.2 
6 87-12-18 4.6 4.5 5.3 23.4 8.1 31.2 

* Area of total pillar test area. 

The pillar fracturing, due to increased loading, was followed up by failure mapping. 
The development of failure was divided into different classes according to Table 5.3. 

Table 5.3 Description of the pillar condition classes. 

Class Description 
0 No fractures 
1 Slight spalling of pillar corners and pillar walls, short fracture length in relation to pillar height, sub 

parallel to pillar walls 
2 One or few coherent fractures near pillar surface, distinct spalling 
3 Fractures also in central parts of pillar, but not coherent 
4 One or a few coherent fractures in central parts, dividing the pillar into two or more major parts; 

fractures may be diagonal or parallel to pillar walls 
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5.2.2 Analysis of measured and calculated stresses 

The strength of the rock mass in a pillar can be defined in two different ways. One 
definition of the strength, is the peak stress of the pillar surface, when initial spalling 
occurs (condition class 1), see Figure 5.3. The other way is to determine the 
maximum average pillar load bearing capacity (condition class 3), see Figure 5.3.  

Figure 5.3 Different condition classes and their failure description, where W and H 
are the pillar width and height respectively. 

Condition class 0 is when the pillar has no fractures and the maximum stress is located 
at the pillar surface. The "typical theoretical and idealised" state of stress for condition 
class 0, 1 and 3 can be seen in Figure 5.4. As there is slight spalling on the pillar surface 
for condition class 1, the maximum stress is located on the limit between damaged and 
intact rock. For pillar condition class 3, the ultimate load that the pillar can support is 
reached and represents the maximum bearing capacity. 
 

Figure 5.4 Typical pillar stress conditions for condition class 0, 1 and 3, where W is 
the pillar width.  
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Krauland et al., (1989) determined the uniaxial compressive strength of the rock mass 
using a pillar formula by Obert and Duvall (1967)  







 ⋅+=

H
W

op 222.0778.0σσ  (47) 

where σo is the strength of a cube (W/H=1). For a pillar with W/H < 1/3, the rock 
mass strength can be determined by (Krauland et al., 1989) 







 ⋅+

=
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p
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σ
σ , (48) 

where W is the pillar width, H is the pillar height, σp is the pillar load at failure and 
1.17 is a calibration of the strength for the Laisvall full scale test. The determined 
average pillar load levels for the pillar condition classes are shown in Table 5.4.  

Table 5.4 Average pillar loads for the pillar condition classes 

Pillar 
condition 
class 

Pillar loads, σp 
[MPa] 

0 18.6 ± 3.0 
1 19.9 ± 4.1 
2 21.2 ± 2.4 
3 24.2 ± 1.4 
4 - 

 
Krauland et al., (1989) only focused on the maximum average pillar load bearing 
capacity when determining the rock mass strength and they found, by using Equation 
(48), that the pillars failed (condition class 3) when the rock mass strength was σcm = 
19.8 ± 1.4 MPa. The pillar failure occurred at mining steps 3-4 at which the pillars 
had a width of 5.5-5.9 m and a length of 6.2-6.6 m.  
 
Krauland et al., (1989) did not study the stress resulting in condition class 1. However, 
the slight spalling problems (condition class 1) occurred after mining steps 1-2, at 
which the pillars had a width of approximately 6.3-6.7 m. As the stresses in pillars 5 
and 9 are only measured before the start of the test and after mining stage 3, the 
stresses after mining step 1 need to be determined. The peak stress at the pillar surface 
was analysed using the program ExamineTAB (Rocscience, 2003), which is a 
displacement discontinuity program for calculating elastic stresses and displacements for 
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tabular ore bodies. The stresses determined by ExamineTAB were calibrated with the 
measured stresses before slice blasting of the pillars was carried out.  
 
The pillar model used in ExamineTAB is shown in Figure 5.5. The model was calibrated 
with respect to the depth (overburden) of the pillars. The model consists only of the 
test area and its nine pillars with no consideration of the other mined out parts or 
changes in geology around the test area. The pillars were excavated in 3 mining steps, 
corresponding to mining steps 0-3b in Table 5.2. Each of the mining steps (a-c in 
Figure 5.6), includes one top slice and one on the right side of each pillar.  The 
definition of "before mining" in the following text is before any of the slice blasting of 
the pillars are excavated, but after the excavation of the area around the pillars, see 
Figure 5.5. 
 

Figure 5.5 Schematic picture of the pillar model used in the calibration. 

The measured stresses in pillar 5 and 9 can be seen in Figure 5.7 and Figure 5.8, 
respectively. The measured stresses after mining step 3 are according to Myrvang, 
(1985) while the measured stresses before mining are according to Krauland et al., 
(1989). The pillar load decreased and the distribution of the stresses changed for pillar 
5, see Figure 5.7. After having been highest near the pillar surface before mining, the 
stress became highest in the middle of the pillar after mining step 3. Compared to 

1 2  
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pillar 5, the pillar load increased for pillar 9, see Figure 5.8. The measured stresses for 
pillar 9 do not behave as the idealised stress conditions (see Figure 5.4) and the stage at 
which the pillar fails can not be predicted . It is thereby difficult to calibrate the stresses 
in pillar 9 and it is not further studied. Only pillar 5 is used in this calibration.  
 
Since ExamineTAB assumes linear-elastic conditions, and that pillar 5 should behave 
elastically before mining takes place, the calculated stress curve should be calibrated 
(with the depth of the pillars) for the measured stresses before mining. The input data 
for the stress analysis in ExamineTAB, are based on information from Krauland et al., 
(1989), see Table 5.5. 
 

 

Figure 5.6 Model used in ExamineTAB when determining the surface stresses. The 
numbers given are the number of each pillar.  
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Figure 5.7 Result of stress measurements in pillar 5, before mining and after mining 
step 3. The vertical line is the pillar side after mining step 3. 
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Figure 5.8 Result of stress measurements in pillar 9, before mining and after mining 
step 3. The vertical line is the pillar side after mining step 3. 
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Table 5.5 Input data for the ExamineTAB analysis. 

Parameter Selected value 

Young's modulus, host 
rock  

40 GPa 

Density of rock (ρ) 2700 kg/m3 

Young's modulus, 
pillar 

50 GPa 

Height of pillar 4.6 m 
Dip of ore body 0° 
σH/σv 3 

 
In Figure 5.9, the curves that best fitted the measured values are shown. The most 
suitable calculated curves were found for a mining depth of 250 to 275 metres. As a 
result from the calibrated curves of pillar 5, a mining depth of 250 meter was chosen 
for the further studies of the pillar stresses.  
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Figure 5.9 Comparison between the measured and calculated stresses in pillar 5 
before mining. 

The pillar model that is used in ExamineTAB for mining step 1 is shown in Figure 5.10, 
where the top and right-hand slice is excavated. The averaged peak stress of the pillar 
5 after mining step 1 (after condition class 0, but before failure in condition class 1), 
obtained from the analysis using ExamineTAB is calculated to 30 MPa, see Figure 5.11. 

σp [MPa] 
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The rock mass strength determinations from the Round Robin Test in Laisvall should, 
therefore, be compared to the maximum average stress at failure (σcm = 19.8 ± 1.4 
MPa) and the peak stress at failure for the pillar surface (30 MPa). 
 

 

Figure 5.10 Model used in ExamineTAB when determining the pillar surface stresses. 
The numbers given are the number of each pillar. One mining step is 
used and marked in grey. 

Figure 5.11 Stresses in pillar 5 obtained from analysis in ExamineTAB.  
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5.2.3 Result of the Laisvall case 

All participants estimated the most likely value, including a minimum and maximum 
value, for each system and criteria. For the participants that only determined the 
maximum and minimum values, the author has determined the most likely value as 
the average value [(max value+min value)/2].  
 
The strength values obtained in the Round Robin Test were compared to the average 
pillar stress at failure of the whole pillar (σcm = 19.8 MPa) and the back-calculated 
strength corresponding to initial spalling of the pillar surface (30 MPa). The detailed 
information of the rock mass strength determination by each participant is presented in 
Appendix 3.1. A summary of the results are presented in Table 5.6. 

Table 5.6 Estimation of the rock mass strength in Laisvall by 11 participants for 9 
systems/criteria. 

 Min 
[MPa] 

Average 
[MPa] 

Max [MPa] Scatter 
(max-min) 

[MPa] 

Hoek-Brown - RMR76   12 34.5 74 62 
Yudhbir - RMR76  4.2 47.5 52.9 48.7 
Sheorey - RMR76  15.5 37 81 65.5 
MRMR(DRMS)* 27 46.5 60.5 33.5 
RMS 2.5 7 12 9.5 
Q-system (2002) 0.2 36 139 138.8 
Hoek-Brown - GSI (2002) 2.5 15 50 47.5 
N-system 13 27 51 38 
RMi 3 28 51 48 
*6 participants 

The estimated average rock mass strength values obtained by each participant for each 
system/criteria are shown in Figure 5.12. The vertical lines represent the determined 
average pillar rock mass strength (19.8 MPa) and the peak strength corresponding to 
initial spalling of the pillar surface (30 MPa).  
 
The average rock mass strength estimated by the participants in the Round Robin 
Test showed a significant scatter for each criteria/system. The rock mass strength, 
back-calculated from the pillar test is within the interval of the scatter for all 
criteria/systems except for RMS. Furthermore, RMS shows the smallest scatter. The 
highest average value, predicted by using RMS, is less than 12 MPa.  
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Figure 5.12 Rock mass strength determination by 11 participants for 9 different 
systems and criteria. 

For Hoek-Brown – and Sheorey - RMR76 criteria, the average rock mass strength was 
overestimated by 70-85% of the participants. This was also the case for the MRMR-
system (DRMS). The largest scatter among all of the systems was found for Q (138.8). 
The average rock mass strength was underestimated by 60-70% of the participants 
using Hoek-Brown – GSI and Yudhbir – RMR76 criterion. Almost 45% of the 
participants overestimated the rock mass strength with the RMi system. The criterion 
that has most determined average values in the interval of 19.8-30 MPa is N.  
 
Only six participants determined the rock mass strength by the MRMR- system. This 
was because the MRMR test had to be done twice, since the first version of the system 
was wrong (1976 version instead of 1984). Due to the limited time for the 
participants, many of them did not complete the MRMR-system.  
 
Some of the comments from the participants during the tests were that: "MRMR is 
too complicated to use, so I skipped it", "I did not complete the MRMR-system since 
there are too many tables and adjustment factors" and "It is very difficult to estimate 
the block volume in the RMi system". 
 
To identify the parameters having the strongest impact on the calculated rock mass 
strength for each criterion/system, their parameters have been varied in the following 
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chapters. Each of these parameters was varied within an interval defined by the 
maximum and minimum value determined by the participants, while the other 
parameters kept constant and equal to their average values.  

Result of the RMR76-system 

The strengths determined by all criteria related to RMR76 have a wide scatter, see 
Table 5.6. The determined strength values when using Yudhbir criterion are lower 
compared to the Hoek-Brown and Sheorey criteria for the same RMR76-value. This 
can be seen in Figure 5.12 and by comparing Figure 5.13, Figure 5.14 and Figure 
5.15.  
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Figure 5.13 The minimum, average and maximum value of the rock mass strength 
determined by 11 participants using Hoek-Brown - RMR76 criterion.  
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Sheorey - RMR76
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Figure 5.14 The minimum, average and maximum value of the rock mass strength 
determined by 11 participants using Sheorey - RMR76 criterion.  
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Figure 5.15 The minimum, average and maximum value of the rock mass strength 
determined by 11 participants using Yudhbir - RMR76 criterion.  
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Most participants have the bearing capacity or peak strength of pillar surface (the 
"known" rock mass strength) in their interval between minimum and maximum value 
when using Hoek-Brown – RMR76 criterion, see Figure 5.13. The Hoek-Brown - 
RMR76 criterion show an overestimation of the strength. Since Sheorey - RMR76 

criterion gives higher strength values compared to Hoek-Brown - RMR76 criterion, it 
show less agreement with the "known" rock mass strength, see Figure 5.14.  
 
For the RMR76 system the ratings for joint condition, joint spacing and RQD have 
been studied using the Hoek-Brown - RMR76 criterion, see Figure 5.16. Here, only 
one criterion is used (not Yudhbir or Sheorey) since the result will be the same 
independently of which criterion that is used. The ratings for σc and groundwater 
were always kept constant. The joint spacing and joint condition had the largest 
influence on the rock mass strength among the studied parameters, while the influence 
of RQD was the least important since it did not affect the strength as much as the 
other parameters.  
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Figure 5.16 The effect of joint condition, joint spacing and RQD (using Hoek-
Brown – RMR76) on the Laisvall rock mass strength. 

Result of the MRMR- system 

As mentioned earlier, only a few participants in the Round Robin Test completed the 
rock mass strength determination using the MRMR-system. The rock mass strength 
was over predicted by all participants when using the MRMR-system, except for 
participant number 6, as can be seen in Figure 5.17. The results of the rock mass 
strength estimation are gathered in a quite small interval (scatter = 33.5 MPa) 
compared to other systems, see Table 5.6.  
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When evaluating the MRMR-system the joint condition, joint spacing, RQD, 
weathering, joint orientation and the blasting factor were varied, see Figure 5.18. The 
joint condition and joint orientation had the largest influence on the rock mass 
strength among the studied parameters, while the influence of RQD was less 
important.  
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Figure 5.17 The minimum, average and maximum value of the rock mass strength 
determined by 6 participants of the MRMR-system.  
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Figure 5.18 The effect of joint condition, joint spacing, RQD, weathering, joint 
orientation and blasting when using MRMR.  

Result of the Q-system 

As stated above, the determined rock mass strength had the largest scatter when using 
the Q-system (scatter =138.8 MPa). If each result from the participants is studied, see 
Figure 5.19, the largest difference between the minimum and maximum value is 
determined by participant number 4. If no attention was paid to the result from 
participant number 4, the interval of the result from the Q-system would be decreased 
(to 15.6-56 MPa).   
 
When applying the Q-system the RQD, Jn, Jr, Ja, Jw and SRF have been varied. As seen 
in Figure 5.20 the SRF has the largest effect on the rock mass strength. Also Ja has a 
large effect on the rock mass strength while Jw and RQD give the least effect on the 
strength.  
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Figure 5.19  The minimum, average and maximum value of the rock mass strength 
determined by 11 participants of the Q-system.  
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Figure 5.20  The effect of RQD, Jn, Ja, Jw and SRF on the rock mass strength 
determination by 11 participants of the Q–system. 

Since the largest difference between maximum and minimum value were determined 
by participant number 4, the effect of the parameters on the strength is studied 
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without including participant number 4.  As can be seen in Figure 21, the main 
difference, compared to Figure 5.20, is the decreased effect of SRF on the strength. 
However, still SRF and Ja have the largest effect on the strength. 
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Figure 5.21  The effect of RQD, Jn, Ja, Jw and SRF on the rock mass strength 
determination by 10 participants of the Q–system (no attention paid to 
the result of participant number 4). 

Result of the Hoek-Brown – GSI criterion 

Since the input data to the Hoek-Brown – GSI criterion, is the GSI- and the D- 
(disturbance factor) value, the GSI-value has the strongest impact on the rock mass 
strength (since both a and s contain the GSI-value). The application of Hoek-Brown - 
GSI criterion showed a relatively small interval between the maximum and minimum 
values, as seen in Figure 5.22 and in Table 5.6.  
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Figure 5.22  The minimum, average and maximum value of the rock mass strength 
determined by 11 participants of the Hoek-Brown - GSI criterion.  

Result of the RMi 

The rock mass strength values estimated by using RMi are presented in Figure 5.23. 
Almost half of the participants have over-predicted and the rest have under predicted 
the rock mass strength. 75% of the participants have the "known" rock mass strength 
in their interval. For RMi the jR, jA, Vb, and jL parameters have been varied. The 
joint alteration and the block volume were the two parameters that had the strongest 
impact on the rock mass strength, as shown in Figure 5.24. The joint roughness factor 
had the least affect on the strength. 



 
 
 

64 

RMi

0

1

2

3

4

5

6

7

8

9

10

11

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

Rock mass strength (MPa)

Participant number

Determined peak 
strength of pillar 
surface (30 MPa)

Determined bearing 
capacity of pillars 
(19.8MPa)  

Figure 5.23 The minimum, average and maximum value of the rock mass strength 
determined by 11 participants of the RMi. 
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Figure 5.24 The effect of jR, jA, Vb and jL on the rock mass strength determination 
by 11 participants of the RMi. 
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5.3 Fictitious hard rock mass case 

5.3.1 Description of the fictitious case 

The description of the fictitious hard rock mass case which was sent out to the 
participants is presented in this Chapter. The drift is excavated by conventional drill 
and blasting. The major rock type is granite and the drift has been geologically 
mapped for a 100-metre long distance. The rock mass is blocky and the uniaxial 
compressive strength of the granite is σc= 180 MPa. There are three major joint sets, 
see Table 5.7. The joint infilling is normally either quartz or chlorite. In addition to 
the three joint sets, there are randomly distributed joints, which also have either no 
infilling or chlorite or quartz as infilling.  
 
The number of joints per metre (λ) are (horizontally/metre) 2-5 joints and 
(vertically/metre) 1-4 joints. When the number of joints per metre (λ) is known, the 
RQD value can be calculated by (Priest et al., 1976) (Equation (2), Chapter 2.3) 

( )11.0100 1.0 += − λλeRQD . 

The tunnel is completely dry, except for some small areas (2 metre wide, 30 metres 
spacing) of the granite where it is moist. 

Table 5.7 Information of the three major joint sets 

Joint Length Infilling Infilling 
thickness 

[mm] 

Orientation Large 
scale 

roughness 

Small scale 
roughness 

Joint 
spacing [m] 

Set 1 3-7 m Chlorite ≤ 1 Approximately 
horizontal 

Planar Slickensided 0.1 – 1 

Set 2 7-20 Quartz Closed Approximately 
parallel to the tunnel 
direction with a dip 

of 60º 

Planar Slightly 
rough with 

small 
undulation 

3 

Set 3 2-6 Quartz ≤ 10 Approximately 
perpendicular to the 
tunnel direction with 

a dip of 40º 

Planar Smooth 0.5-4 

 
The drift, which has the dimension of width 7 metre × height 5 metre, is located at a 
700 m depth in a mine and the in situ stresses are (Stephansson et al, 1991) 

gzv ρσ = ,  (49) 

zH 04.08.2 +=σ  [MPa],  (50) 
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zh 024.02.2 +=σ  [MPa], (51) 

which in this case means that σ1 = σH. The density of the rock types is approximately 
2700 kg/m3. This tunnel will be used as an ore transport tunnel, and will be in use for 
at least 5 years. 

5.3.2 Result of the fictitious hard rock mass case 

The result from the Round Robin strength estimation of the fictitious case is 
presented in Table 5.8. Since the case is fictitious, we cannot compare the result to 
any strength value. The estimated average rock mass strength values obtained by each 
of the 7 participants for each system/criteria, is shown in Figure 5.25. 
 
The determined rock mass strength values, when using RMS, were very low (2.5-12 
MPa) and shows the smallest scatter (9.5 MPa). For the fictitious case an average rock 
mass strength result, greater than 30 MPa, was estimated when using the Hoek-Brown 
– and Sheorey – RMR76 criteria and also the MRMR-system. The application of the 
other systems and the Yudhbir – RMR76 criterion, shows average rock mass strength 
values that are less than 35 MPa. The determined average values of the rock mass 
strength can not be compared to a measured value, but the application of the Hoek-
Brown- and Sheorey – RMR76 and MRMR criteria result in higher rock mass strength 
values than the other systems. In this case, the Hoek-Brown – and Sheorey – RMR76 

criteria show the largest interval between the minimum and maximum values (>100 
MPa), see Table 5.8. It should be noticed that 6 of the participants determined the 
rock mass strength by the MRMR- and RMi-system. One participant thought that the 
adjustment factors in the MRMR were too complicated to use and another did not 
complete the block volume estimation for RMi. 
 
To identify the parameters having the strongest impact on the calculated rock mass 
strength for each criterion/system, their parameters have been varied in the following 
chapters. Each of these parameters was varied within an interval defined by the 
maximum and minimum value determined by the participants, while the other 
parameters kept constant and equal to their average values.  
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Table 5.8 Estimation of the rock mass strength for the fictitious case with 7 
participants 

 Min 
[MPa] 

Average 
[MPa] 

Max 
[MPa] 

Scatter 
(max-min) 
[MPa] 

Hoek-Brown - RMR76   15 37 115.5 100.5 
Yudhbir - RMR76  5.8 55 97.6 91.8 
Sheorey - RMR76  19 43 120.5 101.5 
MRMR(DRMS)* 24 51.5 70 46 
RMS 2.5 6 12 9.5 
Q-system (2002) 10 19.5 39 29 
Hoek-Brown - GSI (2002) 3 22.5 59 56 
N-system 9 14 23 14 
RMi 2.5 20 60.5 58 
*6 participants. 
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N
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* 6 participants 

Figure 5.25 The average rock mass strength determined by 7 participants. 

Result of the RMR76-system 

Both the use of Hoek-Brown -RMR76 and Sheorey - RMR76 criteria will give higher 
value than the Yudhbir - RMR76 criterion. This can be seen in Figure 5.25 and by 
comparing Figure 5.26, Figure 5.27 and Figure 5.28. The Hoek-Brown – and 
Sheorey - RMR76 criteria show the widest scatter, of all the studied systems in the 
fictitious case, see Figure 5.26 and Figure 5.27. The wide scatter is due to the 
determined strength by participant number 7, who presented very high rating value 
for the joint spacing parameter. If no attention was paid to the result of participant 
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number 7, the total interval of the criteria correlated to RMR would decrease. Four of 
the participants (number 1, 4, 5, and 6) have determined the same RMR76 values; see 
Figure 5.26, Figure 5.27, and Figure 5.28.  
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Figure 5.26 The minimum, average and maximum value of the rock mass strength 
determination by 7 participants using Hoek-Brown - RMR76 criterion. 
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Figure 5.27 The minimum, average and maximum value of the rock mass strength 
determination by 7 participants using Sheorey - RMR76 criterion. 
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Yudhbir - RMR76
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Figure 5.28 The minimum, average and maximum value of the rock mass strength 
determination by 7 participants using Yudhbir - RMR76 criterion. 

The parameters having the strongest impact on the calculated rock mass strength have 
been studied by using Hoek-Brown - RMR76 criterion. Here, only one criterion is 
used (not Yudhbir or Sheorey) since the result will be the same independent of which 
criterion that is used. The rating for σc and ground water are kept constant all the time 
while RQD, joint condition and spacing have been varied, see Figure 5.29. The joint 
spacing and condition affected the rock mass strength determination the most, while 
RQD had a smaller affect.  
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RQD

 

Figure 5.29 The effect of RQD, joint condition and spacing (using Hoek-Brown – 
RMR76) on the rock mass strength determined for the fictitious case. 
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Result of the MRMR-system 

As for the Hoek-Brown - and Sheorey – RMR76 criteria the average rock mass 
strength estimated using the MRMR-system, was higher than 30 MPa. The MRMR-
system, however, gives a much smaller scatter between the maximum and minimum 
values, see Figure 5.30.  
 
When evaluating the MRMR-system the joint condition, joint spacing, RQD, 
weathering, joint orientation and the blasting factor have been varied, see Figure 5.31. 
The joint condition and joint spacing parameters had the largest influence on the rock 
mass strength among the studied parameters, while RQD did not affect the strength as 
much as the other parameters. The adjustment factors for weathering, blasting and 
joint orientation showed almost the same influence on the rock mass strength.  
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Figure 5.30 The minimum, average and maximum value of the rock mass strength 
determined by 6 participants using the MRMR-system.  
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Figure 5.31 The effect of joint condition, joint spacing, RQD, weathering, joint 
orientation and blasting in the fictitious case using MRMR.  

Result of the Q-system 

The rock mass strength determination by using the Q-system resulted in quite a small 
scatter, as seen in Figure 5.32.  
 
When applying the Q-system the RQD, Jn, Jr, Ja, Jw and SRF have been varied. As seen 
in Figure 5.33, the joint alteration (Ja) has the largest effect on the rock mass strength, 
while RQD and Jn show the smallest effect. 
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Q-system
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Figure 5.32 The minimum, average and maximum value of the rock mass strength 
determination by 7 participants when using Q. 
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Figure 5.33 The effect of RQD, Jn, Jr, Ja, Jw and SRF on the rock mass strength 
determination by 7 participants using the Q-system. 



 
 
 

73 

Result of the Hoek-Brown - GSI criterion 

Participant number 5 showed the largest scatter for the determined rock mass strength, 
using the Hoek-Brown - GSI criterion, see Figure 5.34. 
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Figure 5.34 The minimum, average and maximum value of the rock mass strength 
determined by 7 participants using Hoek-Brown – GSI criterion.  

Result of the RMi 

Two participants only determined an average value of the strength when using RMi, 
as seen in Figure 5.35. The block volume and the joint alteration were the parameters 
that affected the rock mass strength determination the most for the fictitious case, as 
seen in Figure 5.36. It is worth mentioning that many of the participants thought that 
it was too difficult to use the guidelines for block volume estimation. The joint size 
factor (jL) and the roughness factor (jR) show the smallest effect on the strength. 
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Figure 5.35 The minimum, average and maximum value of the rock mass strength 
determined by 6 participants using RMi.  
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Figure 5.36 The effect of jR, jA, Vb and jL on the rock mass strength determination 
by 6 participants using RMi.   
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6 CASE STUDY – THE STRIPA CORE 

6.1 Introduction 

As a complement to the Round Robin Tests, the selected criteria from Chapter 4 will 
be used to estimate the strength of a large-scale core that has been tested 
experimentally. The rock mass strength is in this case study only determined by the 
author. The following case is based on a technical report written by Thorpe, et al. 
(1980).  

6.2 Description of the Stripa core 

A granitic (quartz monzonite) rock sample was cut, by a slot drilling technique, in the 
Stripa mine in Sweden. The sample which was recovered at the 360 m level, had a 1 
m diameter and was 2 m long, see Figure 6.1. Tests were performed to investigate the 
strength and mechanical behaviour of the large-scale sample under uniaxial 
compression and to study the hydraulic properties of the rock.  
 
The test of the large sample was made on wet material. As the mechanical properties 
of fractured rock is sensitive to effective stress histories, the induced water pressure in 
the core were small in comparison to the total axial stress applied to the sample. The 
triaxial vessel was filled with pressurized water (1400 kPa). In the compression strength 
test, a continuous monotonic increase in axial loading was interrupted while the water 
pressure was held constant. The axial load was applied by a loading piston driven by a 
servo-controlled hydraulic actuator. To minimize eccentric and non-uniform loading, 
loads were transferred from the piston to the sample through a series of crush and 
loading plates. 
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Figure 6.1 Photo of the large Stripa core. 

The sample was highly fractured.  All observable fractures were mapped by using a 
plastic overlay and by logging a hole drilled through the long axis of the sample. Two 
principal joint sets and random joints intersected the sample, see Figure 6.2. 
Information about the two dominant joint sets is given in Table 6.1.  
 
In general, the length and spacing of the joints varied from the scale of the core to the 
microscopic scale and the joints were about a millimetre or less wide. The random 
joints were discontinuous and had a roughness of 1-4 (JRC) with no or slight 
slickensiding. The joint filling materials were predominantly chlorite and calcite.  
 
A map of the post-failure fracturing on the surface of the core was prepared. As a 
result of the mapping, much of the induced fracturing followed the major pre-existing 
joints. In some parts of the sample, the observed failure mode was brittle fracturing. 
The observed overall failure mode was a combination of brittle fracturing of intact 
rock and shearing failure along discontinuities. As mentioned by Thorpe et al. (1980), 
the stress, displacement, and hydraulic boundary conditions of such compressive tests 
are not generally representative for the boundary conditions in an in situ rock mass. 
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Figure 6.2 All detected fractures in the Stripa core before loading. 

Table 6.1 Information of the two dominant joint sets in the large-scale sample. 

Joint Length Infilling Infilling 
thickness 

[mm] 

Orientation Spacing [m] Small scale 
roughness 

Remarks 

Set 1 Essentially 
continuous 

surfaces 

Chlorite, calcite 
and sercite 

≤ 1 Approximately 
normal to the 

core axis 

0.15-0.65 Slickensided Curved 
joints 

Set 2 Discontinuous Calcite, chlorite, 
sercite 

≤ 1 25°-30° to the 
long axis of the 

core 

0.12-0.3 Planar Partly 
open 

 
The sample failed at a uniaxial strength of 7.4 MPa. The density of the granite sample 
was determined as 2648.84 kg/m3 (2650). Uniaxial compressive tests had also been 
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performed on three intact rock specimens, with a 52 mm diameter, giving uniaxial 
compressive strength of σc=178, 208 and 214 MPa.  
 
It should be mentioned that during the preparation of the sample, it was gently 
separated by fracture B, see Figure 6.2. The two halves were re-seated so that the 
sample was in the same condition as before the separation. Due to the separation, the 
fracture could be inspected and mapped.  

6.3 Result of the case study – the Stripa core 

Based on this input data, the author has determined the "rock mass strength" using the 
Hoek-Brown-,Yudhbir-, Sheorey– RMR76, MRMR, RMS, Q, N, Hoek-Brown - 
GSI and RMi criteria, see Table 6.2. The estimated values should be compared to 7.4 
MPa, see Figure 6.3. For detailed information of the rock mass strength determination, 
see Appendix 4.1.  

Table 6.2 Strength-determination, by the author, for the large-scale test in Stripa.  

 Min 
[MPa] 

Max 
[MPa] 

Scatter 
(max-min) 

[MPa] 
Hoek-Brown - RMR76 15 53 38 
Yudhbir - RMR76 5.9 33.4 27.5 
Sheorey - RMR76 19.2 60 40.8 
MRMR 35 38.5 3.5 
RMS 2.5 5 2.5 
Q-system (2002) 16.5 22 5.5 
Hoek-Brown - GSI (2002) 33.5 71 37.5 
N-system 14 17.5 3.5 
RMi 0.5 8.5 8 

 
When applying the criteria, except the RMi and RMS, the strength was overestimated.  
Both RMi and Yudhbir – RMR76 criteria have 7.4 MPa in their interval between the 
minimum and maximum value, but RMi has a smaller scatter. The use of Hoek-
Brown - GSI results in the highest rock mass strength and together with Hoek-
Brown- and Sheorey– RMR76 criteria, the widest interval between the determined 
minimum and maximum values. The determined strength values by using MRMR 
were very high.  
 
The large scatter for the criteria related to RMR76 is mainly due to the difficulties of 
finding a good rating number for the joint condition. As D in Hoek-Brown – GSI 
criterion was chosen as 0, the only affecting parameter on the strength was the GSI, 
which was difficult to interpret for this large scale sample.  



 
 
 

79 

0 20 40 60 80
Rock mass strength [MPa]

Hoek-Brown - RMR76

RMS

Q

Hoek-Brown-GSI

RMi

N

Sheorey - RMR76

Yudhbir - RMR76

MRMR

Measured rock 
strength (7.4 MPa)

 

Figure 6.3 Rock mass strength determination of the Stripa granite by the author for 
9 different systems and criteria. 
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7 EVALUATION OF CRITERIA 

Since all reviewed systems in this thesis are either used as input to criteria (such as 
RMR76 and GSI) or have their own definition of the rock mass strength (such as Q, 
MRMR, RMS, N and RMi), they are here evaluated as criteria. 

7.1 Parameters 

All parameters in the criteria have been studied with respect to their impact on the 
rock mass strength. Their impact has been investigated by studying the influence of 
the scatter between the minimum and maximum values determined by the 
participants. A wide scatter gives a major influence on the scatter of the strength and 
vice versa. The information of the parameters having the major and minor influence 
on the rock mass strength, based on the Laisvall and the fictitious case is presented in 
Table 7.1. The RQD has a minor influence in all criteria where it is included. The 
joint condition and joint spacing have a major influence on the strength in the criteria 
related to RMR76. Q, N, and RMi consider the joint alteration which has a major 
influence on the strength. The joint roughness factor in RMi has a minor influence on 
the strength while the block volume has a major influence. The relative block size 
(RQD/Jn) in Q has the least effect on the strength. 
 
As mentioned in Chapter 4, the most important parameters when determining the 
rock mass strength is the uniaxial compressive strength of the intact rock, block size 
and shape, joint strength and some sort of physical scale of the construction versus the 
rock mass. Since the intact rock strength has been 180 MPa in both of the Round 
Robin Tests, the effect due to different ratings of that parameter could not be studied.  
 
The only criterion that directly uses block size and shape is the RMi. The Round 
Robin Tests, however, showed that many of the participants thought that the block 
volume was very difficult to calculate. The Q-criterion uses the relative block size 
(RQD/Jn), which is easier to determine than the block volume in RMi. Since the 
relative block size includes RQD, which has a large number of disadvantages (see 



 
 
 

82 

Chapter 2.2) it is a questionable definition of the block size. The block size and shape 
has a great effect on the rock mass strength and have to be better defined parameters 
than in Q and RMi.  

Table 7.1 The major and minor influence on the rock mass strength by the 
parameters in the criteria.  

Laisvall case Fictitious case  
Criteria Major influence* Minor 

influence** 
Major influence* Minor 

influence** 
RMR76 Joint condition and 

joint spacing 
RQD Joint condition and 

joint spacing 
RQD 

MRMR Joint condition and 
joint orientation 

RQD Joint condition and 
joint spacing 

RQD 

RMS*** Joint condition and 
joint spacing 

RQD Joint condition and 
joint spacing 

RQD 

Q-system 
(2002) 

SRF and Ja RQD Ja RQD and Jn 

N-system**** Ja RQD Ja RQD and Jn 
Hoek-Brown 
- GSI (2002) 

GSI D GSI D 

RMi jA and Vb jR jA and Vb jR and jL 
* Wide scatter 
** Small scatter 
*** Same as for the RMR76 
**** Same as the Q-system but without the SRF 

 
In some way, the joint strength is included in most of the selected criteria. The 
MRMR-, RMR- and RMS- criteria include the joint condition while Q, N and RMi 
include the joint roughness and joint alteration. The Round Robin Tests showed that 
the joint condition, spacing and alteration gave the widest scatter for the rock mass 
strength according to RMR and Q. The joint condition parameter seems to be difficult 
to determine since the definition in RMR does not cover all possible situations. The 
participants in the Round Robin Tests have often used several ratings for one 
discontinuity, since one description of the joint (for example not continuous) gave the 
rating 25 and the other description (for example slightly rough surface) gave the rating 
20. The joint alteration parameter had a large influence on the rock mass strength, 
based on Q and RMi. The joint alteration parameter can vary between 0.75 and 20, 
while the joint roughness parameter can vary between 0.5 and 4, in Q. Together they 
represent the relative frictional strength (Jr/Ja in Q and jR/jA in RMi). The joint 
alteration and joint roughness parameters covers more possible geological situations 
and are better described than the joint condition parameter in RMR. 
 
The physical scale as defined in Chapter 4.4 is not included in any of the existing 
failure criteria. The criterion that considers some sort of scale of the construction, but 
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not related to the rock mass, is N, which considers the tunnel span or diameter when 
determining the rock mass strength. The RMi has the block volume included, but not 
related to the rock construction.  

7.2 The criteria 

All criteria have been studied with respect to their conformance to the measured/ 
back-calculated rock mass strength. The number of average rock mass strength values 
within the interval (19.8 - 30 MPa), i.e. between the bearing capacity of the pillars 
and the peak strength of the pillar surface for the Laisvall case is arranged in a 
descending order and shown in Table 7.2. The determined average rock mass strength 
for each criterion in comparison to the measured strength for the Stripa case is also 
shown in Table 7.2.  

Table 7.2 The conformance with the measured/back calculated rock mass strength 
by the determined average strength for each criterion in the Laisvall and 
Stripa cases.  

Laisvall case - determined average 
strength values between (19.8-30 

MPa)* 

Stripa case – conformance to the 
measured rock strength. 

Criterion 

Number of 
values** 

comment Calculated average 
strength**** – 7.4 

[MPa] 

comment 

N-system 7 good + 8.3 overestimation 
Q-system 
(2002) 

4 overestimation (54 %)  + 11.9 overestimation 

RMi 3 Over- (45 %) and 
underestimation (27 %)  

- 2.78 underestimation, 
relatively good 

Hoek-Brown 
- GSI (2002) 

3 Underestimation (73 %), 
acceptable 

+ 45 overestimation, not 
good 

Yudhbir - 
RMR76  

2 underestimation (64 %) +19.6 overestimation, 
fairly good  

Hoek-Brown 
- RMR76   

2 Overestimation (73 %) + 26.6 overestimation 

Sheorey - 
RMR76  

1 Overestimation (82 %), 
not good 

+ 32.2 overestimation 

MRMR 
(DRMS)*** 

1 Overestimation (83 %), 
not good 

+ 29.3 overestimation, not 
good 

RMS 0 Underestimation (100 %), 
not good 

- 3.65 underestimation 

* Between the determined bearing capacity of the pillars and the peak strength of pillar surface in the Laisvall case. 
** Totally 11 participants = totally 11 values. 
*** Only 6 participants = totally 6 values. 
**** Average value = (maximum-minimum value)/2 

 
The differences between maximum and minimum values are arranged in descending 
order for each case in Table 7.3. 
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Table 7.3 The scatter arranged in decreased values for each criterion.   

Laisvall Case Fictitious Case Stripa Case 
Criterion Scatter* 

[MPa] 
Criterion Scatter* 

[MPa] 
Criterion Scatter* 

[MPa] 
Q-system (2002)** 138.8** Sheorey - RMR76 101.5 Sheorey - RMR76 40.8 
Sheorey - RMR76 65.5 Hoek-Brown - 

RMR76   
100.5 Hoek-Brown - 

RMR76   
38.0 

Hoek-Brown - 
RMR76   

62.0 Yudhbir - RMR76 91.8 Hoek-Brown - GSI 
(2002) 

37.5 

Yudhbir - RMR76 48.7 RMi 58.0 Yudhbir - RMR76 27.5 
RMi 48.0 Hoek-Brown - 

GSI (2002) 
56.0 RMi 8.0 

Hoek-Brown - 
GSI (2002) 

47.5 MRMR(DRMS) 46.0 Q-system (2002) 5.5 

N-system 38.0 Q-system (2002) 29.0 MRMR(DRMS) 3.5 
MRMR(DRMS) 33.5 N-system 14.0 N-system 3.5 

RMS 9.5 RMS 9.5 RMS 2.5 
* Scatter = maximum – minimum values 
** Scatter is 41 MPa if participant number 4 is excluded when using Q. 

 
The N system is a Q-system without stress reduction factor and water condition and 
with another method to determine the rock mass strength. The rock mass strength, 
was overestimated in the Laisvall and Stripa cases and had the largest scatter in the 
Laisvall case, when using Q. There is also a large difference in the scatter for the three 
cases. If participant number 4 is excluded in the Laisvall case, the scatter would be 41 
MPa, which makes the scatter being relatively small compared to the other criteria. 
The rock mass strength based on N was in good conformance with the "known" rock 
mass strength in the Laisvall case, see Table 7.2. This was also true for the fictitious 
and the Stripa cases see Table 7.3. 
 
Two participants determined an average value of 19.6 MPa for the Laisvall case, which 
was not included in Table 7.2, when the Yudhbir criterion was used. However, these 
values are very close to 19.8 MPa (according to Krauland et al., (1989) 19.8 ± 1.4 
MPa), which makes the Yudhbir criterion being in good agreement with the "known" 
strength. The strength based on the Sheorey criterion, did not compare well with 
measured strengths in the Lasivall and Stripa cases. The rock mass strength, estimated 
using the Sheorey criterion, resulted in a wide scatter in all cases, see Table 7.3. If 
participant number 4 is excluded in the Laisvall case the scatter will be the widest in all 
the cases studied. The Hoek-Brown criterion also showed a wide scatter in this case 
study, see Table 7.3. 
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The Hoek-Brown - GSI criterion is very easy to understand since it utilizes only one 
diagram in which the user defines the surface condition and rock structure. The 
Hoek-Brown - GSI is the simplest criterion to use and resulted in a relatively small 
interval between maximum and minimum values. Since the interval was close to the 
known rock mass strength of the Laisvall case it is acceptable. However, the strength 
for the Stripa case based on Hoek-Brown - GSI criterion, did not give good 
agreement with the measured strength and it also showed a wide scatter. 
 
The MRMR-system did not comply with the rock mass strength result in the Laisvall 
or the Stripa cases, since the strength was very much overestimated. It is also, based on 
the comments from the participants, very complicated to use as it includes many 
adjustment factors which are difficult to understand. The participants did follow the 
1984 version of the MRMR while the latest version is published in 2000. Since the 
2000 version of MRMR appears to contain errors it was excluded in this study. 
 
The strength determined using RMS, did not show good agreement with the 
measured rock mass strength in the Laisvall case. The application of the RMS-system 
has in all cases resulted in the smallest scatter. The rock mass strength is in the interval 
of 2.5 and 30 MPa for the RMS-system. This means that a rock mass strength can 
never be above 30 MPa. There is also a large difference of the rock mass strength for 
RMS 80 and 81. When RMS = 80, the rock mass strength is 12 MPa while it is 30 
MPa when RMS = 81. 
 
The strength determined when applying RMi resulted in almost the same amount of 
over- and underestimation of the average values. The determined average value of 
18.5 MPa was not included for RMi. However that value is very close to 19.8 MPa 
(according to Krauland et al. 19.8 ± 1.4 MPa), which makes RMi being fairly good 
correlated to the "known" strength. However, the determined rock mass strength 
should give good correlation in the Laisvall and Stripa cases, since RMi was developed 
based on these cases. It should be kept in mind that many of the participants thought 
that it was a very difficult system to use, especially the block volume determination. 
Seven of the participants presented a worst- and a best-case scenario for the RMi-
system for the Lasivall case. Some of the participants presented a pessimistic (worst case 
scenario) and an optimistic (best case scenario) value as a complement to their most 
likely value for the RMi-system, see explanation in Figure 7.1. The reasons for making 
a worst and best case for the RMi were due the difficulties to estimate the block 
volume.  
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Figure 7.1 Explanation of the values determined by the Round Robin test 
participants.  

Figure 7.2 shows the scatter when most pessimistic an most optimistic values were 
used. This gives a much greater interval of the determined strength, compared to 
Figure 5.23. From the author's experience, the most difficult system to use, of those 
presented in this thesis, is the RMi, since it contains the block volume and also the 
joint length. The RMi-system seems to be too complicated for many participants and 
it includes parameters that are difficult to obtain in practice. 
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Figure 7.2 Best and worst-case scenario when using RMi, based on the result from 
7 participants in the Laisvall case. 

7.3 Result of evaluation of criteria 

The parameters which are used in the Q-, RMi and N- systems seem to be the most 
interesting, based on this study. However, their parameters have to be better defined 
or modified to make better strength estimations. Based on the result from the Round 
Robin Tests, the N, Yudhbir – RMR76, RMi, Q-, and Hoek-Brown - GSI criteria 
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were most robust. These criteria and their applicable parameters are presented in Table 
7.4.  

Table 7.4 Most applicable criteria and parameters in this thesis. 

 

Criteria Parameters of 
interest 

Remarks 

Q Jr, Ja The effect on the rock mass strength due to roughness 
and alteration needs to be better defined. 

RMi Vb, jL, jR and jA The block volume and joint length needs to be 
modified and easier to use. 

N B Could be interesting to study a stress free Q-system, of 
the newest version to determine the rock mass strength 

3
1

1.0

5.5
B

Q
cm

′⋅⋅
=

ρσ  

Yudhbir - RMR76 A Study the relation between RMR76 and the rock mass 
strength. 

Hoek-Brown - GSI m, s, a, GSI and D - 
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8 DISCUSSION AND CONCLUSION 

8.1 Comments to the case study 

The author wrote the information about the rock mass which was given to the 
participants of the Round Robin Tests. The author summarized different internal 
reports and articles about the pillar strength test in the Laisvall mine. Due to this, some 
information might have been lost "on the way". One might ask what the difference in 
results would have been if all participants had read all of the articles and reports 
prepared by the author, and from that had drawn their own conclusions about the 
most important input data. It would also be interesting if all of the participants had 
made the classification from "scratch" i.e., had visited the pillar strength test area and 
based on that determined the rock mass strength. The results would probably differ 
more than what this study has shown. 
 
The uncertainty of the rock stress measurements is not mentioned in this thesis. In the 
Laisvall case, the measured stresses have been correlated to the stresses determined by 
using ExamineTAB and the Coates formula (Krauland et al., 1989). These showed good 
correlations, resulting in high reliability of the measured stresses. The measured stresses 
in the Stripa case are reliable since it is a large scale test that is relatively easy to 
monitor.  
 
It could not be shown from the results of the determined rock mass strength, that a 
participant that determined a high strength value in one case also did it in the other 
case.  

8.2 Suggestions for future research 

None of the presented criteria in this thesis complies with the requirements of a 
method to determine the rock mass strength, according to Chapter 1; thereby a better 
method to estimate the rock mass strength should be developed. The aim should be to 
either modify any of the existing criteria, or develop a new method for determining 
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the strength of hard rock masses. The author shares the opinion with Palmström 
(1995), that the rock mass strength is principally the reduced intact rock strength 
caused by jointing. If the idea from RMi should be used, the definition of the hard 
rock mass strength should be 

( )3c scale; physicalstrength; jointshape; andsize block ;fstrengthmass rock  Hard σσ= .  (52) 

The block size and shape parameter can be based on the definitions of the block size in 
RMi, but with some modifications. The block size and shape parameters should 
include joint spacing and joint length, but these should be easier to determine than for 
the RMi. The joint length definition is probably the most difficult parameter to define 
since only the joint length that cuts a rock surface can be observed. What happens 
farther into the rock mass is unknown and one can only assume the joint length and if 
it is continuous or not. All joints do not make the tunnel stability worse and only 
those that reduce the rock strength should be accounted for. 
 
The joint strength can be based on the joint alteration and joint roughness parameter. 
Together they represent the relative frictional strength (Jr/Ja in the Q-system and jR/jA 
in the RMi system).  
 
The block size and shape should be related to the construction size and shape of the 
tunnel. Douglas et al., (1999) made a field verification of the strength of large rock 
masses. As their interest was in large-scale slope stability, some suggestions were 
presented to change the RQD and spacing parameter in the RMR to a non-
dimensional block size parameter. They suggested that the typical block dimension 
(TBD) should be normalised against the height of the rock mass of interest (in their 
case, the height of slope). A typical block dimension that is normalised with the tunnel 
span or diameter could be studied.  
 
The future research should be focused on the experience from this study, and new 
case studies where the measured/determined rock mass strength can be compared to 
the determined/estimated strength from a criterion. This licentiate thesis is only based 
on three different case histories, including a fictitious case, since it is very hard to find 
well described hard rock mass cases where the rock mass strength is known. The pillars 
in Laisvall and the Stripa core are all some kind of "pillar cases" where the rock mass 
has been loaded axially. For better conclusions of which criteria that are most suitable 
to use, the new case studies should include constructions with other kinds of 
geometries, such as tunnels, shafts, rock caverns etc. 
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Rock Mass rating (RMR)  
The following six parameters are included in the RMR-system. 

i. Uniaxial compressive strength of intact rock material, 

ii. Rock quality designation (RQD), 

iii. Joint or discontinuity spacing, 

iv. Joint condition 

v. Ground water condition, and  

vi. Joint orientation. 

The ratings of the six parameters of the RMR-system are given in Tables A1:1 to A1:5 
with text of description following. 

Table A1: 1 Strength of intact rock material (Bieniawski, 1976) 

Qualitative Description Compressive 
Strength (MPa) 

Point Load Strength  
(MPa) 

Rating 

Exceptionally Strong > 200 8 15 
Very Strong 100-200 4-8 12 
Strong 50-100 2-4 7 
Average 25-50 1-2 4 
Weak 10-25 Use of uniaxial compressive  

strength is preferred 
2 

Very weak 3-10 - do - 1 
Extremely weak 1-3 - do - 0 

Intact rock from rock cores shall preferably be tested in uniaxial compressive strength 
tests or point load strength tests.  

Table A1: 2 Rock Quality Designation, RQD (Bieniawski, 1976) 

S. No. RQD (%) Rock Quality Rating 
1 < 25 Very Poor 3 

2 25-50 Poor 8 

3 50-75 Fair 13 

4 75-90 Good 17 

5 90-100 Excellent 20 

The rock quality designation (RQD) should be determined as discussed in Chapter 
2.1.1. 
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Table A1: 3 Spacing of discontinuities (Bieniawski, 1976) 

Description Spacing (m) Rating 
Very wide > 3 30 
Wide 1-3 25 
Moderate 0.3 – 1 20 
Close 0.05 – 0.3 10 
Very close > 0.05 5 

Note should be taken that if there is more than one discontinuity set and the spacing 
of discontinuities varies, the lowest rating shall be considered. Here, the term 
discontinuity covers joints, beddings or foliations, shear zones, minor faults or other 
surface of weakness. 

Table A1: 4 Condition of discontinuities (Bieniawski, 1976) 

Description Rating 
Very rough surfaces, not continuous, no separation, hard joint wall 
contact 

25 

Slightly rough surfaces, separation < 1 mm, hard joint wall contact 20 
Slightly rough surfaces, separation < 1 mm, soft joint wall contact 12 
Slickensided wall rock surface or gouge < 5 mm thick or joints open 1-
5mm, continuous joints 

6 

Soft gouge> 5mm thick or joints open> , 5 mm wide continuous 
discontinuity 

0 

Condition of discontinuities includes roughness of discontinuity surfaces, their length, 
separation, infilling material and weathering of the wall rock. 

Table A1: 5  Ground water condition for completely dry conditions (Bieniawski, 
1976) 

Inflow per 10 m tunnel length 
(litre/min) 

None 

Joint water pressure / major  
principal stress 

0 

General description Completely dry 
Rating 10 

 
The ratings of the five given parameters above are added to obtain the RMRbasic (used 
in Hoek and Brown failure criterion).  
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The rock mass quality (Q) – system 

Table A1: 6 Basic ratings of the parameters included in the Q-system (Barton, 2002). 

 
Rock Quality Designation 
RQD 

Condition RQD 

A Very Poor 0-25 
B Poor 25-50 
C Fair 50-75 
D Good 75-90 
E Excellent 90-100 

Note: (i) Where RQD is reported or measured as ≤ 10 (including 0), a nominal value of 10 is used to evaluate Q 
(ii) RQD intervals of 5, i.e., 100, 95, 90 etc. are sufficiently accurate 
 
 
The parameter Jn, representing the number of joint sets will often be affected by foliation, schistocity, slatey cleavage 
or bedding etc. If strongly developed, these parallel discontinuities should be counted as a complete joint set. If there 
are few joints visible or only occasional breaks in rock due to these features, then one should count them as “a 
random joint set” while evaluating Jn in the following table 
 
Joint set number 
Jn 

Condition Jn 

A Massive, none or few joints 0.5 – 
1.0 

B One joint set 2 
C One joint set plus random 3 
D Two joint sets 4 
E Two joint sets plus random 6 
F Three joint sets 9 
G Three joint sets plus random 12 
H Four or more joint sets, random, heavily jointed, 

“sugar cubes”, etc 
15 

J Crushed rock, earth like 20 
Note: (i) For intersections use (3.0 Jn) 
         (ii) For portals use (2.0 Jn) 
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The parameters Jr and Ja , should be relevant to the weakest significant joint set or clay filled discontinuity in a given 
zone. Jr represents joint roughness and Ja the degree of alteration of joint walls or filling material. If the joint set or 
discontinuity with the minimum value of (Jr/Ja) is favourably orientated for stability, then a second, less favourably 
oriented joint set or discontinuity may sometimes be of more significance, and its higher value of (Jr/Ja) should be 
used  
Joint 
roughness 
number Jr 

Condition 
a) Rock wall contact and 
b) Rock wall contact before 10 cm shear 

Jr 

A Discontinuous joints 4 
B Rough or irregular, undulating 3 
C Smooth, undulating 2.0 
D Slickensided, undulating 1.5 
E Rough or irregular, planar 1.5 
F Smooth, planar 1.0 
G Slickensided, planar 0.5 
  

c) No rock wall contact when sheared 
 

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 

1.0 

 
Notes: (i) Descriptions refer to small-scale features and intermediate scale features, in that order. 
(ii) Add 1.0 if the mean spacing of relevant joint set is greater than 3 m. 
(iii) Jr = 0.5 can be used for planar, slickensided joints having lineation, provided the lineation is oriented for 
minimum strength. 
(iv) 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, τ (where τ ≈ σn tan

-1 (Jr/Ja)) 
 
 
Joint 
alteration 
number Ja 

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

φr (◦) Ja 

A Tightly healed hard, non-softening, impermeable filling, i.e., quatz or 
epidote 

 0.75 

B Unaltered joint walls, surface staining only 25-35 1.0 
C Slightly altered joint walls. Non-softening mineral coatings, sandy 

particles, clay-free disintegrated rock, etc. 
25-30 2.0 

D Silty or sandy clay coatings, small clay fraction (non-softening) 20-25 3.0 
E Softening or low friction clay mineral coatings, i.e., kaolinite, mica. 

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

8-16 4.0 
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b) Rock wall contact before 10 cm shear (thin mineral fillings) 

φr (◦) Ja 

F Sandy particles, clay-free disintegrated rock, etc. 25-30 4.0 
G Strongly over-consilidated, non-softening clay mineral fillings 

(continous, < 5mm in thickness) 
16-24 6.0 

H Medium or low over-consolidation, softening, clay mineral fillings 
(continuous, < 5 mm in thickness) 

12-16 8.0 

J Swelling clay fillings, i.e., montmorillonite (continuous, < 5 mm in 
thickness). Value of Ja depends on percentage of swelling clay-sized 
particles, and access to water, etc. 

6-12 8-12 

 c) No rock wall contact when sheared   
KLM Zones or bands of disintegrated or crushed rock and clay (see G, H, J 

for description of clay condition) 
6-24 6,8 or  

8-12* 
 

N Zones or bands of silty or sandy clay (non-softening)  5 
OPR Thick, continous zones or bands of clay (see G, H, J for description of 

clay condition) 
6-24 10,13 

or 13-
20**  

*For the 1974 version (used in the N-system), 8-12 should be used.  
**For the 1974 version (used in the N-system), 13-20 should be used.  
The water pressure has an adverse effect on the shear strength of joints due to the reduction in the effective normal 
stress across joints. The parameter Jw is a measure of water pressure. Water in addition may cause wash-out in a clay 
filled joint or softening. 
 

Joint water reduction factor Jw Approx. 
Water pres 
(kg/cm2) 

Jw 

A Dry excavations or minor inflow, i.e., 5 lt./min locally < 1 1.0 
B Medium inflow or pressure occasional out-wash of joint 

fillings 
1-2.5 0.66 

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

2.5-10 0.5 

D Large inflow or high pressure, considerable out-wash of 
joint fillings 

2.5-10 0.33 

E Exceptionally high inflow or water pressure at blasting, 
decaying with time. 

> 10 0.2-0.1 

F Exceptionally high inflow or water pressure continuing 
without noticeable decay 

> 10 0.1-
0.05 

Note: (i) Factors C to F are crude estimates. Increase Jw if drainage measures are installed. 
(ii) Special problems caused by ice formation are not considered 
(iii) For general characterisation of rock masses distant from excavation influences, the use of Jw =1.0, 0.66, 0.5, 0.33, 
etc. as depth increases from say 0-5, 5-25, 25-250 to > 250 metres is recommended, assuming that RQD/Jn is low 
enough (e.g., 0.5-25) for good hydraulic connectivity. This will help to adjust Q for some of the effective stress and 
water softening effects, in combination with appropriate characterisation values of SRF. Correlations with depth-
dependent static deformation modulus and seismic velocity will then follow the practice used when these were 
developed. 
The factor SRF appropriates to loosening pressures/loads when the rock mass contains clay. In such cases the 
strength of the intact rock is of little interest. When jointing is minimal and clay is completely absent, the strength of 
the intact rock may become the weakest link and the stability will then depend on the ratio rock stress/rock strength. 
A strongly anisotropic stress field is unfavourable to stability, see note (ii). Note: (i) Reduce these SRF values by 20-
50% if the relevant shear zones only influence but do not intersect the excavation. This will also be relevant for 
characterisation. (ii) For strongly anisotropic stress field (if measured): when 5≤σ1/σ3≤10, reduce σc to 0.75 σc, when 
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σ1/σ3>10, reduce σc to 0.5 σc (where σc is unconfined compressive strength, σ1 and σ3 are major and minor principal 
stress, and σθ the maximum tangential stress (estimated from elastic theory)) (iii) Few case records available where 
depth of crown below surface is less than span width. Suggest an SRF increase from 2.5 to 5 for such cases (see H) 
(iv) Cases L, M and N are usually most relevant for support design of deep tunnel excavations in hard rock massive 
rock masses, with RQD/Jn ratios from about 50-200. (v) For general characterisation of rock masses distant from 
ecavation influences, the use of SRF=5, 2.5, 1.0 and 0.5 is recommended as depth increases from say 0-5, 5-25, 25-
250 to > 250 m. This will help to adjust Q for some of the effective stress effects, in combination with appropriate 
characterisation values of Jw. Correlations with depth-dependent static deformation modulus and seismic velocity will 
then follow the practice used when these where developed. (vi) Cases of squeezing rock may occur for depth H> 
350Q1/3. Rock mass compression strength can be estimated from SIGMAcm≈5ρQc

1/3 (MPa) where ρ is the rock 
density in t/m3, and Qc=Q. σc/100. 
SRF Condition SRF 
 a) Weakness zones intersecting excavation, which may cause loosening of rock mass when 

tunnel is excavated. 
A Multiple occurrences of weakness zones containing 

clay or chemically disintegrated rock, very loose 
surrounding rock (any depth) 

10.0 

B Single-weakness zones containing clay or 
chemically disintegrated rock (depth of excavation 
≤ 50 m) 

5.0 

C Single-weakness zones containing clay or 
chemically disintegrated rock (depth of excavation 
> 50 m) 

2.5 

D Multiple-shear zones in competent rock (clay-free), 
loose surrounding rock (any depth)  

7.5 

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

5.0 

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

2.5 

G Loose open joints, heavily jointed or “sugar cubes”, 
etc. (any depth) 

5.0 

 b) competent rock, rock stress problems 
 

H Low stress, near surface open joints 
J Medium stress, favourable stress condition 
K High stress, very tight structure (usually favourable 

to stability, may be unfavourable to wall stability) 
L Moderate slabbing after > 1hr in massive rock 
M Slabbing and rock burst after a few minutes in 

massive rock 
N Heavy rock burst (strain-burst) and immediate 

deformations in massive rock 

σc/σ1 σθ/σc SRF  
 

>200 <0.01 2.5 
200-10 
 

0.01-0.3 1.0 

10-5 0.3-0.4 0.5-2 
5-3 0.5-0.65 5-50 
3-2 
 

0.65-1.0 50-200 

<2 >1 200-
400  

 c) Squeezing rock; plastic flow of incompetent rock under the influence of high rock 
pressure 

   σθ/σc SRF 
O Mild squeezing rock pressure  1-5 5-10 
P Heavy squeezing rock pressure  > 5 10-20 
 d) Swelling rock; chemical swelling activity depending on presence of water 
  SRF 
Q Mild swelling rock pressure 5-10 
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Mining Rock Mass Rating (MRMR) 
The MRMR value is determined by summarising the ratings of intact rock strength, 
RQD, joint spacing, joint condition, which values can be seen in Table A1: 8-A1: 10 
and Figure A1: 1. The in situ rock mass strength is defined as 

100
)( c for ratingMRMR σ

σσ
−

⋅= ccm . 

The Design Rock Mass Strength (DRMS) is said to be the unconfined rock mass 
strength in a specific mining environment. To determine the DRMS, a combined 
adjustment for the effect of weathering, joint orientation and the effect of blasting is 
applied to the in situ rock mass strength. The in situ rock mass strength is reduced by 
the total adjustment percentage, see Table A1:13.  
 
The weathering effects RQD; intact rock strength (σc) and joint condition. The RQD 
can be decreased by an increase in fractures as the rock weathers and the volume 
increases and an adjustment to 95% is possible. The σc will decrease slightly if 
weathering takes place along microstructures, and a decrease in rating to 96% is 
possible. An adjustment to 82% is possible for the joint condition. By this a total 
adjustment to 75% is possible for the weathering. There is no table stated for the 
weathering adjustment and it is more or less up to the user to define the possible 
adjustment. 
 
If the excavation is oriented in an unfavourable direction with respect to the weakest 
geological structures, the rock mass strength should be reduced according to the 
adjustments given in Table A1: 10. The magnitude of the adjustment depends on the 
attitude of the joints with respect to the vertical axis of the block. There is a specific 
joint orientation adjustment for pillars or sidewalls see Table A1: 11 
 
Since blasting creates new fractures and movement on existing joints, an adjustment 
factor should be used, as shown in Table A1: 12. 
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Table A1: 7 Classification of variations in jointed rock masses (Laubscher, 1984). 

Class 1 2 3 4 5 
Rating 100-81 80-61 60-41 40-21 20-0 
Description Very Good Good Fair Poor Very Poor 
Sub classes A B A B A B A B A B 

Table A1: 8 Basis ratings of the MRMR classification (Based on Laubscher, 1984).  

 

 
Figure A1:1 Ratings for multi-joint systems (Laubscher, 1984). 
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Table A1: 9 Assessment of joint conditions (Laubscher, 1984).  

 

Table A1: 10 Adjustment for joint orientation (Laubscher, 1984). 

Number of joints inclined away from vertical axis and theirs 
adjustment percentage 

Number of 
joints defining 
block 70% 75% 80% 85% 90% 
3 3  2   
4 4 3  2  
5 5 4 3 2 1 
6 6  4 3 1;2 
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Table A1: 11 Joint orientation adjustment for pillars or sidewalls (Laubscher, 1984). 

Joint condition rating Plunge of joint intersection and adjustment percentage 

0-5 10-30 = 85% 30-40 = 75 % > 40 = 70 % 
5-10 10-20 = 90 % 20-40 = 80 % > 40 = 70 % 
10-15 20-30 = 85 % 30-50 =80 % > 50 = 75 % 
15-20 30-40 = 90 % 40-60 = 85 % > 60 = 80/75 % 
20-30 30-50 = 90 % > 50 =85 % - 
30-40 40-60 =95 % > 60 = 90 % - 

 

Table A1: 12 Adjustment for blasting effects (Laubscher, 1984). 

Technique Adjustment, % 
Boring 100 
Smooth wall blasting 97 
Good conventional blasting 94 
Poor conventional blasting 80 

 

Table A1: 13 The total adjustment percentage (Laubscher, 1984). 

 
RQD σc Joint spacing Condition of 

joints 
Total 

Weathering 95 96  82 75 
Strike and dip 
orientation 

  70  70 

Blasting 93   86 80 
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Rock Mass index (RMi)  
(The text is based on Palmström, 1995 and 1996). 

The Joint condition factor (jC) 
The joint condition factor (jC) is divided into the joint roughness factor, jR, the joint 
size factor, jL, and the joint alteration factor, jA.  

jL
jA

jR
jC =  

The factors jA and jR can, be compared to Jr and Ja in the Q-system. There are two 
main methods to determine the value of the joint condition factor (jC). One is to 
observe the joint length and continuity, filling material, weathering of joint walls, joint 
separation, joint waviness and joint smoothness to get the jL, jA and jR. The other 
method is to use the joint roughness coefficient, JRC to determine the friction angle 
of the joint. 

The joint roughness factor (jR) 
The roughness factor (jR) in the RMi is similar to Jr in the Q-system and is assessed at 
large and small scale.  

Field measurements of large-scale roughness 
Accurate measurements of joint waviness in rock exposures are relatively time-
consuming by any of the currently available procedures (Stimpson, 1982). The three 
most practical methods are: 

1. To estimate the overall roughness (undulation) angle by taking measurements of joint 
orientation with a Compass to which the base plates of different dimensions are attached, see 
Figure A1:2. 

2. To measure the roughness along a limited part of the joint using a feeler or contour gauge to 
draw a profile of the surface, Stimpson (1982). Also Barton and Choubey (1977, cit 
Palmström, 1995) make use of this method especially in connection with core logging. 
(Figure A1:2) 

3. To reconstruct a profile of the joint surface from measurements of the distance to the surface 
from a datum. 

The sample length for smoothness is in the range of a few centimetres while the 
waviness is measured along the whole joint plane. Joint roughness includes the 
condition of the joint wall surface both for filled and unfilled (clean) joints. For joints 
with filling which is thick enough to avoid contact of the two joint walls, any shear 
movement will be restricted to the filling, and the joint roughness will then have 
minor or no importance. 
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Figure A1:2 a) Measurement of different scales of joint waviness (from Goodman, 
1987). b) Principles for measurement of waviness by a straight edge 
(from Piteau, 1970). 

 

 

Figure A1:3 a) Diagram presented by Barton and Bandis (1990) to estimate JRC for 
various measuring lengths. The inclined lines exhibit almost a constant 
undulation as indicated. b) Relationships between Jr in the Q-system and 
the ''joint roughness coefficient'' (JRC) for 20 cm and 100 cm sample 
length (from Barton and Bandis, 1990).  

In the RMi, both the small-scale asperities (smoothness) on the joint surface and the 
large-scale planarity of the joint plane (waviness) are included. The joint roughness 
factor is 

b) a) 

a) b) 



 Appendix 1:4, Page 3

jwjsjR ⋅=  

The smoothness factor (js) is described as in Table A 1:14. The ratings are the same as 
for Jr in the Q-system. 

 

 

Figure A1:4 Waviness and smoothness (large and small scale roughness) based on the 
JRC chart in Figure A1:2. (Palmström, 1995). 

Table A1: 14 Characterisation of the smoothness factor (js). The description is partly 
based on Bieniawski (1984) and Barton et al., (1974). 

Term for 
smoothness 

Description Factor 
js 

Very rough Near vertical steps and ridges occur with interlocking effect on the joint 
surface. 

3 

Rough Some ridge and side-angle steps are evident; asperities are clearly visible; 
discontinuity surface feels very abrasive (like sandpaper grade approx. < 30). 

2 

Slightly rough Asperities on the discontinuity surfaces are distinguishable and can be felt 
(like sandpaper grade approx. 30-300). 

1.5 

Smooth Surface appears smooth and feels so to the touch (smoother than sand-1 
paper grade approx. 300). 

 

Polished Visual evidence of polishing exists, or very smooth surface as is often seen in 
coating of chlorite and specially talc. 

0.75 

Slickensided Polished and often striated surface that results from friction along a fault 
surface or other movement surface. 

0.6-1.5 
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Waviness of the joint wall appears as undulations from planarity. It is defined by: 

(Lj)joint oflength 
planarity from )(a amplitude max.

u max

⋅
=  

The maximum amplitude is found by using a straight edge, which is placed on the 
joint surface. The length of the edge should advantageously be of the same size as the 
joint. Simplifications have to be done in the determination of (u), though the length of 
the joint seldom can be observed or measured. The simplified waviness is found as: 

joint(L) alonglength  measured
a)amplitude( max. measuredu =  

Table A 1:15, shows the ratings of the waviness factor, which in the RMi is based on 
the characterisation presented by Milne in 1991 and also on the joint roughness 
coefficient (JRC). 

Table A1: 15 Characterisation of waviness factor (jw) (Based on Milne, 1991). 

Term undulation (u) waviness 
factor (jw) 

Interlocking (large scale)  3 
Stepped  2.5 
Large undulation u > 3 % 2 
Small undulation u = 0.3 – 3% 1.5 
Planar u < 0.3 % 1 

 
The joint roughness factor is estimated as jR = js⋅jw and its values are given in Table 
A1:16. The jR coefficient can also be found from measured values of JRC, by using 
Figure A1:3 or Figure A1:4. 

Table A1: 16 Joint roughness factor (jR) found from smoothness and waviness. (Based 
on personal communication with Palmström, 2003). 

Large scale waviness of joint plane Small scale smoothness of joint surface
Planar Slighty 

undulating 
Undulating Strongly 

undulating 
Stepped or 
interlocking 

Irregular   3 4.5 6 9 12 

Very rough   2 3 4 6 8 

Rough   1.5* 2 3* 4.5 6 

Smooth 1* 1.5 2* 3 4 

Polished or slickensided ** 0.5 – 1* 1 1.5* 2 3 
*Values in bold are the same as for Jr in the Q-system 
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** For slickensided joint surfaces the ratings apply to possible movement along the lineations. For filled joints   jR = 1       

The condition of the joint wall surfaces both for filled and unfilled (clean) joints is 
included in the joint roughness. Any shear movement will be restricted to the filling, 
and the joint roughness will then have minor or no importance, for joints with filling 
thick enough to avoid contact of the two joint walls.  

The joint alteration factor (jA) 
This factor is for a major part based on Ja in the Q-system and is determined from 
thickness and character of the filling material or from the coating on the joint surface. 
The strength of the joint surface is determined by the following: 

The condition of the surface in clean joints, 
The type of coating on the surface in closed joints, and 
The type, form and thickness of filling in joints with separation. 

The joint alteration factor depends on the thickness, strength and basic friction angle 
of the material on the joint surface or the joint surface itself.  

Clean joints 
Clean joints are without fillings or coatings. For these joints the compressive strength 
of the rock wall is a very important component of shear strength and deformability 
where the walls are in direct rock to rock contact (ISRM, 1978). 

Coated joints 
Coating means that the joint surfaces have a thin layer or ''paint'' with some kind of 
mineral. The coating, which is not thicker than a few millimetres, can consist of 
various kinds of mineral matter, such as chlorite, calcite, epidote, clay, graphite, 
zeolite. Mineral coatings will affect the shear strength of joints to a marked degree if 
the surfaces are planar. The properties of the coating material may dominate the shear 
strength of the joint surface, especially weak and slippery coatings of chlorite, talc and 
graphite when wet. 

Filled joints 
Filling or gouge when used in general terms, is meant to include any material different 
from the rock thicker than coating, which occurs between two discontinuity planes. 
Thickness of the filling or gouge is taken as the width of that material between sound 
intact rock. Unless discontinuities are exceptionally smooth and planar, it will not be 
of great significance to the shear strength that a ''closed'' feature is 0.1 mm wide or 1.0 
mm wide, ISRM (1978). (However, indirectly as a result of hydraulic conductivity, 
even the finest joints may be significant in changing the normal stress and therefore 
also the shear strength.) 
 
The alteration factor (jA) is, as seen in Table A1:17, somewhat different from (Ja) in 
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the Q system. Some changes have also been made in an attempt to make field 
observations easier and quicker. The values of Ja can be used - provided the alteration 
of the joint wall is the same as that of the intact rock material. 
 

Table A1: 17 Characterisation and rating of joint alteration factor (jA)(These values are 
partly based on Ja in the Q-system). 

A. Contact between the two rock wall surfaces 

Term Description jA 
Clean Joints   
-Healed or “welded” 
joints . 
-Fresh rock walls 
-Alteration of joint 
wall: 
1 grade more altered 
2 grades more altered 

Softening, impermeable filling (quartz, epidote etc.) 
No coating or filling on joint surface, except of 
staining 
 
The joint surface exhibits one class higher alteration 
than the rock 
The joint surface shows two classes higher alteration 
than the rock 

0.75 
1 
 
2 
4 

Coating or thin filling   
-Sand, silt, calcite etc. 
-Clay, chlorite, talc etc 

Coating of friction materials without clay  
Coating of softening and cohesive minerals  

3 
4 

B. Filled joints with partly or no contact between the rock wall surfaces 

 
 
Type of filling material 

 
 
Description 

Partly 
wall 
contact 
thin 
fillings 
(< 5 
mm*) 
jA 

No wall 
contact 
thick 
filling 
or gouge 
jA 

-Sand, silt, calcite etc. 
-Compacted clay 
materials 
 

Filling of friction materials without clay 
“Hard” filling of softening and cohesive 
materials 

4 
6 
 

8 
10 
 

-Soft clay materials. 
-Swelling clay materials 

Medium to low over-consolidation of 
filling 
Filling material exhibits clear swelling 
properties. 

8 
8 – 12 

12 
12 - 20 

*) Based on division in the RMR system (Bieniawski, 1973) 

 
The main changes to Ja in the Q-system are: 

-The weathering/alteration of the rock in the joint wall. 
-As the RMi system has included the rock material (with its possible 
alteration/ weathering), it is only where the weathering of the clean 
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joint wall is different from the rock, that jA influences. 
-Zones or bands of disintegrated, crushed rock or clay are not included as 
such weakness zones generally require special characterisation.  

The joint size and continuity factor (jL) 
 

The joint length and the continuity of the joint represent the joint size and continuity 
factor (jL). Palmström mentions that it is difficult to map the whole joint length as the 
whole joint plane seldom can be seen in rock exposures, most often only the joint is 
seen as a trace (line), and this trace seldom represents the largest dimension. In drill 
cores only a very small part of the joint can be studied. It is an important rock mass 
parameter, but also one of the most difficult to quantify in anything but crude terms. 
Frequently, rock exposures are small compared to the length of persistent 
discontinuities, and the real persistence can only be guessed. However, the difficulties 
and uncertainties involved in the field measurements will be considerable for most 
rock exposures encountered. The ratings of jL are shown in Table A1:18. 

Table A1: 18 The joint size and continuity factor (jL) (Palmström, 1995). 

Rating of jL for Joint  
Length 
interval  

Term and type 
Continuous 
joints 

Discontinuous 
joints 

< 1 m 
 

Very short Bedding/foliation partings 3 6 

0.1 – 1.0 m Short/small Joint 2 4 
1 – 10 m Medium Joint 1 2 
10 – 30 m 
 

Long/large Joint 0.75 1.5 

> 30 m Very long/large Filled joint or seam* 0.5 1 

* Often a singularity, and should in these cases be treated separately. 

The Block volume (Vb) 
The block size and its variation depend on the density of the jointing influenced also 
by the number of joint sets and the spacings in these sets. In addition random joints 
may contribute, especially where irregular jointing occurs. The block size, which is 
another measure for the quantity of joints, can be found from several types of 
measurements. In the Round Robin Tests, three different suggestions were given on 
how to determine the block volume according to Palmström (1995). 
 
Suggestion 1: Block volume found from joint spacing or joint density measurements 
Spacing may be given as a range (Smin and Smax ) for each joint set. The minimum 
block volume is found from the minimum values for each set  
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Vbmin = S1min ⋅ S2min ⋅ S3min  

provided the joint sets intersect at right angles. The maximum block volume is found 
accordingly. 
Suggestion 2: Probability calculations to determine the variation in block volume  
As the joint spacings generally are independent random variables, probability 
calculations may be applied to determine the range of the block volume from the 
variations in spacings for each joint set. Suppose the three joint sets intersect at right 
angles, then the block volume is 
Vb = S1 ⋅ S2 ⋅ S3 
where S1, S2, S3 are the joint spacings for the three sets. 
 
Within each set the spacing varies within certain limits. In the derivations below it is 
assumed that the minimum value of the spacing corresponds to 
 
mean value - α standard deviations 
 
and the maximum value to 
 
mean value + α standard deviations. 
 
The expression above for the block volume can be written as 
ln Vb = ln S1 + ln S2 + ln S3  
 
Assume that the joint spacings have a log-normal distribution.  
µln Vb = µln S1 + µln S2 + µln S3  
 
and the standard deviation as 
σlnVb = {(σlnS1)2 + (σlnS2)2 + (σlnS3)2 }½ 
where µln S1 = (ln S1min + ln S1max )/2  
 
σlnS1 = (ln S1max - ln S1min )/2a   
Applying a standard deviations from the mean ln-value (µln Vb) and a log-normal 
distribution, the block volume will be 

( )
bVbV

low
eVb lnln σαµ −

≈   (53) 

( )
bVbV

high
eVb lnln σαµ +

≈  (54) 
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where µln Vb is the mean value of the spacing and σln Vb is the standard deviation of the 
spacing. For practical purposes a = 1 standard deviation may be applied. 
 
Suggestion 3: Use the Excel file downloadable from www.rockmass.net (Palmström, 
2002).  
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Table A2: 1 Estimation of GSI according to the program "RocLab" (Hoek, 2002).  
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Table A2: 2 Values of constant mi for intact rock, according to the program 
"RocLab" (Hoek, 2002).  

 

(20±2) 

(10±2) 

(10±5) (8±3)

(10±3) 
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Table A2: 3 Guidelines for estimating disturbance factor D (Hoek et al. 2002). 
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Laisvall mine – Nadok 55 – the pillar test area 
The following tables give detailed information of how the participants estimated the 
rock strength of the pillars in the Laisvall mine. 

Table A3:1 Parameter study of RMR and Hoek-Brown 

User 
number  

σc RQD Spacing of 
discontinuities 

Condition of 
discontinuities 

Ground 
water 

Total 
RMR 
rating 

1. 12 13-17 10-25 12 10 57-76 
2. 12 17 15-20 6-20 10 60-79 
3. 12 17 20 12-20 10 71-79 
4. 12 13-17 10-25 12-20 10 57-84 
5. 12 17 20 12 10 71 
6. 12 13-17 10 6 10 51-55 
7. 12 13-17 10-25 6 10 51-70 
8. 12 15 20 6-12 10 63-69 
9. 12 17 20 6-20 10 65-79 
10. 12 13-17 10-25 6-20 10 51-84 
11. 12 17 20 12 10 71 

Table A3:2 Result of Hoek-Brown - , Sheorey - and Yudhbir – RMR76 

User 
number  

Total 
RMR 
rating 

Hoek-Brown, 
σcm  (MPa) 

Sheorey, 
σcm  (MPa) 

Yudhbir, 
σcm  (MPa) 

1. 57-76 16.5-47.5 21-54.2 6.7-28.7 
2. 60-79 19.5-56 24.4-63 8.4-36.1 
3. 71-79 35.9-56.05 42.2-63 19.6-36.1 
4. 57-84 16.5-74 21-81 6.7-52.9 
5. 71 36 42.2 19.6 
6. 51-55 12-15 15.5-19 4.2-5.8 
7. 51-70 12-34 15.5-40.2 4.2-18.1 
8. 63-69 23-32 28.3-38.2 10.6-16.8 
9. 65-79 25.8-56.1 31.3-63 12.4-36.1 
10. 51-84 12-74 15.5-81 4.2-52.9 
11. 71 36 42.2 19.6 
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Table A3:3 Parameter study of the RMS system 

User 
number  

σc RQD Spacing of 
discontinuities 

Condition of 
discontinuities 

Ground 
water 

Total 
RMR 
rating 

Rating 
for σc 

σcm  

1. 12 13-17 10-25 12 10 57-76 15 5-12 
2. 12 17 15-20 6-20 10 60-79 15 5-12 
3. 12 17 20 12-20 10 71-79 15 5-12 
4. 12 13-17 10-25 12-20 10 57-84 15 5-12 
5. 12 17 20 12 10 71 15 5 
6. 12 13-17 10 6 10 51-55 15 2.5 
7. 12 13-17 10-25 6 10 51-70 15 2.5-5 
8. 12 15 20 6-12 10 63-69 15 5 
9. 12 17 20 6-20 10 65-79 15 5-12 
10. 12 13-17 10-25 6-20 10 51-84 15 2.5-12 
11. 12 17 20 12 10 71 10 12 

Table A3:4 Parameter study of the MRMR system (1984) 

User 
number  

σc RQD Spacing of 
joints 

Condition 
of joints 

Weathering Joint 
orientation 

Blasting σcm 

(DRMS) 
1. 18 12-14 9 28 0.8 1 0.8-0.94 56.4-69 
2. 18 13 16 11 0.96 0.8 0.94 52 
3. 18 12 5 21 0.95 0.85 0.97 53.6 
4. 18 10-14 15 12-26 0.75 0.75 0.94 35-52 
5. 18 10-14 9 13-19 0.95 0.75-0.85 0.97 40-59 
6. 18 12 14 10 0.75 0.7 0.8 27 

Table A3:5 Q-system 

User 
number  

RQD  Jn Jr Ja Jw SRF Q Qc σcm  

1. 70-90 4 1-2 1-2 1 1 9-45 16-81 33-56 
2. 70-90 2 1.5 1-4 1 5-7.5 3-8 5.4-

14.4 
22.81-
31.63 

3. 80 4 1-1.5 1-3 1 2.5 2.7-12 4.8-
21.6 

21.9-
36.2 

4. 70-90 4 1-3 0.75-12 1 5-50 0.03-18 0.054-
32 

0.23-
139 

5. 80 4 1.5 3 1 1 10 18 34.1 
6. 70-90 4 2 4 0.66 2.5 2.3-3 4.2-5.3 21-23 
7. 70-90 9 2 6 1 1 2.6-3.3 4.7-6.0 22-24 
8. 80 4 2 3 1 1 13 24 37.5 
9. 70-90 4 2 1-6 0.5-1 1 2.9-45 5.2-81 22.6-

56.2 
10. 70-90 4 1-1.5 0.75-4.0 1 1 4.375-

45 
7.875-
81 

26-56 

11. 80 7 3 4 0.66 6 0.96 1.72 15.6 

Table A3:6 Hoek-Brown - GSI (the 2002 version) 
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User 
number  

GSI Disturbance 
factor (D) 

s a σcm  

1. 55 0.2 0.0047-0.016 0.502-0.504 12-23 
2. 54 0.3 0.0034 0.504 10.3 
3. 60 0.5 0.0048 0.5028 12.32 
4. 40-50 0 0.0013-0.0039 0.506-0.511 6.2-10.6 
5. 50-70 0 0.0039-0.036 0.501-0.506 11-34 
6. 55 0.7 0.0015 0.504 6.7 
7. 37-55 0.5 0.0002-0.0025 0.504-0.513 2.3-8.8 
8. 66 0.4 0.013 0.5 20.5 
9. 50-60 0 0.0039-0.0117 0.503-0.506 10.8-19.3 
10. 50-80 0.4 0.0016-0.077 0.500-0.505 7-50 
11. 65 0.5 0.0094 0.502 17.3 
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Table A3:7 Strength estimation by rock mass number (N) 

User 
number  

RQD Jn Jr Ja Jw N B σcm  

1. 70-90 4 1-2 1-2 1 9-45 10 23.5-40 
2. 70-90 2 1.5 1-4 1 13-

67.5 
10 26.7-46 

3. 80 4 1-1.5 1-3 1 7-30 10 21.5-35 
4. 70-90 4 1-3 0.75-12 1 1.5-

90 
10 13-51 

5. 80 4 1.5 3 1 10 10 24.5 
6. 70-90 4 2 4 0.66 5.8-

7.4 
10 20.5-22 

7. 70 9 2 6 1 2.6 10 15.5 
8. 80 4 2 3 1 13 10 26.5 
9. 70-90 4 2 1-6 1 5.8-

45 
10 20.4-

40.4 
10. 70-90 4 1-1.5 0.75-4.0 1 4.4-

45 
10 18.5-40 

11. 80 7 3 4 0.66 5.74 10 20.5 

Table A3:8 Rock mass strength estimation by RMi (Palmström, 1995) 

User 
number  

Joint 
roughness 
number 
(jR) 

Joint 
alteration 
number 
(jA) 

Joint 
length 
(jL) 

Block 
volume 
[m3] 

D* 
 

Jointing 
parameter 
(JP)** 

σcm  

1. 1-2 1-2 1-1.5 0.2 0.34-0.37 0.11-0.14 20-25 
2. 1.5 1-4 0.5-1.5 0.16 0.32-0.52 0.033-0.17 6-31 
3. 1-1.5 1-3 4 0.119 0.26-0.35 0.11-0.2825 19.8-

50.8 
4. 1-3 0.75-12 0.1-5 0.22 0.23-0.97 0.15-0.25 27-45 
5. 1.5 3 0.75 0.56 0.45 0.095 17 
6. 2 4 1-2 0.93 0.37-0.43 0.15 27 
7. 2 6 1 0.3 0.46 0.089 16 
8. 2 3 0.5 2.7 0.46 0.18 32 
9. 2 1-6 1-2 0.01526-

0.0867 
0.28-0.46 0.0168-

0.2015 
3-36.3 

10. 1-1.5 0.75-4.0 1-2 0.6 0.28-0.49 0.078-0.31 14.04-
55.8 

11. 3 4 4 0.44 0.30 0.27 48.78 

*
2.0

37.0
−








 ⋅
⋅=

jA
jRjLD  

** D
bVjCJP ⋅⋅= 2.0  
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Fictitious case 
The following tables give detailed information of how the participants estimated the 
rock strength for the fictitious case. 

Table A 3:8 Parameter study of RMR76 

User 
number  

σc RQD Spacing of 
discontinuities 

Condition of 
discontinuities 

Ground 
water 

Total 
RMR 
rating 

1. 12 20 10 6-20 10 58-72 
2. 12 20 20 12-20 10 74-82 
3. 12 20 20 6 10 68 
4. 12 20 10-20 6-20 10 58-82 
5. 12 20 10-20 6-20 10 58-82 
6. 12 20 10-20 6-20 10 58-82 
7. 12 17-20 10-30 6-20 10 55-92 

Table A 3:9 Result of Hoek-Brown -, Sheorey – and Yudhbir – RMR76 

User 
number  

Total RMR 
rating 

Hoek-Brown, σcm 

(MPa) 
Sheorey, 
σcm (MPa) 

Yudhbir, σcm 

(MPa) 
1. 58-82 17-66.2 22-73.2 7.2-45.4 
2. 74-82 42.5-66.2 49.1-73.2 24.6-45.4 
3. 68 30 36.3 15.6 
4. 58-82 17.5-66 22-73.2 7.2-45.4 
5. 58-82 17.1-66.1 22-73.2 7.2-45.4 
6. 58-82 17-66 22-73.2 7.2-45.4 
7. 55-92 15-115 19-120.7 5.8-97.6 

Table A 3:10 Parameter study of the RMS system 

User 
number  

σc RQD Spacing of 
discontinuities 

Condition of 
discontinuities 

Ground 
water 

Total 
RMR 
rating 

Rating 
for σc 

σcm  

1. 12 20 10 6-20 10 58-72 10 5-12 
2. 12 20 20 12-20 10 74-82 15 5-12 
3. 12 20 20 6 10 68 10 5 
4. 12 20 10-20 6-20 10 58-82 15 5-12 
5. 12 20 10-20 6-20 10 58-82 10 5-12 
6. 12 20 10 6 10 58 15 5 
7. 12 17 10 6 10 55 15 2.5 
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Table A 3:11 Parameter study of the MRMR system (1984) 

User 
number  

σc RQD Spacing of 
joints 

Condition 
of joints 

Weathering Joint 
orientation 

Blasting σcm 

(DRMS) 
1. 18 14-15 9-19 17-27 0.75 0.85-0.9 0.94 43-69.5 
2. 18 14 5-9 20 1 0.7 0.94 46.2-50.9 
3. 18 14-15 13 19 0.95 0.8 0.94 59-60.5 
4. 18 14-15 5-9 19 1 0.8 0.94 51.5-58 
5. 18 14-15 5-9 36 0.97 0.7 0.8-0.94 48-70 
6. 18 14-15 9 9 0.75 0.7 0.8 24 

 
Table A3:12 Q-system 
 
User 
nr.  

RQD Joint 
set 
number 
(Jn) 

Joint 
roughness 
number 
(Jr) 

Joint 
alteration 
number 
(Ja) 

Joint 
water 
reduction 
factor (Jw) 

Stress 
reduction 
factor 
(SRF) 

σcm  using 
ρ=2.7 
ton/m3 
and Qc 

1. 90-100 12 0.5 4 1 0.5-2 13-21 
2. 90 9 0.5-1.5 0.75 0.33 0.5 21.4-64.1 
3. 90 12 1 6 1 1 18 
4. 90-100 12 0.5-1.5 0.75 0.33 0.5-2 15.5-36.5 
5. 90-100 12 0.5 4 1 0.5-2 11.7-20.3 
6. 90 12 0.5 4 1 2 13 
7. 80 12 0.5 8 1 1 12 

Table A3:13 GSI and the 2002 version of Hoek-Brown 

User 
number  

GSI Disturbance 
factor (D) 

σcm  

1. 45-67 0.8 3-15 
2. 65-70 0.1-0.2 22.4-32.1 
3. 68 0 30 
4. 60-70 0.3 15-28 
5. 60-80 0-0.8 7.9-59 
6. 40 0.4 3.6 
7. 65-75 0-0.3 20-38 
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Table A3:14 Strength estimation by rock mass number (N) 

User 
number  

RQD Joint 
set 
number 
(Jn) 

Joint 
roughness 
number 
(Jr) 

Joint 
alteration 
number 
(Ja) 

Joint 
water 
reduction 
factor (Jw) 

B σcm (using 
ρ=2.7 
ton/m3) 

1. 90-100 12 0.5 4 1 7 12-12.5 
2. 90 9 0.5-1.5 0.75 0.33 7 16-23 
3. 95 12 1 6 1 7 13 
4. 90-100 12 0.5-1.5 0.75 0.33 7 14.5-21.5 
5. 90-100 12 0.5 4 1 7 12-12.5 
6. 90 12 0.5 4 1 7 12 
7. 80 12 0.5 8 1 7 9-10 

Table A3:15 Rock mass strength estimation by RMi (Palmström, 1995) 

User 
number  

Joint 
roughness 
number 
(jR) 

Joint 
alteration 
number 
(jA) 

Joint 
length 
(jL) 

Block volume 
(Most likely 
value) [m3] 

σcm (Most likely 
value) 

1. 0.5 4 0.75-1 3.7 31 
2. 1 0.75 1 0.087 17.7 
3. 0.5-1 0.75-4 0.75-1 0.024-2.45 2-57 
4. 0.5 4 1.5-2 0.025-2.45 24.1 
5. 0.5 4 1-2 3.6 34 
6. 0.6 3 1 3 29 

Table A3:16 Worst and best case scenario for RMi 

User 
number  

Joint 
roughness 
number 
(jR) 

Joint 
alteration 
number 
(jA) 

Joint 
length 
(jL) 

Block volume 
(min-max 
value) [m3] 

σcm (min-max 
value) 

1. 0.5 4 0.75-1 0.2-6.8 5-43 
2. 0.5 4 1.5-2 0.025-2.45 3.9-93.6 
3. 0.5 4 1-2 0.15-12 7.2-63 
4. 0.6 3 1 0.15-12 5-58 
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Large-scale test in Stripa 
The following tables give detailed information of how the author estimated the rock 
strength of the large-scale test in Stripa. 

Table A4:1 RMR (based on Bieniawski, 1976) and Hoek-Brown-, Yudhbir- and 
Sheorey criteria 

 σc  RQD  Spacing 
of 
discont.  

Condition of discont. Ground 
water 

Total 
RMR 
rating 

σcm (MPa) 

Comments 178-
214 

80-99 0.12-0.3 m Separation< 1mm, hard 
joint wall contact 
open joint 

   

Rating 12-
15 

17-20 10 6-20 10 55-75  

Hoek-Brown  15-53 
Yudhbir  5.9-33.4 
Sheorey  19.2-60 

Table A4:2 RMS 

 Total RMR 
rating 

Rating for σc σcm  

Comment  2 joint sets with strength in 
joint direction 

 

Rating 55–75 -15 2.5–5 

Table A4:3 MRMR and the design rock mass strength (DRMS) 

 σc  RQD  Rating for 
multi-joint 
systems  

Joint 
condition  

MRMR Adjustment 
[%]  

Design rock 
mass strength 
[MPa] 

Comments 17
8-
21
4 

80-99 % Min:0.12 
Interm.:0.3 
Max: 0.65 

*  weathering, joint 
orientation and 
blasting 

(= adjusted σcm) 

Rating 18-
20 

12-15 5 40*0.75*0.6*
0.8 
=14.4 

49.4-54.4 0.95*0.75*1 = 
0.71 

35-38.5 

*Slight undulation to curved joints in large scale, planar and slickensided in small scale, joint filling is non-softening coarse 
material 
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Table A4:4 Q (2002 version) 

 RQD Jn Jr Ja Jw SRF Q Qc σcm  
Comments 80-99 2 + 

random 
planar to 
slickensided 

chlorite 
and 
calcite 

Dry to 
medium 
inflow 

Medium 
stress 

  ρ=2.65 
[t/m3] 

Rating 80–99 6 0.5 4 0.66-1 1 1.1-
2.1 

1.96-
4.49 

16.6-
22 

Table A4:5 N 

 RQD Joint 
set 
number 
(Jn) 

Joint 
roughness 
number 
(Jr) 

Joint 
alteration 
number 
(Ja) 

Joint 
water 
reduction 
factor 
(Jw) 

N B σcm   

Comments 80-99 2 + 
random 

planar to 
slickensided 

chlorite 
and calcite 

Dry to 
medium 
inflow 

 2 m ρ=2.65 
[t/m3] 

Rating 80–99 6 0.5 4 0.66-1 1.1-2.1 2 14-17.4 

Table A4:6 GSI (2002 version) 

 GSI Disturbance factor 
(D) 

s a σcm  

Comments Massive to blocky structure, 
fair to good surface condition 

Controlled blasting    

rating 70-80 0 0.036-0.11 0.5-0.501 33.7-71 

Table A4:7 RMi (1995 version) 

 Joint 
roughness 
number 
(jR) 

Joint 
alteration 
number 
(jA) 

Joint length 
(jL) 

Block volume 
[m3] 

D 
 

Jointing 
parameter 
(JP) 

σcm  

Comment   Continuous, 
medium 
joints and 
discontinuous 
short joints 

Spacing joint set 
1: 0.15-0.65,set 
2: 0.12-0.3 and 
set 3:0.12-0.65 

* **  

Rating 0.5 4 1-4 0.005-0.058 0.56-
0.43 

0.0036-0.04 0.64-
8.6 

*
2.0

37.0
−








 ⋅
⋅=

jA
jRjLD ** D

bVjCJP ⋅⋅= 2.0  

 


