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ABSTRACT

The three most common rock mass classificatioregystin use in the South African mining industry
today are Bieniawski's (1976) Geomechanics or RMBt&n, Bartoret al.’'s (1974) Q-System and
Laubscher's (1990) MRMR System respectively. Oésth three systems, only the MRMR
Classification System was developed specificallynfiining applications, namely caving operations.
In response to the increased use of the MRMR Gieaton System in the mining industry, and
concerns that the MRMR System does not adequatilyeas the role played by discontinuities,
veins and cemented joints in a jointed rock massibkeher and Jakubec introduced the In-Situ
Rock Mass Rating System (IRMR) in the year 2000quantitative comparison of the MRMR and
IRMR Classification Systems has been undertakenlet@rmine a correlation between the two
classification systems, the results of which inticdat there is not a major difference between the
resultant rock mass rating values derived fromtivee Classification Systems. Therefore, although
the IRMR System is more applicable to a jointedkrotass than the MRMR System, the MRMR

System should not be regarded as redundant, @sfias a role to play as a mine design tool.
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INTRODUCTION

Following the discovery of economically viable gadshd diamond deposits in the 1870's, and
platinum in 1924, the mining industry has, and targs to be, one of the primary economic drivers
of the South African economy. Until approximatéyrty years ago, exploitable mineral reserves
were mined at shallow depths with the resultantgtion in the industry, and among investors, that
mining activities did not constitute a high instapirisk, and that, consequently, the associated
human and economic consequences were relatively ldawever, as the shallow mineral reserves
were mined out, deep level mining, to depths of s@00m, became the norm in the Johannesburg
area. This increase in mining depth resulted ghange in the mining industry’s, and investors’,
perceptions of the risk of mining-induced instakili In order to address the increased risk of
mining-induced instability, methods of quantifyitige quality of the in-situ rock mass were adopted
within the South African mining industry, with rockass classification now forming an integral part

of pre-feasibility, feasibility and bankable feabtl mining geotechnical investigations.

In this research report the author will carry oujuantitative correlation between one of the three
main classification systems in use today, namelybkeber's (1990) Mining Rock Mass Rating
(MRMR) System, and Jakubec and Laubscher’'s (200®jitln Rock Mass Rating (IRMR) System.
The latter was introduced to address concernsipergeato the applicability of the MRMR System to
the role of fractures / veins and cemented joints jjointed rock mass, to assess the effect of the

newly introduced IRMR parameters on the resultack mass rating values.

Background to Rock Mass Classification

Prior to the adoption of rock mass classificatigstems within the mining industry, rock mass
classification systems, in one form or another,enformed an integral part of civil engineering,
specifically in the design and construction of telisn It follows therefore, that initially, the
development of rock mass classification systems avaven by the civil engineering industry, with a
number of systems being develop ioyer alia, Terzaghi (1946), Lauffer (1958), Deere (1967),
Wickham et al. (1972), Bieniawski (1973) and Barton et al. (1974)\Vhile these classification
systems represented significant advances as desis) the majority of the earlier systems have
fallen into disuse, or have been incorporated otteer classification systems, e.g. Deere’s (1967)
Rock Quality Designation System and Bieniawski'97@) Geomechanics or RMR System, while
those that survived were considered to be onlyiniftéd value to the mining industry, due to

fundamental differences between tunnel and mingdes

Laubscher developed the first rock mass classificasystem designed specifically for caving
operations in 1975, which was subsequently modifigd_aubscher and Taylor in 1976 (Edelbro,
2003). The new classification system, termed theeMRock Mass Rating (MRMR) System,
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represented a quantum leap in the developmentaolf mmass classification systems for use in the
mining industry, and is one of the three main dfacsgion systems in use today, the others beirg th
Geomechanics or RMR System and the Q-System. Hmweoncerns have been raised over the last
ten years with respect to the MRMR System not aaedy addressing the role of fractures / veins
and cemented joints in a jointed rock mass (Jakabdd aubscher, 2000). In order to address these
concerns, Jakubec and Laubscher (2000) introducetbdified MRMR Classification System,
termed the In-Situ Rock Mass Rating (IRMR) System.

Objectives of the Study

The three most common rock mass classificationegystcurrently in use in South Africa are the
Geomechanics or RMR System, the Q-System and theiniyliRock Mass Rating System
respectively. Due to their common usage within thming industry, a number of statistical
correlations have been developed by a number dfossitto relate the resultant rock mass rating
values derived from the Geomechanics or RMR Systedhthe Q-System to each other. Given that
rock mass classification data are not always avigilen a format that may immediately be applied to
a specific mining engineering problem, the ability rapidly and easily derive, for example,
equivalent RMR values from Q- values is a very ukdésign tool. Furthermore, the availability of
correlation equations between classification systésmilitates a rapid means of verifying resultant

rock mass rating values, without necessitating¢healculation of the values.

With the introduction of the IRMR Classification §gm in 2000, it is the opinion of the author that
a requirement exists for the derivation of a catieh coefficient between the Mining Rock Mass
Rating and the In-Situ Rock Mass Rating ClassificaSystems using statistical software packages.

The primary objectives of this research report trerefore, three-fold, namely:

e The derivation of a correlation equation between MRdhd IRMR Classification Systems.

« The quantification of the effect of the newly incorated IRMR adjustments for water,
fractures, veins and cemented discontinuities ok meass rating values.

e The evaluation of the two classification systems eun#larious geological settings, i.e.

sedimentary, metamorphic and igneous.

It is the opinion of the author that an acceptaterelation between the MRMR and IRMR

Classification Systems is achievable as:

« The two classification systems share a common qgrigith the IRMR Classification System
representing a modification of the MRMR ClassifioatSystem.
e Correlations have been established between otlekrmass classification systems, e.g. the Q-

System and the Geomechanics System.
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Study Methodology
This research report takes the form of a statisticaelation of the MRMR and IRMR Classification
Systems, using statistical software packages, irctwtwo discrete data sets have been evaluated,

namely:

« A parametric database, i.e. a database in whialeatiy is fixed for the case in question, but
may vary in other cases.
« A geotechnical database compiled by the author fitwenin-pit mapping of a number of open

pit mining operations in Southern Africa.

The parametric database was used to carry out ifial iqualitative analysis of the individual
parameters, common to both classification systemsgd in in-pit geotechnical face mapping,

namely:

« Intact Rock Strength (IRS).

e Fracture Frequency (FF).

e Joint Spacing ).

¢ The micro and macro Joint Condition)(J
«  Water.

This facilitated an unbiased quantification of #féect of the newly introduced IRMR adjustments
on the individual parameters as well as on theltasturock mass rating values, i.e. the qualifizati
of differences in resultant rock mass rating valukge to the application of the respective
classification systems. The qualitative paramettmmparison was followed by a statistical
correlation of the geotechnical database, whichit@ed:

e The statistical evaluation of the two classificateystems under various geological settings, i.e.
sedimentary, metamorphic and igneous.
e The correlation between the MRMR and IRMR ClassiitmaSystems.

Structure of the Research Report
Chapter 1 of the research report presents an inttmh to the research topic, a statement by the
author as to why the research was carried outjrsttdoackgrounds to rock mass classification and

the study objectives and methodology respectively.

Chapter 2 presents a critical literature reviewth# research topic, dealing specifically with: the

nature of rocks and rock masses, the philosophyqudntitative classification systems, the
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implementation of quantitative classification sysseby the mining industry and the evolution of

rock mass classification systems.

In Chapter 3 the parametric and geotechnical dasasare presented. Furthermore, the logic behind
the compilation of the parametric data base andamilation of the geotechnical data base is

presented.

An interpretation and discussion of both the gatiie and quantitative analysis results is presknte
in Chapter 4, specifically in terms of the effeat the resultant MRMR and IRMR values of
increasing and decreasing individual parametri@ detse parameters, a qualitative comparison of
the MRMR and IRMR geotechnical data bases as vgel atatistical analysis of the MRMR and
IRMR data bases.

Chapter 5 presents the conclusions that the adérived from the research project in terms of the
effect of increasing and decreasing individual peetic data base parameters on the resultant
MRMR and IRMR values, the results of the MRMR aRdMR statistical analyses, the derivation of

a correlation coefficient between the two clasatfien systems and the advantages of applying the

respective classification systems in the quantificeof a rock mass.

The benefit of additional research on this topiprissented as recommendations in Chapter 6.

The research report reference and bibliography éist presented as Sections 7 and 8 respectively.
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LITERATURE REVIEW

Having presented a succinct introduction to theaesh report topic in Chapter 1, in terms of the
background to rock mass classification, the stubjeaives and study methodology, a critical

literature review of the research topic, specificat terms of the nature of rocks and rock masses,
the philosophy, implementation and evolution of mjitative rock mass classification systems, is

presented in this Chapter.

The Nature of Rocks and Rock Masses

Natural rock represents one of the most difficudttenials with which to work as:

* Rock is a natural geological material.

¢ Rock is a unique material.

e Rock is subject to aging.

* Rock can be either flexible or rigid.

¢ Rock is influenced by stress and strain.
* Rock is influenced by fluids.

¢ Rock has a memory.

From an engineering perspective Piteau (1970) ééfim rock mass as “a discontinuous medium
made up of partitioned solid bodies or aggregateslacks, more or less separated by planes of
weakness, which generally fit together tightly, wstater and soft and / or hard infilling materials
present or absent in the spaces between the blookgewell and Farmer (1976) stated that rock
occurs in its natural state as a flawed, inhomogese anisotropic and discontinuous material,
capable of only minor geotechnical modificationte®u (1970) also stated that, given the universal
presence of structural discontinuities in rock,irttmver-riding importance in rock slope stability
cannot be overemphasised, as slope stability i®ermi@ied principally by the structural
discontinuities in the rock mass and not by thergjth of the intact rock. This notwithstanding, he
also realised the importance of understanding efptfoperties of the materials constituting the rock
mass, as pit slopes are seldom developed in aeditigblogical unit.  Attewell and Farmer (1976)
concur with this assessment stating that “desigmotk requires some initial knowledge of the
mechanical properties of the intact rock, althoughslope design a detailed knowledge of the

presence and effect of discontinuities in the mvassick is required”.

Open pit mine slopes consist of an assemblage aif waits, which may be of diverse geological
origin, with inherently different engineering propes in terms of in-situ strength, structural
composition, texture, fabric bonding strength angicra- and micro-structure inherited from their
mode of formation, or subsequently developed durhgir respective depositional histories.

Consequently, a rock mass could represent a conagleociation of several lithological units whose
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mechanical behaviour is likely to differ signifidgnfrom that of the individual lithological units.
However, as a mine design necessitates working muthbers, all rock masses need to be classified
guantitatively (Jakubec and Laubscher, 2000). Huoscm and Diederichs (1996) are of the opinion
that, potentially, one of the most complex taska thay be assigned to a geotechnical practitianer i

the determination of representative mechanical gntggs of a rock mass.

Difficulties associated with quantitatively classifg a rock mass include:

e The difficulty in testing rock specimens on a scHiat is representative of the rock mass
behaviour, as well as the natural variability of aock mass (EM 1110-1-2908, 1994).

e« The reliance on a certain degree of engineeringgomgnt and interpretation, by either the
engineering geologist or geotechnical engineerclassifying a rock mass (Jakubec and
Laubscher, 2000).

This notwithstanding, representative geotechnieah dre required by the geotechnical engineer to
facilitate engineering design in, or on, naturalbcurring rock. Data must reflect two aspectshef t

rock’s reaction to applied forces (Attewell andiRar, 1976), namely:

*  The mechanical behaviour of the intact rock material
e The mechanical behaviour of the massive rock matliig the presence of joints, fissures,

bedding planes, faults and other structural disnaities.

In an attempt to facilitate the assimilation oferelnt geotechnical parameters from a rock mass, a
number of empirical techniques have been developed the years by numerous researchers. The
principal aim of these techniques was to quantifyrelative integrity of a rock mass, and thereafte
to estimate its mechanical properties (Hutchinsoed Biederichs, 1996). This aim was achieved
with varying degrees of success by respective resess. These empirical techniques have become

referred to as rock mass classification systems.

The Philosophy of Quantitative Classification Systas

Classification of a rock mass does not directly sne@ mechanical properties such as deformation
modulus (Edelbro, 2003). This notwithstanding, rotiss classification systems form the basis of
the empirical design approach, which is popular doeits simplicity and ability to manage
uncertainties, and is widely utilised in rock erggning (Singh and Goel, 1999). Used correctly,
rock mass classifications constitute a powerfuligtedool and may, at times, provide the only
practical basis for design. Quantitative rock maassification systems have been successfully used

in many countries including Canada, Chile, the ippihes, Austria, Europe, India, South Africa,
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Australia and America (Laubscher, 1990), primaribedo the following reasons (Singh and Goel,
1999):

« Rock mass classification systems provide enhancamimuinication between geologists,
engineers, designers and contractors.

« Engineers’ observations, experience and judgememtcarrelated and consolidated more
effectively by a quantitative classification system

* Engineers have a preference for numbers rather thetitative descriptions; therefore a
guantitative classification system has consideraplgication in the overall assessment of rock
quality.

e The classification approach helps in the organisatidknowledge.

While empirical rock mass classification systemsstibute a powerful design tool, cognisance must
be taken of the fact that no single classificatgystem is valid for the assessment of all rock
parameters, and consequently, experience formsdkes for the estimation of rock parameters
(Singh and Goel, 1999).

Implementation of Quantitative Classification Systens by the Mining Industry

Over the years rock mass classification systeme Ipaovided a very versatile and practical mine
design tool, their usefulness and applicability mating diminished by the recent advent of
sophisticated design procedures and computatiosfavare packages. As a result, the mining
industry came to accept that the application ok noess classification systems facilitates a rapi a
reliable method of obtaining estimates of rock n&tability and underground support requirements,
despite geological features rarely conforming todmal pattern of numerical classification (Jakubec
and Laubscher, 2000). Unfortunately, their easaesef has resulted in classification systems being
abused by rock engineering practitioners (Stac&p2®, which has, over time, led the mining
fraternity to become concerned as to their actppar@priateness and usefulness as a mine design

tool.

While the concerns raised by the mining fratermitgy or may not be justifiable, Jakubec and
Laubscher (2000) are of the opinion that these earscare based on the misconception that rock
mass classification is a form of rigorous analysikich it is not. This being accepted, rock mass
classification should not just be regarded as aemnethod of initial assessment, as rock mass
classifications still have an important role toypla the mining industry. This is borne out by the
fact that many of the computational programmesgiesi to replace rock mass classifications are
partly, or wholly dependent, on these same clasdifin systems for the provision of input data into

the analytical programmes.
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The future role of rock mass classification in thiming industry is best expressed by Laubscher and
Jakubec (2000) who state that: “rock mass classifin should be recognised as an irreplaceable
practical engineering tool which could, and sholdd,used in conjunction with other tools during

the entire stage of mine life”.

The Evolution of Rock Mass Classification Systems

In one form or another, rock mass classificatiostayns have formed an integral part of civil
engineering, specifically in the design and cordiom of tunnels, since Ritter attempted to
formalise an empirical approach to tunnel desigh8i9 (Hoek, 1998). Similarly, miners have long
been utilising a crude form of rock mass classifteg where rock was described as being hard rock,

crumbly bad rock, squeezing ground and black mttg:(tvww.ursaeng.com).

A review of geotechnical literature indicates thatny formal rock mass classification systems have
been proposed and developed since 1946. Howewere ©f the problems associated with the
development of a satisfactory rock mass classifinasystem which were identified by Bieniawski
(1973), included:

e Classification systems were impractical.

« Classification systems tended to be based entrelpck characteristics.

e Practical classification systems that did not idelinformation on rock mass properties and
which, therefore, could only be applied to one tgpeock structure.

+ Classification systems were too general to fatditn objective evaluation of rock quality.

« Classification systems did not provide quantitatiiermation on the properties of rock masses.

e Classification systems emphasised the characteristi discontinuities, but disregarded the

properties of intact rock material.

These problems aside, twelve classification systatfaseloped between 1946 and 2002, may be
used to illustrate the evolution of rock mass dfeesdion systems. Each of the twelve classificatio
systems represents a step forward in the quesevelap a satisfactory rock mass classification

system.

The Rock Load Height Classification (Terzaghi, 1946)

In 1946 Terzaghi published the earliest referentéhe use of rock mass classification for the desig
of tunnel support. Descriptive in nature, Terzaghélassification system focused on the
characteristics that dominate rock mass behavidwerev gravity constitutes the dominant driving
force. Terzaghi's Rock Load Height Classificati®ystem comprised seven rock mass descriptors,

namely:
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* Intact rock

»  Stratified Rock

¢ Moderately Jointed Rock

*  Blocky and Seamy Rock

e Crushed but Chemically Intact Rock
e Squeezing Rock

«  Swelling Rock

Bieniawski (1973) stated that, while dominant ia thSA for 25 years, and excellent for the purpose
for which it was proposed, the Rock Load HeightsSification System is not applicable to modern
tunnelling methods using shotcrete and rockbdits,gystem only being applicable to tunnels with
steel supports. Furthermore, Cecil (1970) coneii€rerzaghi's rock mass classification system,
which makes no provision for obtaining quantitatidata on the properties of rock masses, too

general to permit an objective evaluation of rocGsmquality.

The Stand-Up Time Classification System (Lauffer,&8)95

Another tunnelling-based classification system, $tend-Up Time Classification System proposed
that the stand-up time for an unsupported spaeléted to the quality of the rock mass in which the
span is excavated, where an unsupported spaniisededs the distance between the face and the
nearest support. This system is applicable in (bfale, phyllite and mudstone) and highly broken
rock where stability problems are associated withegzing and swelling, and the concept of stand-
up time is related to the size of excavation,the.larger the excavation, the greater the redudtio
time available prior to failure. However, in hamtk excavations stability is not time dependant,
therefore the change in the stress field becomegiimary stability factor, and not the stand-up

time.

The Stand-Up Time Classification System has subsglyueeen modified (Pachet al, 1974) and

now forms part of the general tunnelling approactvin as the New Austrian Tunnelling Method.

Bieniawski (1973) considered the Stand-Up Time Gfiassion System to be a considerable step
forward in tunnelling as it introduced the concepan active unsupported rock span and the concept
of stand-up time, both of which are very relevaatameters for the determination of the type and
quantity of support required in tunnels. Howevke was of the opinion that the primary
disadvantage of the classification system was ftfieudty associated with establishing the active

unsupported rock span and stand-up time parameters.
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2.4.3 The Rock Quality Designation Index (Dee&teal, 1967)
In 1967 Deeret al.developed the Rock Quality Designation index wvjfe a quantitative estimate
of rock mass quality from drill core logs. The RdQuality Designation (RQD) is defined as the
percentage of intact core pieces longer than 100mthe total length of corand is, therefore, a
measure of the degree of fracturing (EM 1110-1-29@84). Requirements for applying the Rock
Quality Designation index method included: the déten of the core not being less than 54,7mm in
diameter (NX-size) and use of double-tube coredbadrilling. In current use, the RQD is a
standard geotechnical core logging parameter aodides a rapid and inexpensive index value of
rock quality in highly weathered, soft, fracturetheared and jointed rock masses (Edelbro, 2003).
Simplistically, it is a measurement of the percgatdgood” rock. Given thatnly intact core is
considered, weathering is accounted for indireqiyM 1110-1-2908, 1994). The correct
measurement of drill cores, and subsequent caionlatof RQD, is presented in

Figure 2.1
4‘ [,
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Length of .
RQD Core Pieces >10cm (4in)
= x 100
/ U Total Core Run Length
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L=0 §
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©
©
—
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>
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Figure 2.1: Measurement and Calculation of RQD (a&r Deere, 1989)

In deriving the RQD index, only intact core thatshlaroken along the boundaries of naturally
occurring discontinuities is considered. Artifichaeaks, i.e. drill breaks and breaks arising fitbim

handling of the drill cores are ignored. This gsprevent an underestimation of the in-situ RQD
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index and, consequently, of the rock mass qualitige relationship between the RQD index and the

quality of a rock mass proposed by Deere is presentTable 2.1.

Table 2.1: The Relationship between RQD and Rock Mz Quality

Rock Quality Designation (%) Rock Mass Quality
<25 Very Poor
25 <50 Poor
50<75 Fair
75<90 Good
90 < 100 Excellent

The RQD value has become recognised internatiomaallgn indicator of rock mass conditions, and
is used as an input parameter for both the Geomarshand Q-System Classification Systems
respectively. In practical applications, the madvantage of the RQD index is that it provides a
rapid and quantitative indication of zones of pdair, and good rock. However, a primary drawback
of the RQD index value is that a high RQD indexueamay not always reflect high quality rock
(Milne et al, 1989). This is best illustrated by an examplstif to very stiff, intact, clay recovered
from a borehole that may have an RQD index valu®Q86 to 100%. Accordingly, Milnet al
(1989) consider the principal drawbacks of the R&d3sification system to be:

e lIts insensitivity to the direction of measurement.

« ltsinsensitivity to changes of joint spacing,h&tjoint spacing exceeds 1m.

Although Bieniawski (1973) considered Deere’'s RQulality Designation index to represent a very
practical and simple approach to rock mass classifin, with considerable potential in relating the
RQD index value to the estimation of rock mass deébility, he regarded the fact that the RQD
index value disregarded the influence of joint ot@&ions, continuity and infill material to be a

major disadvantage of the classification system.

2.4.4 Descriptive Rock Classification for Rock Mechantigrposes (Patching and Coates, 1968)
This classification system represented a modificatf the Coates (1964) and Coates and Parsons
(1966) classification of rock (Edelbro, 2003). €ddication is considered in two stages, namely the
actual rock substance and the rock mass (PatchidgCaates, 1968). The classification system
contained five categories, to facilitate the suasibn of rocks into different classes, of whicheth
related to the rock substance and two relatedeadbk mass. The rock classification categories ar

presented as Table 2.2.
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Table 2.2: Rock Classification Categories

1. Geological Name of the Rock

2.Uniaxial Compressive Strength of the Rock Substae
(a) Very low (<27.5MPa)

(b) Low (27.5 — 55 MPa)

(c) Medium (55 — 110 MPa)

(d) High (110 — 220 MPa)

(e) Very High (>220 MPa)

3. Pre-failure Deformation of Rock Substance

(a) Elastic

(b) Yielding

4. Gross Homogeneity of Formation

Rock Substance

(a) Massive
(b) Layered

5. Continuity of the Rock Substance in the Formatio

Rock Mass

(a) Solid (joint spacing > 1.8m)
(b) Blocky (joint spacing 0.9 - 1.8m)
(c) Slabby (joint spacing 0.08 — 0.9)
(d) Broken (joint spacing <0.08)

The aim of Patching and Coates (1968) was to peowdclassification system with sufficient
categories to facilitate the identification of rac&xhibiting either similar, or different, enginieey
behaviour without the classification system being tomplicated. Patching and Coates (1968)
believed that their classification system was adézjdor the general classification of rocks, but
recognised that “for certain special problems” tiassification system would be inadequate,
especially in terms of the classification systerm@eable “to indicate the mechanical behaviour of

the rock in a real situation”.

The Rock Structure Rating (Wickhashal, 1972)

The majority of the case histories used to devehop classification system were from relatively
small tunnels supported by steel nets (Midiaal, 1998). This notwithstanding, the Rock Structure
Rating (RSR) system introduced the concept of gatiarameters to produce a numerical value of
rock quality. The Rock Structure Rating (RSR) irded by the equation:

RSR=A+B+C 1)

Where:
A = the geology parameter
B = the geometry parameter

C = the effect of groundwater inflow and joint carah
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The geology parameter (A) accounts for the intdmgological structures based on:

e The origin of the rock (sedimentary, igneous, metaiic).
e The hardness of the rock (decomposed, soft, mediard).
e The fabric of the rock mass (massive, slightly fdldefaulted, moderately folded / faulted,

intensely folded / faulted).

The geometry parameter (B) accounts for the eftdcthe discontinuity pattern based on the
direction of a tunnel, on the basis of:

« Joint spacing.
e  Strike and dip of joints (orientation).

. Direction of tunnel advance.

The effect of groundwater seepage and joint cami{fparameter C) is taken into account on the

basis of:

e The quality of the rock mass as derived from theloation of parameters A and B.
e The joint condition (poor, fair, bad).

e The amount of inflow into a tunnel (gallons per nienper 1000 feet of tunnel).
The parameter rating values are evaluated usingsiadeveloped by Wickharet al. (1972), to
calculate the resultant RSR value out of a maxinafrl00. The tables used to evaluate the

parameters are presented as Tables 2.3, 2.4 angspéxtively.

Table 2.3: Rock Structure Rating - Parameter A

Basic Rock Type
Hard Medium Soft Decomposed Geological Structure
Igneous 1 2 3 4 Slightly )
Moderately | Intensively
Metamorphic 1 2 3 4 . Folded
Massive Folded or Folded or
or
Sedimentary 2 3 4 4 Faulted Faulted
Faulted
Type 1 30 22 15 9
Type 2 27 20 13 8
Type 3 24 18 12 7
Type 4 19 15 10 6
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Table 2.4: Rock Structure Rating - Parameter B
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Strike Perpendicular to Dip Strike Parallel to Axis
Direction of Drive Direction of Drive
Average Joint Spacing Both With Dip Against Dip Either Direction
Dip of Prominent Joints® Dip of Prominent Joints
Flat | Dipping Vertical Dipping | Vertical | Flat Dipping Vertical
1. Very closely jointed,
) 9 11 13 10 12 9 9 7
<2in
2. Closely jointed, 2-6 in 13 16 19 15 17 14 14 11
3. Moderately jointed,
) 23 24 28 19 22 23 23 19
6-12in
4. Moderate to blocky,
30 32 36 25 28 30 28 24
1-2ft
5. Blocky to massive,
36 38 40 33 35 36 24 28
2-4 ft
6. Massive, >4 ft 40 43 45 37 40 44 38 34
(a) Dip: flat: 0°-20°, dipping: 20°-50° and vedic50°-90°
Table 2.5: Rock Structure Rating - Parameter C
Sum of Parameters
Anticipated Water Inflow 13- 44 A+B 45-75
gpm/1000 ft of Tunnel Joint Condition®
Good Fair Poor Good Fair Poor
None 22 18 12 25 22 18
Slight, <200gpm 19 15 9 23 19 14
Moderate, 200-1000 gpm 15 22 7 21 16 12
Heavy, >1000 gpm 10 8 6 18 14 10

(b) Joint condition: good = tight or cemented; faslightly weathered or altered; poor = severelathered, altered or open.

Geomechanics or Rock Mass Rating System (Bienigw8ki3, 1976, 1989)

The Geomechanics, or Rock Mass Rating System witiallin developed at the South African
Council of Scientific and Industrial Research (CBSinghet al, 1999), based on experience
gained in shallow tunnels excavated in sedimentargks.

classification of jointed rock masses, Bieniawsk®{3) stated that any rock mass classification

system should satisfy five basic requirements, hame

« A classification system should be based on inhexark properties that are measurable and can

be determined rapidly in the field.

« Aclassification system should be useful in pradtadesign.

. The terminology used in the classification systdrould be widely acceptable.

« A classification system should be general enougtihabthe same rock could possess the same

classification, regardless of how it was being used

e The observations and tests required for the purpbskssification should be simple, rapid and

relevant.

In proposing his engineering
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Bieniawski was of the opinion that none of the sifisation systems that had been proposed up to
1973 fully satisfied these five basic requirements.his opinion, the two primary limitations ofeth

classification systems available at the time were:

« A number of the classifications were based whotiytlee rock mass characteristics, and as such,
were impractical.
 Those classification systems that were practical bt include information on rock mass

properties, and could therefore, only be applied single type of rock structure.

Like the majority of rock mass classification systebefore it, the Geomechanics or Rock Mass
Rating (RMR) system, hereafter referred to as tMRRSystem, was initially developed for use in

tunnelling in the civil engineering industry. THRMR System was an attempt to develop an
extensive classification system, capable of fulfgl the majority of practical requirements, by

combining the best features from the respectivesdiaation systems available, and which could
promote effective communication between the gestaid the engineer.

Bieniawski (1973) expounded these sentiments ok muass classification by stating that:

*  Arock mass classification system should divideckmass into zones of similar behaviour.

e A rock mass classification system should provideg@d basis for understanding the
characteristics of a rock mass.

e Arock mass classification system should facilitidwe planning and design of structures in rock
by yielding quantitative data required for the siolu of practical engineering problems.

« A rock mass classification system should providmimon basis for effective communication

between all people involved with geomechanical [gnois.

In deciding which parameters should be used inclk mass classification system of a jointed rock
mass, Bieniawski (1973) concluded that since theigde of engineering structures in rock
necessitates prior site exploration, the preretguggotechnical parameters for the classificatioa o
rock mass should be obtained from data made almithalving a site investigation. Typically, this

would include:

e A structural geological profile, i.e. the litholagil units with depth, together with a description
of the rock condition, e.g. weathering.

e The properties of the intact rock, e.g. the uniaxdampressive strength and modulus of
elasticity.

e The Rock Quality Designation (RQD) or fracture fregay.

¢ The joint pattern, i.e. strike, dip and joint spaginontinuity, separation and gouge.

e The groundwater conditions.
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Consequently, the classification system proposedBlaniawski (1973) included the following

parameters:

« The Rock Quality Designation (RQD)

Although the RQD ignores the influence of joiniemtation, continuity and gouge material, it

provides an indication of the in-situ quality ofreck mass. Furthermore, there is a direct

correlation between the RQD index value and fracfrequency recorded from the geotechnical

logging of drill cores.

e The Degree of Weathering

Five classes of weathering are considered by Biesii (1973), including:

Unweathered, i.e. no visible signs of weatheriragkrfresh and crystals bright; slight
staining associated with some discontinuity sugace

Slightly weathered, i.e. penetrative weatheringeaiséed with open discontinuities; slight
weathering of rock material; discolouration of distinuities up to 10mm from
discontinuity surface.

Moderately weathered, i.e. majority of rock masghsly discoloured; rock material not
friable (poorly cemented sedimentary rocks the ptior); discontinuities stained and / or
filled with altered material.

Highly weathered, i.e. material friable with weathg extending throughout the rock
mass; rock lacks lustre; all material is discolaur@xcept quartz), material can be
excavated by pick.

Completely weathered, i.e. rock mass is complededgoloured, decomposed and friable;
only fragments of the original rock fabric and tee is preserved; material has the
appearance of a soil.

e The Uniaxial Compressive Strength (UCS) of IntactiR

Five classes, based on a modified Deere classificaare considered, namely:

Very low strength (1-25MPa).
Low strength (25 - 50MPa).
Medium strength (50 - 100MPa).
High strength (100 - 200MPa).
Very high strength (>200MPa).

e The Spacing of Discontinuities

There is a direct strength reduction effect dueheopresence of discontinuities within a rock

mass (Attewell and Farmer, 1976), while joint spgatontrols the degree of strength reduction.
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The RMR System (1973) considers five classes aftj@ipacing, based on a modified
classification by Deere, namely:

- Very wide spacing (>3m).

- Wide spacing (1-3m).

- Moderately close spacing (0,3-1m).

- Close spacing (50-300mm).

- Very close spacing (<50mm).

« The Strike and Dip Orientations of Discontinuities
While the stability of rock slopes varies with tinelination of discontinuity surfaces (Hoek and
Bray, 1977), discontinuities impart a condition stfength anisotropy to a rock mass (Piteau,
1970).

e Joint Separation
A practical criterion for the quantitative descigpt of a rock mass, as closely spaced joints
result in the formation of smaller block sizes #msing the potential for internal shifting and
rotation of the rock mass during deformation thgrebducing stability (Hutchinson and
Diederichs, 1996).

e Joint Continuity
There is a higher probability that persistent {®iwill combine with other structures to form
large free blocks of rock, than there is with shairits (Hutchinson and Diederichs, 1996).

« Groundwater inflow
Groundwater can have a destabilising effect ooc mass through the erosion and weakening
of joint surfaces and / or infillings (HutchinsondaDiederichs, 1996). Changes in moisture
content can result in very high swelling pressufeeau, 1970) and increased pore water
pressure reduces the frictional resistance to etipurring along fractures which further
destabilises a rock mass (Hutchinson and Diederik386).

Bieniawski (1973) stated that while each of thehtigarameters contributed to the behaviour of a
jointed rock mass, not all of the parameters wéexjaal importance. Consequently, each parameter
was assigned a weighted numerical rating accorttings relative importance where higher rating
values were associated with better geotechnicadiions. The relative importance of the
parameters was based on the results of a studyeafetative importance of individual parameters
carried out by Wickham, Tiedmann and Skinner in2l97o facilitate the classification of a rock
mass, Bieniawski (1973) also sub-divided the rockssninto five classes, which he considered

sufficient to provide acceptably clear distinctidretween different qualities of rock material.
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A summary of the relative importance of Bieniawskidividual parameters, and the five rock mass

classes, is presented in Table 2.6.

Table 2.6: Summary of Relative Importance of Indivdual Parameters (after Bieniawski, 1973)

Class
Parameter
1 2 3 4 5
Rock Quality Designation 16 14 12 7 3
Weathering 9 7 5 3 1
Intact Rock Strength 10 5 2 1 0
Joint Spacing 30 25 20 10 5
Joint Separation 5 5 4 3 1
Joint Continuity 5 5 3 0 0
Groundwater 10 10 8 5 2
Strike and Dip Orientations:
15 13 10 5 3
Tunnels
Strike and Dip Orientations:
) 15 13 10 0 -10
Foundations
Total Rating 90-100 70-90 50-70 25-50 <25
o Very Good ) Very Poor
Class Description Good Rock Fair Rock Poor Rock
Rock Rock

A feature of the classification system is that thiative percentages change as the rock massyqualit

deteriorates. Furthermore, different rating valaes assigned to strike and dip orientations for

tunnels and foundations, as the importance of phimmeter is a function of the structure being

designed. No rating values for rock slopes wectuged in the 1973 RMR System.

In applying the RMR System, the rock mass mustutedivided into geotechnical zones, i.e. areas,

or zones, of a rock mass that are bounded by nsjoctural features, changes in lithology,

significant changes in discontinuity spacing, oarattteristics. The rock mass is classified accgrdin

to the parameters in Table 2.6, with the individpatameter ratings being summed to produce the

total RMR rating value, which then establishes thek mass class.

The original (1973) RMR

System has subsequently been refined and changés mal974, 1975, 1976, 1979 and 1989
respectively. It is, therefore, important to statieich version of the classification system is used

when quoting RMR values. The changes to the ¢iea8on entailedinter alia:

e The reduction of classification parameters from eight to six.

e The adjustment of ratings and reduction of recomradrsilipport requirements.

e The modification of class boundaries to even mudgpf 20.
e The adoption of the ISRM (1978) rock mass descripfiingh and Goel, 1999).
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These changes reflected a better understandingeairiportance of the respective parameters, and

were based on additional case histories. These ebdmye facilitated the application of the RMR

System to the preliminary design of rock slopes fanchdations, as well as for the estimation of the

in-situ modulus of deformation and rock mass stitengSpecific changes to the RMR System are

presented as Table 2.7.

Table 2.7: Summary of Modifications to the RMR Systm

Year of Revision

Specific Revisions

1974

A joint condition parameter was added.

A strike and dip orientation parameter was added.

The weight of the RQD parameter was increased 6o 20.

The strike and dip orientation parameter for tusneds removed.

The joint separation and continuity parameter veasaved.

The weathering parameter was removed.

1975

The initial joint condition parameter weighting 8 was increased to 30.

The weighting of the rock strength parameter waeei@sed from 10 to 15.

The strike and dip orientation parameter was remove

A strike and dip orientation parameter for tunnveés added back, but reduced from 3-15 to 0-12.

1976

The joint condition parameter was increased fronol%s.

The concept of rock mass classes was introducedh elass being sub-divided into classes
intervals of 20.

at

1989

The weighting of the discontinuity spacing parametas decreased to 20.

The weighting of the ground water parameter wasesed to 15.

The weighting of joints parameter was increased ba80.

The condition of the discontinuities was furtherqtified to facilitate a less subjective evaluatisn

discontinuity condition.

The assessment of sub-horizontal joints was matlifiem “unfavourable” to “fair” to account fo
the effect on stability of tunnel backs. The weigl of the joint orientation parameter h

remained unchanged.

as

The modifications to the RMR system are summarisedable 2.8. The current RMR System
(1989) is presented as Table 2.9.



Table 2.8: Summary of Modifications to the RMR Systm (after Milne et al, 1998)
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Tunnels

Parameter Time Span

1973 1974 1975 1976 1989
Rock Strength 10 10 15 15 15
RQD 16 20 20 20 20
Discontinuity Spacing 30 30 30 30 20
Separation of Joints 5 - - - -
Continuity of Joints - - - -
Weathering - - - -
Condition of Joints - 15 30 25 30
Ground Water 10 10 10 10 15
Strike and Dip Orientation - 15 - - -
Strike and Dip Orientation for

3-45 - 0-12 0-12 0-12

Apart from the RMR System evolving over time, savexuthors modified the basic RMR System

for specific applications (Hutchinson and Diedesich996), including:

« Mining applications: Laubscher (1977, 1993) and dkaskiet al (1983).
e Coal mining: Ghose and Raju (1981), Newman (198ipgl (1983), Venkateswarlu (1986) and

Sheorey (1993).

¢ Slope stability: Romana (1985).
« The RMR value was linked to the original Hoek-Broaguation as part of the development of

the Hoek-Brown failure criterion (Hoek and Brow®8D).

The principal advantage of the RMR System is itseeaf use, while the principal disadvantages of

the system include:

e The system has been found to be unreliable in veoy pck masses (Singh and Goel, 1999).

e The classification system is insensitive to minaiatéoons in rock mass quality.

e The classification system is regarded as being dosearvative by the mining industry.
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A. CLASSIFICATION PARAMETERS AND THEIR RATINGS

Parameter Range of Values
Point Load For this low range-
Strength Index >10 MPa 4-10 MPs 2-4 MPa 1-2MPa| uniaxial compressive test
Strength of )
) is preferred
intact Rock
1 . Uniaxial
Material ) 100-250 5-25 1-5 <1
Compressive >250 MPa 50-100 MPa 25-50 MPa
MPa MPa MPa | MPa
Strength
Rating 15 12 7 4 2 1 0
Drill core Quality RQD 90%-100% 75%-90% 50%-75% 25%-50% <25%
2 -
Rating 20 17 13 8 3
3 Spacing of Discontinuities >2m 0.6m-2m 200-600mm  -260mm <60mm
Rating 20 15 10 8 5
Slightl Slightl
gy oy Slickensided
Very rough rough rough
surfaces or
surfaces; Not surfaces; surfaces; )
. ) o ) ) ) Gouge <56mm | Soft gouge >5mm thick
Condition of Discontinuities continuous; No | Separation | Separation ) ]
) thick or or Separation >5mm;
4 | (See E) separation; <lmm; <lmm; _ .
) ) Separation 1- | Continuous
Unweathered Slightly Highly
5mm,;
wall rock weathered | weathered )
Continuous
walls walls
Rating 30 25 20 10 0
Inflow /
10m tunnel None <10 10-25 25-125 >125
length (I/m)
(Joint water
press.) /
Groundwater ]
5 (Major 0 <0.1 0.1-0.2 0.2-0.5 >0.5
principal
stress)
General o )
- Completely Dry Damp Wet Dripping Flowing
Conditions
Ratings 15 10 7 4 0
B. RATING ADJUSTMENT FOR DISCONTINUITY ORIENTATIONS (See F)
. o . Very .
Strike And Dip Orientations Favourable Fair Unfavourable Very Unfavourable
Favourable
Tunnels and Mines 0 -2 -5 -10 -12
Ratings Foundations 0 -2 -7 -15 -25
Slopes 0 -5 -25 -50 -
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C. ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS

Rating 100— 81 80+ 61 60— 41 40 21 <21
Class Number I Il i \% \%

o Very Good )
Description Rock Good Rock Fair Rock Poor Rock Very Poor Rock

oc
D. MEANING OF ROCK CLASSES
Class Number I Il 11} v \%
Average Stand-Up Time 20yrs for 15m  1yr for 10m 1 week for 10hrs for .
30min for 1m span
span span 5m span 2.5m span

Cohesion of Rock Mass (kPa) >400 300-400 200-300 O0-2® <100
Friction Angle of Rock Mass
N >45 35-45 25-35 15-25 <15
O
E. GUIDELINES FOR CLASSIFICATION OF DISCONTINUITY C ONDITIONS
Discontinuity Length

) <im 1-3m 3-10m 10-20m >20m
(Persistence)
Rating 6 4 2 1 0
Separation (Aperture) None <0.1mm 0.1-1.0mm 1-5mm 5mm
Rating 6 5 4 1 0
Roughness Slightly . .

Very Rough Rough Smooth Slickensided
Rough

Rating 6 5 3 1 0]
Infilling (Gouge Hard Filin Hard Fillin Soft Fillin

9 o) None 9 9 9 Soft Filling >5mm

<5mm >5mm <5mm
Rating 6 4 2 2 0
Weathering Slightly Moderately Highly
Unweathered Decomposed
Weathered Weathered Weathered

Rating 6 5 3 1 0

F. EFFECT OF DISCONTINUITY STRIKE AND DIP ORIENTATI

ON IN TUNNELING

Strike Perpendicular to Tunnel Axis

Strike ParaieTunnel Axis

Drive with Dip: Dip 45°- 90°

Drive with Dip: Dip 26 45°

Dip 45°- 90°

Dip 20°- 45°

Very Favourable

Favourable

Very Unfavourable

Fair

Drive against Dip: Dip 45°- 907

Drive against DIpip 20°- 45

Dip 0°- 20°: Irrespective of Strike

Fair

Unfavourable

Fair

2.4.7 Norwegian Geotechnical Institute’s Q-System (Baebal, 1974)

The Norwegian Geotechnical Institute (NGI) Q-Systeniginally based on approximately 200 case
histories of tunnels and caverns (Singh and G&9}, was specifically developed by Barton, Lien
and Lunde (1974) to facilitate the design of tunsbport systems.

A summary of the original

database used in the development of the classificaystem is presented in Table 2.10.
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Table 2.10: Summary of Original Q-System Databaseafter Hutchinson and Diederichs, 1996)

Excavation Type No. of Case Histories

Temporary mine openings 2
Permanent mine openings, low pressure water tunpi@s tunnels, drifts

and headings for large openings 83

Storage caverns, water treatment plants, minor aoadailway tunnels,

surge chambers, access tunnels 25

Power stations, major road and railway tunnels| defence chambers,

portals, intersections 79
Underground nuclear power stations, railway statieports and public

facilities, factories 2

TheNorwegian Geotechnical Institute (NGI) Q-Systenrelaéter referred to as the Q-System, uses
six parameters to determine the quality of a roessn The rock mass rating is calculated from the

equation:

Q = RQD/Jn x Jr/Ja x IW/SRF (2)

Where:

RQD is the Rock Quality Designation.

J, is the Joint Set number (number of discontinujties

J is the Joint Roughness number (roughness of tiet umfavourable discontinuity).

J, is the Joint Alteration number (degree of altemratr filling along the weakest discontinuity).
Jv is the Joint Water Reduction factor (water inflmto excavation).

SREF is the Stress Reduction Factor (in-situ stesslition).

The Q-System does not explicitly take the strengtttthe rock mass into account; rather it is

implicitly taken into consideration in the derivatiof the SRF. SRF is derived from the equation:

SRF = UCS$’ 3

Where:
UCS is the Unconfined Compressive Strength
o' is the major principal stress

Given Equation 3, the Q index value can be desctilyetiree quotients, namely:

«  RQD/J,
e
«  JJSRF
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According to Bartoret al (1974), the quotient RQD/depresents the rock mass structure, and is a
crude measure of the block size. The second qualidgrepresents theoughness and frictional
characteristics of joint walls or gouge materiaad is a crude reflection of the inter-block shear
strength. JJ,is weighted to favour rough, unaltered joint suef@n direct contact with each other.
Such surfaces will be expected to be close to pedngth, dilate strongly when sheared and
consequently be favourable to tunnel stability. Tiied quotient J/SRF is a complicated empirical
factor comprising two stress parameters, and imidecmeasure of the active stress conditions. The

SRF can be considered to represent the total giegasneter and is a measure of:

e The loosening load in excavations through shearzand clay-rich rocks.
¢ Rock stress in competent rock.
e Squeezing loads in incompetent plastic rock masses.

Water pressure is represented by the paramgteiich hasa negative impact on the shear strength
of joints through the reduction in effective normstiess, which may result in softening and out-wash
of clay-filled joints. To date, it has not beerspible to combine the total stress and water pressu

parameters in terms of inter-block effective str@assa high effective normal stress value may relate

to less stable conditions than a low value, desphiggher shear strength.

The most notable exclusion from the Q-System islowance for joint orientation. Bartcet al
(1974) are of the opinion that joint orientatiomist as important as initially expected. This nbay
due to the fact that many of the excavations forctvithe system was originally developed can be,
and normally are, aligned such that the effecisnéfivourably orientated discontinuities are avoided
However, this cannot be the primary reason, asadfentation of tunnels, which comprise a
significant percentage of the case histories, cameoadjusted in a similar manner. It would,
therefore, appear that Bart@t al (1974) are of the opinion that the joint set numgk), joint
roughness (Jand joint alteration {J are more important than the joint orientatiorsinmuch as the
joint number parameter determines the degree efltnn for block movement, and the frictional and
dilatational characteristics can vary more than thewn-dip gravitational component of

unfavourably orientated joint sets.

The resultant Q index value varies on a logarithsgiale from 0.001 to 1.000, with the rock mass
quality being divided into nine classes. A sumn@rthe nine classes is presented as Table 2.11.
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Table 2.11: Summary of Q-System Classification (aft Barton et al, 1990)

Q Index Value Rock Mass Class
0.0001 - 0.01 Exceptionally Poor
0.01-0.1 Extremely Poor
01-1 Very Poor

1-4 Poor
4-10 Fair
10-40 Good
40 - 100 Very Good
100 - 400 Extremely Good
400 - 1000 Exceptionally Good

Both the Q and RMR Systems consider three princigut mass properties:
« Intact rock strength (included in the derivatiorS®F in the Q-System).
e The frictional properties of discontinuities.

»  The geometry of intact blocks of rock as definedHsydiscontinuities.

The influence of these properties on the values/élérfrom the Q- and RMR Systems is shown in

Table 2.12.

Table 2.12: The Influence of Rock Mass Propertiesrothe Q- and RMR Systems (after Milne,

1988)

Principal Rock Properties Q System RMR System (1976
Range in Values 0.001 to 1000 810 100
Strength as % of Total Range 19% 16%
Block Size as % of Total Range 44% 54%
Discontinuity as % of Total Range 39% 27%

Although a high degree of similarity exists betwela weightings assigned to the three basic rock
properties, the two systems are not directly relats the assessment of rock strength and stress
differs significantly for the two systems. HoweyvBreniawski (1976) derived a correlation between

the two systems:
RMR=9InQ + 44 4

Although equation (4) is the most popular equatioking the two systems, Barton (1995) also

derived a correlation between the two systems:

RMR = 15 log Q + 50 (5)
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These two correlations are, however, not uniqua asmber of authors have also derived similar
correlations for specific applications. A summafycorrelations reflecting differing overall intact

rock and discontinuity properties and discontingipycing is presented in Table 2.13.

Table 2.13: Summary of Q- and RMR System Correlatins (after Milne et al, 1989)

Correlation Source Application
RMR =13.5logQ + 43 New Zealand Tunnels
RMR =12.5logQ + 55.2 Spain Tunnels
RMR =5InQ + 60.8 South Africa Tunnels
RMR =43.89 — 9.9 InQ Spain Soft Rock Mining
RMR =10.5InQ +41.8 Spain Soft Rock Mining
RMR =12.11 log Q + 50.81 Canada Hard Rock Mining
RMR=8.7InQ + 38 Canada Tunnels, SedimentankRoc
RMR=10InQ + 39 Canada Hard Rock Mining

The original Q-System has been updated severaktand is now based on 1050 case histories. In
2002, Barton published a technical paper entit®dmie New Q-Value Correlations to Assist in Site
Characterisation and Tunnel Design”, which introdueenumber of changes to the respective Q-

System parameters. The amended Q-value parameggrseaented in Table 2.14.

Table 2.14: Summary of Amended Q-System Paramete(after Barton, 2002)

Joint Set

Number Description Jn
A Massive, no or few joints 0.5-1
B One joint set. 2
C One joint set plus random joints. 3
D Two joint sets. 4
E Two joint sets plus random joints. 6
F Three joint sets. 9
G Three joint sets plus random joints. 12
H Four or more joint sets, random, heavily joint&ligar-cube”, etc. 15
J Crushed rock, earthlike. 20

Joint
Roughness Description Ji

Number
(@) Rock-wall contact, and (b) rock-wall contact befafem shear.
A Discontinuous joints.
B Rough or irregular, undulating.
() Smooth, undulating.
D Slickensided, undulating. 15
E Rough or irregular, planar. 15
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Joint
Roughness Description J
Number
F Smooth, planar. 1.0
G Slickensided, planar. 0.5
(b) No rock-wall contact when sheared.
H Zone containing clay minerals thick enough tovpre rock-wall contact.
; Sandy, gravely or crushed rock zone thick enougiréeent rock-wall 10
contact.
Joint
Alteration Description J, (Deg) N§
Number
(€) Rock-wall contact (no mineral fillings, only coais).
A Tightly healed, hard, non-softening, impermeallig, i.e. quartz or ) 0.75
epidote.
B Unaltered joint walls, surface staining only. 25- 1.0
c Slightly altered joint walls, non-softening minecalatings, sandy particles 2530 20
clay-free disintegrated rock, etc.
D Silty- or sandy-clay coatings, small clay fraatimon-softening). 20-25 3.0
£ Softening or low friction clay mineral coatingss.ikaolinite or mica. Also 8.16 40
chlorite, talc, gypsum, graphite, etc., and smadirities of swelling clays.
(b) Rock-wall contact before 10cm shear( thin mineitih@s).
F Sandy patrticles, clay-free disintegrated rock, et 25-30 4.0
G Strongly overconsolidated non-softening clay mihgliangs (continuous, 16.24 6.0
butb<5mm thickness).
H Medium or low over-consolidation, softening, clajneral fillings 1216 8.0
(continuous but <5mm thickness).
Swelling-clay fillings, i.e. montmorillonite (comtuous, but <5mm
J thickness). Value of,depends on % of swelling clay-size particles, and 6-12 8-12
access to water, etc.
(c) No rock-wall contact when sheared (thick minerihfi).
KLM Zones or bands of disintegrated or crushed roclkctayd(see G, H, J for 6.24 6. 8 or 8-12
description of clay condition).
N Zones or bands of silty- or sandy-clay, smalydtaction (non-softening). - 5.0
OPR Thick, continuous zones or bands of clay (see G, fdr description of 6.04 10,13 or 13-
clay condition). 20
Joint Water Approx. Water
Reduction Description Pressure Jw
Factor (kglcm?)
A Dry excavations or minor inflow, i.e. <5l/min lalty. <1 1.0
B Medium inflow or pressure, occasional outwasjooft fillings. 1-2.5 0.66
C Large inflow or high pressure in competent roéthwnfilled joints. 2.5-10 0.5
D Large inflow or high pressure, considerable ostwaf joint fillings. 2.5-10 0.33
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Table 2.14 (cont.): Summary of Amended Q-System Pamgeters (after Barton, 2002)

Joint Water Description Approx. Water Jw
Reduction Pressure (kg/cri)
Factor
E Exceptionally high inflow or water pressure atdting, decaying with time|. >10 0.2-0.1
F Exceptionally high inflow or water pressure contirguwithout noticeable 10 0.1-0.05
decay.
Stress
Reduction Description SRF
Factor
Weakness zones interesting excavation, which masedaosening of rock]
@ mass when tunnel is excavated.
A Multiple occurrences of weakness zones containliag @ chemically 10
disintegrated rock, very loose surrounding rocky(depth).
B Single weakness zones containing clay or chemidédintegrated rock 5
(depth of excavatiog50m).
c Single weakness zones containing clay or chemicidiyntegrated rock 5
(depth of excavation <50m).
b Multiple shear zones in competent rock (clay-fréa)se surrounding rock 75
(any depth).
£ Single shear zones in competent rock (clay-frepth of excavation -
<50m).
. Single shear zones in competent rock (clay-frelpth of excavation s
>0m).
G Loose, open joints, heavily lointed or “sugar€yketc. (any depth). 5.0
001 coloe SRF
(b) Competent rock, rock stress problems.
H Low stress, near surface, open joints. >200 <0.01 25
J Medium stress, favourable stress condition. ap0;10.01-0.3 1
K High stress, very tight structure. Usually favoueato stability, may be 105 0.3-0.4 0.5-2
unfavourable for wall stability.
L Moderate slabbing after >1hr in massive rock. 5-3 0.5-0.65 5-50
M Slabbing and rock burst after a few minutes irssiee rock. 3-2 0.65-1 50-200
N Heavy rock burst (strain-burst) and immediate dyicadeformations in < o1 200-400
massive rock.
co/oc SRF
Squeezing rock: plastic flow of incompetent rocttarrthe influence of
© high rock pressure.
Mild squeezing rock pressure. 1-5 5-10
P Heavy squeezing rock pressure. >5 10-20
SRF
(d) Swelling rock: chemical swelling activity dependomgpresence of water.
R Mild swelling rock pressure. 5-10
S Heavy swelling rock pressure. 10-15
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The applicability and effectiveness of the Q-Systis borne out by the fact that, apart from a
modification to the SRF parameter in 1994 and tb@22modifications, the original parameters of
the classification system remain unaltered (Singh Goel, 1999). According to Milnet al (1998),

the advantages of the Q-System are:

e |tis sensitive to minor variations in rock maseperties.

e The descriptors are rigorous with less room for ectiyity.

The primary limitations of the Q-System include:

« Inexperienced users experiencing difficulty witle thparameter, i.e. the number of joint sets in
a rock mass. This is especially true in widely fethrock masses, with an overestimation of the
number of joint sets in a rock mass resulting in @mderestimation of the Q index
(Milne et al, 1998).

e The SRF parameter, which is regarded as the mostrttous parameter. Kaiset al (1986)
are of the opinion that the SRF should not be mhetliin the rock mass classification, with the

detrimental effects of high stress being assessearately (Singh and Goel, 1999).

2.4.8 Mining Rock Mass Rating (MRMR) Classification SystéLaubscher, 1990)
According to Milneet al (1998), one of the fundamental differences betwaanel and mine design
approaches to rock mass classification is the |geg&tion in the engineered openings in mining
applications. In tunnels the orientation depth atekss conditions are usually constant over
significant distances, unlike mining where nondhase properties can be assumed to be constant.
To facilitate the development of an appropriatekrotcass classification system for the mining
industry, specifically caving operations, Laubschest with Bieniawski in 1973 to discuss the
development of his RMR Classification System. Wlgreeing with the basic concept of the RMR
classification system, Laubscher was of the opitiiat it was too inflexible for mining applicatians
In order to make the classification system morelieaiple to the mining environment, Laubscher
(1975) and Laubscher and Taylor (1976) developedstdpgnts to account for different mining
applications. These were then applied to in-sitings derived from the RMR Classification System
(Laubscher and Jakubec, 2000). The resultant fiteggin system became known as the Modified
Rock Mass Rating System. As with other classiiicasystems, modifications were made to the
rating values based on experience gained fromipehetpplications of the system and as the relative
importance of the respective adjustments becamearapp These modifications led to the
development of Laubscher’'s completely independemteMRock Mass Rating (MRMR) System in
1976.
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Application of the Mining Rock Mass Rating SysteiRMR) involves assigning in-situ ratings to a
rock mass based on measurable geological param@tersbscher, 1990). The geological
parameters are weighed according to their relathgortance, with a maximum possible total rating
of 100. Rating values between 0 and 100 coverrfie& mass classes comprising ratings of 20 per
class, ranging from very poor to very good, whiok areflection of the relative strengths of thekro
masses (Laubscher, 1990). Each rock mass classtherflsub-divided into a division A and B.

Geological parameters that must be assessed include

e Intact Rock Strength (IRS)
IRS refers to the Uniaxial Compressive StrengtR®) of intact rock between discontinuities.
To account for zones of intercalated strong andkweak that can affect the IRS of a rock
mass, an average strength value is used on the thedia weaker rock will have a greater
influence on the average value than a stronger ¢baldbscher, 1990). An empirical chart of
the non-linear relationship has been developed dayybkcher (Refer to Figure 2.3) to facilitate
the determination of an IRS value in those instangeere the rock mass comprises intercalated

strong and weak zones.

Select Curve Using Weak Rock
IRS as 7% of Strong Rock IRS
10% 20% 30% 40% 50% 60% 70% 80% 90%

NINANANI
. VA

Weak Rock %

30

20

10
=N\

10 20 30 40 50 60 70 80 90 100
Average IRS as % of Strong Rock IRS

Figure 2.2: Determination of Average IRS in Intercdated Strong and Weak Rock Zones (after
Laubscher, 1990)
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The IRS is rated between 0 and 20, catering faitintock strengths of 0 MPa to in excess of 185
MPa. An upper limit of 185 MPa is used as, acaaydd Laubscher (1990), IRS values in excess of
185 MPa have an insignificant impact on the stiemdta jointed rock mass.

e Joint/ Fracture Spacing

Joint spacing is the measurement of all discortigmiiand partings, excluding cemented

discontinuities, which are assessed separatelpendetermination of the IRS. Based on the

premise that a block of rock will be defined byedrjoint sets, with additional joints only
serving to modify the shape of the block, a maximeiitthree joint sets is considered in the

MRMR classification system (Laubscher, 1990). Ifrenthan three joint sets are developed, the

three closest-spaced joints are used (Laubsched).19%e rating value for one-, two- or three-

joint sets is read off a chart design chart asemesl in Figure 2.3. Joint spacing can be
assessed by two different techniques:

- The separate measurement of both the RQD and 3panting (Js) parameters with
maximum possible ratings of 15 and 25 respectivéQD should be calculated on cores
that are not less than 42mm diameter (BXM) (Laubsch@90). A minimum core length
of 100mm is required to calculate RQD, for if BXMbre is drilled perpendicular to
discontinuities spaced at 90mm the RQD resultahievis zero. However, if the borehole
is inclined at 40°, the spacing between the saamures is 137mm, which equates to an
RQD of 100%. By only considering core of 100mnmmre, the core cylinder would only

be 91mm at an angle of 40°, which equates to z&D.RThe RQD is calculated using the
equation:

RQD (%) = Total Lengths of Core >100mm/Length ohR1.00 (6)
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Figure 2.3: Assessment of Joint Spacing Rating Va#s (Laubscher, 1990)

The measurement of all discontinuities to faciitahe determination of the fracture
frequency per metre (FF/m) with a maximum ratingl@f The type of joint system being
sampled, i.e. one-, two- or three-joint system,dset® be established as for the same
fracture frequency, a one-joint rock mass is steorthan a two-joint rock mass, which is
stronger than a three-joint rock mass. Fracturguigacy does not recognise core recovery
(Laubscher, 1990), consequently the fracture frequeyer metre must be increased to
reflect any core loss. The adjustment requiredigi the fracture frequency per metre by

the core recovery and multiplying the quotient B9 ILaubscher, 1990).
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Joint condition is an assessment of the frictiopadperties of joints based on expression,
surface properties, alteration zones, filling aratew (Laubscher, 1990). The maximum possible
rating for joint condition is 40. Use is made adble 2.15 to assign rating values for joint
condition. Section A represents the large-scdld gxpression, section B represents the small-
scale joint expression, based on the joint profitegigure 2.4, section C represents the joint

wall alteration and section D represents the jgmige material. To account for the differing

joint condition for each joint set, a weighted age rating value is used (Laubscher, 1990).

Table 2.15: Joint Condition Assessment

Accumulative % Adjustment of Possible Rating of 40

irregularities

Mod. High
Parameter
Description Dry Moist Pressure Pressure
(25-125I/m) | (>125l/m)
Multi wavy directional 100 100 95 90
Uni 95 90 85 80
A: Large-Scale Joint Expression| Curved 85 80 75 70
Slight undulation 80 75 70 65
Straight 75 70 65 60
Rough stepped/Irregular 95 90 85 80
Smooth stepped 90 85 80 75
Slickensided stepped 85 80 75 70
Rough undulating 80 75 70 65
B: Small-Scale Joint Expression| Smooth undulating 75 70 65 60
Slickensided undulating 70 65 60 55
Rough planar 65 60 55 50
Smooth planar 60 55 50 45
Polished 55 50 45 40
C: Joint wall alteration weaker than wall rock amdly if it is weaker
. 75 70 65 60
than the filling
Non-softening and sheared materigl
90 85 80 75
— Coarse
- Medium 85 80 75 70
- Fine 80 75 70 65
Softening sheared material
70 65 60 55
o - Coarse
D: Joint Filling
- Medium 60 55 50 45
- Fine 50 45 40 35
Gouge thickness < amplitude of
. " 45 40 35 30
irregularities
Gouge thickness > amplitude of
30 20 15 10
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Figure 2.4: Joint Roughness Profiles (Laubscher, 199

To facilitate an assessment of the effect of theimgi environment on the exposed rock mass, the
basic RMR rating values are adjusted to accounfdor factors to determine the adjusted RMR

value, or MRMR value. These adjustment percentagessmpirical and are based on numerous
field observations (Laubscher, 1990). The adjustmeetd to take into account the effect of the
proposed mining activities on the in-situ rock maddining activities that need to be considered

include:

«  Weathering
The susceptibility of certain rock types to rapi@athering, e.g. kimberlite and Karoo shale,
needs to be considered. According to Laubsche®(Q)l9veathering affects three of the RMR

parameters, namely IRS, RQD or (FF/m) and jointdation.  Chemical weathering can
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significantly decrease the rock strength; incredsstturing can result in a decrease in the RQD
value, while alteration of the host rock and gougeterial affects the joint condition.

Weathering adjustments are applied over a periosixfnonths to four years. A summary of

applicable weathering adjustments are present@dlzs 2.16.

Table 2.16: Weathering Adjustments

Description Potential Weathering and % Adjustments
6months 1 year 2 years 3years 4+ years
Fresh 100 100 100 100 100
Slightly 88 90 92 94 96
Moderately 82 84 86 88 20
Highly 70 72 74 76 78
Completely 54 56 58 60 62
Residual Soil 30 32 34 36 38

e Mining-induced stresses
The re-distribution of regional stress fields, doamining activities, results in mining-induced
stresses. Stress adjustments cater for the mdgnand orientation of the principal stress
(Jakubec and Laubscher, 2000). Spalling, crushirgllars and the plastic flow of soft zones
can all be caused by the maximum principal stréaskupbec and Laubscher, 2000).
Stress adjustments range from 60% to 120% reflgqivor and good confinement conditions
respectively (Laubscher, 1990), with applicatiorttef adjustment factor being based largely on

engineering judgement. A graphic depiction of mininduced stress is presented as Figure 2.5.

Figure 2.5: lllustration of Adjustments for Stress(Jakubec and Laubscher, 2000)
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» Joint orientation
According to Laubscher (1990), the behaviour odekrmass is a function of the size, shape and
orientation of an excavation. Furthermore, thilitga of an excavation is significantly affected
by the attitude of the discontinuities, and whetbienot the bases of the blocks formed by the
discontinuities are exposed (Refer to Figure 2.8he joint orientation adjustment is, therefore,
a function of the joint orientations with respeatthe vertical axis of the block (Stacey, 2005).

The percentage adjustments applicable to joinhtaten are presented as Table 2.17.

Table 2.17: Joint Orientation Adjustments

No. of Joints No. of Faces Inclined Away from the Vertical
Defining the
Block 70% 75% 80% 85% 90%
3 3 2
2 2 2
5 5 4 2 1
6 6 4 3 2,1
DISTURBING FORCE DISTURBING FORCE DISTURBING FORCE
(GRAVITY) (GRAVITY) (GRAVITY)
2 FACES OF 6 FACES 4 FACES OF 6 FACES 6 FACES OF 6 FACES
OF BLOCK AWAY OF BLOCK AWAY OF BLOCK AWAY
FROM VERTICAL FROM VERTICAL FROM VERTICAL

Figure 2.6 : lllustration of Joint Orientation Adju stments (Jakubec and Laubscher, 2000)

« Effect of Blasting
Blasting creates new fractures, loosens the roeksmand causes movement along existing
joints (Laubscher, 1990). Four excavation techesgare considered in applying adjustments to
blasting:
- Boring
- Smooth wall blasting
- Good conventional blasting

- Poor blasting
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The adjustments for blasting are presented in T241@.

Table 2.18: Blasting Adjustments

Technique Adjustment (%)
Boring 100
Smooth-Wall Blasting 97
Good Conventional Blasting 94
Poor Blasting 80

The above adjustments are cumulative, being ap@®dnultipliers to the RMR rating value.
Laubscher (1990) states that, in applying the awfjest factors, cognisance must be taken of the life

of mine / excavation and the time-dependant belawbthe rock mass.

The Ramamurthy and Arora Classification (Ramamuatiy Arora, 1993)

Ramamurthy and Arora proposed a classificationrfi@act and jointed rock based on its compressive
strength and modulus value in an unconfined stdelpro, 2003). In developing the classification

system, laboratory tests were conducted on sarelsiod granite samples. The classification is

based on the modulus ratio {Mof a linear stress-strain condition, represebtgthe equation:

M= Ej/oq = 1k (7

Where:
Subscript j refers to jointed rock and subscrigfers to intact rock.

E;is the tangent modulus at 50% of the failure stress

To estimate the rock strength and modulus rat® jdint factor d, representing the weakness of the
rock mass due to the presence of joint systemsgjsnieebe calculated. The strength and modulus
classification of intact and jointed rock massdwraRamamurthy and Arora (1993) are presented as

Tables 2.19 and 2.20 respectively.



Table 2.19: Strength Classification of Intact and dinted Rock

Class Description Compressive Strength (MPa)
A Very high strength > 250
B High strength 100 - 250
C Moderate strength 50 - 100
D Medium strength 25 -50
E Low strength 5-25
F Very low strength <5

Table 2.20: Modulus Ratio Classification of Intactand Jointed Rock

38

Class Description Compressive Strength (MPa)
A Very high modulus ratio > 500
B High modulus ratio 200 - 500
C Medium modulus ratio 100 - 200
D Low modulus ratio 50 - 100
E Very low modulus ratio <50

The rock mass is classified using a combinatioletbérs from the two Tables, e.g. a classificatén
CD would represent a rock having a moderate comppesstrength (50 - 100MPa) and a low
modulus ratio (50 - 100).

2.4.10 The Geological Strength Index (Hoekal, 1995)
The Geological Strength Index (GSI) was introdute@omplement the generalised Hoek-Brown
rock failure criterion, and as a way to estimate plarameters, aandm, in the criterion (Edelbro,
2003). The GSI system is a simple visual methodjwdntifying a rock mass under different
geological conditions. The system comprises atchiéh a description of a range of rock mass
structures, together with a sketch of the repredmet structure on the vertical axis and descn#io
of a range of joint surface conditions on the hamial axis. The correlation of an appropriate rock
mass description and joint surface descriptionaf@pecific rock mass determines the GSI value.
The primary advantage of the GSI system is thiacilitates the rapid classification of a rock mass
However, due to the generalised nature of the systerange of GSI values should be reported
rather than a single value. The GSI chart is ptesess Figure 2.7.
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From the description of structure and surface 8 é B
conditions of the rock mass, pick an appropriate < - =3 =
Box in this chart. Estimate the average value of @ a g it i
the Geological Strength Index (GSI) fram the » 8 2 = 83 8
contours. Do not attempt to be too precise. 3 E £ = €5 %
Quoting a range of GSI from 36 to 42 is more 5 3 < 3 2l 2
realistic than stating that CSI = 38. It is also 5 < = e 2y 2
important to recognise that the Hoek—Brown o = B = ZE| 5.,
criterion should only be applied to rock masses & H 2 = 2. =22
where the size of individual blocks is small = - § ) =, ===
compared with the size of the excavation under ? 8 - s g8 £5
consideration. When individual block sizes are more N =, é U‘g o %
. : 3 < 28X 8.2
than approximately one quarter of the excavation S 3 @ gl BaleBE
dimension, failure will be structurally controlled and NS ; gg . 88 %§ § ~ 3 i
the Hoek—Brown criterion should not be used. E‘>4§ SS|=&3|22s E;%’%
STRUCTURE DECREASING SURFACE QUALITY |:>
INTACT OR MASSIVE — Intact rock 90
specimens or massive in situ rock
/ mpcsses with very few widely spaced N/A N/A N/A
discontinuities
80
&0
BLOCKY - Very well interlocked = 70
undisturbed rock mass consisting of a
cubical blocks formed by three S
orthogonal discontinuity sets g
s 60
()]
=
VERY BLOCKY - Interlocked, partially S
disturbed rock mass with = 50
multifaceted angular blocks formed =~
by four or more discontinuity sets =
2
2
o 40
BLOCKY/DISTURBED - Folded and/or 2
faulted with angular blocks formed =
by many intersecting discontinuity
sets 10
DISINTEGRATED — Poorly interlocked,
heavily broken rock mass with a
mixture of angular and rounded
rock pieces 2
FOLIATED/LAMINATED /SHEARED — Thinly /
?/ laminated or foliated and tectonically sheared 10
—— weak rocks, Closely spaced schistocity prevails N/A N/A
%\\ over other discontinuity set, resulting in
complete lack of blockiness

Figure 2.7: The Geological Strength Index Chart (Ciet al, 2004)

According to Caiet al (2004), the GSI system is the only rock mass iflegBon system that is

directly correlated to the Mohr-Coulomb, Hoek-Brovamd rock mass modulus engineering
parameters. However, as the application of the §Stem is limited by its subjective nature, a
quantitative approach, utilising block volume aothj condition factors as quantitative parameters

has been developed by Gial (2004). The proposed revised GSI chart is predemgd-igure 2.8.
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Joint spacing < fem 0.1
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o

Joint Condition Factor Jc

Figure 2.8: Revised GSI Chart (after Caiet al, 2004)

It may be noted that in the revised GSI Chart,déscriptive block size has been supplemented with
the quantitative block volume (Y and the descriptive joint condition has been temppnted with

the quantitative joint condition factorgdd Furthermore, additional structure categoriesnaly a
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massive category for large block volumes and mdédirdointed rock and a foliated / laminated /

sheared category for very small volumes of rockighly fractured rock, have been added.

The revised GSI system has been applied to the &gawa pumped hydropower project in Japan
(Cai et al 2004), where the site is characterised by congtate, sandstone and mudstone. In
applying the system use was made of laboratorpgtinetests and field mapping data. Results from
the application of the system indicated that thergith and deformation parameters estimated from

the GSI system correlated very well with those ioleté from in-situ tests.

The In-Situ Rock Mass Rating (IRMR) Classificatiopsg&m (Laubscher and Jakubec, 2000)
According to Laubscher and Jakubec (2000), the ctanpg of a jointed rock mass is a function of
the nature, orientation and continuity of discouities in a rock mass. In applying the MRMR
Classification System, concerns have been raisdd #se potential effect of fractures, veins and
cemented discontinuities on the quality of the rowss. In 2000, Laubscher and Jakubec modified
the MRMR Classification System to account for thesecerns. The resultant classification system
was termed the In-Situ Rock Mass Rating (IRMR) 8yst Laubscher and Jakubec (2000) define

fractures, veins and cemented discontinuities k®we:

*  Fractures and Veins:
Low continuities of fractures and veins can occuthimi a rock block. The hardness number

defines the fill material, with open fractures hayi hardness of 1.

*  Cemented Discontinuities:
A structural feature that has continuity with thelle cemented with minerals of different
cementing strength. In high stress environmemmented joints can influence the rock mass
strength, consequently, the frequency and hardsfabe cementing material must be recorded.

In determining the IRMR value, two input paramstare considered, namely:

e The Rock Block Strength (RBS) Rating
Testing of the core, using either field techniquedaboratory testing, yields the Unconfined
Compressive Strength (UCS) of the rock mass andpipeopriate Intact Rock Strength (IRS)
rating value is assigned to the rock mass. Theectad IRS is then determined by estimating
the percentage of weak rock in the rock block. faalitate the determination of the corrected
IRS value, the estimated percentage of weak rotdcated on the y-axis of a nomogram (Refer
to Figure 2.9), and a horizontal line is drawnriteisect the curve representing the strength of
the weak rock. A vertical line is then drawn tdensect the x-axis and the average IRS as a

percentage of strong rock, which equates to theectad IRS value, is read off.
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Select Curve Using Weak Rock

UCS as % of Strong Rock UCS
10 20 30 40 50 60 70 80 90 100

90 —

70 — —

60 — —

Weak Rock %
\
\

30— —

20 —
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10 20 30 40 5 60 /0 8 90 100

Average IRS as % of Strong Rock

Figure 2.9: IRMR Corrected Value Nomogram (Laubsche and Jakubec, 2000)

If the rock block is devoid of fractures or veiasfactor of 0.8 is applied to adjust for the smtil-
large-scale specimen effect (Laubscher and Jak@®€f). In those instances where fractures and
veins are developed, use is made of the Moh'’s lesginumber to define the frictional properties of
the infill material. A maximum hardness of 5 i:dsas values in excess of 5 are unlikely to be
significant (Laubscher and Jakubec, 2000). Inyapg the adjustment, it is to be noted that the
infill material must be weaker than the host rodk. adjusting for infilled fractures and veins, the
inverse of the hardness index (Refer to Table 22hultiplied by the fracture/vein frequency per
metre to derive a number reflecting the relativakvess between different rock masses (Laubscher

and Jakubec, 2000).

Table 2.21: IRMR Moh's Hardness Scale

Infill Talc, Gypsum, Calcite, Fluorite, )
) ] ) Apatite
Material Molybd. Chlorite Anhydrite Chalcopy.
Strength 1 2 3 4 5
Inverse 1.00 0.50 0.33 0.25 0.20
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By applying the resultant value to Figure 2.10, pleecentage IRS adjustment value is determined.
The RBS rating value is obtained from Figure 2.11.

Percentage Adjustment to RS Value

100 95 90 8 80 75 70 65 60
. r

[ T [ T T
0.0 02 04 1 2 510 40

Inverserse of Hardness Index X Fracture & Vein Frequency per Metre

Figure 2.10: IRMR Nomogram of IRS Adjustments, Harchess Index and Vein Frequency
(Laubscher and Jakubec, 2000)

25

20

10 20 30 40 50 60 80 100 120 140 160
RBS - MPa

Figure 2.11: IRMR Rock Block Strength Rating ValueGraph (Laubscher and Jakubec, 2000)

As small changes are significant in determining R&S rating value, the slope of the curve in

Figure 2.11 is steeper for lower RBS values.

¢ The Overall Joint Rating
Unlike the MRMR Classification System, the IRMR &idication System does not allow the
use of two discrete methods pertaining to discaoityrspacing, i.e. the product of the RQD and
joint spacing, or alternatively, the fracture frequy, to calculate the RMR value. In
calculating the RMR value, the IRMR ClassificatiBystem considers two types of joints and

joint conditions, namely:
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- Open Joints
The fracture / vein frequency and joint conditiargmeters are an integral part of the RBS
calculation. As these parameters cannot be camsldavice in the RMR calculation, the
joint spacing rating has been reduced from 40 t¢R¥Ser to Figure 2.12) and only refers

to open joints (Laubscher and Jakubec, 2000).

Block Volume cu.m.

0.001 0.008 0.03 0.12 0.31 1 8 27 61125
30

30

-
=
D

5 FREE SETS

0.1 0.2 0.3 05 07 10 2.0 30 4050
Joint Spacing m

Figure 2.12: IRMR Joint Spacing Rating Values (Laulscher and Jakubec, 2000)

- Cemented Joints
The strength of a rock mass will be affected by esimd joints, if the strength of the
cementing material is less than the strength ottt rock. When cemented joints form

discrete joint sets, use is made of Figure 2.1doten rate the joint spacing rating value.
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% Adjustment to the Open Joint Spacing Rating for One or
Two Filled Joints in a Three Joint Set

ONE  TWO
SETS
100 100
95 100
90 100
85 95
80 90
75 85
70 80
5m - 3m Im 0.9m  0.8m 0.6m 0.4m 0.1m

Cemented Joint Spacing

Figure 2.13: IRMR Graph for Down Rating Cemented Jant Rating Values (Laubscher and
Jakubec, 2000)

The slope of the curve shown in Figure 2.13 reprssan adjustment to account for the
significant influence of closer joint spacing om fbint spacing parameter.
- Single Joints

The joint condition rating remains unchanged inlRBIR Classification System; however,

the joint condition adjustments have been alteoatidse in Table 2.22.

Table 2.22: IRMR Joint Condition Ratings and Adjustments

A. Large-Scale Joint Expression Adjustment % of 40
Wavy - multidirectional 100
Wavy - unidirectional 95
Curved 90
Straight, slight undulation 85
B. Small-scale Joint Expression (200mm x 200mm)

Rough stepped / irregular 95
Smooth stepped 90
Slickensided stepped 85
Rough undulating 80
Smooth undulating 75
Slickensided undulating 70
Rough planar 65
Smooth planar 60
Polished 55

C. Joint wall alteration weaker than sidewall aifith§ 75
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Table 2.22 (cont.): IRMR Joint Condition Ratings ard Adjustments

D. Gouge
Thickness < amplitudes 60
Thickness > amplitudes 30

E. Cemented/filled joints-cement weaker than watke The percentage in the column is the

adjustment to obtain the cemented filled-joint dbiod rating

Hardness Adjustment
5 95%
4 90%
3 85%
2 80%
1 75%

- Multiple Joints
Average joint condition ratings are used in caltotathe RMR value. Use is made of
Figure 2.14 to obtain realistic average joint ctindi rating values, as a weighted average

joint condition can give incorrect results when thegng value of one set is high.

Select Curve Lowest Joint Condition
Rating as % of Higest Joint Condition Rating

0 20 30 40 5 60 70 80 90 1007%

"] 1

. \
. \

% Low JC

20

10 &
10 20 30 40 50 60 70 80 90 100%
% to Apply to High JC for Average JC Rating

Figure 2.14: IRMR Joint Condition Rating Chart (Lau bscher and Jakubec, 2000)

The RMR value equals the sum of the RBS and thealhdoint Rating.
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As with the RMR Classification System, the IRMR €3HHdication System takes into account the
effect of the proposed mining activities on thesit rock mass to adjust the RMR value to a
realistic number for a particular mining situatifiraubscher and Jakubec, 2000). The same four
adjustments as used in the MRMR Classification @ystnamely weathering, joint orientation,
mining-induced stress and blasting, are used inRMR Classification System, as well as a new

adjustment for water and / or ice.

¢ Weathering Adjustment
The weathering adjustment is used to make allowéorcihe anticipated reduction in rock mass
strength due to the weathering that alters the segboock surfaces and joint infill material. It
does not, however, take the existing weathereé stfathe rock mass into consideration, as this
is taken into account by the IRS in calculating RMR value. Proposed weathering adjustment

factors for the IRMR Classification System are presd in Table 2.23.

Table 2.23: IRMR Weathering Adjustment Factors (afer Laubscher and Jakubec, 2000)

Potential Weathering and Percentage Adjustments
Rock Mass Description 4 Years or
6 Months 1 Year 2 Years 3 Years
More

Fresh 100 100 100 100 100
Slightly Weathered 88 90 92 94 96
Moderately Weathered 82 84 86 88 90
Highly Weathered 70 72 74 76 78
Completely Weathered 54 56 58 60 62
Residual Soil 30 32 34 36 38

e Joint Orientation Adjustment

The joint orientation adjustment, which is a fuantif the joint orientations with respect to the
vertical axis of the block, is used to take intmsideration the attitude of the discontinuitiesd an
The dip,
number of joints and their frictional propertiegatenine the magnitude of the joint orientation

whether or not the bases of the blocks formed leydiscontinuities are exposed.
adjustment value. Proposed joint orientation adjesit factors for the IRMR Classification
System, which have been revised to account foetfeet of low-friction surfaces as defined by

the joint condition, are presented in Table 2.24.
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Table 2.24: IRMR Joint Orientation Adjustments (after Laubscher and Jakubec, 2000)

) o No. of Faces Percentage Orientation adjustment for Ranges in Joint
No. of Joints Defining ) N
Inclined From Condition
Rock Block )
Vertical 0-15 16 - 30 31-40
3 3 70 80 95
2 80 90 95
4 70 80 90
4 3 75 80 95
2 85 90 95
5 70 75 80
4 75 80 85
5 3 80 85 90
2 85 90 95
1 90 95 -

e Mining-Induced Stress Adjustment
Stress adjustments range from 60% to 120%, réitpqtoor and good confinement conditions
respectively Laubscher (1990). Examples of strdgsstments would be an adjustment of 70%
for low angle stresses that result in shear failareadjustment of 120% for compressive stress
that inhibits failure and a 60% adjustment for hgiresses resulting in failure (Refer to Figure
2.5). Typically, application of the stress adjustinéactor is based largely on engineering

judgement.

» Blasting Adjustment
The blasting adjustment is used to account forcthation of new fractures, and the opening of
existing fractures, which decreases the strengtthefrock mass. The blasting adjustments
presented in Table 2.25 are the same as thosbddvViIRMR Classification System, which are

presented in Table 2.18.

Table 2.25: IRMR Blasting Adjustments (after Laubster and Jakubec, 2000)

Excavation Technique Adjustment
Boring 100
Smooth-wall blasting 97
Good conventional blasting 94
Poor blasting 80

e Water / Ice Adjustment
A water / ice adjustment has been added to theRRNassification System due to its effect on

reducing the frictional properties and effectiveess of a rock mass. Furthermore, ice may
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temporarily increase the rock mass strength, bstusually decreases over time due to ice creep
(Laubscher and Jakubec, 2000). The proposed water ddjustments are presented in Table
2.26.

Table 2.26: IRMR Water/Ice Adjustments (after Laubscher and Jakubec, 2000)

Water Condition

Moist Moderate Pressure: 1-5 MPa; 25-125 I/m High Pressure5MPa; >125 I/m

95% - 90% 90% - 80% 80% - 70%

The above adjustments are cumulative, being applemultipliers to the RMR rating value.

Literature Review Findings

A review of the current literature indicates thatrelations have been derived for two of the three
most common classification systems currently in. ugdthough not directly related, RMR values
and Q-values have been derived by a number of egjtivecluding both Bieniawski (1976) and
Barton (1995). However, despite the fact thatlRR Classification System was introduced some
six years ago and that the MRMR and IRMR Clasdifica Systems share a common origin, the
author was unable to source literature on the laiioea between the MRMR and IRMR

Classification Systems during the literature review

Given the fact that the IRMR Classification Systeras introduced to address perceived short-
comings in the MRMR Classification System, the &agtion of this system by geotechnical
practitioners will increase and may eventually aepl the MRMR Classification System in certain
applications. A review of current literature ingies that, at present, no studies have been cauted
on the derivation of a correlation between the MRMRd IRMR Classification Systems.
Consequently, it is the opinion of the author tHare is a requirement for such a study and,

therefore, this requirement will be addressed enftlowing chapters of this dissertation.

The parametric and geotechnical data bases, togetite an explanation of logic behind the
compilation of the parametric data base and th@n#dasion of the geotechnical data base, are
presented in Chapter 3. Thereafter, the resultseoparametric and geotechnical data base analyses

are presented in Chapter 4.
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PARAMETRIC AND GEOTECHNICAL DATABASES

Chapter 2 has dealt with the nature of rocks aoll nmasses and the philosophy, implementation and
evolution of rock mass classification systems #na, or were, in use by the mining industry. In
Chapter 3, the research report addresses the dooictie parametric data base and the approach
taken in analysing the effect of individual paraemston the resultant MRMR and IRMR values.
Furthermore, a succinct overview of the geotechrdata base, together with an explanation of the

analysis methodology, is presented.

Scope of Study

Subsequent to its introduction in South Africa 002, the author has been unable to source literatur
pertaining to case studies on the application efiRMR Classification System. Consequently, the
scope of this study will comprise a quantitativesessment of the IRMR Classification System,
based on geotechnical data assimilated by the afrtima the in-pit mapping of a number of mining
operations in South Africa and Zimbabwe respectiasigl the subsequent derivation of a correlation
between the MRMR and IRMR Classification Systenifie Scope of the Study comprised both a
gualitative and a quantitative analysis, the detaflwhich are presented in Sections 3.1.1 an@ 3.1.

respectively.

Qualitative Analysis

A parametric database was developed for both thtMRRnd IRMR Classification Systems. This
was done to facilitate an initial assessment of effect of increasing and decreasing individual
MRMR and IRMR parameters on the resultant rock nrasisig values. Parameters that were

assessed included:

e The Intact Rock Strength (IRS).

e The Rock Quality Designation (RQD).

e The Joint Spacing {J

e The micro and macro Joint Condition)(J
«  Water.

It is to be noted that parametric rock mass ratiafues were derived for both wet and dry
conditions. This was done to facilitate an assessmfthe effect of water on the resultant rock

mass rating values.

Quantitative Analysis
The quantitative analysis was carried out on aeydotical database comprising 72 rock mass rating
values, derived for various lithological units frotine in-pit mapping of three open pit mining

operations in South Africa and Zimbabwe respedfivelAll geotechnical data considered in the
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guantitative assessment were obtained using dfielct measurements. Given the size of the
exposures of engineering interest, the numbersafoditinuities was too numerous to achieve a 100%
coverage. Consequently, only representative sampliethe field conditions were obtained for
analysis and interpretation. Use was made ofvilrelow face mapping technique to obtain
representative discontinuity samples, which invslvecording the orientations of all accessible
discontinuities within a specified horizontal diste of a predetermined design section line. In all
instances, the discontinuity data used in thisane$eproject was recorded from a 50m wide zone
spanning predetermined design section lines at ehtie respective sites, i.e. a 25m wide zone on
either side of the design section line. During ¢fe®technical in-pit face mapping, the following

geotechnical parameters were recorded to facilitesalculation of rock mass rating values:

e Rock type (Lithology).

e Joint orientation (Dip and Dip Direction).

e Intact Rock Strength (using accepted field techeju

« Joint condition (Infill Thickness and Consistendgint Macro- and Micro-Expression).
e Joint Spacing / Fracture frequency.

Water condition.

The Parametric Database

A parametric database was compiled of both MRMR #RNR data to facilitate an initial
assessment of the effect of the individual paramsgtee. Intact Rock Strength (IRS), Fracture
Frequency (FF), Joint Spacing)(Jthe micro and macro Joint Condition)(&nd Water, on the

resultant rock mass rating values obtained frorh btassification systems.

In compiling the parametric database a medium haagk having a RQD value of 96% and
comprising three joint sets was assumed. The mjagrbexpression was assumed to be straight,
while the micro-joint expression was assumed tordwegh undulating and devoid of gouge.
Furthermore, a value of 1 was assumed for all mgimidjustments, i.e. weathering, joint orientation,
induced stress and blasting respectively. An Rf)Bpproximately 96% was calculated using the

following equation (Edelbro, 2003):
RQD =115 -3.3J (8)
Where:

J, = the volumetric joint count, i.e. the sum of thember of joints per unit length for all joint séts

a clay-free rock mass



52

A summary of the MRMR and IRMR Classification Syst@arametric databases is presented as
Tables 3.1 and 3.2 respectively.

Table 3.1: The MRMR Parametric Database

Intact Joint Spacing ) N
RQD (%) Joint Surface Condition
Rock (m)
Strength ) ] Wall
J1 J2 J3 Jv 3.3Jv| Total Micro Macro Infill )
(MPa) Alteration
Rough ]
] Straight| None None
125 1.20f 0.60 0.3 5.83 19.25 95.[7Undulating
08) (0.75) (1.0) (1.0)

Table 3.2: The IRMR Parametric Database

Jointing
IRS _ i
Open Single Cemented Multiple
Infill Type/ Joints/ No. of No. of
% Strong | Corrected ) .
Hardness m J1 | J2 | J3 Macro Micro Cemented Multiple
Rock IRS (MPa) . .
Joints Joints
100 125 0 1 121 04 0.3 0.85 0.80 NA NA

The approach taken in analysing the effect of tldvidual parameters on the resultant MRMR and
IRMR values was to initially increase and decrahgseindividual MRMR parameter values by 16%,
with the maximum and minimum values not exceedimg maximum and minimum permissible
parameter rating values. The value of 16% wasearhas this equates to the percentage difference in
Intact Rock Strength (IRS) sub-divisions using Laies’s (1990) MRMR Classification System.
This was followed by further analysis where thevital parameter values were increased by 50%,
with the maximum and minimum values not exceedimg maximum and minimum permissible
parameter rating values. This series of analysescarried out to assess the effect of both smdll a

large adjustments on the resultant MRMR value.

The Geotechnical Database

The geotechnical database comprises 72 rock méisg nealues that were derived for various
lithological units from in-pit mapping of four opepit mining operations in South Africa and
Zimbabwe respectively. The MRMR and IRMR geotechhitatabases are presented as Appendices
A and B respectively. A breakdown of the data sewind geological setting of the geotechnical

data is presented as Table 3.3.



3.3.1

53

Table 3.3: Breakdown of Geotechnical Database

Data Source Geological Setting

Colleen Bawn Limestone Quarry, Zimbabwe Sedimentarylgmebus

) ) ) Sedimentary, metamorphic and
Kalgold Mine, NW Province, South Africa
Igneous

Marikana Mine, NW Province, South Africa Igneous

Rock mass rating values were calculated for eat¢heothree open pit mining operations using both
Laubscher’'s (1990) Mining Rock Mass Rating Clasatibn (MRMR) System and Laubscher and
Jakubec’s (2000) In-Situ Rock Mass Rating Clasaiiom (IRMR) System. This facilitated a
guantitative assessment of the effect of the némilpduced adjustments on the resultant rock mass
rating values, the statistical evaluation of the telassification systems under various geological
settings and the derivation of a mathematical ¢tatin between the MRMR and IRMR

Classification Systems.

Analysis Methodology

Use was made of statistical techniques in the dfatime analysis of the MRMR and IRMR
Classification Systems. The advantage of usintists in the quantitative analysis is the abitity
draw conclusions about the nature of the rock n@assification data obtained from the two

classification systems, based on the limited infatian in the respective samples, as:

= Statistical inferences are subject to smaller srtloan other methods.
=  Statistical inferences are subject to a specifiedsure of error allowing a statement to be made

regarding the magnitude of error.

Two software packages were used in the quantitadimelysis of the MRMR and IRMR

Classification Systems, namely Excel and ARusn

* The Excel Software Package
Use was made of the Excel graphic package to digfdta in the form of 2-D histograms, line
graphs and scatter graphs respectively. The catgtn of histograms facilitates the visual
representation of the distributional characteristaf a quantitative data set, with each bar
representing an individual category and the heighteach bar representing the category
frequency. The width of the respective bars hasneaning. The construction of line graphs
facilitates a visual comparison of how closely thigtribution of the one data set approximates
the other data set. The construction of a scajtaph facilitates the visualisation of the
relationship between two variables x and y in aofdtivariate data, i.e. pairs of measurements

(x,y) made on a set of observations.
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e The Axum Software Package
Axum® 5 is a technical graphing and data analysis packatch facilitates the construction of
a variety of 2-D and 3-D graph types, as well asidand advanced statistical analyses. The
Axum® 5 software facilitates the calculation of descrigtitatistics, a frequency distribution,
correlation matrix or perform an Analysis of Vari@(ANOVA) on a data set. Other functions

include linear and non-linear curve fitting and tivdriate regression analysis.
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INTERPRETATION OF QUALITATIVE AND QUANTITATIVE ANALY  SES
Chapter 3 presented the parametric and geotechdatal bases used in the research report. In
Chapter 4 the interpretation and discussion of llethqualitative and quantitative analysis resiglts

presented.

MRMR Parametric Analysis

The results of increasing and decreasing the iddaliMRMR parameters by 16% are summarised
as Tables 4.1 and 4.2 respectively. Cognisantelie taken of the fact that only those individual
parameter values that do not exceed the maximumrmum parameter rating values are reported.
Furthermore, the results are reported to one degimiat to illustrate the changes, which may be
subtle, in the individual parameter rating valu@$e results are depicted graphically in Figure 4.1

The detailed MRMR parametric analysis results aesgented as Appendix C.

Table 4.1: Parametric Results for a 16% Increase itndividual MRMR Parameter Rating

Values
. Percentage
Initial ) ) ) i Rock )
Parameters Resultant Difference in | Difference in ) Rock Quality
MRMR Quality o
Increased MRMR Value | MRMR Value | MRMR Value Description
Value Class
(%)
IRS 61.8 63.8 20 3.2 Class 2B Good
J1 Joint
) 61.8 62.1 0.3 0.0 Class 2B Good
Spacing/RQD
J2 Joint
] 61.8 62.2 04 0.0 Class 2B Good
Spacing/RQD
J3 Joint
) 61.8 63.0 11 1.8 Class 2B Good
Spacing/RQD
Micro Joint
- 61.8 717 9.9 6.3 Class 2A Good
Condition
Macro Joint
- 61.8 65.7 3.9 6.3 Class 2A Good
Condition
Stress Adjustment] 61.8 65.6 3.8 16.0 Class 2A Good

Analysis of the MRMR parametric results, in ternisnezreasing the individual parameters by 16%,

indicates the following:

« The effect of a 16% increase in the seven parametieles does not elevate the resultant
MRMR value into a higher class, i.e. the rock massains classified as a “Good” rock.
« A 16% increase in the IRS, J2 and J3 joint spaaimdy macro joint condition parameters has a

nominal effect on the resultant MRMR value.
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e A 16% increase in the micro joint condition paraenatesults in the highest increase in the
resultant MRMR value, i.e. 10 points, and elevdtes MRMR value into a higher sub-class
classification, i.e. from a Class 2B rock mass @ass 2A rock mass.

e The effect of a 16% increase in the induced strdgstanent is nominal.

Table 4.2: Parametric Results for a 16% Decrease imdividual MRMR Parameter Rating

Values
) . Percentage | Resultant
N Resultant | Difference in ) i Resultant
Parameters Initial MRMR Difference in Rock )
MRMR MRMR ) Rock Quality
Decreased Value MRMR Value Quality o
Value Value Description
(%) Class
IRS 61.8 59.8 2.0 3.4 Class 34 Fair
J1 Joint
] 61.8 61.6 0.2 0.0 Class 2H Good
Spacing/RQD
J2 Joint
] 61.8 61.5 0.3 0.0 Class 2B Good
Spacing/RQD
J3 Joint
) 61.8 61.2 0.6 0.9 Class 28 Good
Spacing/RQD
Micro Joint
. 61.8 57.9 3.9 6.3 Class 3A Fair
Condition
Infill 61.8 58.0 3.8 6.2 Class 3A Fair
Wall Alteration 61.8 58.0 3.8 6.2 Class 3A Fair
Weathering .
) 61.8 51.9 9.9 16.0 Class 3A Fair
Adjustment
Orientation
) 61.8 51.9 9.9 16.0 Class 3A Fair
Adjustment
Stress Adjustment 61.8 51.9 9.9 16.0 Class BA Fair
Blasting )
) 61.8 51.9 9.9 16.0 Class 3A Fair
Adjustment
Moisture 61.8 58.8 3.0 4.9 Class 3A Fair

Analysis of the MRMR parametric results, in terniglecreasing the individual parameters by 16%,

indicates the following:

e A 16% decrease in the individual parameter valsilts in the majority of the resultant
MRMR value falling into a lower class, i.e. from 6&d” rock to “Fair” rock.

e The exceptions are the J1, J2 and J3 joint spacirgmeter values, as a 16% decrease in these
parameter values only results in a nominal changled resultant MRMR values.

e Decreasing the IRS, J1, J2 and J3 joint spacingnpeters has a nominal effect on the resultant
MRMR value.

e The greatest decrease in resultant MRMR valuessiscested with a decrease in the adjustment

parameters; the resultant MRMR values decreasirgplne 10 points.
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«  The effect of decreasing the moisture adjustmergmpater has a nominal effect on the resultant
MRMR value, i.e. decreasing the weathering, joinemtation, induced stress and blasting

adjustment parameters has a greater effect orethuttant MRMR value.
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Figure 4.1: Histogram of Resultant MRMR Values fora 16% Increase and Decrease in

Individual Parameter Values

The results of increasing and decreasing the iddali MRMR parameters by 50% are summarised
as Tables 4.3 and 4.4 respectively. Cognisanae lie ttaken of the fact that only those individual
parameter values that do not exceed the maximumiramum parameter rating values are reported.
Furthermore, the results are reported to one degiwiat to illustrate the changes, which may be
subtle, in the individual parameter rating valudhe results are depicted graphically in Figure 4.2

The detailed MRMR parametric analysis results aesented as Appendix C.
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Table 4.3: Parametric Results for a 50% Increase individual MRMR Parameter Rating

Values
N . Percentage Resultant Resultant
Initial Difference ] ]
Parameters Resultant ) Difference in Rock Rock
MRMR in MRMR ) )
Increased MRMR Value MRMR Value Quality Quality
Value Value o
(%) Class Description
IRS 61.8 67.8 6.0 9.7 Class 2B Good
J1 Joint
) 61.8 64.1 2.2 3.6 Class 2B Good
Spacing/RQD
J2 Joint
] 61.8 63.8 20 3.2 Class 2B Good
Spacing/RQD
J3 Joint
) 61.8 63.8 2.0 3.2 Class 2B Good
Spacing/RQD
Macro Joint
= 61.8 69.8 8.00 12.9 Class 2B Good
Condition
Micro Joint
» 61.8 67.8 6.0 9.7 Class 2B Good
Condition
Stress Adjustment| 61.8 92.7 30.9 50.0 Class 1A Gaygd

Analysis of the MRMR parametric results, in ternfisnereasing the individual parameters by 50%,

indicates the following:

A 50% increase in the individual parameter valuessohot elevate the resultant MRMR values
into a higher class.

- A 50% increase has the greatest effect on the mjamocondition parameter; the resultant
MRMR value being elevated to within 0.7 points d€lass 2A rock.

. The greatest increase in resultant MRMR value ssociated with the stress adjustment
parameter, with a 31 point increase, which elevidtesVIRMR value to a higher class.

« A 50% increase in the six MRMR parameter values &asominal effect on the resultant
MRMR values.
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Table 4.4: Parametric Results for a 50% Decrease imdividual MRMR Parameter Rating

Values
- ) Percentage | Resultant
Initial Resultant Difference Resultant Rock
Parameters ) Difference Rock )
MREMR MRMR in MRMR ) ) Quiality
Decreased in MRMR Quality .
Value Value Value Description
Value (%) Class
IRS 61.8 53.8 8.0 12.9 Class 3A Fair
J1 Joint Class .
) 61.8 60. 5 14 2.2 Good/Fair
Spacing/RQD 3A/Class 2B
J2 Joint
) 61.8 60.7 11 1.8 Class 2B Good
Spacing/RQD
J3 Joint Class )
) 61.8 60.5 1.3 21 Good/Fair
Spacing/RQD 3A/Class 2B
Micro Joint
» 61.8 49.8 12.0 19.4 Class 3B Fair
Condition
Infill 61.8 49.8 12.0 19.4 Class 3B Fair
Weathering 61.8 30.9 30.9 50.0 Class 4/ Poor
Orientation 61.8 30.9 39.9 54.4 Class 4A Poor
Stress Adjustment 61.8 30.9 33.2 51.8 Class 4A Poor
Blasting 61.8 30.9 22.9 42.6 Class 4A Poor

Analysis of the MRMR parametric results, pertainittg decreasing the individual parameters by

50%, indicates the following:

e A 50% decrease in the individual parameter vallesilts in the majority of the resultant
MRMR values falling into lower classes of rock.

e The exception is the J2 joint spacing parameteultaas MRMR value remains classified as a
Class 2B rock.

« A 50% decrease in the joint spacing parameter gahss the least effect on the resultant
MRMR values, i.e. the resultant MRMR is decreasgd Imaximum of 1.4 points.

« The most significant effect on the resultant MRMRuea is by decreasing the adjustment
parameter values by 50%. The resultant MRMR valiadisby two classes resulting in a

classification of “Poor” rock.
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Figure 4.2: Histogram of Resultant MRMR Values fora 50% Increase and Decrease in

Individual Parameter Values

4.1.1 Discussion of MRMR Parametric Data Base AnalysisuRe
A summary of the MRMR parametric analysis results d 16% and 50% increase in individual
parameter values is presented as Table 4.4, wimditates that, typically, a 16% increase in
individual parameter values results in a percentagease in the resultant MRMR value of 6% or
less, the difference in resultant MRMR values bedngoints or less. The individual parameter
ratings which had the greatest effect on the rasuMRMR value were the IRS (3%), micro- (6%)
and macro-joint condition (6%) parameters respebtiv Increasing the induced stress adjustment
parameter by 16% has the greatest effect on thdtaas MRMR value, which is increased by 10

points.

Similarly, a 16% decrease in individual parametalugs results in a percentage decrease in the
resultant MRMR value of 6% or less, the differemteaesultant MRMR values being 4 points or
less. The highest percentage decreases are asdogitth the IRS (3%) and micro-joint condition
(6%) parameters respectively, with the resultantMiRvalues falling into lower classification

classes and sub-classes respectively. In terrdew€asing the adjustment parameters, the resultant
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MRMR values are lowered by between 33 and 40 poitiswever, the effect of decreasing the

effect of moisture adjustment value only reducesrésultant MRMR value by 3 points.

A 50% increase in individual parameter values ltesin a 13% percentage difference in the

resultant MRMR value, equating to a numerical dédfee of 8 points or less. As with a 16%

increase, the individual parameters that have thatgst effect on the resultant MRMR values are
the IRS (10%), micro- (10%) and macro-joint corutiti(13%) parameter values respectively. In
terms of increasing the adjustment parameters,% B@rease in the induced stress adjustment
parameter increases resultant MRMR value by 31tpoin

A 50% decrease in individual parameter values tesnla difference in resultant MRMR values of
20 points or less, with the IRS (13%) and micreyjaiondition parameter (19%) values having the
greatest effect on the resultant MRMR values. Ba&sing the adjustment parameters applied to the
rock mass rating results in a percentage differamdee resultant MRMR value of between 23% and
40%.

IRMR Parametric Analysis

The results of increasing and decreasing the IRMRpetric data base by 16% are presented as
Tables 4.5 and 4.6 respectively. The detailed IRMRRametric analysis results are presented as

Appendix D. The results are depicted graphicalliigure 4.3.

Table 4.5: Parametric Results for a 16% Increase itndividual IRMR Parameter Rating

Values
. Resultant Numerical Percentage Resultant Resultant
Initial IRMR
Parameter ) IRMR Difference in | Difference in | Rock Quality | Rock Quality
Rating Value . .
Rating Value | IRMR Value | IRMR Value Class Description
Rock Block
66.4 66.9 0.5 0.8 Class 2B Good
Strength
J1 Open Joint
) 66.4 66.7 0.3 0.5 Class 2B Good
Spacing
J2 Open Joint
) 66.4 66.7 0.3 0.5 Class 2B Good
Spacing
J3 Open Joint
) 66.4 66.7 0.3 0.5 Class 2B Good
Spacing
Macro Single Joint|
- 66.4 70.8 4.5 6.8 Class 2A Good
Condition
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Table 4.5 (cont.): Parametric Results for a 16% Inease in Individual IRMR Parameter

Rating Values

Initial IRMR Resultant Numerical Percentage Resultant Resultant
Parameter Rating Value IRMR Difference in | Difference in | Rock Quality | Rock Quality
Rating Value | IRMR Value | IRMR Value Class Description
Micro Single Joint
= 66.4 70.8 4.4 6.7 Class 2A Good
Condition
Macro Multiple
. . 66.4 70.3 3.9 6.0 Class 2B/2A Good
Joint Condition
Micro Multiple
) . 66.4 70.3 3.9 5.9 Class 2B/2A Good
Joint Condition
Stress Adjustment 66.4 77.0 10.6 16.0 Class 2A Good

Analysis of the IRMR parametric results, in terafgncreasing the individual parameters by 16%,

indicates the following:

e A 16% increase in the individual IRMR parameterueal does not significantly affect the

majority of the resultant IRMR values.

« Exceptions are the macro and micro single joint d@rd parameter values; a 16% increase

elevating the resultant IRMR values into a highdr-slass classification.

« Increasing the micro and macro single / multipi@tj@ondition parameter values results in the

highest increase in the resultant IRMR values.

« A 16% increase in the stress adjustment paramelee\has the greatest single effect on the

resultant IRMR value.

Table 4.6: Parametric Results for a 16% Decrease imdividual IRMR Parameter Rating

Values
Initial Resultant )
Numerical Percentage Resultant Resultant
IRMR IRMR ) ) ) i ) )
Parameter ) ) Difference in Difference in Rock Quality | Rock Quality
Rating Rating o
IRMR Value IRMR Value Class Description
Value Value
Rock Block Strength 66.4 64.87 1.50 2.30 Class 2B oods
Percentage Strong / Weak
66.4 63.87 2.50 3.80 Class 2B Good
Rock
J1 Open Joint Spacing 66.4 65.70 0.70 1.00 QBss Good
J2 Open Joint Spacing 66.4 65.70 0.70 1.00 Class 2B Good
J3 Open Joint Spacing 66.4 65.70 1.00 1.50 Class 2B Good
Macro Single Joint 66.4 450 cl B Good
. . ass 00
Condition 61.89 6.80
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Initial Resultant )
IRMR IRMR l.\lumerlcal. P.ercentag.e Resultan.t Resultan.t
Parameter ) ) Difference in Difference in Rock Quality | Rock Quality
Rating Rating o
IRMR Value IRMR Value Class Description
Value Value
Micro Single Joint
Condition 66.4 61.95 1.90 290 Class 2B Good
Wall AlterationSingle 66.4 4.70 Class 2B Good
Joint Condition 62.01 7.10
Gouge Single Joint 66.4 6.80 .
Condition 59.57 10.20 Class 3A Fair
Effect of Multiple Joint 66.4 65.84 0.50 0.80 Class 2B Good
Macro Multiple Joint 66.4 5.00 Class 2B Good
Condition 62.36 7.50
Micro Multiple Joint 66.4 5.00 Class 2B Good
Condition 61.42 7.50
Wall AlterationMultiple
Joint Condition 66.4 61.48 4.90 740 Class 2B Good
Gouge Multiple Joint 66.4 730 .
Condition 59.04 11.00 Class 3A Fair
Cemented/Filled Multiple 66.4 2 40 Class 2B Good
Joints 61.48 3.70
Weathering Adjustment 66.4 55.75 10.62 16.00 Class 3A Fair
Orientation Adjustment 66.4 55.75 10.62 16.00 Class 3A Fair
Stress Adjustment 66.4 55.75 10.62 16.00 Class 3A Fair
Blasting Adjustment 66.4 55.75 10.62 16.00 Class 3A Fair
Water/lce Adjustment 66.4 63.05 3.30 5.00 Class 2B Good

Analysis of the IRMR parametric results, in terafislecreasing the individual parameters by 16%,

indicates the following:

* A 16% decrease in the individual IRMR parameterugal does not significantly affect the

majority of the resultant IRMR values.

*  Exceptions are the gouge rating parameter valuesirigte / multiple joint conditions in that a

16% decrease in these parameters reduces theargdRMR value by 7 points, which results

in a drop from a “Good” rock classification to adiF rock classification.

. A 16% decrease in the adjustment parameter vadgkeges the majority of the resultant IRMR

value by 11 points, causing the majority of theulesit IRMR values to fall into a lower

classification class.
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e The exception is the water / ice adjustment whicly oeduces the resultant IRMR value by 3

points, i.e. the effect on the resultant IRMR vakiaominal.
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Figure 4.3: Histogram of Resultant IRMR Values for a 16% Increasse and Decrease in

Individual Parameter Values

The results of IRMR parametric analysis, where ithdividual parameters were increased and
decreased by 50%, are presented as Tables 4.7.&nespectively. The detailed IRMR parametric

analysis results are presented as Appendix D. d$dts are depicted graphically in Figure 4.4.
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Table 4.7: Parametric Results for a 50% Increase itndividual IRMR Parameter Rating

Values
Initial
Resultant ) Resultant Resultant
IRMR IRMR Numerical Percentage ) _
Parameter Rating Rating Difference in | Difference in | Rock Quality | Rock Quality
Value IRMR Value | IRMR Value Class Description
Value
Rock Block 66.4 69.37 3 45 Class 2B Good
Strength
Effect of Open 66.4 67.53 1.20 1.90 Class 2B Good
Joints (J1)
Effect of Open 66.4 67.37 1.00 1.50 Class 2B Good
Joints (J2)
Effect of Open 66.4 67.37 1.00 1.50 Class 2B Good
Joints (J3)
Effect of Multiple 66.4 7117 4.80 7.20 Class 2A Good
Joints (Macro)
Single Joint
Condition 66.4 71.17 4.80 7.20 Class 2A Good
(Macro)
Single Joint
Condition 66.4 71.47 5.10 7.70 Class 2A Good
(Micro)
Effect of Multiple 66.4 7117 4.80 7.20 Class 2A Good
Joints (Macro)
Effect of Multiple 66.4 7317 6.80 10.20 Class 2A Good
Joints (Micro)
Stress 66.4 99.55 33.20 50.00 Class 1A Very Goodl
Adjustment

Analysis of the IRMR parametric results, in terafgncreasing the individual parameters by 50%,

indicates the following:

* A50% increase in the IRMR parameter values datsignificantly affect the majority of the
resultant IRMR values.

« A 50% increase in the macro- and micro-joint canditparameter rating values, for single and
multiple joints elevates the resultant IRMR valirgs a higher sub-class classification.

« A 50% increase in the stress adjustment parameikere vsignificantly affects the resultant

IRMR value, i.e. the resultant IRMR value is el@dhinto a higher classification class.
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Table 4.8: Parametric Results for a 50% Decrease imdividual IRMR Parameter Rating

Values
Initial Resultant Resultant Rock
i esultant Roc
IRMR Resultant N_umerlcal Percentage Rock .
IRMR Difference : . Qualit
Parameter . . - Difference in . Yy
Rating Rating in IRMR IRMR Value Quiality o
Value Value u Description
Value Class
Rock Block Strength 66.4 61.9 45 6.8 Class 2B Good
Percentage Strong/Wealt  66.4 62.9 35 53 Class 2B Good
ocl
Effect of Open Joints (J1) 66.4 64.7 1.7 25 Class 2B Good
Effect of Open Joints (J2 66.4 64.4 2.0 3.0 Class 2B Good
Effect of Open Joints (J3 66.4 64.4 2.0 3.0 Class 2B Good
Single Joint Condition 66.4 66.4 0.0 0.0 Class 2B Good
(Macro) ) ) )
Single Joint Condition | 6.4 57.9 8.5 12.8 Class 3A Fair
(Micro) ) ' )
Single Joint Condition 66.4 :
(Wall Alteration) 59.6 6.8 10.2 Class 3A Fair
Single Joint Condition | 66.4 52.8 13.6 20.5 Class 3A Fair
(Gouge) ) ) )
Effect of Multiple Joint 66.4 65.7 0.7 1.1 Class 2B Good
Effect of Multiple Joints 66.4
(Macro) 66.4 0.0 0.0 Class 2B Good
Effect of Multiple Joints | g6.4 57.9 8.5 12.8 Class 3A Fair
(Micro) ) ' '
Effect of Multiple Joints 66.4 .
(Wall Alteration) 59.6 6.8 10.2 Class 3A Fair
Effect of Multiple Joints 66.4 52.7 13.6 20.5 Class 3A Fair
(Gouge) ) ' '
Effect of Multiple Joints 66.4 .
(Cemented/Filled Joints) 59.6 33 52 Class 3A Fair
Weathering Adjustment | 66.4 33.2 33.2 50.0 Class 4A Poor
Orientation Adjustment | 66.4 33.2 33.2 50.0 Class 4A Poor
Stress Adjustment 66.4 33.2 13.3 20.0 Class 4A Poor
Blasting Adjustment 66.4 33.2 13.3 20.0 Class 4A Poor
Water/Ice Adjustment 66.4 46.5 19.9 30.0 Class 3B Fair

Analysis of the IRMR parametric results, in terafislecreasing the individual parameters by 50%,

indicates the following:

« A50% decrease in the IRMR parameter values doesignificantly affect the majority (53%)
of the resultant IRMR values.

¢ A 50% decrease in the single and multiple jointnotoint condition parameter rating values
reduce the resultant IRMR values such that theyirfal a lower classification class.

« A 50% decrease in the majority of the adjustmemtup&ter values significantly reduces the
resultant IRMR values, i.e. the resultant IRMR ‘esldall two classification classes to “Poor”

rock.
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e The exception is a 50% decrease in the adjustmenidter / ice, which is not as significant as
for the other adjustments; the resultant IRMR vdhléng by only one classification class to

“Fair” rock.
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Figure 4.4: Histogram of Resultant IRMR Values fora 50% Increase and Decrease in

Individual Parameter Values

4.1.2 Discussion of IRMR Parametric Data Basalpsis Results
A 16% increase in individual parameter values tegula percentage increase in the resultant IRMR
value of 7% or less, the difference in resultari¥ifRvalues being 4 points or less. The individual
parameter rating values having the greatest effedhe resultant IRMR value are the micro- and
macro-joint condition parameters for single andtipld joints, which results in a 4% difference in
the resultant IRMR values. Increasing the industeglss adjustment parameter results in an 11 point

increase in the resultant IRMR value.

A 16% decrease in individual parameter values teduol a percentage decrease in the resultant
IRMR value of 11% or less, the difference in remoltIRMR values being 7 points or less. The

highest percentage decrease is associated witkeffeet of gouge on single and multiple joint
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surfaces, followed by the micro- and macro-joinhdition parameter rating values for single and
multiple joints. Decreasing the gouge parametimgavalue for single and multiple joints, resuts

a percentage decrease of 10% and 11% in the nesURMR values respectively. Decreasing the
adjustment parameters by 16%, results in a nunadifarence of 11 points in the resultant IRMR
values. The effect of moisture on the resultatiRis less marked, only a 5% difference in the

resultant IRMR value being noted.

A 50% increase in individual parameter values tesnl a 10% percentage or less difference in the
resultant IRMR value, which equates to a numendiff¢érence of 7 points or less. As with a 16%
increase, the individual parameters that have thatgst affect on the resultant IRMR values are the
micro- and macro-joint condition parameter values dingle and multiple joints. Increasing the
rating values of these parameters, results in #07%% difference in the resultant IRMR values. A
50% increase in the induced stress adjustment paeamesults in a 33 point numerical difference in

the resultant IRMR value.

A 50% decrease in individual parameter values tedunl a percentage decrease in the resultant
IRMR value of 21% or less. The highest percentdgmease is associated with the effect of gouge
on single and multiple joint surfaces, followed e micro-joint condition and the wall alteration
parameter rating values for single and multiplet®irespectively.Decreasing the gouge parameter
rating value for single and multiple joints, resullh a percentage decrease of 20% and 11% in the
resultant IRMR values respectivelyDecreasing the macro parameter rating value faylesiand
multiple joints, results in a percentage decredst38o in the resultant IRMR values. Decreasing
the wall alteration parameter rating value, resinlts percentage decrease of 10% in the resultant
IRMR value.

Qualitative Comparison of MRMR and IRMR Data Sets
Prior to undertaking a quantitative assessmenthefMRMR and IRMR data sets, a qualitative
comparison was carried out by plotting the respectiata sets on a line graph. The primary

objective of the qualitative comparison was twadfatamely:

e To gain an appreciation of how closely the resultank mass rating values obtained using the
two classification systems approximate one another.
e To identify significant differences in resultant komass rating values through use of the two

classification systems.

Line graphs depicting the resultant rock mass gatiralues for sedimentary, igneous and
metamorphic rocks are presented as Figures 4.53n4l@l.7 respectively. A line graph representing
the entire MRMR and IRMR data sets is presented-igsre 4.8. The MRMR and IRMR
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classification data for sedimentary, igneous anthmerphic rocks are appended as Appendices E, F
and G respectively. The combined MRMR and IRM&ssification data are presented as Appendix
H.
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Figure 4.5: Line Graph Comparing Sedimentary Rock MRMR and IRMR Data

From Figure 4.5 it is noted that, although thevidlial sedimentary rock IRMR values are generally
higher than the resultant MRMR values, the trenidhe individual sedimentary rock line graphs,

for the two classification systems, closely appmmaie one another. These notwithstanding,
localised differences do occur where the MRMR vaeeeds the corresponding IRMR value, or
the IRMR value exceeds the corresponding MRMR valddree such instances are noted, and

indicated, where:

« In the first instance, the MRMR value (data poiptr&oresents a localised spike in the MRMR
values that is not reflected in the trend of th#MMRvalues, which in this portion of the graph,
reflects a general downward trend in IRMR values.

. In the second instance, the reverse occurs, WeHRMR value (data point 26) representing a
localised spike (IRMR = 67), which is not reflectedthe more uniformly distributed MRMR

values.
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* In the third instance, the MRMR value (data poin} &presents a localised dip (MRMR = 51),
which is not manifest to the same degree in theRRMIue (IRMR = 55).

These differences may be attributed to the resUlRIMR values being characterised by a degree of

regularity, while the MRMR values are more irregula
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Figure 4.6: Line Graph Comparing Igneous Rock MRMRand IRMR Data

Figure 4.6 indicates that, while the trend of thdividual igneous rock line graphs, for the two
classification systems, approximate one anothefs ihot as close an approximation as for the
sedimentary rock data. Initially, up to data poBt the IRMR values are higher than the
corresponding MRMR values. However, from data p8irio data point 33, the resultant MRMR
values are generally significantly higher than ttweresponding IRMR values; this trend being
reversed for data points 34 and 35 respectivelg. was the case with respect to the sedimentary
rock, localised differences, where the MRMR valumeréases and the corresponding IRMR

decreases, and vice versa, do occur. Two suchmoesare noted, and indicated, where:

< In the first instance, there is a localised peathangenerally downward trend in IRMR values

(data point 23), which is not reflected in the MRMRta.
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« In the second instance, there is a localised peakeé generally downward trend in IRMR
values (data point 34), which is not reflectedne MRMR data.

The irregularity of the trend in the resultant MRNMRIues, responsible for the localised differences

in resultant MRMR and IRMR values, is well illugied in Figure 4.6.
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Figure 4.7: Line Graph Comparing Metamorphic Rock MRMR and IRMR Data

Figure 4.7 indicates that as with the sedimentack data, the individual sedimentary rock IRMR
values are generally higher than the resultant MRMRies. This notwithstanding, for the most
part, the trend of the resultant metamorphic rodRNMR and IRMR values closely approximate one

another.
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Figure 4.8: Line Graph Comparing the MRMR and IRMR Data Sets

A qualitative comparison of the entire MRMR and IRMiata sets indicates that, generally, the

IRMR data set closely approximates the MRMR data se

Statistical Analysis of the MRMR and IRMR Database

The MRMR and IRMR classification systems have betatistically evaluated under various
geological settings, namely sedimentary, metamorg@nd igneous, with respect to frequency
distributions, measures of central tendency, measof variability and measures of relationship
respectively. The aim of this additional analysigaswo obtain a MRMR / IRMR mathematical
correlation, based on a larger data set, to fatglithe determination of equivalent MRMR or IRMR
rock mass rating values. The statistical analgsita in terms of the sedimentary, igneous and
metamorphic rock is presented as Appendices | dJKarespectively. The statistical analysis data
pertaining to the combined MRMR and IRMR data sefwesented as Appendix L.

In applying statistics to the data sets, the rata tave been arranged into usable and understandabl

formats, namely distributions and graphs, in otder

e Facilitate a preliminary interpretation of results.

« Facilitate additional statistical analysis.
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e Facilitate a preliminary test of assumptions regeydhe nature of the data upon which further
statistical procedures are to be baddendenhall, 1993).

4.4.1 Sedimentary Rock

« Frequency Distribution
A frequency distribution is the assignment of scahlues, or numbers, to observations.
Frequency distributions may be classified int@éhtypes of distributions, namely:

- Listed Data
Listed data constitutes the simplest form of fregyedistribution in which the range of scale,
i.e. the difference between the highest and lowalste, is 20 or less and no scale value occurs
more than onc@~allik and Brown, 1983).

- Ungrouped Frequency Distributions
Ungrouped frequency distributions are an extensfdisted data, where the range of scale is 20
or less, but at least one scale value occurs rharednce.

- Grouped Frequency Distributions
Grouped frequency distributions are an extensioongfrouped frequency distributions, where
the range of scale values is greater than 20, Hmretis more than one case for some scale
value (Fallik and Brown, 1983).

The frequency distribution graphs for sedimentaigks, classified according to the MRMR and
IRMR Classification Systems, are presented as Egydr9 and 4.10 respectively.
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The MRMR and IRMR sedimentary rock data constitutgrouped frequency distribution, i.e. the
range of scale exceeds 20, and there is more tlsamgke case for some scale values. Frequency
distributions may have a single peak (unimodaljnoittiple peaks (bimodal etc.), referred to as the
modality of the distribution, where the mode of iatibution refers to the scale value having the
highest frequency, or number of cases. For sedangmock, both frequency distributions are
bimodal with kurtosis values of -1.7 (MRMR) and 51(IRMR) respectively. The bimodal
frequency distribution may be attributed to theiseshtary rock mass rating values having two scale
values that have the highest frequencies, nametp 0. The kurtosis value refers to the degree of
peaking of the frequency distribution, indicatirtte textent to which the frequencies are closely
grouped or thinly spread throughout the scale sa(geallik and Brown, 1983).

e Measures of Central Tendency
Measures of central tendency refer to the notibnawerages (Fallik and Brown, 1983).
Averages are used to represent the typical sdalaloes in a distribution. Three measures of
central tendency include:

- The Mode
The mode is that scale value which is representethdygreatest number of cases, i.e. has the
highest frequency. The primary value of the modaiglentifying the most common scale
value (Fallik and Brown, 1983).

- The Median
The median is an example of a percentile point,d.scale value below which a specified
percentage of cases fall, and divides a distidipuiinto two parts, with a certain percentage of
cases falling below the percentile point and thet falling above. The median does not,
however, take into account how far above or belbw percentile point the cases fall.
Typically, the median falls halfway between the mead mode of a frequency distribution
(Fallik and Brown, 1983).

- The Arithmetic Mean
The arithmetic mean is the most frequently used oreasf central tendency, and for listed
data, equates to the sum of the scale values divagiehe number of values. In computing the
arithmetic mean for ungrouped or grouped data, esee value (¥ is multiplied by its
associate frequency;)f The products (%) are added together, and the result divided by the
number of cases (N) (Fallik and Brown, 1983). Thean value should not be used when
analysing highly skewed distributions, or when dla¢a set contains outliers. In these instances,

use should be made of the median value.

A summary of the measures of central tendencyesgmnted as Table 4.9.
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Table 4.9: MRMR and IRMR Sedimentary Rock Measuresof Central Tendency

Measures of Central IRMR Values
MRMR Values
Tendency
Mode 33.6 59.5
Median 48.0 53.0
Mean 45.9 50.3
95% Confidence Interval 2.6 3.1

From Table 4.9 it is noted that in terms of the MRMata the mean < median > mode, which
indicates a tendency towards a negatively skewagigncy distribution, i.e. a preponderance of
high MRMR values and isolated low values (Fallildaérown, 1983). In terms of the IRMR
data, the mean < median < mode, which is indicatifea negatively skewed frequency
distribution, i.e. a preponderance of high MRMRues and isolated low values (Fallik and
Brown, 1983). The skew of a distribution represethis extent to which it departs from
symmetry throughout the range of scales. The tfila distribution are important as they
represent the low and high ends of the scale vdlsiibution (Fallik and Brown, 1983).
Computation of the sedimentary rock skewness giadses of -0.11 (MRMR) and 0.03
(IRMR) respectively, indicating that the MRMR vatuare more skewed than the IRMR values.

¢ Measures of Variability
While useful, averages only address one aspettteofotal distribution of scale values. While
distributions may have the same average, they difegr from each other in other ways. The
variability of a distribution is the extent to whi scale values differ from each other, i.e. the
spread along the total distribution of possiblalscvalues (Fallik and Brown, 1983). The
degree of variability exhibited by a distributienindependent of the mean of that distribution.
Measures of variability include:

- The Range
Range equates to the highest numbered categorysrtieulowest numbered category, and is
the simplest, and potentially, the most misleadifigall measures of variability (Fallik and
Brown, 1983). The greater the range value, the mariable the distribution. It is to be noted
that two distributions may have the same rangen etlf®ugh their distributions differ
significantly. This is due to the range being action of only the highest and lowest values in
a distribution; all intermediate values and theagfiency differences being ignored. Generally,
an inaccurate index of variability is obtained gsthe range when the distribution is highly
skewed, or contains a value that is significanighbr or lower the other distribution values.

- Variance and Standard Deviation
The variance and standard deviation provide anximidenber summarising all the scale values
in a distribution (Fallik and Brown, 1983). The eage deviation is obtained by computing the

mean value of the distribution which is then suttged from the raw scale value. By adding the
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squared deviations, the sum of squares is obtawbdh when divided by the sum of the
number of cases, gives the variance. The stardianation is the square root of the variance.
Commonly, the variance and standard deviation aeel tio provide an indication of how well,
or poorly, measures of central tendency represendistribution of scale values. Generally, the
greater the variability, the less representative theasure of central tendency. Standard
deviations may be compared through conversion efstandard deviations into coefficients of

variation.

A summary of the sedimentary rock measures ofibdity is presented as Table 4.10.

Table 4.10: MRMR and IRMR Sedimentary Rock Measurs of Variability

Measures of Variability MRMR Values IRMR Values
Range 27.0 32.0
Variance 98.2 89.0
Standard Deviation 9.9 9.4

From Table 4.10 it is noted that the MRMR valuesehaower range, but a higher variance
and standard deviation than the IRMR values, he sedimentary rock MRMR values are more

variable than the sedimentary rock IRMR values.

* Measures of Relationship
Although a comparison of measures of central tacgleénd variability gives an indication of
the degree of similarity between the overall diediof each distribution, no indication is given
of the variability between individual scale valugghin each distribution. This is achieved
through use of a scatter plot, to obtain a visegresentation of the relationship between
individual ranks for both distributions. The closke points on the scatter plot approximate a
straight line, the greater he relationship betwtmndistributions. A regression line is a line
connecting points from a distribution, used todmxt one set of values from another set of

values, described mathematically by the equation:

Yi=bX; + a 9

Where:
b = the slope of the regression line
a = the intercept of the line

X; = unit change in X

In order to obtain an indication of the degree iofilarity between the individual ranks of the
sedimentary rock MRMR and IRMR distributions, atsmaplot of the MRMR and IRMR
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values was constructed, and is presented as Hglie It is to be noted that, in constructing
Figure 4.11, the MRMR values constitute the indeleen variables (x-axis), while the IRMR
values constitute the dependant variables (y-axi®).ascertain the relative dispersion between
the two data sets, the covariance and correlatefficient () were calculated. The covariance
and correlation coefficient for the MRMR and IRMBdémentary rock data sets are presented

in Table 4.11.

Table 4.11: MRMR and IRMR Sedimentary Rock Covariance and Correlation Coefficient

Values
Measures of Relationship Values
Covariance 86.62
Correlation Coefficient 0.97

The correlation coefficient indicates a very goadrelation between the MRMR and IRMR

sedimentary rock data sets.
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Figure 4.11: Scatter Graph of Sedimentary Rock MRMR and IRMR Values
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In interpreting Figure 4.11, it is noted that aedirlinear relationship exists between the MRMR
and IRMR data sets. The?Ralue for the linear trend line indicates an infiger; yet
significant, correlation between the MRMR and IRM&a sets.

e Derivation of Equivalent Rock Mass Rating Values
Regression analysis indicates that equivalent IRdMBimentary rock values may be predicted
from MRMR sedimentary rock values with a high degef confidence, by applying the

following regression equation:

IRMR = 0.9199MRMR + 6.5254 (10)

4.4.2 Igneous Rock
¢ Frequency Distribution
The frequency distribution graphs for igneous rocksssified according to the MRMR and
IRMR Classification Systems are presented as FsgdirE2 and 4.13 respectively.
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Figure 4.13: Igneous Rock IRMR Frequency Distributon

The MRMR igneous rock data constitutes a groupeduency distribution, i.e. the range of
scale exceeds 20, and there is more than a siagéefor some scale values. The range of scale
for the IRMR igneous rock data exceeds 20, butaasimgle value occurs more than once, the
IRMR data tends towards listed data. Both frequedistributions are unimodal and have
kurtosis values of -0.9 (MRMR) and 0.7 (IRMR) resfpeely.

e Measures of Central Tendency

A summary of the measures of central tendencyesegmted as Table 4.12.

Table 4.12: MRMR and IRMR Igneous Rock Measures o€entral Tendency

Measures of Central Tendency MRMR Values IRMR Valus
Mode 27.0 -
Median 37.0 39.0
Mean 38.4 36.1
95% Confidence Interval 2.6 2.8

From Table 4.12 it is noted that, for the MRMR ignsa@ock data, the mean > median > mode,
which is indicative of a positively skewed frequerdistribution, i.e. a preponderance of low
MRMR values and isolated higher values (Fallik &idwn, 1983). With respect to the IRMR
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igneous rock data, the mean < median which is aiilie of a negatively skewed frequency
distribution, i.e. a preponderance of high IRMRuea and isolated low IRMR values (Fallik
and Brown, 1983). Computation of the skewnesslteguvalues of 0.13 (MRMR) and -0.39
(IRMR) respectively, indicating that the degreeskéwness of the igneous rock data is higher

than that for the sedimentary rock data.

* Measures of Variability

A summary of the measures of variability are pnése as Table 4.13.

Table 4.13: MRMR and IRMR Igneous Rock Measures of/ariability

Measures of IRMR Values
o MRMR Values
Variability
Range 24.0 37.0
Variance 55.1 64.7
Standard Deviation 7.4 8.0

From Table 4.13 it is noted that the MRMR Classificn System has a lower range, variance
and standard deviation than the IRMR Classificatigstem, i.e. the igneous rock IRMR values

are more variable than the igneous rock MRMR values

* Measures of Relationship
In order to obtain an indication of the degree iofilarity between the individual ranks of the
igneous rock MRMR and IRMR distributions, a scafitat of the MRMR and IRMR values
has been constructed, and is presented as Figlde 4t is to be noted that, in constructing
Figure 4.14, the MRMR values constitute the indejeen variables (x-axis), while the IRMR

values constitute the dependant variables (y-axis).
In order to ascertain the relative dispersion betwéhe two data sets, the covariance and
correlation coefficientd) were calculated. The covariance and correlatioefficient for the

MRMR and IRMR igneous rock data sets are presessethble 4.14.

Table 4.14: MRMR and IRMR Igneous Rock Covarianceand Correlation Coefficient

Values
Measures of Relationship Values
Covariance 43.8
Correlation Coefficient 0.73

The correlation coefficient indicates a moderateyood correlation between the MRMR and

IRMR igneous rock data sets.
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Figure 4.14: Scatter Graph of Igneous Rock MRMR ad IRMR Values

In interpreting Figure 4.14, the following is noted
e Adirect linear relationship, albeit with a relaly wide scatter, exists between the MRMR
and IRMR data sets.
«  The R value for the linear trend line indicates an infipet; moderate correlation between
the MRMR and IRMR data sets.

« Derivation of Equivalent Rock Mass Rating Values.

Regression analysis indicates that equivalent IRdRimentary rock values may be derived
from MRMR sedimentary rock values with moderate rdegof confidence, by applying the

following regression equation:

IRMR = 0.8283MRMR + 4.2232 (11)

4.4.3 Metamorphic Rock
* Frequency Distribution
The frequency distribution graphs for igneous rocksssified according to the MRMR and
IRMR Classification Systems are presented as Fsgdires and 4.16 respectively.
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Figure 4.15: Frequency Distribution of MetamorphicRock MRMR Values
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Figure 4.16: Metamorphic Rock IRMR Frequency Distribution
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The MRMR metamorphic rock data constitutes an umged frequency distribution. The range
of scale is 20 or less, and a minimum of one valoeurs more than once. The IRMR
metamorphic rock data, however, constitutes listath; the range of scale is less than 20, but
no single value occurs more than once. Both frequedistributions are unimodal, with
kurtosis values of -0.83 (MRMR) and -1.64 (IRMR3pectively.

« Measures of Central Tendency

A summary of the measures of central tendencyesgnted as Table 4.15.

Table 4.15: MRMR and IRMR Metamorphic Rock Measures of Central Tendency

Measures of Central Tendency MRMR Values IRMR Vales
Mode 51.4 -
Median 51.0 55.5
Mean 54.0 56.7
95% Confidence Interval 5.6 3.7

In terms of the metamorphic rock MRMR data, the meamedian < mode indicating a
tendency towards a positively skewed frequencyitigion and a preponderance towards low
MRMR values with isolated higher values (Fallik aBcbwn, 1983).  Similarly, the IRMR
data also shows a tendency towards a positivelwettdrequency distribution, i.e. the mean >
median. Skewness values of 0.98 (MRMR) and 0.BMR) indicate that the MRMR values
are more skewed than the IRMR values. Furtherntbee degree of metamorphic rock data

skewness is higher than for both the sedimentatyigmeous rock data respectively.

* Measures of Variability

A summary of the measures of variability is présdras Table 4.16.

Table 4.16: MRMR and IRMR Metamorphic Rock Measures of Variability

Measures of Variability MRMR Values IRMR Values
Range 13.0 8.0
Variance 28.2 12.3
Standard Deviation 5.3 3.5

From Table 4.16 it is noted that the MRMR Classifion System has a higher range, variance
and standard deviation than the IRMR Classificatigstem, i.e. the metamorphic rock MRMR

values are more variable than the metamorphic iRBKR values.
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In order to obtain an indication of the degree iofilarity between the individual ranks of the
igneous rock MRMR and IRMR distributions, a scafitat of the MRMR and IRMR values
has been constructed, and is presented as Figlife 4t is to be noted that, in constructing

Figure 4.17, the MRMR values constitute the indejeen variables (x-axis), while the IRMR

values constitute the dependant variables (y-axis).

In order to ascertain the relative dispersion betwéhe two data sets, the covariance and

correlation coefficientd) were calculated. The covariance and correlatmefficient for the

MRMR and IRMR igneous rock data sets are preseant@&dble 4.17.

Table 4.17: MRMR and IRMR Metamorphic Rock Covariance and Correlation

Coefficient Values

Measures of Relationship Values
Covariance 14.12
Correlation Coefficient 0.76

The correlation coefficient indicates a moderateyood correlation between the MRMR and

IRMR metamorphic rock data sets.
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Figure 4.17: Scatter Graph of Metamorphic Rock MRMR and IRMR Values
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In interpreting Figure 4.17, the following is ndte

« Adirect linear relationship exists between the MRIsind IRMR data sets.
« The R value for the linear trend line indicates. An &rfect, yet good, correlation

between the MRMR and IRMR data sets.

« Derivation of Equivalent Rock Mass Rating Values
Regression analysis indicates that equivalent IRdBimentary rock values may be predicted
from MRMR sedimentary rock values with a high degef confidence, by applying the

following regression equation:
IRMR = 0.6597MRMR + 21.002 (12)

4.4.4 Statistical Analysis of Combined Rock Mass Rafiraja Sets

¢ Frequency Distribution
The frequency distribution graph for the combinedadset classified according to the MRMR

and IRMR Classification Systems are presented@a€$ 4.18 and 4.19 respectively.
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Both the MRMR and IRMR data sets represent a grbdpeguency distribution, in that the
range of scale exceeds 20, there is more thargiesiase for some scale values. Furthermore,

both frequency distributions are bimodal, and hkweosis values of -1.2 (MRMR) and -0.5
(IRMR) respectively.

* Measures of Central Tendency

A summary of the measures of central tendencyesegmted as Table 4.18.

Table 4.18: MRMR and IRMR Data Sets Measures of Ggral Tendency

Measures of Central Tendency MRMR Values IRMR Values
Mode 33.6 59.5
Median 41.0 40.0
Mean 43.0 43.3
95% Confidence Interval 2.3 2.6

From Table 4.18 it is noted that, for both the MRMRI IRMR data set the mean > median >
mode, indicating a positively skewed frequencyribstion. This indicates a preponderance of
cases at low scale values, with isolated highdesadues (Fallik and Brown, 1983). Skewness
values of 0.16 (MRMR) and 0.03 (IRMR) respectiveilydicate that the MRMR values are

more skewed than the IRMR values.
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e Measures of Variability

A summary of the measures of variability are pnésg as Table 4.19.

Table 4.19: MRMR and IRMR Data Set Measures of Vaability

Measures of Variability MRMR Values IRMR Values
Range 36.0 49.0
Variance 93.4 127.1
Standard Deviation 9.7 11.3

From Table 4.19 it is noted that the IRMR Classtftra System has a higher range, variance
and standard deviation than the MRMR Classificaggatem, i.e. the IRMR values are more

variable than the MRMR values.

e Measures of Relationship
In order to obtain an indication of the degree iofilarity between the individual ranks of the
combined MRMR and IRMR distributions, a scattertibthe MRMR and IRMR values was
constructed, and is presented as Figure 4.2 tit be noted that, in constructing Figure 4.20,
the MRMR values constitute the independent varsmhpe-axis), while the IRMR values

constitute the dependant variables (y-axis).
In order to ascertain the relative dispersion betwéhe two data sets, the covariance and
correlation coefficientf) was calculated. The covariance and correlatimefficient for the

MRMR and IRMR sedimentary rock data sets are ptesess Table 4.20.

Table 4.20: MRMR and IRMR Sedimentary Rock Covariance and Correlation Coefficient

Values
Measures of Relationship Values
Covariance 96.6
Correlation Coefficient 0.90

The correlation coefficient indicates a good catieh between the combined MRMR and
IRMR data sets.
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Figure 4.20: Scatter Graph of MRMR and IRMR Data Sts

In interpreting Figure 4.20, the following is ndte

« Alinear, yet imperfect, relationship exists betwabe combined MRMR and IRMR data
sets.

+ The R value for the linear trend line indicates an infipet; yet good, correlation between
the combined MRMR and IRMR data sets.

¢ Comparison of the MRMR and IRMR data set correfativith an assumed linear

relationship, where R=1, indicates an error of + 0.24.

« Derivation of Equivalent Rock Mass Rating Values
Regression analysis indicates that equivalent IR¥Ries may be predicted from MRMR
values with an acceptable degree of confidenceafdplying the following general regression

equation:

IRMR = 1.0376MRMR - 1.3655 (13)
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CONCLUSIONS

Parametric Analysis

The MRMR Parametric Analysis

The results of the parametric database analysésatedthat the base-line MRMR value (61.8) is
lower than the corresponding base-line IRMR vak&4). In terms of the effect of increasing and
decreasing individual parameter and adjustmentegaladecreasing individual MRMR parameter
ratings has a greater effect on the resultant MRMNRes than increasing the individual parameter
ratings. With respect to the effect of specificlividual parameters, the micro-joint condition
parameter has the greatest individual effect orrékaltant MRMR values. Apart from the micro-
joint condition parameter, other parameters thghificantly effect the resultant MRMR value
include decreasing the IRS, infill and wall altévat parameters by 16% and the IRS, J1 joint

spacing by 50% respectively.

The stress adjustment parameter is sensitive th lmareases and decreases of 16% and 50%
respectively, significantly impacting on the reanlt MRMR value. Furthermore, the stress
adjustment parameter has the most significant eféall mining adjustments on the resultant
MRMR value.

The effect of introducing moisture on the resultMiMR value is not as great as the effect of

decreasing joint condition parameters and minirjgsachents respectively.

The IRMR Parametric Analysis

The results of the parametric database analysesatedthat the base-line IRMR value (66.4) is
higher than the corresponding value MRMR (61.8).1h terms of the effect of increasing and
decreasing individual parameter and adjustmentegaldlecreasing individual IRMR parameter
rating values does not generally have a more sagmif effect on the resultant IRMR value than
increasing the individual parameter ratings. TReeption is a 16% decrease in the gouge rating
value for single / multiple joints, which does sfggantly affect the resultant IRMR value. With
respect to the effect of specific individual paréeng, increasing the joint condition parameters has
the greatest individual effect on the resultant MRWMalues, while decreasing the micro- and macro-
joint parameter condition parameter rating value3®¢6 also significantly affects the resultant
IRMR value.

The mining adjustment parameters are sensitiveoth Imcreases and decreases and significantly
impact on the resultant IRMR values. With respgedhe water / ice adjustment, the resultant IRMR

value is only significantly affected if the adjustm value is reduced by 50%.
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Quantitative Analysis

Frequency Distribution

The frequency distribution analysis results indidhiat the sedimentary rock MRMR and IRMR
data sets have bimodal frequency distributionslenthe igneous and metamorphic rock MRMR and
IRMR data sets have unimodal frequency distribionVhen combined, both the MRMR and
IRMR data sets have a bimodal frequency distrilputio

In terms of the degree of skewness, the metamonguk data is more skewed than either the

sedimentary or igneous rock data respectively.

Measures of Central Tendency

The central tendency analysis results show thatrtban sedimentary and metamorphic rock IRMR
values are greater than the mean MRMR values, laaidtlhe mean igneous rock MRMR value is
greater than the mean IRMR value. The mean comhiatal set MRMR value is slightly lower
(43.2) than the mean IRMR value (43.5).

Measures of Variability

From the results of the measures of variabilitylyses, the following may be concluded:

* Range
The range of the igneous rock IRMR value is 1ohigher than the MRMR range value
while the metamorphic rock IRMR range value is &@nfs lower than the corresponding
MRMR range value. However, the sedimentary rodRMR and IRMR range values differ by
only two points; the IRMR value being higher ththe MRMR value. The combined MRMR

data set range is 13 points lower than the IRMM dat range.

* Variance
The sedimentary rock MRMR and IRMR values have lilghest variance values, and the
lowest difference between the two sets of valuéke metamorphic rock MRMR and IRMR
values have the lowest variance values, and thbebkt difference between the two sets of
values. When combined, the IRMR data set has&a@3nt higher variance than the combined
MRMR data set.

e  Standard Deviation
The sedimentary rock MRMR and IRMR values hawe highest standard deviation, and the
least difference (0.1 point) between the two datas. The metamorphic rock MRMR and

IRMR values have the lowest standard deviatidnes and the highest difference (1.8 points)
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between the two data sets. The combined MRMR skdtatandard deviation is 1.6 points lower
than the combined IRMR data set.

Measures of Relationship

The measures of relationship analyses indicate tthexe is a linear, yet imperfect, relationship
between the MRMR and IRMR sedimentary and igneauck rdata sets and a direct linear
relationship between the metamorphic rock MRMR HRBIR data sets. In terms of the combined
data sets, there is a linear, yet imperfect, matiip between the combined MRMR and IRMR data
sets.

The correlation coefficient values indicate thag thest correlation exists between the sedimentary
rock (Correlation coefficient = 0.97) followed byetamorphic rock (Correlation coefficient = 0.76)
and igneous rock (Correlation coefficient = 0.783pectively. The combined MRMR and IRMR
data bases have a correlation coefficient of 0.90.

The sedimentary, igneous, metamorphic rock and goedlrock scatter plots indicate that there is a
direct linear relationship between the MRMR and IRklata bases.

Derivation of Equivalent Rock Mass Rating Values

The statistical analyses indicate that an almosali relationship exists between the MRMR and
IRMR data bases. Consequently, equivalent IRMRieslcan be derived from a MRMR data base
with a high degree of confidence, in terms of sexditary, metamorphic or igneous rock

respectively, or through the application of thegmahequation:

IRMR = 1.0376MRMR - 1.3655

Derivation of equivalent IRMR values from MRMR vahk using the above general equation, would

result in the equivalent IRMR values having an eafat 0.24.

Applicability of the MRMR and IRMR Systems

The results of the research report show that tisemet a major difference between the resultank roc
mass rating values derived from the MRMR and IRMRBs€ification Systems. This implies that,
although the IRMR System constitutes an up-datedViRRSystem that is more applicable to a
jointed rock mass, the MRMR System itself has rerbmade redundant and still has a role to play

as a mine design tool.

It is envisaged that the MRMR System will remaircommon usage, with the IRMR System being

applied in those situations where a more robusssdiaation system is required to adequately
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quantify the quality of an intensely jointed roclass that is characterised by a significant number o

discontinuities, veins and cemented joints.

RECOMMENDATIONS

It is the recommendation of the author that usethef MRMR Classification System is not
discontinued in favour of the IRMR Classificatiogsm,; rather, the IRMR Classification System
should be regarded as a supplementary classificatistem that can be applied to the classification

of intensely jointed rock masses, where the usermbre robust classification system is warranted.

Furthermore, it is recommended that the authoricoally updates the geotechnical data base
presented in this research report to facilitateakgansion of the current data base, which in turn,
will facilitate additional statistical analyses atie possible amelioration of the correlation dediv
between the MRMR and IRMR Classification Systemshia study.
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Appendix A: MRMR Geotechnical Database

KALGOLD OPEN PIT GOLD MINE - MRMR CALCULATIONS

Design Section Line

Lithology

ucs

FF/m

Jc

RMR

Mining Adjustments

Weathering Orientation |Induced Stres: Blasting A dil—sttr?ﬁlent MRMR

13100 N (Western Slope) SHL 14 27 225 64 1 0.85 0.95 1 0.81 51
13100 S (Western Slope) SHL 14 19.5 27.0 61 1 0.85 0.95 1 0.81 48
13300 N (Western Slope) CARB SHL 12 26 28.5 67 1 0.85 0.95 1 0.81 54

13300 S (Western Slope) CARB SHL 12 26 225 61 1 0.85 0.95 1 0.81 49

13500 N (Western Slope) SCH 14 31 28.5 74 1 0.85 0.95 1 0.81 59
13500 S (Western Slope) SCH/BIF 20 28 28.5 7 1 0.85 0.95 1 0.81 62

13700 N (Western Slope) SCH 14 24 25.5 64 1 0.85 0.95 1 0.81 51
13700 S (Western Slope) SCH 14 24 25.5 64 1 0.85 0.95 1 0.81 51
13900 N (Western Slope) SCH 14 28 225 65 1 0.85 0.95 1 0.81 52
13900 S (Western Slope) SCH 14 26 225 63 1 0.85 0.95 1 0.81 50
13900 N (Eastern Slope) GW 16 29.5 225 68 1 0.8 0.95 0.8 0.61 41
13900 S (Eastern Slope) GW 16 26 24.0 66 1 0.8 0.95 0.8 0.61 40
13700 N (Eastern Slope) GW 16 325 27.2 76 1 0.8 0.95 0.8 0.61 46
13700 S (Eastern Slope) GW 16 29.5 25.6 71 1 0.8 0.95 0.8 0.61 43
13900 N (Eastern Slope) GW 10 26 24.0 60 1 0.8 0.95 0.8 0.61 36
13900 S (Eastern Slope) GW 10 24 24.0 58 1 0.8 0.95 0.8 0.61 35
13700 N (Eastern Slope) VC 10 29.5 25.5 65 1 0.8 0.95 0.8 0.61 40
13700 S (Eastern Slope) VvC 10 29.5 24.0 64 1 0.8 0.95 0.8 0.61 39
13700 N (Eastern Slope) VC 10 29.5 28.5 68 1 0.8 0.95 0.8 0.61 41
13700 S (Eastern Slope) VC 10 31 24.0 65 1 0.8 0.95 0.8 0.61 40
13500 N (Eastern Slope) VC 10 21 24.0 55 1 0.8 0.95 0.8 0.61 33
13500 S (Eastern Slope) VC 10 24 24.0 58 1 0.8 0.95 0.8 0.61 35
13300 N (Eastern Slope) VC 10 19.5 30.4 60 1 0.8 0.95 0.8 0.61 36
13300 S (Eastern Slope) VC 10 26 28.8 65 1 0.8 0.95 0.8 0.61 39
13500 S (Eastern Slope) GW 10 24 24.0 58 1 0.8 0.95 0.8 0.61 35
13300 N (Eastern Slope) GW 10 225 24.0 57 1 0.8 0.95 0.8 0.61 34
13300 S (Eastern Slope) GW 10 26 24.0 60 1 0.8 0.95 0.8 0.61 36
13100 N (Eastern Slope) SHL 14 21 24.0 59 1 0.8 0.95 0.8 0.61 36
13100 S (Eastern Slope) SHL 14 225 27.2 64 1 0.8 0.95 0.8 0.61 39
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COLLEEN BAWN LIMESTONE QUARRY - MRMR CALCULATIONS

Joint Condition Adjustments
Zone Lithology “\IARPSa) 'E::g ;irgi zr:;g Infill RMR Weathering Orientation Insdtl:g;d Blasting A diEgttie it MRMR
Zone 1(955L) Limestone 20 21 0.75 0.95 NA 70 1 0.9 1 0.9 0.81 56
Zone 2 (925L) Diabase Dyke 20 15 0.79 0.84 NA 61] 1 0.9 1 09 810. 49
Zone 2 (935L) Limestone 20 18 0.75 0.80 NA 62 1 0.9 1 0.9 0.81 0 5
Zone 3 (945L) Diabase Dyke 20 12 0.89 0.9 NA 63 1 0.9 1 09 810. 51
Zone 3 (945L) Limestone 20 21 0.85 0.95 0.8 67| 1 0.9 1 0.9 10.8 54
Zone 4 (955L) Limestone 23 13.5 0.85] 0.95 NA 66 1 0.9 1 0.9 10.8 53
Zone 4 (945L) Limestone 20 18 0.85 0.95 NA 70 1 0.9 1 0.9 0.81 7 5
Zone 4 (935L) Limestone 20 21 0.75 0.95 NA 70 1 0.9 1 0.9 0.81 6 5
Zone 4 (925L) Limestone 20 16.5 0.85] 0.94 NA 69 1 0.9 1 0.9 10.8 56
Zone 5 (970L) Limestone 20 21 0.85 0.95 NA 73 1 0.9 1 0.9 0.81 9 5
Zone 5 (945L) Limestone 20 21 0.85 0.95 NA 73 1 0.9 1 0.9 0.81 9 5
Zone 5 (925L) Limestone 20 15 0.75 0.95 NA 64 1 0.9 1 0.9 0.81 15
Zone 6 (980L) Greenstone 16 10 0.85 0.8 0.5 4 0.8 0.9 0. 0.65 26
Zone 6 (995L) Limestone 20 21 0.95 0.75 NA 70 1 0.9 1 0.9 0.81 6 5
Zone 6 (965L) Limestone 20 21 0.85 0.95 NA 73 1 0.9 1 0.9 0.81 9 5
Zone 7 (965L) Greenstone 14 10 0.8§ 0.9 NA 56 0.8 0.9 jl 0. 65 0. 36
Zone 7 (955L) Schist 12 18 0.75 0.55 NA 47 0.9 0.9 1 0.9 0.77 6 3
Zone 7 (945L) Limestone 20 18 0.85 0.95 NA 70 1 0.9 1 0.9 0.81 57




MARIKANA OPEN PIT PLATINUM MINE - MRMR CALCULATIONS
pit | ucs Mpa)| RQD @) Js J RMR | Weathering | Orientation | Blasting | 'Mduced [ ~ Totwl MRMR
Stress Adjustments

20 0 9.05 1280 5 1 0.98 08 1 078 a
B B 5 1534 12.80 61 1 0.98 08 1 0.78 s
20 14 9.78 12.80 57 1 0.98 0.8 1 0.78 44
20 10 9.42 12.80 52 1 0.98 0.8 1 0.78 41
20 ) 18.10 12.48 & 1 0.98 08 1 078 51
c 20 ) 12.60 12.80 59 1 0.98 08 1 0.78 a7
20 % 17.60 1248 64 1 0.98 08 1 0.78 50
17 14 8.54 12.48 52 1 0.98 0.8 1 0.78 41
16 14 12.01 12.80 55 1 0.95 0.8 1 0.76 42
14 15 12.97 12.80 55 1 0.95 0.8 1 0.76 42
14 [ 8.98 24.96 5 1 0.95 08 1 0.76 I
14 12 10.64 12.00 49 1 0.95 0.8 1 0.76 37
8 14 12.42 12.12 47 1 0.95 0.8 1 0.76 35
D 4 15 14.02 9.83 43 1 0.95 0.8 1 0.76 33
3 2 7.94 12.80 ES 1 0.95 08 1 0.76 27
3 4 10.06 14.82 2 1 0.95 08 1 0.76 2
6 14 10.52 23.40 54 1 0.95 0.8 1 0.76 41
4 12 6.14 17.55 40 1 0.95 0.8 1 0.76 30
1 2 1343 959 ES 1 0.95 08 1 0.76 27
1 © 1266 945 ES 1 0.95 08 1 0.76 27
oM 1 2 15.36 11.40 20 1 0.95 08 1 0.76 0
17 14 7.62 24.00 63 1 0.95 0.8 1 0.76 48
35 15 15.01 10.44 44 1 0.95 0.8 1 0.76 33
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Appendix B: IRMR Geotechnical Database

KALGOLD OPEN PIT GOLD MINE - IRMR CALCULATIONS
IRS (see Fig 57.3) ROCK BLOCK STRENGHT (RBS) CALCULATION JOINT SPACING JOINT CONDITION
RBS OVERALL ADJUSTMENTS
Geotechnical SectonLind _ Lithology Corrected RBS (Heterogeneous Conditions) Rating Jomr | NsiTuROCK IRMR
(Refer to MASS RATING RATING
9 Strong| % Weak Homogeneous (Facto Fig 57.5) Open Joints (see Fig 57.6) Cemented Single Joints (see Table 57.1) Multiple RATING
mock | rock | RS wes) o) o refert RES (MPa) Joints (see Fig Joints (see]
yoo | e [ Refertof 57.7) Fig 57.8)
| Hardnes Fig57.4
Homo | Hetero a a2 RE} | A;:":?f Factor Large Small Total [ Weathering Orientation Stresses | Blasting | waterice | Total
[13100N (West) SHL 100 NA 127 08 0 0 o o 102 ) 23 14 2 25p 21 NA 40 085 0.75 26 NA 46 69 1 085 0.95 1 1 081 56
131005 (west) SHL 100 NA 127 08 0 0 ) 0 102 0 2 X 15 liF 3 1 NA 40 085 09 31 NA ) 67 1 0.5 0.95 1 1 081 54
[13300N (West) CARB SHL 100 NA 110 08 0 ) ) 0 8 ) 22 19 2% 275 2 NA 0 0.95 08 30 NA 54 76 1 085 095 1 1 081 62
133005 (West) CARB SHL 100 NA 110 08 0 o 0 0 88 0 22 12 2p 230 | 10 NA 40 085 075 2 NA 45 67 1 085 0.95 1 1 081 54
[13500N (West) scH 100 NA 133 08 0 0 0 ) 106 0 214 2 26. z_eF 25 NA 40 0.95 0.75 20 NA 54 5 1 0.85 0.95 1 1 081 61
[13500S (west) SCHIBIF 100 NA 231 08 0 9 ) 0 185 ) 25 16 2p 275 2 NA 40 0.95 075 29 NA 51 76 1 0.5 0.95 1 1 081 61
13700N (West) SCH 100 NA 133 08 0 0 0 0 106 0 EE| 18 19 20p 19 NA 40 0.3 075 28 NA a7 68 1 085 0.9 1 1 081 55
[13700S (West) scH 100 NA 133 08 0 9 ) 0 106 o 21 15 16 22018 NA 40 0.93 0.75 28 NA 46 68 1 0.85 0.95 1 1 081 55
[13900N (West) ScH 100 NA 133 08 0 0 0 0 106 0 214 18 2. 27p 28 NA 40 085 075 26 NA a8 70 1 085 0.5 1 1 081 56
139005 (west) scH 100 NA 133 08 0 9 ) 0 106 o 21 12 16 5010 NA 40 085 075 26 NA a4 66 1 085 095 1 1 081 53
13100N (East) SHL 100 NA 127 08 0 0 0 0 102 0 23 13 13 18515 NA 40 085 08 27 NA 42 65 1 08 0.95 08 T 061 %0
[13100S (Eas)) SHL 10| na 127 08 0 0 0 0 102 0 2 12 19 1017 NA 40 0.9 08 20 NA 6 69 1 08 0.95 08 1 061 2
[13300N (Easy) - 1187m_|ve 100 NA o1 [ 0 0 0 0 73 0 190 130 145 160 5 NA 40 09 08 30 AN 3 64 1 08 0.95 08 1 061 39
[13300S (East) - 1187m _|VC 100 NA o [ 0 0 0 0 73 0 190 200 25 230 2 NA 40 095 08 30 AN 52 7 1 08 095 08 1 061 3
[13300N (Easy) - 1140m_[GwW 100 | nA 155 08 0 0 0 0 124 0 230 130 17| 21 17 NA 20 0.85 o8] 7 2] WA a4 67 1 08 0.95 08 1 061 a1
133005 (Easi) - 1140m_|GW 00 | na 155 08 0 0 0 0 124 0 230 185 195] 22 20 NA 20 085 0] 7 2] NA a7 70 1 08 0.95 08 1 061 3
[13500N (Easy) - 1170m_|VC 100 NA o1 [ 0 0 0 0 73 0 190 150 160 180 16 NA 40 085 08 27 AN a4 63 1 08 0.95 08 1 061 38
135008 (Easy) - 1170m_|vC 100 NA o1 08 0 0 0 0 7 0 190 150 175 220) 18 NA 20 0.85 08 27 AN 5 64 1 08 095 08 1 061 39
135005 (Easi) - 1157m__|GW 00 | nA 155 08 0 0 0 0 124 0 230 135 200| 200 18 NA 20 085 0] 7 2] WA 3 8 1 08 0.95 08 1 061 a1
[13700N (Easy) - 1145m _[ow 100 | WA 155 08 0 0 0 0 124 0 230 225 235 35 27 NA 40 09 03] 2] nNA 56 i 1 08 0.95 08 1 061 8
[13700S (Easy) - 1145m_[GW 100 | A 155 08 0 0 0 0 124 0 230 170 %65 275 2 NA 20 0.85 08 7 2] NA 51 74 1 08 095 08 1 061 45
[13700N (Easy) - 1163m_[vC 100 NA o1 08 0 0 0 0 7 0 190 220 250 275] % NA 20 09 0.79) 27 AN 52 71 1 08 0.95 08 1 061 3
137005 (Easi) - 1163m_|vC 100 NA o1 08 0 0 0 0 7 0 190 195 265 275] 2 NA 40 085 08 27 AN 52 7 1 08 0.95 08 1 061 3
[13700N (Easy) - 1179m_|VC 100 NA o1 08 0 0 0 0 73 0 190 195 270 285 % NA 40 095 [XE 2] NA 54 73 1 08 095 08 1 061 2
137008 (Easy) - 1179m_|VC 100 NA o1 08 0 0 0 0 7 0 190 205 270 290] 26 NA 40 085 08 27 AN 53 72 1 08 095 08 1 061 24
13900 (East) Gw 00 | nA 155 08 0 0 0 0 124 0 230 220 225| 275 2 NA 20 085 Xz S NA 50 73 1 08 0.95 08 1 061 4
139005 (East) ow 10 | WA 155 08 0 0 0 0 124 0 230 210 220| 235 22 NA 40 085 0] 7 2] nNA 49 72 1 08 0.95 08 1 061 a4
[13900N (Easy) - 1164m_[GW. 100 | WA 155 08 0 0 0 0 124 0 230 170 195 2. 21 NA 20 0.85 08 7 2] NA 48 71 1 08 0.95 08 1 061 3
139005 (Eas) - 1164m oW 10 | WA 155 08 0 0 0 0 124 0 230 160 165 2. 18 NA 40 085 08 72| WA a5 8 1 08 0.95 08 1 061 a2
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COLLEEN BAWN LIMESTONE QUARRY - IRMR CALCULATIONS I
RS Gee Fig573] ROCK BLOCK STRENGHT (RBS] CALCULATION JOINT SPACING TOIT CONDITION o
Geoteemica | S et — L [y — Comented S — v | ovesme | 'Rook ADSTHENTS e | Toa Adiustments WRIR
Section Line Suono | sk | irs wes) oy e [ [reeror] g, 2SR ] Yo (e Joims (see[ J0NTRATING | WSS RATING | Ralig Rating
57.4 Homo | Hetero n 2 3 e 57.7) Facor | Lage | Smal | To | Fig57.8) ATING |weahering [Orientaton [Stesses | Blastng | Waterce | Toial Gy re— Orientation stesses | Biasting [ Total

one 1 (9550) _[Uimestone 700 A 200 760 @ i i 14 7 A T a1 a1
one 2 (9251) _[Diabase Dyke | 100 A 200 160 1a 1 1 1a o & T 081 061
one 2 (9350) _[Limestone 100 200 160 B B B 5 7 7 01 081
one 3 (9451) [Diabase 100 200 160 5 B S 5 081 081
one 3 (9450) _Limestone 100 200 05 695 | 072 | 160 | 1157 Ta T4 T T2 051 081
one 4 (9550) _[Limestone 100 200 Ta5 160 S S S 5 051 081
one 4 (9450) _Limestone 100 200 160 T4 T2 T2 T2 051 081
one 4 (9351) _[Limestone 100 200 1 160 1a 14 12 1a 051 081
one 4 (9251) _[Limestont 100 200 165 160 5 B 5 5 051 081
one 5 (9701) _[Limestone 100 200 1 160 14 14 1 12 T 1 T 081 3 T 081
one 5 (6451) eston 100, 200 T65 160 21 2 24 7 T T T 081 T 061
one 5 (9250) [Limestone 100 200 160 12 10 i3 12 T T T 081 1 081
one 6 (9801) _[Greenstone 100 135 074 | 108 | 7000 5 s S 5 o5 1 1 065 o5 1 065
one 6 (9950) _[Limestone 100 200 160 12, T T T2 T T T 051 T 051
one 6 (9650) _[Limestone 100 200 160 12, 12 12 12 T T 1 051 1 051
o7 (9650) [Greensione 100 1355 08 50 50 50 5 08 T T 055 08 T 065
Zone 7 (9550) st 100 it %2 a3 | 143 | 143 T2 035 1 1 077 035 T 077
[Eore 760 [eimesios 100 200 160 a3 | 143 | 143 12 T T T 051 1 T 01
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MARIKANA OPEN PIT PLATINUM MINE - IRMR C/

ALCULATIONS

RS (se

Fig57.3)

ROCK BLOCK STRENGHT

N

JOINT SPACING

JOINT CONDITION

(RES) CALCULATIO! o
" Corrected RBS Conditions) RBS Rating Open Joints (see Fig 57.6) Cemented Single Joints (see Table 57.1) Mutiple | OVERALL ROCK ADJUSTMENTS IRMR
Pit Lithology | 9% Strong | % Weak | oo o S RBS (MPa) (Refer to Fig| JOINT
) o wes) [us Facor{ i Type /| |RefertoFigl oy 75 ————{ Joinis (see Joints (see| o MASS RATING
0.8) Hardness Homo Hetero an 32 3 ﬁ 57.7) Factor Large Small Total Fig 57.8) RATING  |weathering Orientation Stresses Blasting | Waterfice Total
[Anorthosite 100 200 011 .055 24 24 22, .68 071 [ o071 A .85 7 A 28 51 1 0.98 T 08 T 078 0
B [Anorthosite 100 175 0.1 .05 24 24 22, .76 0.85 085 A .85 7 A 28 51 1 0.98 1 08 1
Anorthosite 00 200 0.1 .05 08| 108 .66 077 73 A .88 8 A 29 51 1 0.98 1 08 1
Norite 00 200 011 .055 08| 108 .67 073 .72 A .85 7 A 28 50 1 0.08 1 08 1
Norite 00 200 0 60 0 77 0.94 86 A .85 7 A 28 53 1 0.08 1 08 1
¢ [Nori 00 200 0 60 0 .00 0.90 056 | 082 A .85 7 A 28 53 1 0.98 1 08 T
00 200 0 60 0 .85 0.9 0.1 89 A .85 7 A 28 53 1 0.98 1 08 T
100 165 0 32 2 .65 0.7 0.72 70 A .85 7 A 28 51 1 0.98 1 08 1
95 155 0 24 4 .00 1.0 00 A .85 7 A 28 51 1 0.95 1 0.8 1 0.76 39
95 135 05 0.1 0.05 08| 108 .76 0.7 .81 A .85 7 A 28 50 1 0.95 1 08 1 8
95 135 0 1 0 08 [ 108 .67 0.6 .71 IA .85 . 7 A 8 50 1 0.95 1 08 1
95 135 05 01 0.05 08 | 108 68 0.68 [ o076 A 88 o A 7 1 095 T 08 085
1 o 75 0 1 0 60 .74, 073 080 A .85 0.8 A 1 1 0.95 1 08 085
D 95 30 05 0.1 0.05 4 24 . .71 079 083 A .88 075 A 7 1 0.95 1 08 1
95 18 0 1 0 2 14.4 9 .64 062 069 A .88 0.8 A 1 0.95 1 08 0.95
95 18 0 1 0 2 14.4 .67 0.66 75 A .88 0.88 A 1 0.95 1 08 1
90 55 .05 44 44 15.! .71 0.77 75 A .85 0.7 A 1 0.95 1 0.8 0.95
95 30 .05 24 24 10.! .60 0.65 [ 0.63 A .88 0.8: A 1 0.95 1 08 0.9 0.68 28
99 25 .05 .68 0.79 | 082 A .88 0.7 25 A 26 1 0.95 1 0.8 09
orite 99 25 . .. .05 0. .78 0.86 | 086 IA .85 0.7 26 A 26 7 1 0.95 1 08 0.9
ROM orite 99 25 0 1 0 0. .73 0.85 | 086 IA .88 0.8 29 A 9 0 1 0.95 1 08 1
orite 100 [ 165 0 1 0 132 132 23.0 .65 0.67 .67 A .88 0.8 28 A 9 52 1 0.95 1 08 1 ;
orite 1 99 25 0 T 0 05 .75 0.95 .85 NA .88 0.87 31 NA 1 32 1 0.95 1 08 0.95 7
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Appendix C: Results of MRMR Parametric Analyses

16% Increase and Decrease in MRMR Classification System Parameters
Rock oint Surface Conditions MRMR Calculation
Moisture Joint Spacing (m) RQD (%) { Adjustments, Differencein | Percentage
Condition | Strength Micro Macro | Infil Wall Alter RS RQD Joint Spacing Joint Surface Conditions RMR MRMR | \iRMR value | Difference (%)
(MPa) o1 32 33 3 333, | Totl o1 32 33 Total Micro Macro Infill__] Wall Alter. | _Total Weath | Orient | Stress | Blast | Total Ad]
Oy 25 120 060 030 56 1925 %575 Plarar Clean None ) ] 075 072 060 [ 080 075 100 o0 2 3 o0 o0 o0 o0 o0 GieL A [
Wet 125 120 060 030 563 1925 9575 Planar Cean None 1 1 075 072 069 98 075 070 100 100 2 5 100 100 100 100 100 861 30 a9
oy s 120 060 030 563 1925 9575 Planar Clean None 1 ) 079 072 068 o8 [ 075 100 100 2 o 100 100 100 100 100 G361 20 52
Dy 105 120 060 030 563 25 %575 Plarar Cean None 2 ) 075 072 069 o8 080 075 100 o0 E &0 100 Too o0 o0 Too ETn 20 )
Dy 125 13 060 030 572 Te67 %13 Planar Clean None ) ) [ 07z 060 o1 080 075 100 o0 2 o2 100 o0 o0 o0 o0 6206 02 00
Dy 125 o1 060 030 599 1977 9523 Planar Glean None 10 14 077 072 069 96 080 075 100 100 2 62 100 100 100 100 100 6156 02 00
Dy 125 120 070 030 560 1846 9654 | Rough Unduaiing | Planar Cean None ) ] 075 075 065 102 080 075 100 o0 = 6 100 100 o0 o0 100 w222 04 00
Dy 125 120 050 030 617 2035 9165 Planar Clean None ) ) 07 070 060 o5 080 075 100 o0 % o2 100 100 o0 o0 o0 G150 03 00
Oy 125 120 060 035 536 76 o732 Planar Cean None 1 15 075 072 070 100 080 075 100 100 2 [ 100 100 100 100 100 295 11 )
oy 125 120 060 025 650 2145 9355 | Rough Unduating | _Planar Clean None 1 14 079 072 065 02 050 075 100 100 2 [ 100 100 100 100 100 6120 06 09
oy 125 120 060 030 583 1925 9575 | Sickensided Stepped|  Planar Clean None 14 14 079 072 06 o8 oss 075 100 100 25 & 100 100 100 100 100 [EE 150 24
Oy 125 120 060 030 563 25 9575 | Smooth Unduting | Plarer Gean None T ] 075 072 068 58 075 075 100 To0 225 & 100 Too To0 To0 Too [ 50 24
Uni-
oy 125 120 060 030 583 1925 9575 Clean None 14 1 079 072 069 98 080 087 100 100 2780 & 100 100 100 100 100 6565 384 62
ved
oy 125 120 060 030 583 1925 9575 | Rowhundaing | planar N7 SOfen None 14 1 079 072 069 98 080 075 08 100 2016 B 100 100 100 100 100 s7.97 384 62
oy 125 120 060 030 583 1925 9575 | RouwhUnduaiing | Planar Clean 14 14 079 072 060 o8 080 075 100 075 1 5 100 100 100 100 100 ss61 600 07
Dy 25 120 060 030 563 2 %75 Plarar Gean None ) ] 075 072 068 o8 0&0 075 100 To0 % 3 081 1o o0 To0 [ 102 59 50
Dy 125 120 060 030 563 1925 %575 Planar Clean None ) ) 07 072 069 ) 080 075 100 o0 % o2 100 [ o0 o0 [ s10z o0 160
oy 125 120 060 030 563 1925 9575 Planar Cean None 1 1 075 072 069 98 080 075 100 100 2 o2 100 100 116 100 116 7170 99 160
Dy 125 120 060 030 563 1925 9575 Planar Clean None 1 1 079 072 069 o8 080 075 100 100 2 62 100 100 [ 100 [ 192 99 160
Dy 125 120 060 030 563 1925 9575 Planar Cean None 1 1 079 072 069 08 080 075 100 100 2 0 100 100 100 [ [ 5192 99 160
50% Increase and Decrease in MRMR Classification System Parameters
Rock Joint Surface Conditions MRMR Calculation
i Joint Spacing (m RQD (%) { Adjustments, f i P
Moisture | Sirengtn pacing (m) v 00 " " P [ R STt Spacing STt Surface Condions RMR ) MRUR | DHEEE | e
i icro acro nfil all Alter
(MPa) 1 32 33 3, 333, | Totl 1 32 33 Total Micro Macro Infill__| Wall Alter. | _Total Weath | Orient | Stress | Blast | Total Adj
Oy 1250 120 060 030 563 92 %575 Planar Clean None i i 075 072 069 98 060 075 100 00 2 & 100 100 00 100 100 eLeL A NA
Dy 2500 120 060 030 563 1925 9575 | Rough Unduating | _Planar Clean None 20 1 079 072 069 o8 050 075 100 100 2 ] 100 100 100 100 100 6761 60 57
Dy 25 120 060 030 563 925 %575 Planar Cean None O ] 075 072 069 o8 [ 075 100 o0 E 5 100 100 o0 o0 100 sa81 50 129
Oy 1250 240 060 030 sz 1788 o713 Planar Clean None ) i 089 07z 069 1 080 075 100 00 E o 100 o0 00 00 o0 6405 22 36
Dy 1250 060 060 030 667 200 9300 Planar Cean None 1 1 068 072 069 54 080 075 100 100 2 [ 100 100 100 100 100 6045 4 22
Dy 1250 120 120 030 500 1550 9550 Planar Glean None 1 T 079 075 065 108 050 075 100 To0 2 o 100 To0 To0 To0 To0 377 20 52
Dy 1250 120 030 030 750 275 %025 Planar Cean None ) ) 075 061 065 57 0&0 075 100 To0 E o1 100 Too o0 o0 Too 07z e} fr]
Dy 1250 120 060 060 417 75 10125 Planar Clean None ) i 07 072 076 108 080 075 100 o0 % o 100 100 o0 o0 100 =T 20 32
oy 1250 120 060 015 017 3025 8475 | Rough Unduaing | Planar Clean None 1 ) 079 072 06 o5 080 075 100 100 2 61 100 100 100 100 100 6053 s 21
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Appendix D: Results of IRMR Parametric Analyses

T6% Increase and Decrease in IRIR Classificalion System Parameters
ROTK BLOCK STRENGHT (%65] CALCULATION TONTSPAGNG TOIT CoNBITOT
Corected RBS (Fetrogeneaus Comdion ADaUSTMENTS
CEIE L RBS Rating B Fig 57.6) Multiple Joints ‘Single Jaints (see Table 57.1) Mulipe Jons (see Tabl 57.6) Tora | NSTU e |oifterence in| percontage
sosvong | sk Corrected RS [Homogeneaus (Factr ete 0P Average SonT
s | e | mswes)| St e ¢ i Type /| No.ofdints | Refer o Figf RockBlock | ¢ a Spacingof | Cemenied Jomt_ | Adpsied e MASS RATING  |MRMR Value|Difference (%)|
o o 2 st No.of Cemenie No.ofJonts Rang RATING
Hasiness [ s Stengih (Pa) n » n | asrang e e o) Aversge MO °139 35 paing Focor | tage | smar | acramg | acor [ tame [ sma | acramg RATNG. [weatering  [orerition  [Swesses [ pasing | wirtce | Toul
™ 0 Raing
= 5 T 0 m Em) Fox) o oy Y iy my [y [y my C o [y oy oy y e | ww F) g
s 0 T 0 oo Em 5o 1o y [y w my [y [y w s | om 720 [y oy oy y ar Tt FTI G
; ) T R T ) s ) T Y ry s s [y Iy s s | om 2720 Y Iy [y my e G
I 100 ™) T Iy Y m my Iy [y s s | om 2120 Y Iy Iy my eeTy
I m ) For s Y my s Iy Y s ow | om 220 Y Y Y my yreTy
I ) ) IS Y Y my my [y Y Y o | om 0 Y Iy [y Y a0
I 100 oo 1100 y [ y y w [y y oo | o ero [y y y Y pm
1 100 ) 1500 oy [y T my [y [y my s | om 220 [y oy oy my ey
e o o0 1700 oy vy my m Y vy s s | om 2120 Y Iy Y s preny
I 1o s e n L IS s Y Iy s o | om 220 [y [y my o
e m oo Form [y Y s s S0 50 oo oE | om 2120 o | om 2z g
I ) 5o s [y Y my my so0 oo ) o0 0w e o0 0w o e
I 100 50 1rer w [ y y 50 o0 Lo s | 0w i o | ow P 2000 s
1 100 oo 177 oy [y w my 50 o0 ) [ Fry [ Y FT) 50 f
s o s o 7y vy Y s 500 100 1om o 550 e [ I ETS s
1 o i T [y 7y Y s [y Iy s s | o 2720 Y Y s s e ) oa 30 e s
I 10 0 1o Y Y m m Iy Y m o | om 2720 Y Y Y Iy awor © Gor ) 7 o 100
I ) 5o s Y Iy m m Y Iy m o | om 2120 Y Y Y my awor T T T T F¥ T e 100
s 10 50 srer my m [y [y my m [y o | —om ero T my Y Ty ey T T [ T ) s575 T0or 160
50% Increase and Decrease in IRMR Classification System Parameters
RS Ger Fa 57 ROCK BLOCK STRENGHT (R6%) CALCULATION TONTSPAGNG TOT CONBITION
e e Condtons ADISTHENTS
Coreced RBS Bteogenens Condbors) vos maing open ot e 576 Walipte soints St dots s T 57 [P — Tora | s o |oiterence ] rercenase
sosiong | 90wk Corrected RS [Homogenecus (Factr Refer 0 P Average JonT
. k“ Rock | RS (UCS) ) o 08) k nfil Type /| No. of Joints /| Refer to Figf o Rock Block € 575) 9 ‘Spacing of ‘Cemented Joint ‘Adpsted - MASS RATING  |MRMR Value|Difference (%))
o o st ) No.of Gemee No.ot s Raing RATING
Hariness. m 574 Stengt (4Pa) a 2 5 ssRaing "0 S ] Fig|  Average o] s Raing Facor | Lage | smal | acRaing | Facor [ Lage | sma | JcRaing RATNG |weatnering [Orentaton  [Swesses | Blastng | wsrrce Total
™ s71) Rating
= T 0 0 w e o) o Y vy Iy s 7y vy sy s | ow o Y Y s s ww | uw T ) o 7y
1o : 0 o o p 80 o Y 7y Y s s Iy s o | om 2720 Y Iy [y my e | s Gor oo FE] o
i o Ty T o T r 50 o o s [y my my [y Y s o | om 2120 Y Iy Iy Y o T eer T P T s
I T o o m s oo i 1o [y Y my Y Y Y my o | om a0 Y [y Iy Y w0 T e T FY T :
I T Q0 0 100 i 50 3 e y [ y y y [y y oo |—om ero [y y y Y ws o T oo e T
i T 0 0 100 s FET " e y [y my m [y [y T s | om 720 Iy oy oy y PrE T T FRCTI T
1 : 0 o 100 s s o P os oo a7 [y Ty my [ 2120 oy my [y my wo | s : P 0 2
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Appendix E: MRMR and IRMR Classification System Sedmentary Rock Data

Rock Type Site Pit Location Lithology Nob;;tzata IRMR | MRMR
13100N (West) SHL 1 56 51
13100S (West) SHL 2 54 48
13300N (West) CARB SHL 3 61 54
13300S (West) CARB SHL 4 53 48
13100N (East) SHL 11 37 34
13100S (East) SHL 12 39 36
13300N (East) - 1140m GW 15 36 32
13300S (East) - 1140m GW 16 38 34
Kalgold 13300S (East) GW 17 36 38
13500S (East) - 1157m GW 20 37 34
13500S (East) GW 21 35 36
13700N (East) - 1145m GW 22 45 43
13700S (East) - 1145m GW 23 42 40
13900N (East) GW 28 41 39
13900S (East) GW 29 41 38
SEDIMENTARY 13900N (East) - 1164m GW 30 40 34
13900S (East) - 1164m GW 31 39 33
Zone 1 (955L) Limestone 32 58 56
Zone 2 (935L) Limestone 34 46 50
Zone 3 (945L) Limestone 36 57 54
Zone 4 (955L) Limestone 37 52 53
Zone 4 (945L) Limestone 38 60 57
Zone 4 (935L) Limestone 39 58 56
Zone 4 (925L) Limestone 40 52 56
Colleen Bawn = 5 (9700) Limestone 41 60 59
Zone 5 (945L) Limestone 42 67 59
Zone 5 (925L) Limestone 43 58 51
Zone 6 (995L) Limestone 45 55 56
Zone 6 (965L) Limestone 46 60 59
Zone 7 (955L) Schist 48 45 36
Zone 7 (945L) Limestone 49 60 57
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Appendix F: MRMR and IRMR Classification System Igneous Rock Data

Rock Type Site Pit Location Lithology Nob;‘;]tzata IRMR | MRMR
13300N (East) - 1187m VC 13 36 34
13300S (East) - 1187m VC 14 41 38
13500N (East) - 1170m VC 18 34 32
Kalgold 13500S (East) - 1170m VC 19 35 34
13700N (East) - 1163m VC 24 40 37
13700S (East) - 1163m VC 25 40 36
13700N (East) - 1179m VC 26 39 39
13700S (East) - 1179m VC 27 39 37
Zone 2 (925L) Diabase Dyke 33 55 49
Colleen Bawn Zone 3 (945L) Diabase Dyke 35 51 51
Zone 6 (980L) Greenstone 44 36 26
Zone 7 (965L) Greenstone 47 42 36
Anorthosite 50 40 41
B Anorthosite 51 40 48
Anorthosite 52 40 44
Norite 53 39 41
Norite 54 42 51
C Norite 55 42 47
IGNEOUS Anorthosite 56 42 50
Anorthosite 57 40 41
Anorthosite 58 39 42
Anorthosite 59 38 42
Anorthosite 60 38 47
Marikana Anorthosite 61 32 37
Anorthosite 62 37 35
D Anorthosite 63 29 33
Anorthosite 64 26 27
Anorthosite 65 29 32
Anorthosite 66 31 41
Anorthosite 67 28 30
Anorthosite 68 18 27
Norite 69 18 27
Norite 70 23 30
ROM Norite 71 39 48
Norite 72 23 33
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Appendix G: MRMR and IRMR Classification System Metamorphic Rock Data

Rock Type Site Pit Location Lithology Nor');mesata IRMR | MRMR
13500N (West) SCH 5 61 59
13500S (West) SCH/BIF 6 61 62
13700N (West) SCH 7 55 51
METAMORPHIC Kalgold 13700S (West) SCH 8 54 51
13900N (West) SCH 9 56 51
13900S (West) SCH 10 53 49
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Appendix H: Complete MRMR and IRMR Classification System Rock Data Set

Lithology No.ofData | 1oyp | MRMR
points
SHL 1 56 51
SHL 2 54 48
CARB SHL 3 61 54
CARB SHL 4 53 48
SHL 11 37 34
SHL 12 39 36
GW 15 36 32
GW 16 38 34
GW 17 36 39
GW 20 37 34
GW 21 35 36
GW 22 45 43
GW 23 42 40
GW 28 41 39
GW 29 41 38
GW 30 40 34
GW 31 39 33
Limestone 32 58 56
Limestone 34 46 50
Limestone 36 57 54
Limestone 37 52 53
Limestone 38 60 57
Limestone 39 58 56
Limestone 40 52 56
Limestone 41 60 59
Limestone 42 67 59
Limestone 43 58 51
Limestone 45 55 56
Limestone 46 60 59
Schist 48 45 36
Limestone 49 60 57
VC 13 36 34
VC 14 41 38
VC 18 34 32
VC 19 35 34
VC 24 40 37
VC 25 40 36
VC 26 39 39
VvC 27 39 37
Diabase Dyke 33 55 49
Diabase Dyke 35 51 51
Greenstone 44 36 26
Greenstone 47 42 36
Anorthosite 50 40 41
Anorthosite 51 40 48
Anorthosite 52 40 44
Norite 53 39 41
Norite 54 42 51
Norite 55 42 47
Anorthosite 56 42 50
Anorthosite 57 40 41
Anorthosite 58 39 42
Anorthosite 59 38 42
Anorthosite 60 38 47
Anorthosite 61 32 37
Anorthosite 62 37 35
Anorthosite 63 29 33
Anorthosite 64 26 27
Anorthosite 65 29 32
Anorthosite 66 31 41
Anorthosite 67 28 30
Anorthosite 68 18 27
Norite 69 18 27
Norite 70 23 30
Norite 71 39 48
Norite 72 23 33
SCH 5 61 59
SCHI/BIF 6 61 62
SCH 7 55 51
SCH 8 54 51
SCH 9 56 51
SCH 10 53 49




Appendix I: Sed

imentary Rock Statistical Analysis Results

Descriptive Statistics MRMR Sedimentary IRMR Sedimentary
(Axum) Rock Rock
Min 32.00 35.00
Max 62.00 67.00
Sum 1755.00 1858.00
Mean 45.91 50.22
Median 48.00 53.00
Variance 98.22 89.01
Std. Dev. 9.91 9.43
Std. Err. 1.30 1.55
95 Conf Int 3.18 3.15
Descriptive Statistics MRMR Sedimentary IRMR Sedimentary
(Excel) Rock Rock
Kurtosis -1.70 -1.47
Mode 33.63 59.54
Skewness -0.11 0.03
Range 27.00 32.00
Covariance 86.62
Correlation coefficient 0.97
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No. of
Rock Type Site Pit Location Lithology No. of Points IRMR Bin Frequency [ MRMR Data Bin Frequency
points
13100N (West) SHL 1 56 10 0 51 1 10 0
13100S (West) SHL 2 54 20 0 48 2 20 0
13300N (West) CARB SHL 3 61 30 0 54 3 30 0
13300S (West) CARB SHL 4 53 40 8 48 4 40 13
13100N (East) SHL 11 37 50 7 34 11 50 3
13100S (East) SHL 12 39 60 14 36 12 60 15
T3300N (East) -
el aw 15 36 70 2 32 15 70 0
133005 (Eash) -
$30D= Fasy ow 16 38 0 34 16 0
133008 (East) GwW 17 36 39 17
Kalgold 13500S (East) - oW 20 37 34 20
1157m
135008 (East) GW 21 35 36 21
T3700N (East) -
1145m GW 22 45 43 22
137005 (Eash) -
s Fash ow 23 42 40 23
13900N (East) GW 28 41 39 28
SEDIMENTARY 13900S (East) GW 29 41 38 29
T -
1164mas ) GW 30 40 34 30
-
139008 (EasD ow a1 39 33 31
Zone 1 (955L) Limestone 32 58 56 32
Zone 2 (935L) Limestone 34 46 50 34
Zone 3 (945L) Limestone 36 57 54 36
Zone 4 (955L) Limestone 37 52 53 37
Zone 4 (945L) Limestone 38 60 57 38
Zone 4 (935L) Limestone 39 58 56 39
Zone 4 (925L) Limestone 40 52 56 40
Colleen Bawn -
Zone 5 (970L) Limestone 41 60 59 41
Zone 5 (945L) Limestone 42 67 59 42
Zone 5 (925L) Limestone 43 58 51 43
Zone 6 (995L) Limestone 45 55 56 45
Zone 6 (965L) Limestone 46 60 59 46
Zone 7 (955L) Schist 48 45 36 48
Zone 7 (945L) Limestone 49 60 57 49
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Appendix J: Igneous Rock Statistical Analysis Rests

Descriptive Statistics | MRMR Igneous| IRMR Igneous
(Axum) Rock Rock
Min 26.00 18.00
Max 51.00 55.00
Sum 1343.00 1261.00
Mean 38.37 36.03
Median 37.00 39.00
Variance 55.12 64.68
Std. Dev. 7.42 8.04
Std. Err. 1.25 1.36
95 Conf Int 2.55 2.76
Descriptive Statistics MRMR IRMR Igneous
(Excel) IgneousRock Rock
Kurtosis -0.95 0.70
Mode 27.00 #N/A
Skewness 0.13 -0.39
Range 24.00 37.00
Covariance 43.84
Correlation coefficient 0.73
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No. of No. of
Rock Type Site Pit Location Lithology Data IRMR Bin Frequency | MRMR Data Bin Frequency
points points
13300N (East) - 1187m VvC 13 36 10 0 34 13 10 0
13300S (East) - 1187m VC 14 41 20 2 38 14 20 0
13500N (East) - 1170m VC 18 34 30 6 32 18 30 5
13500S (East) - 1170m VC 19 35 40 18 34 19 40 15
Kalgold 13700N (East) - 1163m VC 24 40 50 7 37 24 50 13
137008 (East) - 1163m VC 25 40 60 2 36 25 60 2
13700N (East) - 1179m ve 26 39 70 0 39 26 70 0
13700 (East) - 1179m ve 27 39 37 21
Zone 2 (925L) Diabase Dyke 33 55 49 33
51 51 35
Colleen Bawn Zone 3 (945L) Diabase Dyke 35
Zone 6 (980L) Greenstone 44 36 26 44
Zone 7 (965L) Greenstone 47 42 36 47
Anorthosite 50 40 4 50
B Anorthosite 51 40 48 51
Anorthosite 52 40 44 52
IGNEOUS Norite 53 39 41 53
c Norite 54 42 51 54
Norite 55 42 47 55
Anorthosite 56 42 50 56
Anorthosite 57 40 41 57
Anorthosite 58 39 42 58
Anorthosite 59 38 42 59
Marikana Anorthosite 60 38 47 60
Anorthosite 61 32 37 61
Anorthosite 62 37 35 62
D Anorthosite 63 29 33 63
Anorthosite 64 26 27 64
Anorthosite 65 29 32 65
Anorthosite 66 31 41 66
Anorthosite 67 28 30 67
Anorthosite 68 18 27 68
Norite 69 18 27 69
ROM Norite 70 23 30 70
Norite 71 39 48 71
Norite 72 23 33 72




Appendix K: Metamorphic Rock Statistical Analysis Results

- - MRMR IRMR
Descriptive Statistics . .
(Axum) Metamorphic Metamorphic
Rock Rock
Min 49.00 53.00
Max 62.00 61.00
Sum 323.00 340.00
Mean 53.83 56.67
Median 51.00 55.50
Variance 28.17 12.27
Std. Dev. 5.31 3.50
Std. Err. 2.17 1.43
95 Conf Int 5.57 3.68
Descriptive Statistics MRMR . IRMR .
(Excel) Metamorphic Metamorphic
Rock Rock
Kurtosis -0.83 -1.64
Mode 51.44 #N/A
Skewness 0.98 0.54
Range 13.00 8.00
Covariance 14.12

Correlation coefficient

0.76




No. of
Rock Type Site Pit Location | Lithology L\’lgi‘n(t)sf IRMR Bin Frequency | MRMR Data Bin Frequency

points

13500N (West) SCH 5 61 40 0 59 40 0

13500S (West) | SCH/BIF 6 61 50 0 62 50 1

13700N (West) SCH 7 55 60 4 51 60 4

METAMORPHIC - |Kalgold 13700S (West) SCH 8 54 70 2 51 70 1

13900N (West) SCH 9 56 80 0 51 80 0

13900S (West) SCH 10 53 90 0 49 90 0
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Appendix L: MRMR and IRMR Data Set Statistical Analysis Results

Descriptive Statistics
(Axum) MRMR IRMR
Min 26.00 18.00
Max 62.00 67.00
Sum 3098.00 3119.00
Mean 43.03 43.32
Median 41.00 40.00
Variance 93.41 127.09
Std. Dev. 9.66 11.27
Std. Err. 1.14 1.33
95 Conf Int 2.27 2.65
Descriptive Statistics MRMR IRMR
(Excel)
Kurtosis -1.15 -0.54
Mode 33.63 59.54
Skewness 0.16 0.03
Range 35.88 49.02
Covariance 96.56
Correlation coefficient 0.90
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