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ABSTRACT

In any rock engineering problem there are a multitude of rock properties that could be

measured. Similarly there are a multitude of rock mechanics mechanisms that can be

invoked, and the structure can be designed to defend against many types of potential

collapse mechanisms. Furthermore, all these properties and mechanisms influence one

another to a greater and lesser extent. One is therefore faced with making a decision in

an increasingly complex environment on how to proceed from the original rock

engineering requirement.

The aim of this thesis is to present an initial framework in which engineering properties,

interactions and mechanisms can be structured and studied, thus providing a means for

identifying the pertinent factors for any rock engineering project and engineering

objective.

The development of the methodology is commenced by, categorising rock, site and

engineering parameters into a hierarchical framework, identifying the parameter priority

for different engineering objectives, and structuring rock engineering mechanisms by

networks of multiple parameter interactions. The methodology is formalised using the

rock engineering interaction matrix, where parameters form the leading diagonal of the

matrix, binary interactions are located in the off-diagonal boxes and mechanisms are

considered via interaction matrix pathways. Coding of the binary interactions allows the

interaction intensity and dominance of parameters to be identified in Cause and Effect

space. The system is refined by considering conventional systems concepts. The

implementation of the methodology within the phases of the rock engineering process

is proposed.

The methodology is applied to two rock engineering projects. The first case study, an

underground research facility, uses the overall strategy for structuring information and

processes into a coherent system. The second case study applies the tactics to develop

a classification system, for a sequence of rock slopes, tailored explicitly to the rock, site

and engineering situation.

The methodology has ramifications for data collection, model development and for

directing each stage in the rock engineering process.
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CHAPTER 1

Introduction

1.1 The Rock Engineering Problem
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Figure 1.1: The consequence of a landslide at Mount Rabbat, Spain.

Figure 1.1 above, shows the devastating effect of a landslide on one of the cuttings

along the A-i Mediterranean Autopiste at Mount Rabbat in Spain. The rock cutting, that

was one of the smaller excavations made along this route, maintained its stability as
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required, despite the failure of the whole hill side. Many factors could have contributed

to this failure.

The stability of the rock cutting may have been the focus of attention during design

without considering the wider implications of this cutting on the rest of the environment.

A weak marl layer on which shearing occurred may not have been identified during

ground investigations, or if it was the importance of this feature may not been

acknowledged. It is also possible that the cutting had little influence on the landslide,

which may have occurred anyway some time later. One also needs to consider whether

such an instability is acceptable in view of the time and fmancial constraints imposed

on the whole construction project.

This example highlights some of the problems that face rock engineering today. Not

only are there difficulties in obtaining relevant and representative data on the rock mass

conditions but there are also uncertainties into how the rock mass will behave before,

during and after construction to the satisfaction of the project objectives. There is

therefore a need for an approach that will direct the practitioners of rock engineering

towards the most appropriate classification and modelling technique for the

circumstances that are encountered. The solution to any rock engineering problem is

never merely technological, it requires the information requirements, analysis techniques

and the engineering implementation to be directed, optimized and planned, which can

only be achieved by structuring the whole rock engineering process into a coherent

framework.

This thesis is concerned with the development of a methodology to direct the rock

engineering process. Before the aims and contents this thesis are discussed, the following

section will highlight some of the attributes, dilemmas and challenges that face us today

within this subject of rock engineering.

The Rock Property Problem

Rock masses, have been formed by geological processes over millions of years resulting
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in a highly variable fractured medium. The properties and behaviour of rock masses vary

at different scales and through time. Unlike other engineering disciplines where the

engineer can fabricate the material properties for the structure at hand, rock engineers

have to investigate the properties of the material in which engineering is to be

performed. Only a fraction of the rock mass will ever be investigated and thus there is

always an inherent uncertainty in defining accurate parameter values and establishing

that any major geological features have not been missed. Not only are there difficulties

in obtaining representative parameter values but there are also difficulties in assessing

the parameters at a scale commensurate with the domain of engineering influence. Many

recommendations have been provided on how to measure rock properties but there are

fewer guidelines on which parameters should be obtained for specific engineering

objectives and which mechanisms should be defended against. The mode of behaviour

of a rock mass when excavated may depend upon a number or a few key parameters,

as with the failure shown in Figure 1.1. However, there are a multitude of rock

properties which can be measured and similarly a multitude of mechanisms which can

occur but there is currently no list all of rock properties and similarly no list of all the

mechanisms that can be invoked.

The Rock Mechanics Design Problem

Although rock engineering structures have been constructed for over thousands of years,

a scientific study into rock mechanics phenomena has only been established in its own

right in the last thirty years or so. This has led to the development of many theories and

criteria for describing the way rock masses behave. The methods of analysis developed

from these theories have provided a more scientific understanding to rock mass

behaviour. Many of these theories have been taken from other engineering disciplines.

Numerical methods for stress analysis have now become widely available and are

particularly useful for modelling complex engineering structures and shapes. However

these techniques can only model certain responses requiring simplification of their

constitutive parts for mathematical convergence. Also, they have outpaced our ability to

obtain the necessary input data. Given the near infinite complexity of rock masses, some

design techniques have been developed to bypass any detailed analysis preferring to base
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the design on observational or empirical approaches. Observation design methods, such

as the New Austrian Tunnelling Method (NATM), rely principally on the measurement

of displacements during construction to evaluate support and stabilization measures.

Rock mass classification systems embody the empirical approach to rock engineering

design and use a few key parameters to determine stabilization guidelines. None of these

design techniques are directly usable by practitioners as they need to be tailored to the

geological situation, engineering objectives and project circumstances.

There is a plethora of rock mechanics and rock engineering information available for

aiding the design of engineering structures, but the optimal implementation of rock

mechanics theory to rock engineering practice still tends to remain in the domain of the

expert. One reason is that information sources are not always structured in an accessible

manner for direct use by clients, consultants and engineers. Another reason is that

engineering judgement based on precedent experience forms a major part in present day

rock engineering.

Rock Engineering Requirements

The demands on rock engineering are increasing for the purposes of mineral extraction,

energy and civil structures. Many of the new rock structures being proposed are novel

and without precedent, for example, the storage of high level nuclear waste in

underground repositories. Others need to be constructed within stiff environmental and

safety constraints and within tighter financial budgets without the spiralling and

escalating costs so frequent in many of today's rock engineering projects. The desire to

optimize any part of the rock engineering will be restricted by the constraints imposed.

Constraints cover a wide and diverse range of criteria and can include such as factors

as location, shape and dimension of the engineering structure, financial limits,

contractual arrangements, time limits for each stage of the works, expertise and

personnel available and possibly political and ethical considerations. The objectives and

constraints essentially constitute the degree of flexibility in which the project can operate

and can be considered to be the project management boundary conditions.
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Despite the wide variety of rock engineering projects, the type of engineering structures

are limited. In Table 1.1, a list of the principal rock engineering projects and engineering

structures is presented. Given the near infinite use of structures for civil purposes and

mining in rock these are not included individually.

Each of these engineering projects will have their own specific engineering objectives

and in any project, there will be numerous sub-objectives and goals relating to specific

tasks of the works. The objectives for constructing a road tunnel are fundamentally

different from those associated with underground nuclear waste disposal although the

engineering structures may be similar. Consequently, the focus of the mechanisms that

must be defended against are fundamentally different. This has ramifloations for the

direction of each stage in the rock engineering process.

Table 1.1: Typical rock engineering structures and purposes

PURPOSE	 ENGINEERING	 COMPOUND
STRUCTURE	 STRUCTURES

______________________ (Temporary I Permanent) ______________________

Hydro-electric Power	 Tunnel	 Intersection

Radioactive Waste Disposal	 Cavern! Chamber	 Portal

Geothermal Energy	 Borehole	 Draw Point

Petroleum/Gas Extraction	 Shaft
Petroleum/Gas Storage	 Slope
Civil Structures	 Foundation
Open Cast Mining	 Pillar
UndergroundMining	 Stope	 _________________________

In rock engineering four groups of activities can be performed: exploration, excavation,

stabilization and monitoring. Within this group there are a number of methods and

techniques that can be performed as shown in Table 1.2. Each technique has its own

attributes that will be optimal for certain circumstances. The selection and application

of each technique will have its own specific objectives and its implementation needs to

be planned. Exploration is directed towards data collection, either to establish the initial

and boundary, rock and site conditions before excavation or to understand the rock mass

response to a prototype engineering structure. Excavation and stabilization directly

interact with the rock mass to alter the rock structure to the construction requirements.

Monitoring is essentially a passive activity to evaluate the actual rock mass response to
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construction or post construction effects.

Table 1.2: Some methods within four rock engineering activities

EXPLORATION EXCAVATION STABILIZATION MONITORING

Desk Study	 Blasting	 Reinforcement	 Parameter
Surface Investigation 	 - pre-split	 - rock bolts	 Measurements
- field measurements - bulk	 - cables	 - in situ stress
- in situ testing	 - smooth	 - anchors	 - displacements

Drilling Investigation Cutting 	 Support	 Performance
Exploratory Adits	 - partial face	 - steel arches	 Evaluation
Geophysical Methods - full face TBM 	 - shotcrete	 - NATM
Laboratory Testing	 Ripping	 - concrete lining	 Environmental

Impact	 - backfill	 Impact
- pneumatic breakers	 Ground Alteration	 - vibrations
Abrasion	 - grouting	 - surface subsidence
- water jets	 - freezing	 - seismic

Post Construction
Evaluation
- convergence

1.2 The Concept of a Rock Engineering Methodology

Rock engineering is a system that commences typically with a feasibility study through

to site investigation, excavation, stabilization and monitoring. Each phase contributes to

the knowledge base by providing information about the possible rock conditions, the

actual rock conditions encountered and its behaviour when engineered. Also each phase

has a degree of uncertainty associated with it. Each phase needs to be planned,

implemented and evaluated so that the information obtained is relevant to the

engineering situation and contributes towards a reduction in the uncertainty. In turn the

information received needs to be analyzed to reduce the uncertainty for the following

and subsequent phases of the rock engineering process. A prediction of the behaviour

of the rock mass cannot be made unless the problem can be formulated in mechanical

terms. There therefore needs to be rational procedure in which rock engineering can be

implemented not just in a satisfactory way but an optimal way. This is the role of a rock

engineering methodology.
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A methodology can be considered to be a structured approach that allows an evaluation

of a variety of methods that can address a problem. Following a methodology will not

necessarily result in a solution. A method, in contrast, is an orderly way of proceeding

which if followed results in a solution. it is considered that due to the multifarious

factors which influence a rock engineering problem together with our current state of

understanding on the subject, there will not be a generic method for all rock engineering.

However there is the potential for developing a rock engineering design methodology

to direct attention and to provide a framework in which rock mechanics knowledge can

be tailored to the rock engineering circumstances.

Methodologies have been successfully developed for other engineering lisciplines that

enable the generation, development and evaluation of possible design solutions. These

methodologies for traditional engineering disciplines provide a structure and a science

to design and problem solving. However, given the fundamental difference between

traditional engineering disciplines, such as structural and mechanical, and ground

engineering these approaches are not directly applicable.

COMPLETE ROCK ENGINEERING PROBLEMS

ANALYSIS OF COUPLED MECHANISMS

ANALYSIS OF INDIVIDUAL SUBJECTS

Foundation

IIUnder9roun

g%P'

BOUNDARY
CONDITIONS:

ExcavatiorIn S1u Stress.
Hydrogeologscal Regime

e.a. BLOCK ANALYSIS t)P STPFSS ANAl

ROCK MECHANICS INTERACTION MATRICES

KNOWLEDGE-BASED EXPERT SYSTEMS

Figure 1. 2: The context of rock engineering to the rock mechanics analysis

(Hudson 1989)
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To provide an introduction to the some of the factors that constitute the approach to rock

engineering and rock mechanics, Hudson (1989) presented a broad view of how these

topics are structured. This is shown in Figure ii and comprises breaking down the

problem from the global to the specific. Rock mechanics is the study of the response of

rock to an applied disturbance. In rock engineering this involves understanding the

matenal properties and the pre-existing boundary conditions as well as the nature of the

disturbance itself (Hudson 1989).

The overall design process has been structured by Bieniawski (1984) as comprising an

iterative cycle as shown in Figure 1.3. This structure is initiated by objectives and

constraints to direct the exploration programme. The information obtained is utilized by

analysis and synthesis to develop a coherent model of the rock, site and engineering

conditions. Evaluation and optimization of the design analysis lead to its implementation

via communication in some standard and unambiguous form. Bieniawski comments that

this cycle is directed counter clockwise to signify the challenge to design engineering

who have to move 'against the tide' of prejudice which views design studies as a 'soft'

subject for engineering.

ES

AINTS D	 COMMUNICATION

RATI	 DESIGN 4OPTUIIZATN

ANALYSIS5	 E%ALUATION

ThESIS

Figure 1.3: The design cycle for rock engineering (Bieniawski 1984)

The above introduction shows the diversity in the information needs, rock engineering

activities, construction projects and their objectives. This along with the diversity in
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geological conditions require a systems that is robust but directs the user to their

required objectives.

1.3: Structure and Content of this Thesis

This thesis is concerned with the development of a rock engineering systems

methodology. The basis of the methodology is to provide a framework and a structure

to the study of rock mechanics phenomena and rock engineering processes. The title of

this thesis is directed towards studying: i) the rock engineering process as a system,

made up of an number of parts organised within a structured framework and ii)

structuring the rock engineering mechanisms from a systems perspective. The structure

of the thesis is shown in Figure 1.4.

The thesis is divided into four parts:

Part 1: Background and Literature Review

Part 2: Developing the Methodology

Part 3: Implementing of the Methodology

Part 4: Refining the Methodology

Part 1. Literature Review

The first three chapters of this thesis contain the statements on the background to the

rock engineering problem and a literature review of existing methods and methodologies

used in rock engineering.

In Chapter 2, some existing methodologies which have been published for rock

engineering and site investigations are highlighted. These tend to illustrate the

framework in which design and engineering activities take place. Several existing

techniques for aiding site investigation planning are also described. The limitations in

the application of these techniques to the more newer uses in rock are considered along

with the future demands on rock engineering. The existing methodologies place little

emphasis on how the objectives of the engineering relate to the relevant parameters and
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mechanisms and provide no structure in which the parameter interactions can be studied.

Chapter 3 provides an overview of the techniques and methods used in rock engineering

design, with emphasis on the suitability of these techniques to different geological and

engineering situations, and the input parameters used in these methods. Initial

consideration is given to the type of parameters that can be obtained from rock masses.

This is introduced by considering the behaviour of the rock mass with respect to the

problem domain. From this perspective an assessment of the rock properties available

from field measurements, laboratory and in situ testing is made for continuum and

discontinuum modes of behaviour.

I

The design techniques in rock engineering utilize the rock parameters for either an

empirical, numerical modelling or monitoring approach. Engineering rock mass

classifications embody the heart of the empirical approach and are discussed in detail

with respect to their components, structure and development. Many of their attributes

have implications for the study of parameter interactions and coding methods used later

in Chapter 7. Numerical modelling approaches to design are discussed in similar terms

and a more detailed inspection of the parameters used within a numerical modelling

code, FLAC, is presented.

Although these techniques and methods of analysis have a role within the design

process, there is currently no direct way to determine their suitability for a particular

engineering project and site condition. The geotechnical model needs to be

commensurate to the rock, site and engineering situation. The model also needs to be

developed to satisfy the engineering objectives. It is suggested that the types of

parameters used by these different methods are at different resolutions. This introduces

the concepts concerning parameter hierarchy and questions the form and type of

parameters required for all aspects of the engineering design process. The need for a new

approach and perspective is advocated.

Part 2. Developing the Methodology

This section commences the authors research into the development of the new approach.

Chapter 4 commences with a classification of all known rock, site and project
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parameters. The developed hierarchy of some 200 rock engineering parameters, is used

to study the relevant parameters for specific rock engineering projects including pressure

tunnels. This analysis of the literature, as representative of precedent practice, identifies

the base line parameters for these rock engineering projects. Many of these parameters

are different from those used in rock mass classifications and numerical analysis,

justifying the fact that the parameters should be commensurate with the engineering

objectives. At the end of this section, the levels of the preliminary system are presented.

Recognition of the need to study the mechanisms created by the parameter interactions

rather than the parameters in isolation forms the subject for the next chapter.

In Chapter 5, a generic approach to formalize a structure of rock engineering

mechanisms from rock, site and engineering parameters is generated. Directed networks

are produced to show the sequence of interactions between the parameters for certain

instability scenarios (pressure tunnels leakage modes and block falls). The directed

networks produced illustrate a number of important concepts regarding parameter

interactions and instability mechanisms, namely the concepts of threshold values and

stores, feedback mechanisms and the necessary criteria for the mechanisms to function.

The networks, however, do not provide a generic approach for structuring all potential

mechanisms and interactions.

A more systematic approach is provided with the use of interaction matrices. This

technique, that places rock, site and engineering parameters along the leading diagonal

of the matrix, provides a framework for the study the interactions in the off-diagonal

interaction matrix boxes. Coding techniques applied to represent the interaction intensity

of each off-diagonal box allow analysis of the whole rock system. This is performed by

considering the sum of the coding in the matrix rows and columns for each parameter.

When plotted in Cause and Effect space, the parameter intensity and dominance can be

established, which can be interpreted in terms of the engineering objectives. The theory

developed with this work, as published by Hudson (1992), is introduced and the

concepts applied to the pressure tunnel case example.

Instability mechanisms are considered as pathways through the matrix. Although the

coding techniques employed so far, are unsuitable for an objective evaluation of
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potential instabilty mechanisms, a subjective assessment of how the pathways can be

represented In the matrix is presented.

The structure of the system so far developed, incorporating the link between project

objectives, mechanisms and parameters, is shown. The initial structure of the

methodology developed is implemented to two case studies in Part 3.

Part 3. Implementing the Methodology

In Part 3, to complement the generic system and methodology developed in the previous

parts of this thesis, two case studies are used to demonstrate the strategic and tactical,

application and implementation, of the approach.

In Chapter 6, a strategic example of the methodology is applied to several studies at the

Underground Research Laboratory (URL) in Canada. The information obtained at the

URL is used to develop a preliminary geological interaction matrix. This matrix is

expanded to study the interactions for the design objectives of an experimental tunnel -

the Mine-by Experiment. Both the effects of the rock and site parameters on the tunnel

design and the construction effects on the rock and site parameters are interpreted in

terms of the project objectives. Finally inferred matrix pathways are used to re-interpret

a stress prediction programme, using the information obtained to structure the difficulties

encountered in decoding stress measurement information.

In Chapter 7, the methodology is applied to a sequence of excavated rock slopes along

the A-7 Mediterranean Autopiste in Spain. In this case study, the tactics of the

methodology are used to identify the critical parameters and interactions for each rock

slope. A characterization systems is tailored to the site circumstances and post-

construction situation using the interaction matrix and Cause and Effect plot. The

structure of the system developed is discussed in detail. Other subsidiary classification

techniques are introduced including a synergy rating system and an equivalent Rock

Mass Rating system. An attribute of the classification system developed is compared

with the results of the traditional classification systems to rank the rock slope order. A

critical review of the system employed and recommendations for its improvement are

given at the end of this chapter.
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Part 4: Refining the methodology

In Part 4, the methodology is refined further. Systems concepts are introduced to

demonstrate that the concepts developed so far are in fact part of a much wider subject.

Consideration of the interaction matrix and the methodology developed are interpreted

in system terms. Traditional general systems theory is discussed and its implications for

rock engineering indicated. A systems perspective is incorporated into the methodology

developed so far and the types of systems identified allow re-interpretation of the

parameters and interactions in terms of morphological, cascading and process-response

systems. Engineering control systems are interpreted from the matrix operations. This

results in the foundations of a systematic approach and a completely new methodology

to the study of rock mechanics and rock engineering phenomena.

Finally, the methodology is structured within the whole rock engineering design process.

A suggestive strategy for implementing the methodology is given by considering four

cycles of information, information interpretation and engineering implementation

throughout the sequence of engineering activities and design considerations.

A summary of the authors contribution to this subject of rock engineering is given in the

global conclusions in Chapter 9 of this thesis. The ramifications of the methodology are

highlighted and recommendations for further work suggested.

26



PART 1

Literature Review
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CHAPTER 2

Current Methodologies and Design Approaches for

Excavations in Rock

2.1 Introduction

The rock engineering process involves feasibility and location studies, site investigation,

design analysis, cost and optimization studies, detailed design, environment impact

studies, construction planning, construction including excavation, reinforcement and

other ground improvement techniques, and performance monitoring during and after

construction (Brown 1993). Each of these topics is a sub-issue within an overall rock

mechanics programme. Figure 2.1 shows the widely recognised components of a general

rock mechanics programme that is direct towards predicting the response of the rock

mass to engineering perturbations.

This traditional structure of a rock mechanics programme is commenced with an

investigation into the material properties of the rock mass. Site investigation techniques

are deployed for this purpose. This information is collated and interpreted to form a

geotechnical model of the rock mass at the site. Design analyses use this information on

the boundary conditions and rock mass properties to understand how the rock mass will

behave when construction is commenced. This provides recommendations on potential

construction problems and allows evaluation of alternative construction strategies

together with the cost implications. Once the construction schedule has been decided and

construction initiated, monitoring of the rock mass behaviour allows re-evaluation of the
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rock mass performance. A retrospective analysis, based on the tn situ site conditions,

forms a feedback into all other components of the rock mechamcs programme.

Site characterization
delrwto, o4geonechcricci
popect.es of the host rock moss

Geotectrn.col model formulation
conceptiiokzot pon of site
ctio,octer,zotson doto

selection and opplicotioriof
momematicOl aid Coroputationol
schemes for study of truol designs

Rock moss performance monitoring

meosuremnent of the performance
of the host rock moss durwig
and after excavation

Retrospective analysis
quantuf.cat.omi of,, Situ rock
moss p-operties and
iden1ifut,on of dominant
modes of rock moss response

Figure 2.1 The components of a generalised rock mechanics programme.

(Brady & Brown 1985)

Every aspect of the rock engineering process requires information. This information is

collated, interpreted and evaluated in an iterative cycle throughout the design process.

As there will always be inherent uncertainties regarding the actual ground conditions any

evaluation will need to be weighed up against the consequence of "unforseen" ground

conditions. Each stage of the rock engineering process requires a decision to be made.

The decision making needs to be based on an evaluation of information and the risks

associated with each possible course of action. As the rock engineering process is

pursued, a model concerning the geological and geotechnical environment is developed

and the knowledge within this model is increased. Design methods are selected based

on their suitability and applicability to the encountered rock mass and engineering

situation. The design methods also require information for their analysis that should be

obtained during the earlier investigation stages.
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The rock engineering process is not pursued by ad-hoc manner. Each aspect is intimately

linked to the past actions and future requirements. Although the structure of a rock

mechanics programme, as indicated in Figure 2.1, is performed sequentially many of the

information requirements need to be considered in advance. One can therefore see that

if the major controlling variables dictating the rock mass behaviour or a major geological

feature, such as a water bearing fault, are not identified during the investigative stages,

all subsequent design and construction procedures will become miss-directed with

possible disastrous consequences. Sometimes adjustments in the design and construction

methods can be changed to suit the actual in Situ conditions. Although in many civil

engineering projects, once construction schedules have been finalised, this may be

impossible.

The aim of this section is to discuss some of the existing strategies providing a

systematic framework to the rock engineering design process. Overall design

methodologies encompassing all aspects of the rock engineering process will be initially

reviewed. This is followed by a discussion on methodologies developed specifically for

site investigation. Site investigation information provides the foundation on which the

geological and geomechanical model for the site is developed. However, site

investigations need to be planned, optimized and directed to reduce the uncertainty in

the geological conditions but when planning the investigation these uncertainties still

exist.

2.2 Rock Engineering Design Methodologies

2.2.1 Design Strategies

Rock excavations have been constructed for thousands of years before the development

of rock mechanics principles. These early excavations would have relied upon initially

a trial and error process followed by an empirical approach, utilizing knowledge

obtained from precedence experience in similar geological conditions. Some of these

structures, that can still be seen today, were successful but many others were less so.

Today, there is no formalised iock engineering design methodology that is widely
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followed in practice. Experience and knowledge of precedence plays a major part in

directing phases of the rock engineering programme. Despite this, there are some

published recommendations indicating the design strategy and these will be discussed

in this section.

2.2.2 Design Flow Charts

1. PrelimInary collection of geological
data from air photos, surface
mapping and borehole cores

2. Prelitninary analysis of geological
data to establish ma}ot geological
pattern. Examination of these
patterne lii relation to proposed pit
slopes to assess probability 01 slides
develolna

3. Slopes in which no unfavorable
dlsconthiultles exist or slopes In which
failure would not matter. Identified. No
further stability analysis ci tiwse slopes
required. Slope angles determined
from operational conaldsrattons.

I 4. Slopes In Which unfavotable discondnultlea exist 
I

I	 Identified and thos, slop.. in whIch failure would
I	 b.cnticalatanystag.oftheminlagoperallOn I

marked lot detailed study.	 I
______________________	 'Ir	 ______________________
Detailed geological Investigation I	 1$ Shear testing 01 discontinuity 	 7. Installation ci plezometers In

drill holes to establish
groundwater (low patterns andsurface mapping and drIll core

of critical slope areas on basis of 	 surfaces particulart I c

pressures and to monitorlogging. Special drilling or adits
outside or.body may be required	

covered or slickenslded. lay
	

changes hi groundwater levis
during mInIng.

S. Reanalyze critical slope areas on bails
of detailed Information from ateps 5,1
and 7, using lImIt equilibrium tectinlquss
(or circular, plan. or wedge slides.
Examine possibility ci other types ci
failure Induced by weathering. loppilnif
or damage due to blastIng

if. Examine slopes hi which risk of failure Is
hgh In terms ci open pit deslg..
Options are:
a. Flatten slopes
b. Stabl ii slopes by drainage or, Is

special cases, by rock Dolts or
tenslon.d cables

c Accept risk of a hir, and Implemsof
monitoring program for failure
prediction.

10. StabilizatIon of a op.. by drainage
or re nlorcement teas bie If cost
saving resoling from steepen ng of
slopes exceeds cost of des gn ng
and construct ng stab lIzat on
system. Additional field
measurements requ red to estab ish
drainage character slId of rock
mass

II Accepting risk of feliuri on basis of
ability to predict and to sccommodate
slid, without endangering men and
equipment Most re abl, prediction
method based upon measurement of
slope dIsplacements.

Figure 2.2: Planning a slope stability design programme (Hock & Bray 1981)

Two of the earliest outlines showing the procedure for designing rock slopes and
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underground excavations were presented by Hock and Bray (1981) and Hock and Brown

(1980), respectively.

The design flow chart for the planning of an open pit slope stability assessment is

presented in Figure 2.2. This flow chart provides the sequence of activities for collecting

and directing rock mass data requirements, analyzing the potential instability

mechanisms together with engineering options available for stabilizing the rock slopes.

This flow chart was primarily developed for open pit mines where the principal

instability modes were dominated by the gravity block falls and shearing along

unfavourably orientated discontinuities.

The second flow chart presented for the design of underground excavation in Figure 2.3

has a similar structure to the one for rock slopes. In this case, however, explicit

consideration is given to typical mechanisms that can occur in underground structures.

For each inferred mechanism, data collection is directed towards quantifying the specific

parameters controlling these instability modes. The methods for analyzing these

mechanisms are suggested along with construction alternatives. In this flow chart, it is

possible that all four potential instability mechanisms could be operating concurrently.

Any independent construction solution or analysis of just one likely mechanism would

therefore be unsatisfactory.

Neither of these flow charts is meant to provide an exhaustive list of all possible

circumstances and outcomes that can occur in rock engineering. The main aim of these

design programmes is to prevent local instability but this may be just one of the design

objectives for the rock structure. As such each potential mechanism that can affect the

engineering objectives requires evaluation and structuring within the whole procedural

rock engineering framework.

Bieniawski (1992) has provided guidelines for a universal methodology for rock

engineering. Before his work is discussed it is worth considering the structure of an

engineering methodology from another discipline, as this has formed a basis for many

of Bieniawski's concepts.
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Preliminary collection and interpretation of geological data
from historical documents, geological maps, .it photographs.
surface mappIng and borehol, cor, logs. Consideration of
the relationship between the rock mass charscterlslics and
the geometry and orientation of the proposed excavations.

hi hard rock mass,, with strongly developed 	 When stability I. not likely to be dominated by sliding
Inclined structural features, excavation stabUlty 	 on structural features, other factors such as high stress
may be dominated by gravity falls and sliding along 	 and weathering become Important and can be
Inclined disconUnuitles. Rock classification systems	 evaiusled by means of a classifIcatIon of rock quality.
inadequate.

Use of rock quality index to conmpar. excavation
stability and support requirements with
documented evidence from sites with similar
geological conditions.

Are stability problems anticipated for excavations
of size and shape under consideration?

YES	 NO

_____	 4.	 4,
Instability due to	 Instability due to	 Instability due to
adverse structural	 excessively high rock 	 weathering and I or
geology,	 stress,	 swelling rock.

Design of excavation. ba,.d on
operational consideration. with
provision lot' n*mlmai support.

instability due to
excessive groundwater
oressure or flow.

mapping of borehole
core, surface
exposures,
exploratory sdlts and
shafts.

Can stability be
improved by relocation
an&or reorientation of
excavations?

YES	 NO

Design of
excavations with
provision for close
geoiogical
observallcn arid
iocal support as
required.

situ rock stress In
lnity of proposed
caval ions.

Rock strength teats to
determine rock
iracture criterion.

Sires. analysis of
proposed excavation
iayout to check on
extent of potential rock
fracture.

Can rock fracture be
minimized or eiintinated
by change of
excavation layout?

NO I YES

Slake durability and
swelling tests on rock

Consideration of
remedial measures such
as pneumatically
applied concrete lining.

effectiveness of
proposed remedial
measures.

sequence to ensure
minimum delay between
exposure and
protection of surfaces.

installation of
plezomeiers (or deter.
minat ion of groundwater
pressures and
distribution.

Design of drainage andl
or grouting system to
control excessl y, grount
water pressure and flow
Into excavations.

Provision of permanent
ground.water monitoring
facilities to check
continuing eflectiveness
of drainag, measures.

Design of support to
prevent gravity (ails and
to relniorce potential
fracture zones.

Can adequate support be
provided to ensure long
term stability?

Reject this site 14—I	 NO	 I	 YES

Design of excavations with
provision for trial excavation,
controlled blasting, rapid
support installation and
monitoring of excavation
behavior during and on
completion of construction.

Figure 2.3: Design of underground excavations in rock (Hock & Brown 1980)

2.2.3 Systematic Design Approach

Other engineering disciplines have successfully developed a systematic approach to
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design by developing a science for design. Pahi and Beitz (1988) have applied a

systematic approach to the development of the design process. Their authoritative work,

which has contributed to the development of codes of practice on the subject, is

considered to embody the heart of the German approach to industrial engineering design.

They split the design process into four main phases, each of which is subdivided into

a number of steps. The general emphasis of the four phases are:

-clarification of the task

-conceptual design:

-embodiment desi gri:

-detailed design

statement of objectives and component functions,

identifying the sub-systems.

generating possible solutions, comparing, rating and

rationalizing design solutions.

optimizing the design solution selected, changing

dimensions and sizes.

preparing design drawings, specifications for manufacture,

Within each of these phases of design, design options are developed and evaluated. The

process tackles the problem from the top-down by initially identifying the product

objectives and its requirement to perform some function. The product may need to

perform a function with other parts to form an overall product. Therefore, the design

of a part is not developed in isolation, but by considering its overall performance. Only

when its objectives have been clarified can the design process commence.

2.2.4 Bieniawski's Design Methodology

In rock engineering a more complex problem is faced, namely uncertainties regarding

the rock mass properties and the rock mass behaviour. Kicker and Bieniawski (1989) and

Biemawski (1992) have proposed a methodology specifically for rock mechanics

applications and this includes many elements of the systematic design process as

indicated in the approach adopted by Pahi & Beitz (1988) However, Bieniawski's rock

mechanics design methodology incorporates the unique circumstances of rock

engineering where the behaviour of rock masses in governed by the geological

environment, that imposes a constraint not encountered in other branches of engineering.
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The method proposed follows six design principles for evaluating and optimizing

alternative designs and solutions. These are:

1. Independence Principle: There exists a minimum set of independent functional

requirements that completely characterize the design objectives for a specific

need.

2. Minimum Uncertainty Principle: The best design is one which poses the least

uncertainty concerning the geological conditions.

3. Simplicity Principle: The complexity of any design solution can be minimized

by creating the fewest number of design components forming that part of the

design solution and corresponding to the appropriate functional requirements. In

this way, the design objectives are uniquely satisfied in terms of the problem

definition.

4. State-of-the-art Principle: The best design maximizes the technology transfer of

the state-of-the-art research findings.

5. Optimization Principle: The best design is the optimal design which is evolved

from quantitative evaluation of alternative designs based on the optimization

theory, including cost effectiveness considerations.

6. Constructibility Principle: The best design facilitates the most efficient

construction of the rock structure by enabling the most appropriate construction

method and sequence, and a fair construction contract.

These principles are then associated to his design flow chart shown in Figure 2.4, that

demonstrates the location of the principles within the serial sequence of the planning

phases and activities. Shown in Appendix 1 is the complete detailed design procedure

advocated by Bieniawski for rock tunnels. This flow chart shows the sequence of

activities from preliminary data collection, feasibility study, detailed site characterization,

stability analysis to final design and construction. The stability assessment is similar to

that shown in Figure 23 for underground excavations, where one of four main instability

mechanisms can occur. Although such an approach is of benefit in illustrating the

sequential logic for developing a rational design process, there is no indication how to

explicitly determine the governing mechanisms and parameters, and how to direct each

phase of the planning and investigation towards satisfying and optimizing the
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Design Variables and Design Issue.
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'Independence of
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'Mlnlmum Uncertainty of
Geological Conditions"

Geologic Site Characterization
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I IMPLEMENTATION
Lessons
learned	 Efficient Constmction snd Monitoring

Figure 2.4: Design methodology for rock mechanics, including the use of design

principles. (Bieniawski 1992)
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2.2.5 Explicit Mechanism Methodologies

Starfield & Detournay (1981) presented a system that allows identification of one of five

dissimilar mechanistic models for rock tunnelling situations. A small number of

parameters, which it is suggested are obtained in the initial data collection phase, are

used in the Conceptual Model Algorithm to determine an appropriate conceptual model

for the site conditions. Once the appropriate model has been chosen, then the appropriate

theories and numerical or analytical models for design can be selected. A second pass

data collection can then obtain the data required for input into the detailed model. In the

algorithm used, the selection of the appropriate model depends essentially on engineering

heuristics or rules of thumb, rather than defining the mechanisms explicitly. Figure 2.5

shows the five conceptual models and the criteria for their selection.

Figure 2.5: Conceptual models for rock engineering (Stat-field & Detournay 1981).

Hock (1991) in the Muller Lecture of the 7th International Congress on Rock Mechanics

raised the question "When is a design in rock engineering acceptable7. To provide some

guidance to answering this question he presented tables for different rock engineering
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structures showing how different failure modes typical to these structures have different

critical parameters, analysis methods and criteria for acceptable design. This, he

commented, is intended to illustrate that there is no single universally acceptable

criterion applicable for all rock engineering situations.

At the end of this chapter a discussion on the approaches suggested by these

methodologies will be discussed. Before this is presented, some techniques and

methodologies for site investigations will be reviewed. Many of the methodologies

mentioned above consider site investigations as only a data collection phase. Site

investigations need to planned and directed as much as any other phase of the rock

engineering process.

2.3 Methodologies for Site Investigations

2.3.1 Site Investigation Objectives

The purpose of the site investigation is to identify all ground conditions which may

affect (and/or may be affected by) the proposed construction (Attewell et a! 1987). It is

also to obtain data for use in design of the engineering structure and to identify features

that may give rise to potential construction problems.

A more detailed description of the primary objectives of site investigations is provided

by the British Standards for site investigation practice BS5930:1981, as follows:

(a) Suitability. To assess the general suitability of the site and environs for the

proposed works.

(b) Design. To enable an adequate and economic design to be prepared, including

the design of temporary works.

(c) Construction. To plan the best method of construction; to foresee and provide

against difficulties and delays that may arise during construction due to ground

and other local conditions; in appropriate cases, to explore sources of indigenous

materials for use in construction; and to select sites for disposal of waste or
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surplus materials.

(d) Effect of changes. To determine the changes that may arise in the ground and

environmental conditions, either naturally or as a result of the works, and the

effect of such changes on the works, on adjacent works, and on the environment

in general.

(e) Choice of Site. Where alternatives exist, to advise on the relative suitability of

different sites or different parts of the same site.

The planning of a ground investigation requires some understanding of the geological

conditions at the site based on existing information and/or an understanding of the key

features that may influence the objectives of the proposed engineering structures. In any

ground investigation only a fraction of the ground will be explored before excavation

commences. It is therefore necessary to obtain the pertinent information for the next

phase of engineering.

2.3.2: Site Investigation Methodologies

Stapledon (1983) proposed a system of enquiry in order to develop objective-oriented

site investigations. This was developed principally for investigations for waterworks

although the rational is applicable to other fields of ground engineering. Initially,

Stapledon identified the factors that have contributed to dam failures and categorized

them into processes: natural and induced, and technological factors: a broad group

encompassing essentially human and oTgamzational weaknesses. The methodology

developed is planned to reduce the technological factors and identify the principal

ground processes before and as a result of engineering. Figure 2.6 illustrates the

methodology.

Activity 1 comprises defming the objectives of the proposed structure in terms of the

design and how this can change the site conditions. A list should be developed that

covers all possible ways the structure could fail. Other questions may arise with regard

to those factors that are relevant to the engineering, such as excavatibility, aggregate

potential etc. For waterworks applications, Stapledon lists many potential mechanisms
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that could occur.

ACTIVITY	 DESCRIPTION
NO.

1	 DEFINE OBJECTIVES
- ASK QUESTIONS

I COLLECT AND ASSESS EXIS11NG DATA
2	 r—1 AND EVOLVE TENTATIVE SffE MODEL

3	 4	 PLAN WORK TO FILL IN GAPS -
I	 AC11VIIY CHART

4	 Id	 PREPARE COST
I	 ESTIMATE

DETERMINE SEM-QUANTATWE

j-4

	

	
MODEL

(ENGINEERING - GEOLOGICAL)

6	 I QUANTIFY - FIELD AND
'1 LABORATORY TESTS

7	 I	 !ANALYSE - ANSWER
'1 THE QUES11ONS

Figure 2.6: Activity flow chart in site investigations (Stapledon 1983)

Activity 2 deals with the assessment of existing information and other data relevant to

the site to develop a tentative site model. Some tentative answers may be answered

shown by the arrow directed to Activity 7.

Activity 3 assesses what is known and what needs to be known in order to satisfy the

objectives defined in Activity 1.

Activity 4 directs the feasibility of pursuing these activities to obtain what is not known,

and this is costed and a feasible plan of action developed according to the constraints

imposed.

Activity 5 relates to achieving all of the purely geological sub-objectives defined in

Activity 3. An "engineering-geological" model is thus developed in geotechnical

language.
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Activity 6 involves field and/or laboratory testing for areas critical to the location of the

engineering structure to enhance the site modeL

Activity 7 assesses whether all the questions raised from Activity 1 have been answered

and whether the results of analysis suggest that further investigation is needed.

Engineering judgement and a knowledge of precedents can be used to fill in the gaps,

where this is deemed appropriate.

At the end of following these steps, if all the questions are answered with a degree of

confidence then the process is complete, otherwise iterative procedure is performed,

shown by the feedback loops in Figure 2.6. Stapledon associates this questioning process

to the law of diminishing returns as shown in Figure 2.7. If at the feasibility stage the

questions that need answering are obtained and satisfactory, then the cost of design is

reduced.

100
cw

0
LU

00

0	 cosT

Figure 2.7: The law of diminishing returns as applied to site investigations

(Stapledon 1983)

2.3.3: Probability and Decision Analysis Approaches

The use of probability theory and decision analysis are methods that have been applied
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during the planning stage of site investigations to determine the worth in performing site

investigations strategies with respect to the cost benefit to construction. Bayes' theorem

plays a critical role in these techniques, where the consequence of potential future

actions are assessed before the action is taken. As new information becomes available

Bayes' theorem can be used to continually adjust the assumed probability values.

Attewell, Cripps and Woodman (1987) consider how an error in the determination of

parameter values can influence the cost of construction. Underestimation of a parameter

value could lead to costs arising from failure. Overestimation could lead to over design

due to higher factors of safety being applied to the construction works. As many

variables have a distribution about a mean value, it is necessary to optimize the data

gathering so that, from an initially selected distribution, the level of site investigation

and parameter testing required can be establish from priori data, and thus optimized with

respect to its worth or cost benefit to construction.

Einstein et al. (1978) have presented a similar approach using decision analysis for the

planning of explorations for tunnels. They consider that the planning of explorations is

decision making under uncertainty and utilize decision theory, a widely applied

management tool, for this purpose. The method considers the worth and potential cost

benefit to construction in performing different exploration strategies.

A decision tree is used to organize the connections between the variables. The decision

tree comprises a number of nodes with branches stemming from these nodes. The black

boxes represent a decision or choice node and a number of possible option branches

stem from these. At the end of each choice branch is an option node, shown as a black

dot in Figure 2.8. The option nodes have branches stemming from them which are the

possible options or outcomes. In the figure shown, the initial choice branches are to

perform no exploration, perfect exploration or an imperfect exploration procedure. These

branches could also represent different exploration strategies or methods. For each

exploration strategy there are three possible outcomes relating to the quality of the

exploration results, i.e. there is a chance that the exploration results indicate good, fair

or poor rock. At the end of each chance branch there is another choice node, which in

this case, is the method of construction. Each construction method may be applied to the
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three classes of rock which may be encountered, described here as good, fair and

medium quality rock. A probabilistic method is then used to determine the optimum

strategy or branch to follow with respect to the benefit to construction costs.

The use of decision analysis was similarly applied to the Yucca Mountain test Site, in

Nevada, USA (Gnirk, Boyle & Parish 1992). In this case decision analysis was used to

assist the configuration of the repository from 34 options that varied in excavation and

access methods, repository layouts and construction schedules. For each option a

decision tree was developed, given that the project could be abandoned at any time

during each stage of the investigation and that the probabilities of the encountered

geology were not as predicted. 	
I
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Figure 2.8: Exploration Decision Tree (Einstein et a! 1978)

There are several limitations to the use of probability theory. Initially the above methods

assume that the relevant parameters and mechanisms for the project are known, it's just

the uncertainty in their actual values that is in doubt. Blithe and de Freitas (1984) also

comment that Nsuch theory assumes knowledge of the geological processes that formed
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the site, and this is one of the topics the ground investigation is meant to reveal." It also

provides no insight into what is going to happen as the parameters are considered as

independent components, each contributing individually to a worsening rock mass

condition. The use of decision theory also has some benefits in structuring the problem

so that the global location of decisions and possible outcomes can be illustrated.

2.4 Discussion

In this chapter, some of the general methodologies and approaches to designing rock

structures have been discussed. The limited amount of published material on this subject

is demonstrative of a lack of research in this area, a fact that is forcefully criticised by

Bieniawski (1992). The methodologies described have been developed as a system to

aid decision making. Some approach the problem by stating rules that should embody

a good design approach, while others use probability theory to aid the decision making

process. The use of conceptual mechanistic models as an initial link between rock

mechanics and engineering starts to consider the mechanisms and parameters explicitly..

A methodology should aid the derivation of the mechanisms at the site and then enable

those that are of relevance for the engineering objectives to be studied further. This is

the area where a rock engineering methodology should be directed and where it differs

fundamentally from other engineering disciplines. Once the mechanisms and parameters

are determined then suitable methods of analysis can be applied.

From the methodologies described in this chapter so far, it can be seen that the

methodologies are not universally applicable to every rock engineering situation. Given

that rock engineering is now being applied to non-precedent applications (e.g. nuclear

waste, geothermal energy), there is a need for a methodology that incorporates some

assessment of the new circumstances and mechanisms that can arise in such projects.

A integral part of any methodology is a technique for assessing critical parameters and

mechanisms and that includes methods for assessing all viable options that satisfy the

engineering objectives. In many of the examples shown, the immediate stability of the

structure was of prime importance. While in many cases this may be so, most

engineering projects have other objectives that are just, if not more, critical. A
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methodology must therefore be driven by the project objectives.

In the following chapter, a study of the design tactics and methods of analysis used in

rock engineering will be discussed. That chapter is commenced by a brief review of rock

properties, including the fundamentals of rock engineering properties and their role in

developing the geotechnical model with respect to the engineering domain.
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CHAPTER 3

Analysis and Design Methods in Rock Engineering

3.1 Introduction

In the preceding chapter, existing strategies for structuring the rock engineering design

process were discussed. This embraced some of the many factors that need to be

considered for a rational and coherent design approach and included methods for

optimizing data collection and aiding decision making in the exploration phase. In the

first part of that chapter, which dealt explicitly with the overall structure of the rock

engineering process via flow charts of design activities, consideration of the potential

instability mechanisms and affiliated parameters were included within some of the

methodologies at the detailed design phase. The thrust of the following section in that

chapter was to highlight some existing techniques for optimizing the exploration

programme so that it yields the most useful information rather then the maximum

amount of information. It follows that the most successful exploration programmes are

those which are integrated with the design process as opposed to exploration

programmes which are carried out as an independent phase of the design (Steffen 1976).

As an overview to the overall difficulty in modelling rock masses for rock engineering

purposes, Figure 3.1 shows four areas according to the degree of understanding the

problem to be solved and the quality and quantity of data. Region 3 represents the

typical situation in many other engineering disciplines (e.g. structural design and

mechanical engineering) where both the data and understanding are high. This situation
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is suitable for the tractable solution of stresses and displacements by use of numerical

models. Most rock engineering situations, however, lie in region 4, where both the

quantity and quality of data, and the understanding of the mechanisms and processes,

is low.

13
a

412
Understanding

Figure 3.1: Classification of modelling problems [Starfield and Cundall (1988) after

Holling (1978)].

In the first part of this chapter, the fundamental difficulties pertaining to the low quantity

and quality of data used within rock engineering and rock mechanics will be addressed.

This discussion will centre on the characterization and assessment of rock properties for

engineering purposes as a prelude to a discussion on the widely used current design

techniques.

There are considered to be three fundamentally different rock engineering design

techniques, these being empirical, analytical and observation methods. With reference

to Figure 3.1, although numerical methods require high levels of information and

understanding for quantitative assessment of the rock mass behaviour, they are currently

being widely used within rock engineering practice. The analytic approach attempts

predict the rock mass behaviour by rigorous analyses based on the theories of continuum

mechanics or on assumptions of the behaviour of discontinuities. Rock mass

classifications embody the empirical approach to rock engineering design and by-pass
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the complexities associated with attempting to rigorously quantify rock mechanics

processes. They use of a number of rock properties, mostly obtainable from field

observations, to provide stabilization guidelines based on the rock mass class as

determined from an empirically derived parameter weighting and rating system. The

structure of rock mass classifications will be discussed in detail as they have

ramifications for the structure of a classification system developed later in this thesis.

The observational approach relies predominately on adjusting the stabilization measures

in accordance with measured displacements occurring during excavation. As these

techniques generally do not attempt to predict the rock mass response before excavation

commences they will not be discussed here.

3.2 Rock Properties

3.2.1 The Problem Domain

Jo.red rock moss

Figure 3.2: Simplified representation of the influence of scale on the type of rock

mass behavioral model for underground excavations and rock slopes (Hock 1983).
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It has been previously commented that, unlike many other engineering disciplines, the

rock engineer has to investigate the properties of the material in which engineering is

to be performed. Rock masses, from a macroscopic to microscopic scale, are essentially

inhomogeneous and anisotropic media. There is, therefore, a near infinite number of

properties that can be measured for any rock mass. Not only is it necessary to know the

in situ properties of the rock mass but also to anticipate its behaviour when engineered.

To introduce the complexity in establishing and determining rock properties, Figure 3.2

will be used to structure the parts of the problem. This figure shows a simplified

representation of the influence between the discontinuity spacing and the size of the

problem domain on the selection of the rock mass behavioral model. In the discussion

below, the determination of the properties at each of these scales, by laboratory, in situ

testing and field observations and measurements, will be reviewed.

At the smallest scale considered here, the rock is treated essentially as a continua. This

scale could be likened to a standard core size obtained from rotary drilling or a much

greater rock volume essentially free of pervasive fractures as encountered at great depth.

A core size sample could be tested to determine its intrinsic compressive and tensile

strength and deformation properties. If the material is isotropic, the modulus of

deformation and Poisson's ratio could be established for the pre-peak strength linear

elastic region. The material may not be elastic or linearly-elastic and such deformational

behaviours as elasto-plastic, plasto-elastic, visco-elastic or visco-plastic could occur. The

behaviour of such a material would therefore require an increasing characterization

terminology to represent the constitutive stress-strain relation. This complexity can be

further compounded if the material contained a lineation or aligned fabric, such as

cleavage. Even at this manageable test sample size, it may be cost effective to only

perform a few laboratory tests. In order to account for the variability of the material

across a site, index tests can be conducted rapidly and at less cost. The point load

strength test has been equated to the intact rock strength determined from laboratory

testing, by accounting for a natural bias in the testing method. Neither of these

techniques establish "fundamental properties" as these properties are a function of the

size and shape of the rock sample, loading rate, temperature, etc.

On the microscopic scale, a petrographic analysis of the material reveals that the
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material is not a continuum but composed of mineral grains set in a matrix or cement,

i.e. a heterogeneous discontinuum. Micro-cracks and flaws may be present, inducing a

small scale anisotropy that may affect the directional strength properties of the material.

Some of the minerals composing the rock may be vulnerable to weathering processes

and the effects of hydration. Field descriptions of exposed rock masses may indirectly

indicate the weathering potential of the material and indicators of strength may be

assessed by the impact Schmidt hammer.

At the next scale in Figure 3.2, the intact rock is traversed by one discontinuity. The

rock mass is thus highly anisotropic. Failure and deformation for rocks that have strong

intact components when compared with the discontinuities will be dominated by the

strength characteristics of the discontinuity surface and the orientation of the fracture

with respect to the loading conditions. There are a variety of discontinuity surface

attributes and loading conditions that will give rise to different discontinuity shearing

behaviours. Surface roughness, asperity strength and friction are some surface properties

of fractures but their field and even laboratory assessment is complicated by scale,

anisotropy and inhomogeneity. Laboratory and in situ testing of discontinuities can

determine the deformational properties of discontinuities in terms of stiffness normal and

parallel to the shearing plane, and the peak shear strength for different loading

conditions. As such tests are limited by cost, indirect parameters from field observation

may provide a more representative and cheaper indication of the rock mass attributes.

Empirical failure criteria have been developed where shearing resistance of the joint

surface is determined by summing a surface roughness component to a basic friction

angle for a planar surface for the same rock type. Barton (1973) proposed a criterion that

is now one of the most commonly used and is expressed as:

t = a tan [4¼ + JRC log 10 (JCS/a)]

where:	 = peak shear strength

= shear stress normal to shearing surface

4¼ = a basic friction angle

JRC = Joint Roughness Coefficient

JCS = Joint Compressive Strength
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Many parameters in this criterion can be established from field measurements and

observations but there are several inherent assumptions. The JRC is a highly directional

parameter and there are difficulties in assessing its value at an appropriate scale for the

potential shearing plane. JCS which is typically determined by use of a Schmidt hammer

is greatly dependent upon the surface texture. The basic friction angle, as assessed from

saw cut surfaces, is rarely indicative of the surface coatings and textures of natural joints

(Hencher 1992). Furthermore, a scale effect has been recognised and adjustment factors

have been determined for JRC and JCS by Bandis et a!. (1981). Therefore there are

inherent difficulties in assessing and measuring parameters for even empirical criterions

at this scale of the problem domain.

As the ratio between the discontinuity spacing and the problem domain increases further,

the rock mass is considered to behave more as a discontinuum where individual blocks

may be free to rotate or to translate. Displacements are not continuous everywhere. At

this scale, consideration of the discontinuity sets, persistence, large scale roughness and

orientations need to be appraised, in addition to the properties of individual

discontinuities mentioned above. The parameters included in the ISRM suggested

methods for the quantitative description of discontinuities (Brown 1981) are illustrated

in Figure 3.3.

Figure 3.3: Illustration of the ten discontinuity properties in the suggestive methods

of the ISRM (Hudson 1989).
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Finally, when the discontinuity spacing is small when compared with the problem

domain, the rock mass can be treated as a pseudo-continuum. Obtaining properties in

this case is beyond laboratory testing and in situ tests may need to be performed.

However, in situ tests may be highly dependent on the test location and thus have highly

variable results. Only by decoding the contribution made by the parameters concerned,

by considering their sensitivity, can the results have mechanical rather than statistical

meaning. At this scale there are currently only empirical failure criteria available for

quantifying the mechanical behaviour of the rock mass.

3.2.2 Determining Input Data Requirements

The discussion above highlights how the scale of the problem domain and property

determination is influenced by discontinuity spacing. Each scale in the problem domain

incorporates all the properties (with all their idiosyncrasies) on the preceding levels. In

this case as the problem domain increases the number of measurable parameters is

greatly increased.

So far no consideration has been explicitly given to measurement and assessment of the

in situ stress, groundwater and geothermal factors. All of these stimuli will influence the

rock mass in the problem domain and may need to be evaluated with respect to the scale

of the problem domain. In the largest domain studied in Figure 3.2, although stress is

defined as occurring at a point, its measurement over such a large area will require

numerous measurements if the overall stress field is to be characterized with a degree

of confidence. Most of the properties discussed have been concerned with the influence

of stress on the mechanical behaviour of rock. Numerous other properties for the intact

rock, discontinuities and rock mass under the influenced of water and heat, can be

quantified from field evaluations, laboratory testing and in situ techniques.

Given that there are a near infinite number of rock and site properties that can be

measured or quantified, it is necessary to direct the data collection needs. International

Society of Rock Mechanics (ISRM) suggested methods for rock characterization testing

and monitoring (Brown 1981) indicate how testing and rock measurements should be
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performed so that the information can be communicated and understood on a common

basis. Other suggestive methods such as the British Standards for site investigations (BS

5930:198 1), and the Engineering Group of the Geological Society working party reports

for "Description of rock masses for engineering purposes" (1977) and "the logging of

rock cores for engineering purposes" (1970) perform a similar function. None of these

suggestive guidelines indicate which parameters should be measured for specific

engineering projects and objectives. Because each rock engineering project will have its

own specific objectives, working and contractual situation, financial constraints and be

undertaken in a distinctive geological environment there cannot be a standard all

encompassing site investigation strategy. Accordingly, data collection needs to be

directed towards the unique circumstances of each engineering project.

Listed below are a number of criteria used by Pahi & Beitz (1988) to evaluate the

quality of information for mechanical engineering design. These sub-headings have been

re-interpreted directly to the rock property information requirements for planning and

evaluating site investigation data within the whole rock engineering process.

i) Value: the data collection needs to be directed towards satisfying a specific need..

This could be for project feasibility, detailed design, payment of contractors,

excavation method selection, etc.

ii) Reliability: the probability of the information being correct and trustworthy. This

has direct relevance to the degree of uncertainty inherent in any rock data

collection. Random and instrumentation errors will always be present and it is

necessary that the pertinent information is as accurate and precise as possible.

iii) Sharpness: the precision and clarity of the information content. Depending on the

purpose of the information requirement, the clarity and precision of the rock

property will vary. This will determine the resolution of the investigation and the

degree of in situ testing, laboratory testings and field measurements. For instance,

index testing while being less precise may be adequate for the determination of

some parameters, rather than implementing an extensive laboratory testmg

programme.
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iv) Complexity: information on the rock properties obtained from in situ tests may be

difficult to de-code and transfer to other locations. The number of measurements

required to define a property depends on if the property is a scalar, vector, or

tensor.

v) Form: the style in which the information is presented and used for subsequent

analysis. Quantitative or qualitative data may be required for different purposes.

Detailed analytical design requires quantitative parameters that are mostly obtainable

from laboratory testing. Alternatively, rapidly available semi-quantitative parameters

may be the only feasible option for payment of contractors based on the ground

conditions encounter during excavation.

vi) Originality: the authenticity of the parameter information and whether the original

character of the property information has been preserved. Rock properties obtained

from samples may have been disturbed during extraction or information originally

corrupted by subsequent interpretation. Drilling with water flush may wash out thin

clay discontinuity fillings, a potential weak link in the rock mass structure, which

may be one of the factors the investigation was directed to find. Presenting

stereographic discontinuity orientation data may hide the individual attributes of a

major fracture zone.

vii) Refinement: the quantity of detail in the information. This is particularly relevant

for the description of rock masses for engineering purposes. Attewell (1993)

comments that a contractor may not commit himself to the refinement given in the

tendering documents, for example, the costs for rock excavation based on certain

rock strength divisions. The information and structure of the rock property data

needs to be refined to the intended use of the infcrmation.

3.2.3 Discussion

The above discussion has shown many of the complicating factors that arise in the

selection, measurement and determination of rock and site properties. There are
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difficulties in characterizing properties and parameters due to measurement bias, natural

variations in the rock mass and extrapolating the data to the engineering scale. The

concept of the relation between the problem domain and the discontinuity spacing

provides one perspective in which to structure the problem from a continuum and

discontinuum viewpoint. Rock and site properties can be obtained from three sources,

field observations and measurements, laboratory testing and in situ testing and

monitoring. Each of these methods provide a different resolution to the rock mass

properties. The purpose for obtaining data is to develop a model of the principal features

of the site that will influence its engineering behaviour. While there are guidelines

directing the measurement method there are fewer indications for selecting the

appropriate investigation strategy.

As data is ultimately utilized for the design of engineering structures, in the next two

sections the methods of analysis used in rock engineering will be studied.

3.3 Rock Mass Classifications

3.3.1 Introduction

There are many classifications schemes which have been developed for geological and

geotechnical purposes. In this section those schemes which are termed "Engineering

Rock Mass Classifications" will be considered. There are many classifications schemes

that have been developed for specific applications and due to their multitude will not be

considered here, although many of the comments made will be applicable to both

focused and general rock engineering classifications.

The general purpose of rock mass classifications has been to quantify the rock mass as

a design tool, to give an indication as to the performance and behaviour of the rock

mass under various engineering situations, but principally tunnelling. These suggest, by

empirical means, the appropriate support and reinforcement required to resist

deformation and prevent failure.
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Rock Mass Classifications have been used for some 40 years, commencing with

Terzaghis' Rock Load Classification in 1946 to the continuing revision and development

of the two most widely used schemes devised by Bieniawski (1974): Rock Mass Rating

System, and Barton, Lien & Lunde (1974): The Q System. The engineering rock mass

classifications schemes studied in this section are summarized in Table 3.1. In Appendix

2, the principal rock mass classification systems discussed in this chapter and used in

this thesis are shown.

In this section, the parts or components of the classification schemes will be discussed,

rather than a discussion of each individual classification chronologically. The

components of the classification schemes can be structured into seven categories. Some

of these attributes are diagrammatically represented in Figure 3.4.

i) Purpose of classification schemes

ii) Selection of parameters

iii) Weighting of parameters

iv) Rating of parameters values

v) Interaction between parameters; suggestive mechanisms

vi) Collating system for parameter rating

vii) Output of classification system

While this division of the components is applicable to many of the classifications

schemes, in some classifications such divisions are combined. These are discussed here

under the most appropriate section.

3.3.2 The Purpose of Classification Schemes

Rock Mass Classification schemes were developed as a design tool to simplify the

complex nature of the rock mass into a limited number of components and parameters

which could be combined together, via a rating system, to give guidelines for support

and reinforcement in excavations based on precedence. The aim is to represent the rock

mass and its behaviour when engineered into one numerical value, a rating value, which
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can be used to communicate the engineering rock quality and indicate rock support

measures necessary. They were originally developed for tunnelling although some have

been adapted for shafts (McCracken & Stacy 1989), rock slopes (Romana 1988; Haines

& Terbrugge 1991) and dam foundations (Bieniawski & Orr 1978)

Stage I: Purpose of the Classification Scheme

A
Tunnelling	 Foundauons

	
Mining
	

Slopes

Stage 2: Selection of Parameters

Rock	 Site	 I	 Project
Properties	 Properties	 L Parameters

I	 I
ADGH	 J	 L	 NPS

Stage 3: Weighting of Parameter Priority
66%	 S
50%	 A
40%	 P

Priority

32%	 D
20%	 L
20%	 N
10%	 J

NoLe The percentage influence of
each parameter represents its
influence on the final rating

Stage 4 \ssigning Ratings to Each Parameters

Rating

Para.ncicr D	
200

Stage 5 Interaction Bewteen Parameters / Suggestive Mechanisms

—* represents discontinuity shear strength
G

Stage 6: (lassification Algorithm

( (A + D + H +	 x N x s) - P = Total Rating Va ue
G L

Figure 3.4: Structure of Rock Mass Classification Schemes

58



Classifications were developed at a time, before the boom in numerical methods, when

there was a lack of rapid design techniques. Bieniawski (1974) further suggests that one

of the reasons classifications were developed was partly due to the lack of classifications

for rock engineering in the 1970's compared with geological classifications. There was

also a need to provide geologists on site with an indication of minimum data collection

needs.

The main benefit is in their simplicity, providing a short cut method from parameters

to support requirements. The classification rating value obtained for a rock mass only

has meaning in terms of the empirically derived support requirements. A change in the

type of rock structure or project objectives and use of the classification and the rating

value obtained is of limited use and difficult to justify.

Barton (1990) commented that the main role of classifications now is for rapid support

assessment and costing purposes, rather than as a main design tool. In addition, if they

are to be used for support requirements, the limits in parameter values used in their

development must be consulted to keep them within their empirical constraints.

3.3.3 Selection of Classification Parameters

Basis for Parameter Selection

There are a multitude of rock engineering parameters and properties which could be

selected in any rock mass classification. Listed below are considered to be some of the

necessary criteria requiring deliberation when selecting the appropriate rock, site and

engineering parameters.

i) The parameters selected in the classifications have to be easily obtainable on site

with the minimum of extensive testing, to make the system functional.

ii) The parameters should reflect the critical and relevant parameters which influence

the dominant mechanisms for the classifications purpose.

iii) The parameters should be mutually exclusive, if the parameters and classification

algorithm consider them as independent components.

59



iv) The parameters should be selected such that they are representative and present in

most rock masses: so that the classification can be globally applied.

v) Parameters which vary according to anisotropy or inhomogeneity should be

excluded unless accommodated by the classification.

vi) Quantitative rather than qualitative parameters should be used to reduce

subjectiveness and variability when used by different personnel.

None of the classification system state the reasoning behind the selection of the

parameters used, although it can be inferred that geological settings from which they

were empirically developed influenced some of the parameters selected, e.g. Terzaghi's

classification was principally established for tunnelling in the Alps, the RMR system

parameters may have been influenced by the hard fractured rocks encountered at shallow

depth in South Africa.

Barton et. a!. (1974) comments that the Q-system was originally developed by

considering the limitations of using only Rock Quality Designation (RQD), which was

considered as being an important parameter influencing the unsupported span of tunnels.

Other parameters were included to improve the sensitivity of the system, by retrospective

analysis of the influential parameters from a number case studies.

Typical parameters within the class jfication systems

Intact rock strength is utilized in many of the classifications although in the Q-System

this parameter is only used when the in situ stress conditions are sufficiently high.

Laubsher's (1977) Mining Rock Mass Rating system (MRMR) considers intact Tock

inhomogeneity. In many cases intact rock properties may not be dominant in controlling

many of the mechanisms which occur in fractured rock masses due to the influence of

the much weaker discontinuities but rock types are highly susceptible to weathering in

certain environments which can influence and reduce the intact rock strength, (this

situation will be further elaborated in the following sections).

Discontinuity properties such as roughness, aperture, infilling and alteration relate to the

shear strength of discontinuities, which are recognized as being influential in the

instability of rock blocks. Conversely, friction angle and cohesion could have been
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utilized. Roughness of discontinuities can be highly anisotropic and many of the

developers of the classification schemes have overcome this problem of variability and

anisotropy by suggesting that the value taken represents that which is most critical for

the tunnel, slope or dam orientation.

Rock mass parameters are represented by joint spacing and/or Rock Quality Designation.

Very rarely do discontinuity sets have similar spacing and, in recognition of this,

Laubscher (1984) developed a method for rating multiple joint set spacings. The use of

RQD, a widely used parameter in practice and which itself was developed originally as

a tunnelling classification, is a function of the orientation of measurement, the number

of discontinuity sets and their spacing. The use of parameters such as volumetric RQD

(Kazi & Sen 1985) and volumetric joint count (Palmstrom 1982) would be more useful

as a scalar property, rather than assuming that the actual vector property of RQD is a

scalar.

An assessment of possible groundwater flows are included in most of the classification

systems (RMR and derivatives, Q System andi RSR). The in situ stress appears less

frequently. In part, this may be due to the lack of adequate stress measurement

techniques at the time the classification systems were developed, and possibly many

classifications were developed in regions where stress induced failure was not a

prevalent instability mechanism. The Q-system is the sole classification to include rock

bursting phenomena.

The dimensions and orientation of the rock engineering project can be critical in the

formation of many structurally controlled instability mechanisms and has been included

in several classifications as an adjustment factor to the final rating value of the

classification. The excavation method can also greatly influence the rock quality by

altering joint apertures when rock is blasted.

3.3.4 Weighting Of Parameter Importance

Once the selection of parameters has been made, it is necessary to determine the
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importance of the parameters relative to each other. In this way the total score that is

assigned to the rock mass can be divided up and allocated to the individual rock

properties. By studying the maximum rating values for each parameter in a classification,

the parameter priority of that classification can be determined.

Mime (1988) considered that the rock parameters in rock mass classifications are

essentially divided into three groups: unconfined compressive strength (UCS), block size

and discontinuity friction. Rock loading effects describe the conditions of stress and

groundwater, and secondary factors are considered to indirectly affect the behaviour of

the rock mass. These include rock type, weathering, blasting effects and support.

Based on these subdivision of parameters, Mime calculated the comparative weightings

for each parameter division as a percentage of the total classification range, in order to

show how each parameter influences the output of the system. This was performed for

the Q-System, RMR, MRMR and RSR I, as well as for an updated version of the RMR

system developed for estimating support requirements in drifts located in caving mines,

(which is not considered any further here). The priority of these parameters and factors

are listed in Table 3.2.

It should be noted that the dimensions of the engineering structure influence the support

requirements from the final rock mass rating value. The Q-System also considers the

purpose of the engineering structure as a relevant factor, which acts as an adjustment

factor to the final rating value. Furthermore, it must be recognized that most engineering

classifications have been developed for a specific purpose, e.g. Laubscher's MRMR was

developed originally for use in asbestos mines in South Africa, and hence the objectives

of the classifications may also influence the priority of parameters in these engineering

systems.

Many other classifications, such as the Slope Mass Rating system (Romana 1988), have

included other parameters and factors of relevance to the mechanisms which can occur

in rock slopes. This is discussed in more detail later in this section.
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Table 3.2 : Parameter Importance for some rock mass classification schemes.

(Mime 1988)

Parameter	 QSystem*	 RMR	 MRMR	 RSR

UCS	 15%	 20%	 11%

Block Size	 44%	 32%	 33.5%	 61%

Joint Friction	 39%	 30%	 36%	 19%

Stress	 19%**	 68%

Groundwater	 19%	 10%	 20%	 12%

Joint	 12%	 52%	 12%
Orientation

RockType __________ __________ __________ 	 11%

Weathering_____________ _____________ 	 25%	 7%

Blasting_____________ _____________ 	 20%

Support	 30%	 30%

* For the Q-System the percentages of parameter influence listed are based on a
logarithmic scale, as the system itself is logarithmic.

** In the Q-System, stress is only considered in relation to the intact rock strength.

There is no indication of how the importance of these parameters were derived other

than from back analysis of the case studies used in the development of the classification

schemes.

3.3.5 Rating of Parameter Values

Once the proportion of the parameters influence in the classifications has been

established, as demonstrated in the preceding section, the specific value of a parameter

needs to be related to the weighting allocated to it. For example, in the RMR system

intact rock strength is allocated a maximum value of 15 out of the total rating of 100.

The rating value of 15 is given to intact rock strengths greater than 200 MPa. Figure 3.5

below demonstrates how the Intact Rock Strengths in the RMR system are assigned to

the range of rating values and similar charts are available for other quantitative
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parameters in the RMR system (see Bieniawski 1989).
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Figure 3.5: Relation of RMR rating values for uniaxial compressive strength

(Bieniawski 1989).

All the classifications studied have some algorithm to represent the variation of

parameter value with the rating value. The basis of the algorithm must be questioned in

terms of the contribution of the rock property value to the rock mass behaviour when

engineered. The parameter may have a threshold value which when exceeded is shown

by a marked reduction in the rating value, say corresponding to a stepped function.This

can only be performed when the interaction between the parameters is considered rather

than as independent parameters.

3.3.6 Interactions between Parameters - Suggestive Mechanisms

In the preceding pages, comments have been made regarding the selection of parameters,

their weighting and rating. In this section, the interaction between parameters as

suggested within the classification systems will be explored. This has ramifications for

the whole structure of the classification system. However, many classifications consider

the rock parameters to be independent of each other.
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In the Q-System, three quotients are use to represent block size, shear strength and

active stress in the following manner:

Q = RQDIt hi
Jn	 Ja	 SRF

where:	 RQD Rock Quality Designation
In	 Joint set number
Jr	 Joint roughness number
Ja	 Joint alteration number
Jw	 Joint water reduction factor
SRF Stress reduction factor

An approximation of the block size is represented by the interaction between RQD and

the number of joint sets. The shear strength is approximated by the association of the

joint roughness and joint aperture. The final quotient has relevance to the stress

conditions represented by joint water and the principle of effective stresses and a term

called the Stress Reduction Factor. The SRF includes four possible stress associated

scenarios: weakness zones intersecting the tunnel, stress induced failure of intact rock,

squeezing and swelling rock behaviour.

The weighting system is thus developed so that, for example, the greater the aperture the

lower the influence of the roughness component on the shear strength. While this is the

case for this quotient, as all the quotients are multiplied together means that all

parameters in the system are influencing each other. This will be further discussed in the

following section on the collating systems.

The Rock Structure Rating System (Wickham et. a!. 1974) approaches the interaction

between parameters directly via the rating system, i.e the rock properties themselves do

not have a rating value. The rock properties are described qualitatively and are

subdivided into three groups of parameters that are considered to be individual

components influencing the support requirements. The first group, general area geology,

is represented by the geological structure, the rock type and strength. The second group

relates the joint pattern to the direction of tunnel drive. The rating values of these two

groups are then summed and related to the anticipated water flow. This final rating value

is used in the determination of support requirements. In this way the combined effect

of the parameter interactions are considered, rather than their independent prominence
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as in RMR. Figure 3.6 shows the rating system for the joint spacing and pattern with

respect to the tunnel drive. In the other rock mass classifications, generally those based

on or derivatives of Bieniawskis RMR system, the contribution made by each rock

parameter is independent in influencing the rock mass behaviour.

I	 ROCK STRUCTURE RA11G

-	 I	 PARAMETER 8
LQ__	 TOINT PATItRN

DIRECTION OF DRIVE
©	 MAX. VAlUE 45

z.
STRIKE ...L TO XI3	 STRI6E ii. TO A'aS

DIRECTION or DRIW	 DIRECTION OP DRiVE

BOTH	 WiTH DIP	 AGAINST DIP	 BOTH

I)	 -	 DIP OF PROMINENT JOINTS	 DIP OF PROMINENT JOINTS

THICZN€U	 FIAT DIPPING VERTICAL DZPFING VERTICAL FIAT DIPPING VERTICAL

®VERY CLOSELY JOINTED	 9	 11	 13	 10	 12	 9	 9	 7

cCLOSELYJOINTED	 J3	 16	 19	 15	 17	 14	 14	 11

()MODERATELYJOINTED	 23	 24	 29	 19	 22	 23	 23	 19

(13 MODERATE TO BLOCKY 	 30	 32	 36	 25	 28	 30	 28	 24

() BLOCKY TO MASSIVE	 36	 38	 40	 33	 35	 36	 34	 28

®MAsSIVE	40	 43	 45	 37	 40	 40	 38	 34

NOTES: FIat 0 - 200; Dtpp4ng 20° - S0; VertIcal 50° - 90°

Figure 3.6: RSR system for rating parameter interactions (Wickham et. a!. 1974)

Table 3.3: Total possible reductions for parameters in the MRMR system, expressed

as percentages. (Laubscher 1984)

Parameter	 RQD	 IRS	 Joint	 Condition	 Total
Spacing	 of Joints

Weathering	 95	 96	 82	 75

Field & Induced	 120-76	 120-76
Stresses

Changes in Stress	 120 60	 120-60

Strike & Dip	 70	 70
Orientation

Blasting	 93	 86	 80
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Many of the classification systems have processes or engineering factors that may

influence either some of the parameters directly or the final total rating score. In the

MRMR system, a number of factors that could reduce the parameter rating values are

applied as shown in Table 33.

Instead of considering a selective way of including which factors may influence which

parameters, Romana (1985) considered four adjustment parameters to influence the total

rating score for his Slope Mass Rating (SMR), (see Appendix 2), classification which

is a modification of the RMR system, where:

SMR = RMR - (F1.F2.F3) + F4

where,

SMR is the Slope Mass Rating and RMR is the Rock Mass Rating.

F! depends on the parallelism between joints and slope face, to represent one of the

conditions for plane and toppling failure and has a maximum value of 1 when they are

parallel, and a value of 0.15 when the angle between them is greater than 30°.

F2 refers to the joint dip angle and is used to assess shear failure in the plane failure

mode. It has a maximum value of 1 when a joint set dips more than 45° and a value of

0.15 for joint dips less than 200

F3 reflects the interaction between the slope face and joint dips as a condition for joints

day lighting in the plane and toppling failure mode. The adjustments from the RMR

system are used for this parameter.

P4 is a reduction factor for the method of excavation and its quality.

The actual conditions for instability are explicitly expressed in this system. A number

of requirements or conditions are necessary for planar failure to occur, namely kinematic

admissibility and the shear strength of the joints being exceeded, as expressed by Fl,
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F2 and F3. The product of these values, rather than the summation, indicates whether

the mechanisms are switched on or off. Although a conservative value of 0.15, instead

of zero, is used as the safest case for Fl and F2, to represents the uncertainty associated

joint characterization.

3.3.7 Collating System of Rating Values

Parts of this subject has already been discussed in the previous section on the interaction

between parameters as it questions how the parameters are combined together into an

algorithum.

If the rock parameters are considered to be independent of each other then the

parameter rating values should be summed, as in the RMR system. Alternatively, if

mechanisms are inferred by parameter interactions, as in the Q-System, then a product

algorithm is more preferable. However, the use of log scales for the parameter ratings

makes this system of collation the same as one which is summed.

Vinueza (1991) studied a variety of possible algorithms which could be used for the

parameters in the Romana's SMR system. By varying the sequence in which the

parameters could possibly interact with each other but keeping the original weighting

and rating system for parameters in the RMR system, Vinueza applied a number of

possible algorithms to a sequence of slopes along the A-7 Autopiste in Spain (these

slopes are studied further in Chapter 7). The results when only the five discontinuity

parameters are considered as the independent variable, are shown in Figure 3.7.

SMRdJ = [dl (a+d2+d4+d.5^e)+b+c+d3] -F+F4
SMRd2 = [d2 (a+dl +d3+d4+d5+e)+b+c] -F+F4
SMRd3 = [d3 (a+d2^d5+e)+b+c+dl+d3+d4] -F'F4
8MP44 = [d4 (a+dl+d2+d5+e)+b+c+d3] -F+F4
SMP45 = d5 (a+b+c+dl+d2+d3+d4+e) -F+F4

Where a = strength of intact rock, b = RQD, c = spacing, dl = persistence, d2 =

aperture, d3 = roughness, d4 = infihling, d5 = weathering, e = groundwater, F = Fl .F2.F3

as defined previously, F4 = excavation factor.
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Figure 3.7: Slope ratings according to the algorithm for a sequence of rock slopes

along the A-i Autopiste, Spain, (Vinueza 1991).

These results suggest that the algebra or structure of the classification has less of an

influence on the variability of the final rating score when applied objectively for

different rock slopes, than the weighting and rating values assigned to each parameter.

3.3.8 Output of Classification schemes

The output of many of the classification schemes is one numerical value which

represents the rock mass quality for the objectives of the classification. The numerical

value is then related to the rock quality, which is divided into 9 categories ranging from

exceptionally poor to exceptionally good for the Q-System and into 5 categories for the

RMR system. An empirical correlation between the dimensions of the excavation and

the rock mass class are used to determine the support and reinforcement required, and

the stand up time for unsupported spans. Figure 3.8 shows the types of support and

reinforcement recommended for the Q-System.
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Figure 3.8: Simplified diagram for design of rock support based on the Q-System.

(Grimstad & Barton 1988)

Barton (1990) commented that the Q-System was originally developed by studying some

200 case studies and recording the support and reinforcement used and the span of each

excavation. Those excavation which had, say, a relative large span and cast concrete

lining must have had a rock mass quality in the poor range. Conversely, those with a

small relative span and no reinforcement must have had a rock mass quality in the

"good" range. Once the relevant parameters had been established, weighting and rating

systems for these parameters were adjusted so that the rock mass quality class derived

suited the support and reinforcement and supposed rock mass quality class for each case

study. This approach assumes that the support and reinforcement selected for the case

study tunnel was appropriate for the ground conditions encountered. This emphasizes

that the rock mass rating value obtained from the classifications only has relevance in

terms of empirically derived tunnel support requirements. To provide confidence in

applying the classifications schemes to different geological environments, summary

charts, including the specific attributes from the case studies used in their development,

are available.

Bieniawski (1974) has produced an empirically derived chart which relates Rock Mass

Rating and roof span to stand-up time. However it must be recognised that none of the
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parameters selected in Bieniawski's classification are represented as being time

dependent.

3.3.9 Summary on Rock Mass Classifications

In this section the author has attempted to identify the common attributes of

classification systems rather than discuss each classification system independently. There

are essentially two aspects relating to the structure and implementation classification

systems.

First, there is a need for simplifying the expected rock mass response to engineering.

Rock mass classifications using semi-quantitative parameters from field observations

may be more representative of the rock mass conditions that is feasibly possible from

solely laboratory testing parameters. By prioritizing a selected number of parameters

based on the study of case histories is one way. The main difficulty is the determination

of the principal parameters which vary depending on the engineering objectives, the type

of engineering structure and the site conditions. The next question is whether, this

information can be transferred to support and stabilization guidelines based on the use

of one numerical value to represent a rock mass class. This large step essentially by-

passes the possible modes of behaviour and the instability mechanisms especially as the

mechanisms are mostly ignored in the classification systems studied.

The author believes that further developed of rock mass classifications is necessary but

they must be able to select parameters according to the mechanisms that are of concern

or that need to be defended against according to the engineering objective(s) and site

conditions. It is also necessary to develop a rating system that has some meaning in

terms of the rock mass behaviour and the engineering objectives.
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3.4 Analytical Modelling

3.4.1 Introduction

To provide a rational and scientific understanding to the expected responses of

engineered rock masses, methods of analysis have been developed based upon

appropriate scientific laws and theories. From an engineering perspective analysis

comprises the resolving a problem into its simplest elements, representing the problem

by tractable equations and solving these equations (Gibson 1974). Analytical modelling

in rock engineering involves the formulation and application of certain conceptual

models for design purposes, the aim of which, is to reproduce the behaviour and

response of the prototype rock structure (Bieniawski 1984).

The modelling approach used in analytical modelling techniques follows the stages

shown in Figure 3.9. The first assumption is the rock mass behavioral model. This

defines the input parameters required. Analysis is performed to provide results in terms

of displacements, stress or strain. The uniqueness of the solution is dependent upon the

assumption of the appropriate model.

Input data

Mechanical
parameters
E,v,c,,...

External force

Results

15TIacemen

	

1naryJ	
stress

2ZS	 I	 strain

Assumption	 Uniqueness is guaranteed

Figure 3.9: Analytical modelling approach for ordinary analysis (Sakurai 1993)

In this section, a brief overview of the different types of analytical models for rock

engineering design will be discussed. To illustrate the typical structure of the parameters

and mechanisms used in numerical models, the finite difference program FLAC will be

scrutinized.
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3.4.2 Methods of Analytical Modelling

Analytical models can be generally classed as being of three types: limit equilibrium,

continuum and discontinuum (Brown 1985). The selection of the appropriate analytical

model for the engineering circumstances depends upon the conceptual model of the

geological situation, the predicted mechanisms of deformation and instability as well as

the engineering objectives and the financial and time constraints.

Limit Equilibnum Methods

In rock mechanics limit equilibrium methods are usually applied to rock slopes or near

surface underground excavations where the equilibrium of unstable blocks which can

slide and shear along discontinuity planes needs to be assessed. They generally only

involve consideration of equilibrium forces and limiting shear strength criteria. No

displacements are assessed by this method and in situ stresses are usually ignored or

considered negligible. Typically, limit equilibrium models only consider a two

dimensional situation although Goodman and Gen (1985) have developed "block theoiy"

to calculate the instability of three dimensional wedges for a variety of circumstances

in underground excavations.

Many limit equilibrium analysis are simple to perform, however uncertainty regarding

the parameters values means that the use of factors of safety is usually regarded with

scepticism.

Continuum Methods

These methods use the two classical theories of elasticity and plasticity to calculate the

stresses and displacements induced in an initially stressed rock following excavation.

Displacements are considered to be continuous within the rock mass. For simple

excavation geometries and boundary conditions (i.e. where one of the major principal

stress is parallel to the excavation axis), closed form solution can be used for a plane

strain or plane stress elastic analysis. In most cases, the closed form solution require that

the material properties behave linearly. For more complicated excavation geometries

and boundary conditions, numerical methods such as the Boundary Element Method

(BEM), Finite Element Method (FEM) and Finite Difference Method (FDM) are
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required. Although such methods consider the rock mass to be a continuum,

discontinuities can be included. With the FEM and FDM these are modelled either as

a special joint element or the rock mass is treated as an equivalent continuum where the

properties of the rock mass are the combined contribution of the joints and intact rock.

A detailed discussion of each of these methods is beyond the scope of this thesis

although Hock et a! (1991) and Brown (1987) have provided preliminary accounts into

the basic differences between the numerical modelling methods.

Discontinuum Methods

Discontinuum analytical methods consider that the rock is made up of a discrete

assembly of rock blocks and that displacements may not be continuous between them.

This recognises the essentially discontinuous nature of rock masses and the Distinct

Element Method (DEM) has been developed as a numerical technique for this purpose.

3.4.3 FLAC - Parameters and mechanisms for a numerical modelling example

FLAC - Fast Lagranian Analysis of Continua is a commercially available numerical

modelling package licensed by Itasca (FLAC Version 3:1992). It is a 2-D explicit finite

difference code that simulates the behaviour of structures built in soil, rock or other

materials which may undergo plastic flow when their yield point is reached. Unlike

implicit schemes commonly used in finite element codes, the solution used in FLAC

proceeds explicitly in the time domain. This time marching solution using the dynamic

equations of motion to derive new velocities and displacements from stresses and forces.

Then, the strain rates are derived from velocities, and new stresses from strain rates.

This cycle is repeated for each time step where the computational time step is kept

ahead of the physical "wave speed so that the equations always operate on known

values that are fixed for the duration of the calculation. This is computationally more

efficient and desirable for problems that may be highly non-linear and require the

analysis of progressive failure and collapse.

It is not the aim of this section to discuss the numerical formulation and computational

procedure used in FLAC, but to comment on the type of parameters and mechanisms
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managed by the code and its function and service within the rock engineering design

process. However, before these are discussed it is worth commenting that many indirect

parameters are used within such numerical codes to obtain numerically stability and

convergence. In FLAC, because the solution objective is to achieve the steady state in

a numerically stable way with minimal computational effort, the equations of motion

need to be damped. The damping constant used is dimensionless and independent of

rock properties and boundary conditions.

In FLAC the rock properties that are used as input data are determined from the type

of constitutive model selected. FLAC provides seven built-in material models, in

addition to user defined constitutive models. An interface such as representative of

faults, joints, bedding planes and frictional boundaries can be incorporated in the model

along with water flow and thermally induced stresses.

In Table 3.4, a list of the rock parameters associated with five constitutive models of

relevance to rock engineering is presented. Most of these parameters need to be obtained

from laboratory testing. The elastic constants for bulk modulus K and shear modulus G

are preferred properties because it is believed that they correspond to more fundamental

aspects of the material behaviour, than do Young's modulus and Poisson's ratio.

However it is recommended that the properties used in the model correspond as closely

as possible to actual values in the physical domain at the scale of the physical problem.

One recommended procedure is to use an empirical relation (Bieniawski 1978, Boyd

1990) for modulus of deformation of the rock mass E,,, and the Rock Mass Rating value

obtained from Bieniawski's classification system. In this case, static field measurements

are transferred into some mechanical response of the rock mass.

Isolated discontinuities such as faults can be managed within FLAC but are confined to

simple geometries and only a few interfaces can be managed efficiently unless an

equivalent continuum approach is followed, as for the ubiquitous joint model. Figure

3.10 shows the interface model used within FLAC. Here, the parameters and properties

that relate to deformation and strength can be used. The strength properties are

charactenzed by Coulomb sliding and include friction, cohesion, tensile strength and the

deformation properties by shear and normal stiffness. Both of these stiffness parameters
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are highly non linear and exceedingly difficult to predict and measure (Brady & Brown

1985).

It is commented in the FLAC manuals (Itasca 1992) that FLAC is not a black box which

provides a solution, any analysis needs to be interpreted within the constraints imposed

by the mesh, constitutive model and properties used. This recognises the location of

numerical modelling for rock engineering purposes within the data limited system shown

in Figure 3.2 at the beginning of this chapter. Hoek et a! (1991) have suggested a guide

for the application of a rock mechanics modelling programme over the life of an

underground mine. Uncertainties in the input data, while always being present

throughout the whole rock engineering design process, are at their least after feasibility

studies have been conducted and numerical modelling is most appropriate for detailed

design purposes.
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Figure 3.10: A FLAC interface represented by slides a and b, connected by shear

(Ks) and normal (Ku) stiffness springs. (Itasca 1992)

3.4.4 Discussion

Numerical models are essentially divided into those that treat the rock mass as either a

continuum or discontiuum. Pan and Trenter (1992) have utilized the divisions within

Figure 3.2 to recommend the applicability of currently available numerical codes with
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this structure, as shown in Figure 3.11.

-
1 ConuaTi approach such as FEA cc EA

J
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Ccnthun approach or scontkuri
approach with care
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ConThuin approach such as FEA or FDA
_____ (the fit. clff.rsnos snsiyss)
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Figure 3.11: Applicability of numerical codes based on continuum and discontinuum

approaches to different scales of rock mass (Pan and Trenter 1992 adapted from

Hoek 1983)

The parameters used in numerical models are obtained mostly from laboratory testing.

Many of the parameters, even so, are difficult to quantify and may be highly non-linear

requiring simplification of the constitutive stress-strain relations. Establishing the large

scale response of these parameters is still a long way off. These models are a

simplification of reality developed by building up the behaviourial components to form

the behaviour of an overall whole. Depending on the type of modelling, some
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components are dealt with explicitly and others jut an average way. Recognising chat the

modelling is a data limited problem, while being mathematically rigorous, Hock et. a!.

(1991) comments "it is the sensitivity of the results to changes in the parameters and

assumptions that the model is most informative" and that "modelling should be driven

by the question that the model is supposed to answer rather than by the details of the

system that is being modelled". Accordingly, the development and use of such models

needs to be commensurate with the principal and influential parameters encountered at

the site of interest. While they may indicate and suggest potential problems or instability

mechanisms they will only do so within the structure of the defined problem and as such

are not a means for solving rock engineering proiblems on their own.

3.5 Summary

Table 3.5: The basic differences between the two design approaches of rock mass

classifications and numerical modelling.

Rock Mass Classitications	 Numerical Modelling

Model Basis	 Empirical - from back	 Synthetic, Rigorous analy-
anal ysis of case studies	 sis predominately using

Newtonian continuum
mechaiucs.

Parameters
Select ion	 Fixed according to classifi- 	 Parameters selected based

cation system	 on selection of constitutive
model

Measurement	 Field measurements and	 Laboratory testing — - -
observations

Type	 Essentially geometrical and Mechanical behavioural
morphological parameters	 parameters

Mechanisms	 Mcchanismsesscntiallyby- Developed for analysis of
passed - direct access to	 stress and displacement
stabilization guidelines.	 within a continuum. Corn-

-________________ ____________________ plex interaction analysis.

Location within the	 FC4SibillLy to dtjilcd

Engineering Design	 design, Contractual pay-	 Detailed design

Process	 rncnt, zoning rock mass,
etc.________________________

Suitability	 Stress related problems in
Developed essentially -'	 s	 continuum rock
discontinuous rock masses. masses.Disconuuum ap-
Must stay within empirical	 pmaches less successful to
guidelines.	 date.
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In this chapter, the rock properties and methods of design analysis that utilize these

properties have been discussed. The two design tools such as rock mass classifications

and numerical methods essentially view the problem from two extremes. Given the

inherent complexity of rock masses and their mechanical response, rock mass

classifications attempt to by-pass any rigorous analysis in pursuit of providing

empirically based stabilization guidelines. At the other extreme, numerical methods

attempt to model complex interactions in a mathematically exact way almost to the

expense of ignoring difficulties in parameter measurement. Shown in Table 35 are some

of the major differences in the two design approaches.

With respect to the parameters used in these two design approaches, the parameters

employed by rock mass classifications are of a lower level of resolution than those used

by the numerical methods. This, in part, corresponds to the use of field based rather than

laboratory based parameters. As numerical modelling is mostly applicable in the detailed

design phase, our data and parameter requirements increase in resolution as the rock

engineering design process proceeds, as shown in Figure 3.12.

Design
	 Parameter
	 Rock Engineering

Techniques
	 Resolution
	 Process

Rock Mass
	 Coarse

Classifications
	 Feasibility

Limit Equilibrium
Techniques	 Prelirni iry

Design
Closed Form

Solutions

Numerical
	

Detailed Design
Modelling	

Fine

Figure 3.12: The resolution of parameters with respect to the analysis method and

the rock engineering process.
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The literature review in the first part of this thesis has revealed:

1) There is currently no universally applicable rock engineering methodology for all rock

engineering applications and situations. The existing methodologies are either applicable

to general rock engineering structures per se, such as rock slopes and underground

excavations and generally only consider local instability problems. They do not explicitly

consider the parameter selection and mechanisms of detriment to the engineering

objectives. In the near future, as engineers are facing more challenging rock engineering

applications, there is a need for a methodology to focus data collection and mechanism

analysis and hence to provide an overall framework for the rock engineering design

process.

2) Design methods and the exploration program need to be linked within the overall rock

engineering process. Model formulation needs to be directed and tailored to the site

circumstances and the engineering objectives.

3) Existing design techniques are frequently considered as independent components of

the overall rock engineering process. The two approaches described in this chapter are

at the extremes in application and content. A middle road analysis technique that

develops from a coarse parameter resolution to more detailed parameter resolution is

required to establish the optimum parameter resolution required for the project

circumstances.

4) Any methodology needs to be applicable to the current working and contractual

arrangements and recognises the financial and time constraints imposed within industry.

There is a need for parameter and mechanisms prioritization if an optimal rock

engineering design process is to be found.

81



(page intentionally left blank)

82



PART 2

Developing the Methodology
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CHAPTER 4

Parameter Classification, Hierarchy and Priority

4.1 Introduction

In Chapter 3.2 a brief overview of engineering rock properties was presented. It was

mentioned that at present there is no comprehensive list of all rock engineering

parameters and properties. In fact, Goodman (1976) commented that the "classification

of the entire realm of rock masses for totality of applications would demand an unwieldy

number of independent factors because different pursuits require different parameters".

The determination of every rock engineering parameter is never performed in practice.

The use of precedence and existing knowledge of the geological conditions and the type

of rock engineering structure to be built provide much information directing the

relevance of parameters. As many aspects of the rock mass and engineering provide

initial indicators as to whether a more detailed examination is required, this suggests that

a hierarchical structure to parameters can be conceptually developed.

The aim of this chapter to present a conceptual classification of rock engineering

parameters as a way to suggest how parameters can be considered in the form a

hierarchy. This structure is used to identify the parameter priority and the types of

parameters for different rock structures based on a study of some precedent practice case

examples. An initial structure of the methodology being developed is present at the end

of the chapter.
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4.2 Parameter Classification

4.2.1 Classification Concepts

An essential part of a classification is the naming of the groups. In life sciences, a

number of different classification systems have been developed, where each system of

classification has different rules for deciding which groups should be named in the

formal classification. The formal classification in biology is based on a series of ranks

known as the Linnaean sequence. Here, plants and animals are grouped into increasing

inclusiveness through the hierarchical categories of, kingdom, phylum, class, order,

family, genus and species. A hierarchy is a system of groups within grOups, generally

with levels ranked according to their inclusiveness.

Other classification systems used in life sciences are phenetics: where organisms are

grouped together on the basis of their overall similarity; cladistics, where a group (dade)

is defined by features exclusive to all its members and that distinguish the group from

all others (as used in palaeontology); and orthodox classification, that groups organisms

on the basis of features that seem to reflect their common ancestry (Jones & Gray 1988).

These are not the only basis for classifications and other factors such as the molecular

structure, behaviour, internal and external anatomy can be used for identification of

inclusiveness to a group.

Geological classifications tend to be based on the geological origin of the material

(orthodox classification), such as sedimentary, igneous and metamorphic. Further sub-

divisions are developed by study of the mineralogy, and rocks can be grouped according

to their similarity in chemical and mineralogical attributes. Although geological

classifications have some relevance to the rock engineering situation they are not directly

significant. This raises the question - on what basis should a rock engineering parameter

classification be developed?

Biological and geological classification systems are independent of the influence of man.

As rock engineering is going to influence the parameters, the classification has to

account for this. Also rock engineering has a goal where the engineer is typically
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interested in strength, deformation, durability and permeability of the rock mass. These

groups however are not mutually exclusive but are directed towards characterizing the

behavioral and mechanical characteristics of the rock mass. There is another difficulty,

many properties currently measured in rock mechanics are not fundamental properties

but the invention of man to fulfil a need. Properties of discontinuities, such as Joint

Roughness Coefficient, JRC, and Joint Compressive Strength, JCS, were developed for

an empirical shear strength criteria shown in Chapter 3.2.2. In rock engineering the

"engineers diamond saw" has already started to separate and divide to rock mass into

parts, the coarsest of which are intact rock and discontinuities. The major difficulty is

deciding what is a part and what is a part of something else.

The development of a totally new division of the parts will be mostly an academic

exercise at this stage given that there are numerous parameters that can be measured,

testing and evaluated at the present time. What is needed is some structure to the

existing rock engineering parameters and this is the subject of this chapter.

The purpose of the classification of the parameters, to be discussed below, is to

characterize and group all rock engineering parameters in a way that maintains their

functional engineering connotation as used in rock engineering practice. This

classification is used later in this section to aid the data basing of parameters from

published technical information.

4.2.2 The Structure of Rock Engineering Properties and Parameters

A rock engineering parameter can be considered to be an attribute or characteristic of

the rock mass, site or engineering that can oe measured by the assignment of numerals

according to a set of rules. It is considered that all of the rock engineering parameters

can be classed into three broad groups:

i) Rock Properties

ii) Site Parameters

iii) Engineering Parameters
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Rock Properties are properties of the host material and its structure. These include the

mechanical and non-mechanical attributes of the rock mass including the intact rock and

discontinuity properties:

Site Parameters are the boundary conditions and the environment which apply a natural

stimulus to the rock mass. These parameters and factors include in situ stress, which

applies a state of loading in the rock mass, groundwater pressure and flow, geothermal

gradient and meteorological/climatic factors:

Engineering parameters comprise any paramete1 associated with the engineering project.

The dimensions, shape, orientation of the excavation are the most obvious. Other

parameters include those stimuli which are imposed as part of the functional operation

of the completed engineering structure. These anclude pressure and stresses from, say,

storage of liquids within excavations, loading from buildings and heat released from

nuclear waste.

This sub-division provides a first upper level n the grouping of all rock engineering

parameters. This initial subdivision can be justified by considering the processes and

mechanisms that can occur in rock engineering. Natural processes are defined by the

interaction between the rock properties and the site parameters, whereas rock engineering

mechanisms occur due to the interactions between the rock, site and engineering

parameters. The engineering parameters encompass those that the engineer may have

some degree of control over and that can be modified in certain circumstances to reduce

the intensity of relevant mechanisms. Under each of these major categories a list of all

parameters or variables that can be measured can be made.

The rock mass properties are functions of the intact rock and discontinuity properties but

the difficulties in establishing rock mass properties from the constituent parts of intact

rock and discontinuity, together with influence of scale effects, require the rock mass

properties to be defined separately. In the following section the sub-division of the intact

rock, discontinuity and rock mass properties will be described.
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I

Intact Rock

The complete stress-strain curve illustrated in Figure 4.1 shows the behaviour of intact

rock to an applied load. The curve progresses through the primary phases of initial

deformation (elastic or plastic), peak strength through to post peak strength behaviour.

S'FPAIN

Figure 4.1: The Complete Stress-Strain Curve

The initial compressive deformation is typically considered linear for many rock types

although some weaker rocks can display non-linear behaviour. The linear portion of

deformation describes the elastic and recoverable strain of the material. The modulus of

deformation, shear modulus and Poisson's Ratio are properties of the material in this

elastic region. Should the material behave in a non-elastic manner then these properties

are stress dependent and there are no simple quantitative properties that can be uniquely

define this type of path dependent behaviour. The properties relating to the strength of

the intact material can be determined by compressive, tensile and shear testing

depending on the direction of the applied normal and shear stresses. Other strength tests

measure the hardness properties on the surface of the material and some specialist test

are used to assess the intricacies of fracture mechanics, which is of relevance to rock

cutting. Similar to the non-elastic deformation properties, there are very few specific

properties that can be quantified for the post peak and time dependent behaviour of

intact rock.
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The composition of the intact rock provides a number of fundamental properties. The

physical non-mechanical properties include unit weight, density and porosity amongst

others and there are several properties relating to the surface of the material. The micro-

structural properties form the bases of all the other properties and relate to the

composition, fabric and texture of the grains and cracks.

Apart from the properties associated with the application of stress other parameters have

relevance to the thermal and hydrological properties of the intact rock. In addition the

durability, swelling potential and geophysical parameters have been classified as

"indicators" of intact rock behaviour.

Discontinuity Parameters

The discontinuity parameters can be sub-divided in a similar manner to the intact rock

parameters. There are mechanical properties relating to strength, deformation and post-

peak behaviour. There appear to be no established and recognized time dependent

properties of discontinuities. The geometrical characteristics of discontinuities play a

major role in the behaviour of rock masses and can be separated into those relating to

the overall large scale manifestation of the discontinuities and those which relate to the

joint surface. Other factors include the separation characteristics and filling properties.

Rock Mass Parameters

The rock mass parameters refer to the combination of discontinuities and intact rock. A

similar format to the classification of the intact rock properties can be developed and

many of the parameters are the same, although these relate to the combined influence

of the intact rock and discontinuities properties. The joint spacing and the rock block

characteristics are pertinent rock mass geometric attributes. The complexity in

determining the rock mass strength has led to the derivation of empirical parameters

such as the material constants, m and s, in the Hock- Brown failure criterion (Hock &

Brown 1988).

Site Parameters

As the rock is the focus of attention, it can be consider that there are three main stimuli

acting on the rock mass: in situ stress, water and heat. These terms are usually described
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as the boundary conditions which may be perturbed by rock excavation.

Stress is a complex parameter and many terms are frequently associated and used in its

characterization and determination. In defining the stress state, the stress tensor, as

defined by the principal stress magnitudes and directions, needs to be established. A

number of different components or terms can be utilized in describing stresses, i.e.

whether it is shear, normal, deviatoric, etc. A variety of terms relating to the sources of

stress have been described by Hyett, Dyke and Hudson (1986) and these are divided into

natural and induced and have been further divided into gravitational, tectonic, thermal,

physico-chemicaL Much discussion has ranged on the relation between the measured

stress, the sources of stress and its assessment and influence at the engineering scale (see

Hyett 1990).

In many rock engineering situations, geothermal heat is considered to have a negligible

effect on the rock mass behaviour. This statement may have more bearing on the state-

of-the-art than any definite mechanical significance. However, in some world localities

the high underground temperatures have led to the exploitation of geothermal energy

reserves from "hot-dry rock". In addition,high thermal temperatures in deep underground

mines have a major influence on the ergonomics of mining at these temperatures.

The measurement of the in situ stress state and the geothermal heat are both a function

of the rock mass properties as rock is the medium in which these stimuli exist. The

influence of groundwater is, however, slightly different. Unlike the stimuli of stress and

heat, groundwater has mass and energy and groundwater can be just as detrimental to

the engineering process as, say stress induced failure and block falls. Water pressures

influence the state of stress in the ground, via the principle of effective stress, and the

shear strength of discontinuities is greatly reduced by water pressure. Pore pressure in

the intact rock can have a great affect on the strength of the material and the water

quality, as can the chemical composition of groundwater on the degradation and

weathering of certain rock types.

Engineering Project Parameters

Every aspect of rock engineering has a host of parameters. Site investigation parameters

90



can include drill bit wear rate, borehole depth, spacing, cutting rate, etc. The excavation

and construction similarly have excavation related parameters and parameters associated

with the stabilization technique, e.g., rock bolt spacing and tension, shotcrete thickness.

At this stage only the essential parameters that are associated with the excavation

dimension, span, height, shape and orientation will be considered. The operational

factors that induce fluid or gas pressures and flows, heat and stresses can greatly

influence the excavated rock mass environment, and their containment and influence

tends to be one of the prime objectives in the engineering design.

4.2.3 Comments on the Parameter Classification Structure	 -

At the end of this section Tables 4.1 to 4.4 show the subdivision and grouping of all the

rock engineering parameters, on the basis of the above comments. The parameters

selected were obtained from the twenty or so principal rock mechanics text books, as

well, as other establish rock mechanics publications (as referenced in Appendix A4-l).

A definition of all the parameters included in the classification is given in Appendix 3.

The most widely used and recognised parameters that can be numerically quantified have

been selected. Most of these parameters have standard or internationally recognized

methods of testing and measurement. The author recognises that the lists presented are

by no means complete. In some cases, where the rock behaviour mode is considered

significant but no quantifiable property available, i.e. the behaviour is non-linear,

descriptive terms in italics have been used. No account is given to inhomogeneity or

anisotropy which will increase the number of measurements necessary to fully

characterize the parameter.

It is recognised that some of the groupings and terms used to describe the groups are not

ideal. The grouping of heat and water properties in the global rock group under a term

called "conditions" is just as relevant for parameters associated with strength,

deformation and time dependency when stress is the applied stimulus.

Geophysical methods for determining rock properties have been grouped under

"indicators". This should not be interpreted as a lowering of their importance in rock
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Composition

Conditions

Defonnation

mechanics but rather as a means of classifying a specialist field of study within an

already large number of groups. Similarly, only the simpler groundwater and thermal

properties have been classified.

Some properties, especially those derived from index tests, which are very much a

function of the testing method, can frequently be allocated into two or several different

mechanical groups. For example the point load test, which is mechanically an indirect

tensile test, has been empirically related to the more standardized and rigorous method

of testing uniaxial compressive strength and the tensile strength. Not all the parameters

are therefore classified into mutually exclusive classes.

This hierarchy of rock engineering parameters provides the structure in which the

parameters can be studied at different resolutions. For instances, if the intact rock

strength requires study, their are five sub-groups for different strength properties

depending on the stress direction (compressive, tensile, shear and fracture toughness) and

whether the surface strength attributes are required (hardness). It may the compressive

strength that is of interest, in which case there are different tests that can be performed

e.g. to indicate uniaxial compressive strength by laboratory testing. This structure is

shown in Figure 4.2.

Discontinuity

Rock Mass

Site
Parameters ••••••••

Engineering
Parameters

1	 2
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Time Dependent
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Figure 4.2: Five groups of increasing inclusiveness for uniaxial compressive strength

of intact rock
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The properties and parameters presented in Tables 4.1 to 4.4, are many of those that can

be quantified and have bearing on the mechanical behaviour of the rock. Many other

factors and attributes of the rock mass, such as the geological history, lithological units

and descriptions are of great benefit to reducing uncertainty, aiding decisions and for

communication. Many combinations of rock attributes are usually combined, e.g.

description of intact rock as suggested in BS 5930:198 1, for a specific purpose.

In the next section, the identification of parameters of relevance to different rock

engineering structures will be presented to show how different parameters are needed

for different engineering objectives.

4.3 The Priority of Parameters based on the Project Objectives

4.3.1 Identifying the Relevant Parameters

In many rock engineering situations a number of adverse features or parameters can

dominate the whole behaviour of the rock mass and hence the whole approach to the

planning, feasibility and design of the engineering structure. In civil engineering in

particular, there may be a number of disaster scenarios which must be defended against.

The identification of the disaster scenarios must be based on those parameters that are

of detriment to the engineering objectives if an optimal approach is to be pursued. In

turn those mechanisms and parameters which interact and are associated with the

instability scenario can be considered to be the most relevant for that case.

In the case of Panama Canal, it has been found that the slope instabilities are related to

the monthly rainfall intensity (Hudson & De-Puy 1991). Here, the rainfall intensity

provides an initial indicator of potential instabilities, as the intricacies of the specific

parameter interactions and mechanisms are not clearly understood or defmable. As such,

one solution to prevent instabilities has been to prevent rainfall access into the sub-

stratum by sealing the top of the hill sides with asphalt. This provides a short cut

method to effectively reduce the frequency of an instability mechanism by the deletion

a relevant parameter.
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Not all relevant parameters are related to disaster scenarios as this depends on ones

perspective and purpose. In contracting situations, relevant parameters may be associated

with those which affect the rate of excavation or installation of the selected support or

reinforcement method.

Although there are global objectives and parameters that are associated and can influence

these objectives, there are sub-objectives associated with the individual engineering tasks

for which another suite of parameters may be of relevance. In the determination of in

situ stress, the presence and location of discontinuities near the testing area can have an

adverse effect on the interpretation of the region stress field.

In Part 1 of this thesis, the various stages in the engineering process were discussed and

comments made regarding the parameters and mechanisms used within the design

approaches. The types of mechanistic models to aid the understanding of the rock

behaviour was addressed and its was noted that there is no direct indication for the

implementation and suitability of such methods or approaches to the actual rock

engineering problem at hand, because each rock engineering project is different. The

mechanical behaviour of the rock is frequently simplified and the parameters utilized are

few. With reference to the Rock Mass Classifications examined in Chapter 3.2,

Bieniawski's Rock Mass Rating classification only considers five main rock parameters

and one site parameter (groundwater flows), in addition to the several engineering

project parameters. Although the objectives of the classification schemes are the broadest

possible, (i.e. design of tunnels, slopes, foundations, etc.) it is imperative to inquire

whether these parameters represent the baseline and most relevant parameters for all the

associated engineering projects and site circumstances.

In the last section, an overall classification and grouping of essentially quantitative

parameters used in rock engineering was presented. This showed that there are some 170

rock parameters, 60 site parameters and a near infinite number of engineering project

parameters. Out of all these parameters, (and it was noted that there are many more

variations of these), consideration needs to be given to the type of parameters, the

resolution and the number of parameters required to initially satisfy the fundamental

requirements of the project objectives. It is considered that this essentially depends on
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three factors:

1)	 The objectives of the project.

ii) The actual site conditions encountered.

iii) The parameters and mechanisms which will adversely affect any of the

engineering activities.

In the following section, an initial scheme for the identification of the relevant

parameters for different engineering structures and purposes is described.

4.3.2 Precedent Practice Parameter Histograms

In order to illustrate the link between objectives and relevant parameters, and a

procedure for identifying the relevant parameters within the standardized parameter

structure, a literature survey of some 50 papers concerning the design and construction

of essentially unlined pressure tunnels was conducted (reference in Appendix A4-2).

The papers were analyzed for the frequency of occurrence of key parameters, as

structured within the classification. Figure 4.3 shows the resulting hiistogram of the most

frequently mentioned parameters that have been ranked in order of priority from the

highest on the left to the least on the right. Note also that the histogram bars have been

coded according to the type of parameter, intact rock, discontinuity, rock mass and site,

although the many project parameters have been kept to a minimum for simplicity.

It should also be noted that two of these are intact rock parameters, three are

discontinuity parameters, two are rock mass parameters, three are site parameters and

two are project parameters.

Although the sample size is not large enough for a full statistical analysis, the twelve

most important parameters from this analysis are:
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in-situ stress
discontinuity orientation
discontinuity filling
topography
discontinuity spacing
presence of faults
depth of tunnel
groundwater pressure
intact rock deformation parameters
rock mass deformation parameters
intact rock compressive strength
static head of water in pressure tunnel

The parameters listed above are associated with the instabilities associated with pressure

tunnels. There are two causes activating instability within pressure tunnels, those that

could occur in general non-pressurized tunnels and those that result from the presence

of high water pressure inside the tunnel. Lu (1987) and Brekke (1987) have both

analyzed some 54 recorded instability incidents within pressure tunnels. This indicated

that the contributory factors to these failures were mo tly due to:-

i) Inadequate confinement of the tunnel leading to hydraulic jacking of proximate

discontinuities, leakage and possibly landslides in adjacent slopes or flooding of

the power house cavern.

ii) Deterioration and dissolution of the intact rock leading to rock falls.

iii) Swelling, erosion and washing away of discontinuity infilling leading to block

falls, leakage and possibly landslides.

iv) Deformabie rock resulting in steel or concrete lining failure.

v) Pressure wave/hammer effects resulting in tunnel lining failure, rock falls etc.

vi) Inadequate construction, such as excessive grouting pressures influencing the rock

quality and tunnel lining.
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From the recorded "instability incidents, Table 4.5 presents the parameters that are

considered to contribute to the principal mechanisms in pressure tunnels. It can be seen

that many of the important parameters in the histogram in Figure 43 are associated with

these mechanisms.

LEAKAGE	 DETERIORATIONI

FACTORS	
Hydraulic	 Deformable High Conductivity	 Rockfalls	 Dissolution

Jacking	 Rock	 Geological
Features

Intact Rock	 physical -unit weight linear elastic	 permeability	 durability

Discontinuity onentatiofi	 elastic	 permeability	 orientation	 lilting propertiCS

surface	 filling	 surface	 -

separation	 separation

shearing character	 dimensional

Rock Mass	 joint spacing	 elastic	 permeability	 geomeuicdl

physical -unit weight	 block charactcris-

elastic	 tics

Site	 ,n situ stess	 in situ stress	 G.W. pressure
topographic	 G.W. flow

Project	 position -depth	 waLer (IUaIIIY
water pressure
-static head

Table 4.5: Parameters that contribute to pressure tunnel mechanisms

In Figure 4.4 a similar type of histogram is presented for large underground caverns.

This parameter assessment by Tamai (1990), was performed using a similar parameter

classification as used for the pressure tunnel analysis and thus providing a common basis

and a standardized database for the parameter assessment.

A survey of 110 technical papers for design and construction were studied and the

parameters assessed in a similar way to the example shown for pressure tunnels. The

project parameters are not defined in this histogram as they have been incorporated

within the site parameters. Again it can be comment that of these top twelve parameters,

four are intact rock, three are discontinuity, one is rock mass, three are site and one is

an engineering project parameter. The twelve most mentioned parameters for large
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underground caverns, from this analysis, are*:

depth of structure
discontinuity orientation
in situ stress magnitude
in situ stress direction
discontinuity frequency
intact rock density
discontinuity aperture
presence of faults
intact rock compressive strength
rock mass deformation
mineralogy of the intact rock
intact rock deformation

The parameters listed above can again be demonstrated to have a link with the typical

mechanisms that are defended against in large underground caverns. Many of the

parameters are associated with the in situ stress and the strength and deformation of

intact rock and the rock mass. The large spans of these caverns typically results in the

intersection of many more discontinuities than in smaller excavations. The problems of

kinematic admissibility (a function of discontinuity frequency and discontinuity

orientation) of blocks therefore becomes paramount.

So far, the parameters which have been assessed by this approach have been done solely

for the type of engineering structure. Figure 4.5 shows a further sub-division of the

parameter histograms based on the rock type: sedimentary, igneous or metamorphic.

Despite the decrease in the data size, the importance of some parameters are intuitively

associated with these rock types, for instance, the high water flows of typical of

sedimentary rocks.

*Note: Although the induced stress distribution, as shown in the histogram, is included in the list of top

twelve parameters, it has been omitted from the above list as it is considered to be an interaction between

the engineering structure and the in situ stress state. Should a list of the most important mechanisms be

made, this may well be one of the most important for this case
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Although it is recognised that there are obvious limitations in the use and assessment

of existing literature to make detailed comments and conclusions regarding the

importance of parameters for the specific case applications shown above, several notable

comments can be made.

i) The information used represents essentially those parameters that are important from

the precedent practice perspective. From the papers studied for the pressure tunnels, the

use of simple confinement criteria was paramount in assessing the feasibility and, in

some case, the design of the tunnels. Precedent practice is just one perspective or

approach which can be followed. Existing practice can be said to represent the approach

as recommended in design guidelines and suggested practice is based on good rock

mechanics principles and the state-of-the-art.

ii) The top twelve parameters, which is a convenient measure in which to assess relevant

parameters at this stage, can be seen to be generally different for the different case

studies shown, although some parameters are similar. This is due to the different and

similar instability mechanisms that are prevalent for the different engineering structures.

Therefore it is necessary to not only consider the parameters in isolation but also the

mechanisms and this needs to be incorporated into the approach.

iii) It is essential that the database is standardized, so baseline parameters and the

parameter suite can be assessed and communicated on the same basis.

iv) There can be no standardized overall rock characterization method - the

characterization will depend on the project, site in addition to the rock (Hudson, Arnold

& Tamai 1991).

4.4 Rock Engineering Mechanisms Information Technology

In the preceding sections and chapters, consideration has been given to the engineering

objectives, parameter groupings and the correlation between the mechanisms and

associated parameters has been introduced. It is now necessary to organize of all these
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attributes into an initial structure.

Figure 4.6 illustrates the order of the eight levels of information within the system that

is called Rock Engineering Mechanisms Information Technology, with the acronym

REMIT, as initially developed by Hudson, Arnold and Tamai (1991).

Level 1 is the engineering objectives. In the two illustrative case studies shown in the

previous section, engineering objectives were concerned with the design and construction

of pressure tunnels or large underground caverns. Other engineering objectives are

paramount for each stage of the engineering process and activities.

Level 2 comprises the perspective from which the objectives are implemented, either

from precedent, existing or suggested practice. Although it is realized that actual

engineering practice usually follows aspects of all the approaches utilizing an integrated

design approach. Ideally suggested practice would be wished to be followed using the

state-of-the-art methods and techniques.

Level 3 incorporates the grouping of rock engineering mechanisms that are to be

defended against to satisfy the project and engineering objectives. In Figure 4.10 to

illustrate the type mechanisms that could be considered important for pressure tunnels

both the operational mechanisms that occur due to the functional operation of the

pressure tunnel and those which can occur in general underground excavations have been

included. The mechanisms for general purpose underground excavations have been

classified according to the typical mechanisms of importance in underground excavations

as described by Hoek and Brown (1980).

Level 4 to Level 8 are the parameter subdivision of rock engineering parameters as

described and represented earlier in this chapter. The final Level 8 represents the

detailed parameter value.

So far comments have been made, essentially on the link between parameters and

objectives as well as objectives and mechanisms. The next stage is to consider the link

between parameters and mechanisms and vice-versa. From the perspective of precedent
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and existing practice, the parameters are structured within the mechanisms by

empiricalism and mechanistic models with a limited number of pre-defined variables. i.e.

the model mechanisms define which parameters are of importance. In the following

chapter, techniques and approaches for the study of the interactions between parameters

and the manifesting mechanisms will be pursued.
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Figure 4.6: Eight levels of information operating within the REMIT system
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CHAPTER 5

Mechanisms

5.1 Introduction

The effect of a mechanism will produce a change in the attributes of a system. In rock

mechanics and rock engineering this change can occur in a variety of different modes

because there is a diverse range of rock, site and engineering variables. A mechanistic

effect will typically be the result of a number of precedent causes. These causes are the

necessary criteria and conditions required to produce the mechanism. However any one

of these necessary conditions will not constitute the sufficient conditions for the

mechanism to occur as all the necessary conditions are required to produce the

mechanism. Mechanisms occur on different scales and several mechanisms may be

required to produce one necessary criteria for a higher level mechanisms. As such

mechanisms can be considered to have a hierarchical structure.

In attempting to determine the relevant parameters from all the possible variables, it has

been established that this should be approached by considering those mechanisms and

parameters that are of detriment to the engineering or project objectives. The aim of this

chapter is to develop an initial framework in which this can be pursued. This requires

a structure in which all variables and interactions can be studied simultaneously and

which in turn aids the formalization of the mechanistic situation at a site.

Recognising that any model will be a simplification of reality, it is necessary to consider

110



how the model can be developed to be commensurate with the rock site and engineering

situation. In the previous chapter, the existing numerical and analytical methods analyze

the potential for a certain mode of rock mass response based on the rock mass model

selected. These models are constrained by the parameters selected and the transfer

functions (criteria, constitutive relation or theory) representing the interactions between

the parameters. In some cases the desire to reach a tractable mathematically stable

solution required the use of simplified constitutive relations and indirect parameters, such

as numerical damping in FLAC (Chapter 3.43). The modelling approach followed by

these methods was synthetic involving a building up of components to represent part of

the whole rock mass behaviour. Following a synthetic modelling approach, despite being

mathematically exact, will not necessarily converge on the appropriate thodel for the

rock, site and engineering circumstances as, such factors as, objectives and constraints

lie outside the boundaries. In addition, the model developed is only exact in terms of the

parameters included. Other parameters, that have not been considered within the model,

may interact with parameters within the model, resulting in an unexpected response

between the model and the actual rock mass behaviour.

Rock Mass Modelling

Part ci' rock mass
	

Whole of rock mass

--Ei;;;
	

•" hexa
rep.esentatlon	 / tereton.

Unknown

Synthetic Model
	

Analytic Model

8ut ç from
	

&oken down b

components
	

find components

Figure 5.1: The two rock mass modelling philosophies (Hudson 1992)

111



The alternative perspective is to develop a model by a holistic or analytic approach. This

involves a breaking down of the whole problem into its component parts. This approach

will be exact for the rock engineering situation at hand as the boundaries are inherently

defined. The only difficulty is determining which parameters are inside the boundary and

how they are connected. The two approaches are illustrated in Figure 5.1

Both approaches have advantages and disadvantages and Hudson (1992) comments that

it Is an unnecessary constraint to consider using only one approach. At this stage the

comments regarding synthetic and analytic approaches will be restricted to the above

comments. Although in the study of the mechanisms a wider perspective of all possible

factors and variables that can influence the engineering objectives will be taken. In this

way the whole problem is initially considered.

In this section two approaches are shown to provide a framework in which parameter

interactions and the sequences of interactions that can occur between project, site and

engineering project parameters, can be studied. The first, directed networks, shows the

sequence of interactions that are necessary to produce a desired mechanism. This

sequence of interactions is produced by building up the binary interactions between the

base line parameters selected. This will be shown to be a subset of a more globally

representative technique using the interaction matrices originally developed by Hudson

(1989). This research developed into a theory for studying binary and multiple

interactions as published by Hudson (1992).

Once a structure for representing the mechanisms and interactions has been developed

then the existing information that has been obtained from a site or as representative of

rock mechanics knowledge can be placed within it. The blank areas represent what is

not know and it is then a matter of determining which of these interactions need to be

known.
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5.2 Directed Networks

5.2.1 Introduction

Instability mechanisms that are manifest in rock engineering situations are produced

from a series of interactions between rock, site and project parameters. In order to

represent this, a directed network for an instability mechanism can be developed. A

directed network is an illustration of the links and sequence of interactions between

parameters for a selected engineering mechanism. From the input parameters, a sequence

of interactions are structured to produce the desired mechanism as the output.

The networks essentially comprise five components.

i) The criteria necessary for the mechanism to occur.

ii) Selection of base line parameters.

iii) Interactions between the parameters and other interactions.

iv) Branches connecting the parameters and interactions.

v) Feedback loops.

Two networks will be shown for:

i) The conditions of leakage out of pressure tunnels by way of hydraulic jacking

and shearing; and,

ii) Block fall mechanism.

5.2.2 The Conditions of Hydraulic Jacking and Shearing from Pressure Tunnels

To illustrate the approach, the conditions for leakage of the high pressure water inside

hydro-electric pressure tunnels will be explored. Lu (1987) identifies three conditions for

a particular mode of leakage out of pressure tunnels, by way of hydraulic jacking and

shearing. These being:
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i) discontinuity intersects the tunnel;

ii) the water pressure inside the tunnel exceeds the normal stress across the

intersecting discontinuity; and,

iii) the far field normal stress across a discontinuity (either the discontinuity which

intersects the tunnel if its persistence extends into the far field or to another

discontinuity through the interconnecting discontinuity network) is less than the

water pressure in the discontinuity in the far field.

These can be considered the necessary criteria but all three are needed to constitute the

sufficient conditions for this mechanistic situation. These criteria are used as focal points

in the development of the network. At the top of the network, a list of parameters is

presented from the categories of intact rock, discontinuity, rock mass, site and

engineering project. The detailed parameters of relevance to the mechanisms are

included in the sub-division box. These parameters were selected based on the precedent

parameter histogram for pressure tunnels shown in the previous chapter in Figure 4.7.

A lower level of parameter resolution is used to simplify the number of possible

interactions. In between the top parameters and the bottom mechanism, is the sequence

of interactions that lead to the desired mechanism. The resulting network for leakage

mechanisms in pressure tunnels is shown in Figure 5.2. An illustrative network is shown

below this figure in Figure 5.3.

Two possible mechanistic modes for leakage are considered. Either the water pressure

is sufficient to only open the discontinuity aperture by hydraulic jacking or the water

pressure reduces the normal stress sufficiently to allow hydraulic shearing to take place

(which may also precede hydraulic jacking). Both of these modes may occur in the near

field and/or the far field. Should these occur in the near field, then other instability

mechanisms may be triggered due to the resulting stress changes. However leakage in

the far field is potentially more catastrophic, as this can result in extensive losses of

water from the tunnel and inefficiency in the power production. In addition, large

quantities of water introduced in the far field have caused landslides and flooding of the

power house cavern.
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The mechanism described in the network

The directed network for the conditions of hydraulic jacking and shearing which can

ultimately influence the leakage out of pressure tunnels can be separated, for

convenience, into three sub systems relating to the discontinuities, near field stress and

far field stress state. The near field and far field stress states are defined by the boundary

where the difference between the perturbed stress due to the tunnel with or without

induced water pressure and the in situ stress, is considered to be negligible.

i) Discontinuity sub system.

The discontinuity sub system comprises the geometric structure of the rock mass and the

mechanical properties of the discontinuities. In an attempt to keep the parameters in the

groups as structured and classified in Chapter 4, the geometric form of the rock mass

has been derived from the interaction between the geometrical characteristics of the rock

mass and the individual discontinuities. To satisfy the first condition of hydraulic jacking

or shearing, at least one discontinuity must intersect the tunnel, which is dependent on

the dimensions, location and shape of the pressure tunnel and the rock mass structure

including the specific discontinuity location, spacing of sets and their persistence.

A sub branch of the rock mass structure is the discontinuity connection pathway. In

some cases, if just one discontinuity intersects the tunnels and is of sufficient persistence

to extend into the far field, attention may be focused on the attributes and potential flow

of water along just this one discontinuity. A more likely scenario is that many

discontinuities and discontinuity sets may intersect the tunnel. These discontinuities may

be of limited persistence and/or connect with other discontinuities in both the near field

and far field forming a discontinuity connection pathway. The simple and more complex

discontinuity pathways are illustrated in Figure 5.4.

The mechanical shearing behaviour of the discontinuities can be descnbed by the shear

strength of the discontinuities and such parameters as friction and cohesion and the

deformation parameters of normal and shear stiffness. The aperture is one parameter that

depends essentially on the stress state applied normal to the discontinuity surface.
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Figure 5.4: Examples of joint pathways influencing unlined pressure tunnels.

(Lu and Brown 1988)

ii) Near field stress sub-system.

Excavation in rock changes the in situ stress surrounding the excavation. The extent and

intensity of the perturbed stresses depends on the orientation and shape of the excavation

with respect to the orientation and magnitude of the original principal in situ stress state.

This interaction is shown by the connection between the fl Situ stress and the

engineering project.

The introduction of internal water in the pressure tunnel again modifies this stress

perturbation and the boundary between the near field and far field stress will change

again. Should the water pressure inside the tunnel be of sufficient magnitude to exceed

the near field stress state, then two possible modes of leakage can occur: hydraulic

jacking and hydraulic shearing. Hydraulic jacking arises from water pressure in the

tunnel exceeding the total normal stress across the discontinuity intersecting the tunnel

boundary. The discontinuity is jacked apart resulting in an increase in the aperture and
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hydraulic conductivity of the fracture. The outcome of which leads to increased leakage

and the spreading of hydraulic pressures into connecting discontinuities.

Hydraulic shearing does not require the stress normal to the discontinuity to be exceeded

by the water pressure. But if some shear movement occurs due to shear stresses at low

effective stress levels, then dilation of the discontinuity due to surface roughness results

in the opening of the aperture and enhanced water seepage.

Both hydraulic shearing and jacking in the near field can influence the integrity of the

rock surrounding the tunnel boundary. Nevertheless, these conditions may still enable

the water to be contained within the near field. Only if the water is able- to transfer to

the far field can the possibility of substantial leakages and their catastrophic

consequences occur.

iii) Far field stress sub-system

The normal and shear stress state of discontinuities in the far field depends on the

orientation of the discontinuities with respect to the direction and magnitude of the in

situ stress. If there is a connection pathway between discontinuities from the near field

to the far field then this could provide a route for water flow., if the stress conditions

surrounding the discontinuity permit. Thus, the network in Figure 52 shows the branch

from the near field conditions of hydraulic jacking and shearing connecting with the far

field stress state across the interconnecting discontinuities. Should the water pressure

from near field exceed the far field stress state across an interconnecting discontinuity

then hydraulic jacking and shearing can again occur in the far field. The consequences

of this situation can be far greater. Typically, lower in situ stress regimes are encounter

near the surface. Hydraulic jacking and shearing can, depending on the discontinuity

orientation, displace the overlying strata and/or cause water leakage to the surface; both

of which can trigger landslides and influence mechanisms outside the control of the

environment of study.

Structure and character of the interactions

In the network the interactions illustrated by the terms and conditions in the boxes are

formed from the connection of branches from the parameters CT preceding interactions.
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The interactions are thus a result of the signals that are sent along the branches of the

network. Although the actual network represents an information statement for the

conditions of these mechanisms of hydraulic jacking and shearing, the actual physical

manifestation of some of the interactions are the product of energy and mass changes

in the system. There can be considered to be three types of signals in the network

illustrated: information, mass and energy.

Information branches and interactions

The interactions between rock parameters themselves and the engineering project

parameters are generally information interactions from information branches. The rock

mass structure, discontinuity connection network pathway, discontinuity intersection of

the tunnel and the shearing behaviour of the discontinuity can be considered to be the

result of information interpretation and act to clarify the specific parameters and

conditions.

Mass branches and interactions

Several of the interactions and the branches appear to be signals related to mass; be it

rock removal or the water flow. It is considered that these interactions and branches are

in fact energy related for the terms described in the interaction boxes. If attention was

placed on the mass changes in the network and other descriptive terms used in the

interaction boxes, a mass related network could be developed especially for the

resistance and ease in which water could flow out of the tunnel in the near field and far

field conditions. Therefore the network depends on ones perspective.

Energy branches and interactions

The mechanical interaction terms are all concerned with the imposition of stress states

and the resulting displacements. These branches could be described in terms of energy,

as when rock is excavated the stored strain energy in the pre-stressed rock mass is

increased. Some of this energy may be dissipated on the excavation boundary by

deformation or conceivably failure in the integrity of the rock mass, depending on how

much energy the rock can store. Consequently, the imposition of the water in the

pressure tunnel will change this energy state again. The contribution of energy from the

water is given by Bernoulli's Theorem and Terzaghi's principle of effective stress both
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of which influence the mechanisms of hydraulic jacking and shearing.

The actual energy changes that take place can also be a function of the rate of removal

of the surrounding rock, which is discussed by Brady and Brown (1985) with reference

to the energy changes that result from instantaneous and gradual removal of rock

surrounding the excavation. These situations are considered to be mechanically

equivalent to the application of impulsive loading and decreasing restraining forces,

respectively, on a surface representing the excavation boundary. In this case the method

of excavation and rate of excavation may be relevant parameters.

Feedback branches

Two feedback loops are illustrated in the network, both of which related to changes in

the initial pre-engineering aperture of discontinuities. The first feedback occurs due to

stress changes in the near field of the excavation. Some discontinuities may close and

others open as a result, which will depend upon the initial aperture, orientation of the

discontinuity with respect to the orientation and magnitude of the post-excavation

perturbed stresses. The other feedback to the aperture occurs due to hydraulic jacking

and shearing in both the near field and far field.

The feedback loops represented are just two of the many feedbacks that could occur. For

example, shearing of the discontinuities may result in the mechanical properties of the

discontinuities changing from pre-peak to post-peak, strength and deformational

behaviour. Accordingly, the resolution of the parameters needs to be increased for more

detailed analysis.

Thresholds

Two of the three "necessary criteria" for the mechanisms to occur can be considered to

be thresholds in the network. These are when water pressure exceeds the near field stress

state and the far field stress states across the discontinuities. In the circuit these can be

considered to be the "switches" that must be turned on for the mechanisms to happen.

Similarly, the shear strength of the discontinuities, that is paramount for hydraulic

shearing, can be considered another threshold in the system.
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Expanding the network

The network presented only represents some of the interactions that can occur and lead

to the mechanisms of hydraulic jacking and shearing. Other parameters could have been

included, which may have greatly influenced the mechanism pathway. For example,

blasting introduces new fractures in the rock mass outside the tunnel boundary. These

could then provide another route for the water to flow out of the near field zone.

Consequently, another interaction box could have been included to represent the

interaction between the excavation method and the intact rock, the output of which is

the creation of new discontinuities. Also, blasting may open existing fractures, creating

a feedback loop to the aperture. For the mechanism described, the aperture is taken to

be sufficiently closed so that water leakage without either hydraulic jacking or shearing

cannot occur.

Furthermore, the presence of filling in the discontinuities, that may be highly erodible

in the presence of water, can significantly increase the permeability potential of the

discontinuities and decrease their strength during the operational life of the power

station. This situation may well exacerbate the leakage and influence other mechanisms

such as block falls.

Should no discontinuities intersect the tunnel boundary, hydraulic fracturing may be

induced when the water pressure exceeds the minimum principal stress magnitude and

tensile strength of the intact rock. In this case, which is synonymous to the hydraulic

fracturing technique for stress measurement (Kim & Franklin 1987), a fracture will be

induced which is perpendicular to the minimum principal stress direction. A similar

network arrangement would result.

5.2.3 Block Fall Directed Network.

A similar network to previous example, showing the sequence of interactions for a

simple block fall mechanism in underground excavations, can be developed on the same

principles. For this scenario, the two necessary criteria for failure are a) kinematic

feasibility of the block - defined in the excavation plane, and b) the shear stress exceeds
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the resistance provided by the mechanical properties of the discontinuities of the

shearing plane together with the normal stress state across the fracture.

Figure 5.5 shows the network produced. A total of seven basic rock, site and engineering

project factors have been considered together with more detailed relevant parameters

included within the parameter box.

The kinematic feasibility of rock blocks are defined by the geometry of individual

discontinuities, the geometrical characteristics of the rock mass and the orientation,

location, dimensions and shape of the underground excavation.

A kinematically feasible block in the roof, sidewall or floor of an underground

excavation will be defined by three or more discontinuity surfaces of different

orientation. In the network shown it is assumed that only the normal stress on these

discontinuity surfaces together with the mechanical properties of these planes are the

components resisting block movement into the excavation. Also it is assumed that the

only component activating instability is due to the component of weight of the rock

block in the shearing direction. This network essentially defines a simple limit

equilibrium situation, where the ratio of the stresses activating instability to those

resisting instability is the factor of safety.

In rock slopes where typically gravitational stresses are dominant, the normal stress

(resisting instability) and shearing stress (activating instability) are due to the

components of block weight perpendicular and parallel to the shearing plane in plane or

wedge failure. The network is therefore more simple at this state of parameter resolution.

5.2.4 Discussion

The directed networks demonstrated, show a technique which illustrates the sequence

of interactions which occur in a rock engineering process. From the known mechanism

and the necessary criteria, the parameters and other subsidiary interactions and pathways

can be established. The networks demonstrated used low resolution parameters but the
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parameter resolution can be increased to accommodated more detailed parameters.

These networks could provide the foundation for either a rock mass classification or

numerical analysis specifically focused to a selected instability mechanisms. A rock mass

classification index could be developed by using essentially field observation parameters

of low resolution. The classification algorithm can be established considering the

interactions and connections between the parameters. Rating or weighting values could

applied to the interaction boxes according to their influence and contribution to the final

mechanism. In this case the three necessary criteria could act as switches such that each

one has a value of zero or one. All three necessary criteria require a value of one for the

mechanism to be switched on. The rock classification algorithm can bestructured as

shown in Figure 5.6 for the conditions of leakage in pressure tunnels. Here the

interactions are expressed as quotients that are either enhance or decreased with the

application of a suitable weighting and rating system. The application of uncertainty or

degrees of belief in the parameter values could also be established by using fuzzy

mathematics (as applied to existing classification systems by Nyugen 1985).

P2JJUP3JjUP4_UL
I	 I

f
I___	 _____

11,2,31	 L.......

1Ht1 P7

I67

LEGEND
Rodi,siteor
pjed parndc

i.	 Inatactiom betwca
pwctcis P and Pj.

F
N.E Near Fieid

RE Far Field

H.S Hy*auhc Shearing

HJ. Hy*auhc Jacking

Figure 5.6: Development of a rock mass classification algorithm for the directed

network of hydraulic jacking and shearing in pressure tunnels
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In addition these networks demonstrate one route or pathway to the desired mechanism

that may be of detriment to the engineering objectives. In some rock engineering

projects the adverse mechanisms can be defined before engineering commences. In

others, due to the numerous influences and factors that may be relevant, a technique is

required that can objectively establish the pathways, parameters and their interactions,

thus enabling all mechanisms and interactions to be formulated. This is the subject of

the following section.

5.3 Interaction Matrices

5.3.1 Introduction

The study parameters requires an understanding of their interactions with other

parameters. The important and relevant parameters can only be identified by reference

to their role in the sequence of interactions that occur to produce mechanically

undesirable situations. This was demonstrated in the previous section for pre-defined

mechanism scenarios. It has already been commented that these networks represent only

one possible route to the desired mechanism. Consequently, there is also a need to know

other mechanisms that may be of detriment to our engineering objectives, which in turn

requires an assessment of all possible interactions and their networks.

Rock interaction matrices, developed by Hudson (1989), are a presentational tool to

represent the mechanisms and interactions between the main factors in the rock mass and

rock engineering process. Figure 5.7 shows a 6 by 6 matrix, that is in fact part of a

much larger 12 by 12 matrix developed to illustrate typical interactions between factors

relevant for rock slopes. A similar matrix but with a different suite of parameters has

been developed to show the typical interactions and mechanisms for underground

excavations (Hudson 1992). The matrix is developed by listing the main parameters

along the leading diagonal of the matrix. By using a clockwise rotational system, the

influence of one parameter on another, i.e. how they are coupled, is illustrated in one

of the off diagonal boxes. For a 6 by 6 matrix there are 30 off-diagonal interactions and

a 12 by 12 matrix has 132 interaction boxes.
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Stress on the Discontinuity Geometry is illustrated in Box 6,3; stress can cause
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two leading diagonal matrix terms. An alternative illustrative mechanism for Box 6,3

could be that rock stress closes the discontinuity aperture.
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Figure 5.7: A rock interaction matrix showing some illustrative interactions for rock

slopes (Hudson 1992)

There are several aspects apparent from this matrix. First the quantities in the leading

diagonal of the matrix are subjects or information rather than physical quantities. This

structure allows a comprehensive identification of the binary interactions between two

subjects. The interdependency between the subjects is shown and the matrix is

asymmetrical where Iij # Iji because it depends on which parameter is the dependent
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and independent (controlled) variable and this is not always the same because of path

dependency in the interaction between parameters (see Hudson & Harrison 1992). Not

all matrices are asymmetrical, especially for quantities considered to be in equilibrium

conditions, such as the stress tensor. The ramifications for studying the overall problem

in parallel aids a comprehensive understanding of factors involved. Only binary

interactions are considered within this matrix but this presentational technique increases

ones awareness of their importance by considering the interactions rather than the

individual parameters, and this structure forms the basis for the proceeding methodology.

The terms used in the matrix could originate from the rock , site and engineering project

parameter categories listed in Chapter 4. In fact, the influence of construction on the

rock and site parameters and their influence on the construction is one of the prime

concerns in rock engineering. Therefore, for a comprehensive study of the possible

interactions and mechanisms, a matrix comprising of a number of factors from each of

the parameter categories will typically be required for any rock engineering matrix.

Originally, the matrix was considered only in terms of binary interactions. From the

research presented in the previous sections, the rock engineering interaction matrix has

been viewed from a new perspective leading to the development of a new theory. The

purpose of this section is to briefly introduce the concepts of this rock engineering

systems theory, using the matrix presentational technique, in an attempt to structure rock

mass and rock engineering processes. A more detailed comment and analysis of all the

concepts developed by the use of matrix techniques to rock engineering is given by

Hudson (1992) in Rock Engineering Systems: Theory and Practice, which the author of

this thesis made contributions along with other colleagues in the REMIT team. It is not

the aim of this section to cover in detail many of the topics raised in this book, but

rather to introduce the subject along with some of the concepts that provide a basis for

its application to two case studies in the following chapters. In Chapter 8, systems

theory will be discussed in more detail to link the overall rock engineering system

concepts from the theory of systems, and to refine the methodology in light of the two

case studies.

Initially, the concepts and aspects of the binary representation of interactions, via the
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interaction matrix, will be presented. Matrix coding techniques will then be deployed to

semi-quantitatively indicate the relative importance of each interaction. The concepts and

interpretation pertaining to parameter constellations in Cause and Effect space obtained

from the interaction coding will be discussed. The theory developed will then be applied

to the situation encountered in pressure tunnels as a continuance of this generic case

study. Matrix pathway concepts will then be introduced to restructure the directed

networks developed in the previous section. Finally the structure of the generic rock

engineering methodology developed so far will be presented as a precursor to its

application to two case studies in the subsequent chapters.

5.3.2 Resolution of the Matrix

As with the examples shown in the networks, the resolution of the matrix can also be

increased to aid the study of more detailed parameter interactions. The hierarchy of

parameters as classified in Chapter 4 demonstrates one way that the parameters can be

divided into component groups (although it will be commented in future sections that

this hierarchy has limitations in the context of the mechanistic behaviour).

(nr nçn1iitinn mitn

- -'.-	 JIILLJU £Z1LLL*

Figure 5.8: Matrix hierarchy in terms of parameter resolution.
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The coarsest level of resolution can be considered to contain the factors of rock, site and

engineering project. At this level, which is considered to be the top level in the matrix

hierarchy, the interactions will be incredibly complex and very difficult to decode. The

finer the matrix becomes, which involves breaking down the parameters into their

constituent parts, the more tractable and simpler the interactions become, although the

number of interactions increases. However, if the parameters are broken down too far,

a limit is reached where the number of components becomes unwieldy. There is

therefore an optimal level in which analysis can be preformed. This level depends on

the objectives for building the matrix. It has been shown that field measurements and

observations can be considered to lie on a higher level than those used in more detailed

analytical analysis. Figure 5.8 illustrates the concept of matrix hierarchy. 	 -

Another aspect of matrix hierarchy is to consider the interactions in hierarchical form.

Compound mechanisms can be studied such that if the influence of A on B is AB, then

the influence of AB on C can be considered to be (AB)C, as illustrated in the Figure

5.9. This is a convenient way to consider tertiary interactions in binary form. This is

possible for some parameters especially where subdivision is used to simplify the

definition of the parameter.

AABAC

1BA B:BC'
L_. I

....

Binary Interactions	 Teziary Interactions	 Mixed Resolution
Matrix (AB)C

Figure 5.9: Matrix resolution: The (AB)C concept.

There is one difficulty in the hierarchy structured this way and this can be illustrated by

considering what happens when one parameter changes in the system. Figure 5.10 shows

the same 3 by 3 matrix with A, B and C along the leading diagonal. If initially the

system is in equilibrium or steady state, i.e none of the parameters are changing in any
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way, then an initial change in only parameter A, say as a result of excavation, results

in a change in parameters B and C. The total effect on C however, will be due to AC

and BC but B itself will have also changed due to AB. Therefore, the effect on C, which

in fact is the change in state of C, is due to the effects of AB, AC and BC.

Influence of A on B	 Influence of B on C	 Total effect on C
&C

Figure 5.10: The effect on a parameter due to multiple interactions

So far it has been assumed that the interactions are instantaneous. In fact most, if not

all, interactions will have some time dependency and each will probably have different

time constants. Therefore the interactions will take some time to either increase to a

maximum value or decrease to a minimum value. Consequently, the full impact of say

parameter A on parameter B will take some finite time. This becomes more complicated

when several parameters are interacting. The result being that the determination of the

effects on a parameter become extremely difficult to decode due to a lack of

understanding of the time constants of each parameter involved and when they

commenced. The system of parameters will the have to be interpreted in terms of a

continuous system response. Furthermore, some parameters may store mass or energy

and only become operative when a threshold is reacted. When this happens the response

of the connecting interactions may be intensified but the parameter itself may become

inoperative as it has lost all of its mass and energy to the rest of the system. The

consequences for rationalizing and deciphering the actual physical responses and

processes that occur in rock masses, engineered or not, becomes extremely complex. In

Chapter 8, a further examination of the above problems will be discussed.

131



5.3.3 Matrix Coding

As commented, the matrix interactions, as shown so far, comprise subjective and

qualitative assessments of the interaction subject. Some of these interactions may, from

rock mechanics theory or general understanding of rock engineering processes, be

considered more important than others. In fact, some interactions may have been rarely

studied before, so knowledge of their relevance may be limited. Accordingly, methods

to code the matrix interactions could aid the determination of the relative importance of

the interactions and the subsequent priority of the parameters involved.

There are considered to be two matrix coding philosophies: objective coding based .on

the physical interaction intensity and subjective cod ng based on the influence of an

interaction directly to the engineering objectives. These are shown in Figure 5.11.

In the first case of objective coding, five methods of coding the interactions, which

range from the simple to the complex, have been proposed by Hudson (1992). The

simplest form requires the determination of whether the mechanism is turned on or off.

The matrix interactions are then coded either one for on or zero for off. The second

method of coding is a more refined application of the on and off method. This rates the

interactions on a scale of zero to four, such that when no interaction occurs the matrix

is coded zero and when the interaction is considered highly interactive, the value four

is used.

The next method is based on the character of the relation between the two parameters,

according to the gradient of the interaction. This can be performed when there is some

near linear relation between the functions of the parameters. For example, a horizontal

straight line represents no interaction and a sub-vertical line represents a highly intencive

interaction.

The increasing complexity in coding the matrix with the fourth and fifth methods of

partial differential equations and explicitly via complete numerical analysis, respectively,

require very detailed information which will rarely, if ever, be available.
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Objective based Coding Techniques

1. Binary - Mechanisms are switched on or off: (1.0)

2. Expert Semi-Quantitative:
0 - No interaction
I - Weak interaction
2 - Medium interaction
3 - Strong interaction
4 - Critical interaction

3. According to gradient of line

Pj	

Pi	

Pj

No interaction	 Moderate interaction

4. More numerically via solution to partial differential
equations, e.g. solution to first order is exponential
or negative exponential.

5. Explicitly via complete numerical analysis of mechanism.

Subjective Coding Technqiue
Subjective coding method base on interaction's benefit or
detriment to project objectives.

+2 Strong useful interaction
+ I Weak useful interaction

0 No interaction
- 1 Weak adverse interaction
- 2 Strong adverse interaction

Figure 5.11: The matrix coding techniques (after Hudson 1992)

The second coding philosophy, involves coding according to the influence and

importance of the interaction between the two parameters i'wolved on the engineering

objectives themselves. In this case, a suitable coding strategy involves determining

whether the interaction involved was of benefit or detrimental to the engineering

objectives. A scale ranging from +2 to -2 could be used, where interactions of great

benefit are given a code of +2 and interactions of great detriment to the engineering

given a coding value of -2. A zero coded interaction would therefore represent an
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interaction of neutral influence on the engineering objectives.

In this section, the coding methods used will be based on the second method of the

objective based procedure, described above. The relevance and implications for the

application of the other methods will be commented upon later in the thesis.

Essentially, the coding methods can be used for two purposes:

i) To identify individual critical interactions out of many.

ii) To identify critical parameters by consideration of their role in whole system.

5.3.4 Cause and Effect PLot

It has been shown that for a parameter the column interactions represent how a

parameter is affected by the other parameters and that the rows interactions represent

how that parameter is affected by the other parameters within the matrix. The coding

assigned to each interaction can be used to quantify the combined effect on the

parameter and its effect on all the others. Figure 5.12 shows one way to indicate the

significance of a parameter, P by the summation of the coding in the rows and columns.

The summation of the coding values in the rows can be considered to be the total effect

of a parameter on the system of parameters and the sum of the coding values in the

columns is the total effect of the system on the parameter. These have been respectively

termed the Cause and Effect (C,E) values for a parameter. The system in this case, is

all the parameters considered along the leading diagonal of the matrix. Consequently,

a plot using the co-ordinates of Cause and Effect can be produced.

There are several attributes concerning parameters in Cause and Effect space. These are:

i) Parameter intensity;

ii) Parameter dominance; and,

iii) Average system intensity.
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Figure 5.12: The generation of Cause and Effect values (Hudson 1992)

Each parameter will have a degree of intensity and dominance as shown in Figure 5.13.

In the C,E plot a line representing equal Cause and Effect is shown. The intensity of a

parameter is how far up the parameter lies related to the C = E line. Dominance depends

on far away a parameter is from a perpendicular to the C = E. If the parameter has a

greater Effect than a Cause then it is said to be subordinate. If the parameter has a

greater Cause than an Effect it is said to be dominant. Should a parameter lie on the C

= E line then its effect on the system (all the other parameters) is the same as the system

(all the other parameters) has on it. If the matrix was symmetrically coded then all the

parameters would lie on this line as the architecture of the matrix results in the sum of

the Cause and Effect values being equal for each parameter. Only in certain

circumstances will asymmetrically coded matrices have parameters which lie on the

equal Cause-Effect line.
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Figure 5.13: Parameter interaction intensity and dominance (Hudson 1992)

EFFECT

Therefore C- E.and P
lies on the C-E line of the

Cause-Effect diagram

Figure 5.14: The mean position of all the parameter points lies on the C = E line.

(Hudson 1992)
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The average intensity of the system is determined from the mean of either the sum of

the Causes or Effects as shown in Figure 5.14. This is the centre of gravity of the

parameter constellation. Different parameter constellations occur with different

engineering parameters and engineering objectives, as demonstrated by Hudson (1992)

for the generic systems typically associated with rock slopes and underground

excavations.

Having briefly presented the theory of the Cause and Effect parameter constellations,

consideration will now be given to its application and interpretation to the pressure

tunnel problem.

5.3.5 Cause and Effect Assessment of Pressure Tunnel Interactions

Matrix Coding

intact
Ri,ck	 3	 2	 1	 1	 3	 2	 2
Quality_______ _______

2	 .:Mas$	 2	 1	 1	 4	 3	 4
Structur

1	 4	 umtry	 2	 3	 3	 4	 2

1	 1	 1	 3	 4	 4	 2

LinI.

1	 1	 1	 3	 Mthinica	 2	 3
Dthi.ur

1n Situ
2	 1	 2	 4	 4	 4	 2

2	 1	 1	 2	 3	 4	 1

2	 1	 2	 2	 1	 4	 3	 ..*a'etc

£14

£17

£19

£16

m
£14

£19

£14

15

Eli	 £12	 £11	 £15	 £16	 £25	 £22	 £16
EFFECT

Figure 5.15: Coded matrix for pressure tunnel interactions
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To demonstrate the general approach, Figure 5.15 shows a coded matrix using the zero

to four method for the generic system of parameters and interactions associated with

pressure tunnels. Eight factors have been selected and placed along the leading diagonal

of the matrix in the order of rock properties, site parameters and engineering project

factors. These were primarily based on those selected in the directed network (Figure

5.2) for the conditions of hydraulic jacking and shearing. In this example, the matrix

represents all the possible interactions between all the parameters considered.

By considering the coding of the matrix for pressure tunnels, it can be seen that the

factors that contribute to the necessary criteria for the conditions of hydraulic jacking

and shearing have been coded with the maximum value. In this case the direct

mechanical influence of one parameter on another is directly equivalent to the

significance of the interaction on our engineering objectives.

Incorporated in the generic coding is some understanding of the relative or typical values

of the parameters concerned. For the matrix shown, the effect of stress and excavation

on the intact rock quality are both given a coding value of 2, suggesting an interaction

of medium intensity. However, it could be questioned whether the value is unique for

the interaction. If the intact rock strength was sufficiently low and the in situ stresses

high, then this interaction may have a much higher coding value. Therefore, it is

considered that there is no unique generic coding value for the interactions between the

parameters using this coding system. The main reason for this is that most relations

between two parameters are non-linear. The 0 to 4 coding method assumes a linear

relation between certain limits in the parameter values. There are aspects of this coded

matrix that require further discussion.

First, the interaction coding between only the rock properties themselves, suggest that

the parameters selected are not mutually exclusive, as none of the coupled interactions

have a zero coded box. Many of these interactions will only occur via a process that is

not explicitly expressed by the parameters themselves, but should one rock parameter

change, then the other is likely to do so as well. Accordingly, the coding in this case is

based on a correlation between the parameters.
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Second, the properties of stress and the internal water introduced in the pressure tunnel

both act as a stimulus on the rock mass and the engineering structure, but their intensity

and variability is controlled by the rock and excavation parameters. In this case, the

interactions are the direct result of a process between the two parameters concerned,

unlike many of the purely rock interactions. If the in situ stress is considered, this

parameter, when measured at a point in the rock mass, is a function of all the parameters

which affect it, the degree of which is expressed for the parameters selected in the

coding of the stress column interaction.

Finally, excavation is a parameter that initiates major changes and responses in rock and

site factors. Consequently, the matrix excavation column represents the way the rock and

site parameters affect the engineering. The matrix excavation row represents the way the

construction affects the rock and site parameters. Both the excavation row and column

interactions epitomize the information that is needed for desiga and that require

evaluating to satisfy and optimize the engineering objectives. Hydraulic jacking and

shearing are not explicitly defined in this matrix as these occur through a sequence of

interactions, not just the binary interactions as shown in the figure.

Cause and Effect Plot

In Figure 5.16 a "Cause and Effect" plot for the interactions coded in Figure 5.15 for

pressure tunnels. The parameters plotted in Cause vs. Effect space produce a

constellation in the upper right hand part of the figure.

For the pressure tunnel Cause-Effect diagram, the order of the parameter dominance and

intensity from the highest to the least is as follows:

Order of Parameter Dominance
1. Discontinuity Geometry
2. Rock Mass Structure
3. Intact Rock Quality
4. Discontinuity Aperture
5. Excavation
6. Discontinuity Mechanical Behaviour
7. Stress
8. Internal Water

Order of Parameter Intensity
1. Stress
2. Internal Water
3. Excavation
3. Discontinuity Aperture
5. Discontinuity Geometry
5. Discontinuity Mecbanical Behaviour
7. Rock Mass Structure
8. Intact Rock Quality
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CAUSE

Parameter	 C,E

R Q. Intact Rock Quality	 14.11

IM.S Rock Mass Structure	 17.12

D.G. Discontinuity Geometry	 19,11

D.A Discontinuity Aperture 	 16.15

)MB Discontinuity Mechanical Behaviour	 14.16

Str. Stress	 19.25

1W. Internal Water	 14.22

Es. Excavation	 15,16

P Average System Intensity 	 16.16

Figure 5.16: Cause-Effect plot for pressure tunnels

It is now worth considering the engineering significance of the Cause and Effect plot as

demonstrated by the pressure tunnel example and questioning the engineering

ramifications of the intensity and dominance.

Interpretation of the Cause and Effect Plot

Stress, internal water and excavation are considered the parameters with the highest

intensity and are thus highly interactive parameters. If a parameter has a high intensity

then its measurement is likely to be highly sensitive to the other parameters that

influence it. They will also will have a dominant role in the behaviour of the rock mass.

In engineering terms there may be very little that can be done except relocate the

140



engineering project into a lower stress regime or orientate the engineering such that its

axis is parallel to the major principal stress direction. This will reduce the deviatoric

stresses perpendicular to the excavation which is beneficial to the objectives of tunnel

stability. However in the case of pressure tunnels, if may be more preferable to have the

minimum principal stress aligned along the tunnel axis as a higher deviatoric stress

increases the confining stresses around the excavation, which is more beneficial for the

containment of the internal water pressures. Therefore for the objectives of confinement

the best place for stress to be located would seem to be in the bottom right hand corner

of the Cause-Effect plot, i.e. to have a high Cause but low Effect. Nevertheless, the high

stresses may cause other mechanisms of detriment to other objectives, such as immediate

tunnel stability.	 -

It is interesting to note, that many of the rule of thumb methods developed for

determining the location and confinement criteria for pressure tunnels (such as those

known as the Vertical, Norwegian and Snowy Mountains criterion for confinement, as

discussed by Broch 1984) essentially only contain functions of stress, internal water

pressure and excavation location and orientation. The minimum stress needed to contain

the internal water pressure is derived from the stress due to the overburden weight of

rock cover above the tunnel location and the static head of water in the tunnel. However

none of these criteria consider the influence of discontinuities in these mechanisms.

The rock mass structure and discontinuity geometry parameters, which are a function of

the rock mass structure, are the most dominant parameters. Intuitively, these parameters

could be expected to be dominant as they control many of the processes and mechanisms

that occur in engineered discontinuous rock masses and they are rarely affected unless

new fractures are being created, via excessive blasting, failure of intact rock or other

such processes.

The parameter of internal water pressure and flow is located in a region of moderate

intensity and low dominance (subordinacy). This may again be considered undesirable

for preventing water leakage, although it may be no more desirable for the internal water

to influence the other parameters more. Consequently, the possible optimum position for

the internal water pressure and flow is on the C = E line, i.e. of neutral overall effect.
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The location of parameters in the C-E plot only has significance in terms of the

engineering objectives and the optimum location of the parameters can be considered to

be a compromise between the different engineering objectives.

Following with a similar theme, the next section will consideration some wider

implications and ramifications of the interaction matrix and parameter constellations for

evaluating engineering alternatives.

5.3.6 Evaluating Engineering Strategies

In any rock engineering situation, there will be a number of constraints that will limit

the engineering options available. In addition, some parameters can be altered by ground

improvement techniques and some cannot. Hudson, Sheng and Arnold (1992) showed

conceptually how a matrix system operates when a parameter is effectively deleted from

the system. A case study, the Fei-Tsui Dam in Taiwan, was retrospectively used for this

purpose. At this site, one of the major concerns during the construction and excavation

of the dam abutments was the presence of a weak fill material located within the

discontinuities and bedding planes of a massively bedded sandstone and siltstone rock

mass. The fill material was considered to have a too low a shear strength which may

have influenced the stability of the dam abutment. Concern was also focused on the

leakage potential if this material was eroded and washed out.

Twelve parameters were selected as the leading diagonal of the matrix, representing

those relating to the main aspects of concern for the dam abutment. The engineering

options depend on which parameters can be changed and which cannot.

It was found that many of the potential instability mechanisms could be avoided if

attention was placed on the discontinuity mechanical properties. The filling material in

between the discontinuities was thus removed and filled with cement grout. Figure 5.17

shows the process performed to removing the filling material.
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Figure 5.17: Washing out the discontinuities at the Fei-Tsui Dam.
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From the parameters selected, the possibility to alter them is as follows:

Matrix	 Parameter	 Ability to alter
no.

P1
P2
P3
P4
PS
P6
P7
P8
P9
plo
P11
P12

Overall Environment
Intact Rock Quality
Discontinuity Geometry
Discontinuity Mechanical Properties
Rock Mass Properties
In Situ Rock Stress
Hydraulic Conditions
Slope Orientation/location
Slope Dimensions
Proximate Engineering Disturbances
Support / Maintenance
Construction

cannot be altered
cannot be altered
cannot be altered
can be altered
can be altered
cannot be altered
can be altered
essentially fixed
essentially fixed
can be modified
can be modified
can be modified

Table 5.1: Interactive mechanisms removed by the deletion of a parameter.

4,1

4,2

4,3

4,4

4,5

4,6

4,7

4,8

4,9

4,10

4,11

4,12

1,4

2,4

3,4

4,4

5,4

6,4

7,4

8,4

9,4

10,4

11,4
12,4

Matrix row 4 interactions

Treated discontinuities lead to better
overall environment
Joint movement inhibited, less
effect on intact rock
Strong joints inhibited formation of
new joints
Discontinuity mechanical -
enhanced by treatment descnbed
Stiffer discontinuities give better
rock mass properties

Treated discontinuities have less
effect on the in situ stress
Filled discontinuities inhibit water
flow
Stronger discontinuities give safer
slopes
Increased cohesion allows higher
slopes
Stronger joints allow closer proxi
mate disturbances
Treated joints require less support
and maintenance
Stronger joints allow greater flex
ibility during construction

Matrix column 4 interactions

The overall environment has less
effect on the discontinuities
Weak intact rock has less effect on
discontinuities
Number of effective discontinuities
reduced
Discontinuity mechanical properties
enhanced
Discontinuities less effected by mass
behaviour
Discontinuities less effected by in
situ stress
Disconunuities less effected by
water flow
Position of slope will not affect
discontinutues
Discontinuities not susceptible to
high slope effects
Discontinuities less affected by
blasting
Less support required
Many construction problems mini
mized
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20

15

E

F

10

21

13,10
16.11

17,10

0.0
11,13

15.21
12,18
13,14

14,14

As the discontinuity mechanical properties are located along the leading diagonal at

position 4,4, the parameters and interactions thus affected by the treatment of the

discontinuities are located along the associated matrix row and column. Row 4

represents how the improved discontinuity mechanical properties affect the other

parameters and column 4 shows how the improved discontinuity condition is influenced

by the other parameters in the 12 by 12 matrix. The 22 interactive terms that are

affected are shown in Table 5.1.

21
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LM.S Rock Mass Structure
D.G. Dtscoounwty Geomeuy
D.A. Dscontmuity Aperture
).M.B Dscoounuity Medtamcal Behaviour
Sir. Stress
I.W. internaiWater
EL Excavation

Average System Intensity

Figure 5.18: The effect of deleting a parameter from the system.

In view of the above case example, an analogous option to reduce the mechanisms

associated with leakage from pressure mnnels would be to grout the discontinuities, thus
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effectively deleting the aperture in the matrix. In this case all the coding values in the

row and column of the discontinuity aperture would become zero. The sum of the

Causes and Effects for each parameter would consequently change but it is the row or

Cause of the aperture that reduces the Effect of the parameter concerned and vice versa.

This results in a variable change in the C and E co-ordinates for each parameter in the

matrix as shown in Figure 5.18.

The consequence of the effective deletion of the aperture is to reduce the intensity of all

the parameters and the dominance of, in particular, the internal water, which may

particularly desirable for the objectives of water containment. The other parameters that

can be altered could similarly be adjusted to improve the overall rock mass performance

until the parameter constellation Suits the engineering objectives.

5.3.7 Mechanism Networks derived from the Matrix System

In the discussion on interaction matrices, only the binary interactions between two

factors have been generally considered. The matrix and the coding illustrations shown

have tended to be an amalgamation of typical interactions that occur before, during and

after construction. Consideration therefore needs to be given the study of three or more

parameters interacting concurrently or consecutively.

The directed networks shown in Chapter 5.2, provided one method for illustrating the

consecutive and concurrent sequence of interactions for specific pre-defined mechanisms.

By considering all the possible interactions that could occur, as represented by the

interaction matrix, it is necessary to consider how the pathways through this matrix can

be established so that all the potentially disastrous sequerce of interactions can be found

objectively.

The zero to four coding method is applied depending on the expertly judged intensity

of the interaction between the parameters. The actual physical manifestation of the

interaction will depend on the specific values of the parameters involved. Also, the

consequences of an interaction coded with a value of "4" when compared with another
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of the same value are not the same, as the parameters are not of the same units i.e. the

coded interactions are not comparable on the equal basis. Other coding methods as

shown in Figure 5.10 will be more appropriate for this type of analysis and is a subject

for future work. This along with other limitations (that will be discussed in the following

chapters), effectively means that mechanism pathways can only be determined

objectively once the parameters, interactions and coding techniques have been developed

further.

Nevertheless to demonstrate and visualize the use of the matrix and how coding values

could be used in a preliminary pathway evaluation, the pressure tunnel matrix shall be

used to develop the sequence of interactions for the mechanisms of hydraulic jacking

and shearing as originally shown in the directed network (Figure 5.2). Figure 5.19 show

the principal interactions at selected stages in the engineering process, via matrix

presentation. The pathways selected in the figures have been chosen to go through

essentially only those coded with a value of 3 or 4, the high and critical interactions and

through those interactions which will lead to the mechanisms of hydraulic jacking and

shearing.

First, if it is considered that the rock and site interactions are at equilibrium or steady

state before rock engineering is commenced, then excavation will provide the first

substantial kick to the system of parameters. Internal water at this time has not been

introduced so all the interactions associated with this parameter are turned off and coded

zero. If it is assumed that excavation does not greatly affect any of the rock properties

(by use of say a tunnel boring machine instead of blasting), then only the stress state is

directly affected. The perturbed stress state will then influence those interactions which

are coded highly, in this case the discontinuity apertures and the behaviour of the

discontinuities may be affected. These parameters will then kick back at stress until

equilibrium is established. Mean while the only interaction which has any real effect on

the excavation is considered to be the rock mass structure. In this case it is interpreted

as being the discontinuity intersections of the tunnel boundary. Once excavation is

completed, the matrix shows the four factors which have been altered in some way.
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Figure 5.19 (left and right pages): A matrix pathway showing the sequence of

interactions for hydraulic jacking and leakage in pressure tunnels
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Some rock and site parameters
have been altered by

excavation and the tunnel is
intersected by discontinuities.

The internal water in the
pressure tunnel is switched on,
as the water enters the tunnel.
This cause a redistribution of
the stress around the tunnel.
The discontinuity properties

adjust accordingly.

The internal water in the
pressure tunnel exceeds the

stress across the tunnel
intersecting discontinuity and

opens it. Water leaks into
open discontinuites causing

hydraulic jacking and shearing
in the near field.

Water flows into the rock
mass structure and into the

far field stress field.

In the far field stress regime,
the effects of the excavation

are insignificant, and is
turned off. The water flow in

the discontinuity network
from the near field regime
could exceed the far field

stress state across the
discontinuities causing
hydraulic jacking and

shearing, thus resulting in
significant leakage.
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When the internal water in the pressure tunnel is introduced, its main effect is to change

the stress state again. This causes another cycle of interactions between stress,

discontinuity mechanical behaviour and discontinuity aperture. At some location in the

tunnel, the water pressure may exceed the stress around the tunnel. Once this has

occurred waler may flow out of the discontinuity intersecting the tunnel boundary. As

the stress required to initially open the fracture is greater than the pressure needed to

increase its aperture (it is assumed that there is no water pressure decrease on initial

fracture opening), this water pressure can cause hydraulic jacking and shearing in the

near field stress regime. The result is leakage into the far field stress regime via the rock

mass structure and its conductive network. Consequently, if the water pressure in a

fracture at some location is greater than the stress state across the fracture, then

sufficient leakage can occur.

This example represents a simple illustration of a complex mechanism by virtue of the

number of interactions involved. At any stage through the sequence shown, it may have

been possible for other interactions to become dominant and have a detrimental impact

on the engineering objectives. Due to the limitations of the coding and the parameters

selected, the analysis of multiple interaction mechanisms is still relatively subjective.

5.4 Outline of the Developing Methodology

So far in this thesis, a review of conventional rock mechanics and rock engineering has

be presented. This has been followed by a study of rock engineering parameters to

develop the concepts regarding parameter resolution and hierarchy. The interactions and

mechanisms were shown to be a missing element that required structuring into a

methodology. This was initiated by developing directed networks for pre-defined

mechanisms. This highlighted the sequence of interactions developed from a base line

suite of parameters could be structured towards instability mechanism scenarios. This

had ramifications for the development of classification algorithms and with more detailed

parameter resolutions, a more mathematical and analytical approach could be created.

Because these directed networks were effectively manipulated towards the desired

mechanism, a more objective approach was needed to structure all possible interactions
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and mechanisms.

The interaction matrix provided the means in which to start to structure the interactions.

Coding of the matrix and the use of the Cause and Effect plot of parameter

constellations has aided the interpretation of the role of parameters within a system. This

provided insight into how the parameters can be considered within Cause and Effect

space with respect to the engineering objectives. The pressure tunnel case example has

so far provided a basis for structuring these interactions, first from a parameter study,

followed by the directed networks and finally to the interaction assessment and a picture

of how the mechanism pathways may be structured.

Consideration of the engineering objectives have been used to direct parameter selection,

to aid the interpretation of the Cause and Effect plot and as a means for evaluating the

effects of different engineering stabilization options.

Objecti

Figure 5.20: The preliminary structure of the rock engineering methodology

A methodology is clearly being developed. The methodology has three main levels

comprising parameters, interactions and mechanisms. In Figure 5.20, the basic levels are
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shown, where an analytic modelling strategy is employed to break down the problem

from the objectives to the required level of parameter resolution within the parameter

hierarchy, via identification of mechanisms and interactions of detriment to the

engineering objectives. At the baseline parameter level for the project circumstances,

synthetic modelling tactics are used to build up the mechanistic model. In this way the

benefits of both modelling techniques are utilized.

In the following chapter, some of the concepts and techniques developed within this

overall structure will be applied to two rock engineering case studies to establish the

practicalities of the approach to actual rock, site and engineering situations.
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PART 3

Implementing the Methodology
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CHAPTER 6

Case Study I: The Underground Research

Laboratory

A Strategic Application of the Methodology

6.1 Introduction to the Case Studies

In the previous chapters, the developing rock engineering methodology has been

outlined. In this and the following chapter two case studies will be analyzed using the

concepts and techniques developed so far. It will be shown that these concepts and

techniques aid the structuring of the global rock engineering problem in terms of the

mechanisms, interactions, parameters and the project objectives.

In the first case study, the Underground Research Laboratory (URL) in Canada, a state-

of-the-art rock engineering project studying the feasibility for the deep underground

disposal of high level nuclear waste will be used to strategically demonstrate the validity

of the underlying concepts within the methodology. This will involve the structuring of

the information obtained from major experiments on the fundamental behaviour of

essentially naturally unfractured rock masses. In the second case study, a sequence of

constructed rock slopes in Spain will show how the more tactical aspects of the approach

can be used to classify and rank the rock slopes based on the interaction intensity and

dominance of parameters.
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6.2 Introduction to the Underground Research Laboratory

The Site Layout

The Underground Research Laboratory (URL) forms part of the Atomic Energy of

Canada Limited (AECL) research and development programme for the safe disposal of

nuclear fuel waste. The AECL concept for nuclear waste disposal calls for the deep

placement of high level waste typically at depths between 500m to l000m, in a plutonic

rock mass (Chandler & Martin 1991). The site selected for this research is located within

the Lac du Bonnet granite batholith, some 100km northeast of Winnipeg in Manitoba,

Canada (Figure 6.1). The waste fuel containment concept, presented in Figure 6.2, shows

the rock as the final containment barrier preventing release of radionuclides from the

stored waste. It is therefore imperative that the integrity of the surrounding rock is

maintained and its behaviour understood. No waste is to be stored at the URL site and

one of the objectives of the whole research programme is to develop optimal testing,

measurement, characterization, modelling and construction techniques, to allow the

transfer of information and techniques to alternative sites within the Canadian Shield as

a precursor for the permanent disposal of high level radioactive waste.

,,'.Ne1

W

I 30 Level

240 Level

300 Lcvcl

420 Level

Figure 6.1: URL Location Map
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Figure 6.2: The Borehole Emplacement Concept.

The Application of the Methodology.

In view of the numerous projects undertaken at the URL site and the overall complexity

of underground high level nuclear waste disposal, the methodology concepts developed

in the previous chapters will be focused on three aspects of the URL research

programme: geological characterization, the Mine-by Experiment and the Stress

Prediction Programme. Analysis of these three topics will highlight some of the many

important factors which need to be studied for the safe disposal of nuclear waste.

A thorough geological characterization of the URL site is essential to establish the past

and present processes which define current state of the rock mass. This will enable the

controlling rock and site properties to be established thus delineating the boundary

conditions for the rock engineering. In addition, the transfer of information from this site

to another will depend, principally, on the similarity between the boundary conditions

and controlling parameters of the rock masses. An interaction matrix will be used to

illustrate the interactions studied and their possible causes and consequences.

The Mine-by Experiment is a multiphase experiment concerned with studying the

engineering induced response of the rock and site parameters to a controlled excavation
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process. By extensive monitoring of the controlled excavation process, the excavation

induced mechanisms can be studied. An interaction matrix will iitructure how the

interactions of the rock and site properties contributed to the layout and location of the

mine-by tunnel and the effects of construction on these parameters will be discussed

with respect to the experiment objectives.

The Stress Prediction Programme examined the factors that could influence the transfer

of in situ stress data from one area to another. The interaction matrix will initially

illustrate the structure for the basis of the stress prediction and the possible interactions

which could lead to errors in the stress measurement and its deteninination. Simple

pathways through the matrix will retrospectively highlight possible causes for the

disparity between measured and predicted results.

The URL research can be considered to be a controlled investigative programme where

the level of collated information corresponds to the perceived higlh degree of risk

involved in nuclear waste disposal. This database provides an ideal information source

from which to apply the initial methodology.

6.3 Site Characterization

6.3.1 Matrix Structure

Initially four parameters will be selected to form the leading thgonal of a rock

engineering interaction matrix. These are listed in the following order such that:

Intact Rock	 Parameter 1

Discontinuities	 Parameter 2

Stress Direction	 Parameter 3

Stress Magnitude	 Parameter 4

The notation is used throughout this section is interaction I.X/Y represents how

parameter MX" influenced parameter MY"
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The interactions between these parameters will be used to illustrate the geological and

geomechanical setting at the URL site area. In Figure 6.3, a diagrammatic interaction

matrix is presented showing information illustrating each interaction. The diagrams in

the interaction boxes were obtained from Martin (1991).

In the following discussion, each interaction will be discussed in more detail to examine

the principal causes and reasons thought to be behind the interaction and where relevant

its implications to the engineering objectives.

6.3.2 Description of the Interactions

LR.
	 1.1/2 The effect of the intact rock on the discontinuities

The geological block section in the interaction box figure shows the

location of the sub-horizontal thrust faults, sub-vertical discontinuities and

the geology in the URL area. The sub-vertical discontinuities are located

predominately in the pink granite. The occurrence and development of these sub-vertical

fractures has been attributed to the processes which occurred during thrusting along

Fracture Zone 2. Alongside Fracture Zone 2 is a curved xenolithic layer, which during

shearing could have produced brittle extensional stresses in the rock above; analogous

to that produced in the bending of a beam. This could have resulted in fractures at 900

to the direction of thrusting (Martin 1989).

1.1/3 The effect of the intact rock on the stress direction.

The mechanisms described in interaction 1.1/2, extensional fractures were

created at 90° to the direction of shearing as a possible consequence of the

curvature of the xenolithic layer. In the pink granite, above Fracture Zone

2, the stress field has been measured to be parallel with the strike of the sub-vertical

fractures. Below Fracture Zone 2, in the predominately grey granite, the direction of the

horizontal principal stress field is at 90° to that above the fracture zone and is

considered to represent the original stress state before shearing of the sub-horizontal

fractures.
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1.1/4 The effect of the intact rock on the stress magnitude.

The magnitude of the major principal stress has been measured to be

greater in the grey granite than in the pink granite, as illustrated in the

interaction box figure. The reasons behind this change in the principal

stress magnitude will be discussed in later interactions pertaining to the effects of the

discontinuities.

1.2/I The effect of the discontinuities on the intact rock.

The fracture zones are the major hydraulic conduits within the granitic

batholith. The pink coloured granite between the surface and Fracture

Zone 2.5 has been attributed to alteration caused by moving groundwater

(Martin, Davidson & Kozak 1990). In this way the discontinuities are considered to have

affected the mineralogy of the intact rock where the unaltered grey granite and the

altered pink granite are separated by Fracture Zone 2.5.

1.2/3 The effect of the discontinuities on the stress direction

In view of the interaction discussed above, it is understood that the
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formation of the discontinuities have greatly influenced the principal stress

direction in the URL site area. First, the sub-horizontal Fracture Zone 2

acts as a stress boundary where the sub-horizontal principal stress direction above the

fracture zone is at 90° to that below. Second, the formation of the sub-horizontal

discontinuities above Fracture Zone 2 are considered to have resulted in the rotation of

the stress direction such that the orientation of the maximum horizontal stress is parallel

to the strike of the sub-vertical fractures.

1.214 The effect of the discontinuities on the stress magnitude

The interaction diagram in Box 1.2/4 shows the change in the measured

vertical stress magnitude with depth. The vertical stress magnitude around

Fracture Zone 2 is greater than the calculated lithostatic stress, as

represented by a stress gradient of 0.0265 MPa/m. The perturbed stress state has been

explained by a conceptual contact stress model and by the influence of Fracture Zone

2. The material within the fracture zone is cataclastic and a region of high permeability

and water storage. The fracture zone therefore has a much lower modulus (E 1 ) than the
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surrounding granite rock mass (E2). The URL shaft, from which these measurements

were taken, is located near a nip or contact point between the granite and fracture zone.

The situation is analogous to the model shown in Figure 6.4, where the stress

concentrates around the contact point due to the different moduli of the material

concerned. A model such as this, may explain the high vertical stresses measured in the

region below and near to Fracture Zone 2 (Martin & Simmons 1992). This situation can

be considered to be a macrocosm of the stress distributions associated with discontinuity

contact points as demonstrated by Hyett (1990) who modelled the stresses surrounding

joint surfaces with photoelastic techniques.

Figure 6.4 Conceptual Stress Contact Model proposing how the measured vertical

stress could be greater than the lithostatic stress (Martin & Simmons 1992).

...:	

1.3/1 The effect of the stress direction on the intact rock.

Samples of granite retrieved from URL boreholes show evidence of stress

induced microcracking which has greatly affected the strength and

deformation properties of sampled material. The microcracks produced by

stress relief on sampling have been measured and shown to have a preferred orientation

that corresponds to the direction of the a 1 , the major principal stress. In cored rock

samples, the intact rock is anisotropic and in some cases core discing has resulted.

However, there is no evidence to suggest that the rock mass is anisotropic in situ where

the existing microcracks remain closed.

1.3/2 The effect of the stress direction on the discontinuities.

As described in many of the other interactions, the stress direction has

influenced the types of discontinuities encountered at URL site.

Accordingly, the joint origin has been used to classify those of shear or
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extensional origin, as Group I and Group II joints, respectively. Measurements of the

joint surface properties have shown that lower joint compressive strength values are

associated with Group I joints, in particular those associated with Fracture Zone 2 - a

discontinuity of shear origin (Martin et a! 1990).

1.4/1 The effect of the stress magnitude on the intact rock

Below the 240 Level, very few natural fractures are encountered and the

behaviour of the rock mass is dominated by the properties of the intact

rock. One of the major concerns at the URL is the development and

propagation of cracks and fractures induced by the engineering process (as they may

provide access for the release of radionuclides). The actual strength of the intact rock

in the short and long term has been greatly studied. The figure in the interaction matrix

shows a stress-strain curve for the brittle material of the Lac du Bonnet granite. This

shows how an applied axial stress influences the development and density of cracks and

the corresponding volumetric change in the sample. The properties of the intact rock are

therefore dependent upon the stress magnitude.

1.4/2 The effect of the stress magnitude on the discontinuities

Apart from the development of the discontinuities as a result of the stress

magnitude exceeding the rock strength, experiments at the 240 Level

studied the influence of excavation and excavation induced stresses on the

behaviour of a discrete water bearing fracture in front of the tunnel. Although the stress

change due to excavation is not explicitly shown in the figure in the interaction matrix,

the change in the effective hydraulic aperture is partly a result of the change in stress

magnitude across the discontinuity due to the proximity of the advancing tunnel.

6.3.3 Discussion

From the above discussion of the interactions illustrated in Figure 6.3, the interaction

matrix has provided a structure in which some of the geological information obtained

from the site can be placed. The effects of the parameters and interactions have been

discussed from a broad perspective that corresponds to this coarse level of parameter
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resolution. The diagrams presented in Figure 6.3 for each interaction have been selected

based on the information available and published from the URL. It is possible to

increase the resolution of each of these parameters to study more detailed aspects of the

parameters concerned. However, with increasing parameter resolution the amount of

unfilled boxes representing unknown or unstudied interactions in the interaction matrix

will increase. This raises questions as to the level at which interactions should be studied

and whether they need to be at the same resolution level.

The interactions between the stress magnitude and stress direction have been left empty.

The two parameters are so directly associated and coupled that many of the interactions

described are dependent upon both. A matrix without one of these parameters would

inherently deficient.

Some of the interactions illustrated are not the direct binary effects between the two

parameters concerned. For instance, many of the interactions that are affected by the

intact rock (those in the intact rock matrix row) appear to be primarily the result of the

discontinuities and the stress state, rather than the state of the intact rock properties.

Thus, these boxes represent correlations rather than mechanical interactions. If a Cause

and Effect plot was constructed, the intact rock parameters would probably be sub-

ordinate (of low dominance). Whilst this may be easily apparent at a coarse level of

parameter resolution, at finer resolution the subjective assessment of what is the cause

of an effect could be misinterpreted. In fact, at a fine level of parameter resolution, only

by experimentation could the significance of the parameters and their interactions be

determined.

The matrix shown could be expanded to include both heat and groundwater as leading

diagonal terms. These parameters have direct implications for the feasibility of disposing

nuclear waste. Thermal loading from the waste couldi increase the stress surrounding the

rock containment barrier inducing fractures that provide a transport route for

radionuclides by percolating groundwater. Many of the interactions associated with heat

and groundwater may not be fully understood or readily identifiable and, as such, the

matrix presentation could provide a structure for future information and experimentation

requirements. This work is currently being undertaken at the URL.
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In the next section, the introduction of engineering will be included as an additional

parameter to the matrix developed so far.

6.4 The Mine-by Experiment.

6.4.1 Mine-by Experiment Objectives

The Mine-by Experiment is designed to provide information on the rock mass response

to excavation that will be used to assess important aspects of a disposal vault in a

granite pluton (Read & Martin 1991). In the previous matrix, the engineering objectives

were not explicitly defined. The Mine-by Experiment, however, has explicit objectives.

To satisfy these objectives, which will be discussed in detail in the following pages,

consideration of both the effects on and the effects of construction is required. In the

interaction matrix these factors are represented by the column and row interactions from

the construction box parameter. The column interactions represent the factors that

contributed to the experiment tunnel location and orientation, i.e. the design issues. The

row interactions are the effects of construction that are to be initiated for the experiment

objectives. Figure 6.5 illustrates the structure of the Mine-by Experiment as a parameter

added to the leading diagonal matrix terms in the previous site characterization matrix.

Unlike many other engineering projects, the engineering objectives of the Mine-by

Experiment are not directed towards preventing the impact of adverse mechanisms on

the integrity of the rock surrounding the excavation periphery but are directed towards

instigating them. The approach of the Mine-by Experiment is to introduce a first kick

to the rock system by controlled excavation and then to study the interactions generated

as they kick back at construction. The control concepts are thus completely different

from that which would be used for, for instance, a road tunnel and are illustrated in

Figure 6.6. The interactions created by the excavation are monitored from adjacent

access tunnels surrounding the main excavation.

To examine in more detail the basic interactions relating to the design criteria and

experiment objectives, interaction matrices in Figures 6.7 and 6.8 have been developed
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to portray the initial binary interactions. A more detailed explanation of these

interactions is discussed in the following section.

/7r,//

Rock and site characterization
information represented
via interaction matrix.

Vz Z
Z //i,d

,/ -,,

__	 .-

Factors that contribute
to the DESIGN of the
Mine-by Experiment.

CONSTRUCflON effects to be studied
by the Mine-by Experiment based

on the design objectives.

Figure 6.5: The structure of the Mine-by Experiment interaction matrix
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Civil projects typically control 	 Objectives of Mine-by
certain interactions of detriment	 Experiment are to produce a
to the engineering objectives. 	 "First Kick" to the system and

study the "Kick Back"
interactions from the system to

the Mine-by Tunnel.

Figure 6.6: Illustration of how the objectives of the Mine-by Experiment differ from

other civil engineering projects.
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1.1/5 One aim of the
experiment is to

understand die failure
process of the intact

Grey granite.
Test tunnel excavated in

rock with similar
properties.

I.2J5 The Mine-by
Experiment is located in

a region free from
natural discontinuities

below the sub-horizontal
fracture zones

1.3/5 Mine-by
Experiment test tunnel
orientated parallel to

intermediate
principal stress direction

1.4/5 The Mine-by
Experiment test tunnel is
orientated such that the
maximum differential
stress acts across the
plane of the tunnel.

Intact rock failure such
as that encountered in

Room 405 are expected.

RoCk

H
•	 Stress

Figure 6.7: The column interactions of the Mine-by Tunnel
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6.4.2 Description of Interactions for the Mine-by Tunnel

LI/S The effect of the intact rock on the Mine-by Experiment

Geological projections from adjacent excavations indicate that the Mine-by

Experiment test volume intersects gneissic grey granite and granodiorite

dykes. In order to interpret and decode the excavation response for

numerical modelling capabilities, the rock mass parameters need to be as homogeneous

and isotropic as possible, in order to simplify the number of parameters involved.

Consequently, concern was raised as to the different geotechnical properties of these two

materials. Observations from previous excavations at the 300 Level suggested that

excavation induced damage was more pronounced in the granite than the granodiorite.

Difficulties in obtaining representative undisturbed samples from this depth have already

been outlined in the previous matrix. However, excavations at the 420 Level showed no

obvious difference in terms of the excavation induced damage between these two rock

types, suggesting that they have similar mechanical properties (Read & Martin 1991).

Therefore, the different effects of these rock types is considered not to influence

different degrees of excavation induced damage from the Mine-by Tunnel.

The selection of representative rock properties poses a more challenging question, not

only due to the sample disturbance issues but also determining the actual in situ strength

of the rock in the short and long term. As there are no discontinuities present in the test

area, the strength of the rock mass is attributed solely to the strength of the intact

granite. Traditionally empirical rules have been used to reduce the laboratory test

strength to those of the in situ conditions due to scale effects. However, scale effects

studies found that a reduction in the uniaxial compressive strength of 10% could be

attributed increasing sample size. Rate of loading effects also only accounted to a similar

minor change in the pcak compressive strength. One of the aims of the Mine-by

Experiment was to ascertain the strength of the intact rock in terms of the failure

processes as illustrated in the five zones of rock failure shown in matrix figure, and to

develop suitable numerical methods to model the actual observed and monitored

processes which occur during excavation in this rock mass. The study of the intact rock

strength by monitoring and observation is, in fact, the kick back interaction once the

excavation has been performed. Therefore, in this context, this interaction is
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representative of one cycle of clockwise interactions around the matrix.

1.215 The effect of the discontinuities on the Mine-by Experiment

With reference to the above comments regarding keeping the number of

influential parameters to a minimum, the Mine-by Experiment is to be

located within an area free from discontinuities and below the major sub-

horizontal fracture zones. Some fractures associated with the granodiorite dykes were

discovered in borehole investigations but found to be of only limited persistence. The

Mine-by Tunnel is accordingly located within a region which avoids complex rock

structures, thereby avoiding complex boundary conditions and reducing the amount of

instrumentation required to measure the increase in the number of parameters (Read &

Martin 1991). Furthermore, it has been illustrated in previous interactions that Fracture

Zone 2 acts as a stress domain boundary below which the horizontal stresses are

representative of stresses found at much deeper depths in the Canadian Shield. In this

way the fracture zone has aided the experiment to be located at a depth much less than

previously anticipated.

1.3/5 The effect of the stress direction on the Mine-by Experiment.

The Mine-by Tunnel is located such that its axis is parallel to the

direction of the intermediate principal stress. The largest differential stress

ratio (a1/a3) acts in the plane across the excavation boundary. This has

obvious advantages in simplifying the numerical interpretation of the excavation induced

response and in initiating the types of failure mechanisms to be studied.

The quality of the rock surrounding the tunnels excavated on the 420 level have been

shown to be high sensitive to tunnel orientation. Figure 6.9 shows the excavation of

Room 405. Here, the original horseshoe shape of the excavation has been distorted and

an over break has resulted in the top left corner of the picture. Fractures have also been

induced in the excavation floor and along the sidewalls of the excavation. This

excavation is orientated parallel to a2 such that the maximum deviatoric stress is across

the tunnel plane. The maximum principal stress direction is at 10 degrees to the

horizontal, dipping downwards to the left of the picture. This "stress" induced failure has
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many ramifications for the disposal of nuclear waste. The integrity of the rock has been

compromised and allows new potential transport paths of radionuclides. This rock failure

mechanism has far reaching consequences for the safe sealing and design of the waste

vaults. It is this type of mechanism which the Mine-by Experiment is directed towards

understanding. It should be noted that excavations orientated perpendicular to this tunnel

do not have such a pronounced over break to that shown below.
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Figure 6.9: Room 405 on the 420 Level orientated in the a1/a2 plane. The designed

horseshoe shape of the tunnel has been effected by the high sub-horizontal stresses.

1.4/5 The effect of stress magnitude on the Mine-by Experiment

In the interactions described above, it has been mentioned that the stress

state at the 420 level is advantageous for the overall objectives of studying

excavation induced response at depth in the Canadian Shield. The

Canadian concept for waste disposal calls for the vaults to be located at depths between

500m and l000m. Other stress data for the Canadian Shield indicates that the maximum

horizontal stress magnitude at the 420 level falls midway between the average and
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extreme value at I000m depth for other areas of the Canadian Shield (Read & Martin

1992). Therefore the results and findings of the Mine-by Experiment should be

transferable to other localities within the Canadian Shield. Also, the stress magnitude at

the orientation of maximum differential stress ratio is sufficient to initiated fracture in

the rock mass, a focal point of investigation.

fta
1.5/4 The effect of the Mine-by Tunnel on the stress magnitude.

Any excavation in a stressed medium will create a perturbed stress zone

surrounding the tunnel as suggested in the diagram in the interaction

matrix. The principal stress normal and on the excavation boundary will

be zero. The stress magnitudes will be altered for some distance away from the

excavation periphery until the stress magnitude reaches the in situ state of stress before

excavation, typically defined as the far field. The changes in the excavation induced

stresses will be reflected by changes in the strains and displacements in the rock mass.

Extensive monitoring methods using extensometer, CSIRO Hollow Inclusion triaxial

strain cells and geophysical techniques have been installed to measure excavation

induced changes as difficulties in measuring the stress at URL have been encountered

and will be discussed more fully in the following section. The important parameters are

measured explicitly rather than inferring one from the other (Read & Martin 1991).

Predictions of the excavation induced response have been made prior to the excavation

of the Mine-by Experiment through a variety of numerical modelling techniques of

different complexity and constitutive stress-strain relation. This will allow the selection

of the most appropriate modelling codes and techniques to be established.

1.5/3 The effect of the Mine-by Tunnel on the stress direction.

In light of the above comments, the stress direction will also be altered by

the excavation. The perturbed stress direction is paramount to the

initiation and location of fractures induced due to excavation. The figure

in the interaction box, illustrates typical changes in the stress direction as a result of an

excavation under the conditions encountered at the test site.

Both the figures for 1.5/4 and 1.5/3 are illustrations of the typical stress field generated

under the conditions imposed at the 420 Level and were generated from a 2D boundary
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element program: Examine 2D, University of Toronto.

1.5/2 The effect of the Mine-by Tunnel on the discontinuities.

No natural discontinuities intersect the test tunnel. Discontinuities are

however created by the excavation process due to stress redistribution and

by the method of excavation itself. In order to reduced those fractures

which may be created by conventional drill and blast techniques, the excavation method

was based on a full-face machine excavated opening. Cost limitations for such a short

length of tunnel precluded the use of a TBM and the excavation method selected for the

central part of the tunnel was to use line drilling for one metre followed by break out

using hydraulic rock splitters. This method is considered to give minimum induced

disturbance to the excavation wall and therefore minimises the potential intensity of this

interaction.

In a similar experiment on the 240 Level, the Mine-under Experiment was conducted to

study the influence of excavation on the properties, particularly hydraulic properties, of

a discrete discontinuity that was intersected by the tunnel. This interaction was illustrated

in the previous interaction matrix in box 1.3/2.

1.5/1 The effect of the Mine-by Tunnel on the intact rock

Changes in the stress state due to excavation at the high stress levels

encountered at the test site induce micro-cracks around the excavation

periphery parallel to the maximum stress direction, thus changing the rock

properties. Martin & Simmons (1992) comment that "it appears that the process of

creating an excavation in a stressed medium results in cracking of the rock ahead of the

tunnel face. This causes the stress level associated with unstable crack growth, a, to

decrease dramatically to the stress level associated with crack initiation, a,. Thus the

strength of the intact rock around an opening is probably that of the onset of stable crack

growth." This argument is further verified by the disparity between the results of

numerical models which use the peak laboratory strength when compared to the strength

of crack initiation. The v-notch commonly observed in many of the excavations is only

modelled when the latter value, a, is used.

173



6.4.3 Discussion

In this section, the interaction matrix has been used to show how the objectives of the

engineering can be structured by considering the matrix rows and columns. The column

interactions above the Mine-by Experiment parameter have illustrated how the

orientation and location of the main tunnel was established to provide some control to

the experiment objectives. The row interactions show how the engineering initially

influences the rock and site parameters. This row has been interpreted as the first kick

to the rock system.

It is also necessary to consider how the resulting change in parameters kick back at the

tunnel, as illustrated in Figure 6.6, as this would be indicated by a second cycle of

interactions represented in the column interactions above the construction parameter.

Internal observations inside the tunnel are the first visible manifestations of the system

kicking back at the rock engineering. The most pronounced feature of this process is the

v-notch seen in the tunnel roof and floor which is a function of the combined effects of

many and possibly all the interactions in the matrix column. The material initially

broken by these combined processes was removed and this initiated another cycle of

interactions. This continued until the final v-notch was observed. This process shows that

the interaction intensity is decreasing with each fragment of rock removed and is

therefore synonymous with negative feedback.

No consideration has so far been given to the time in which these interactions occur.

Elasticity theory assumes that processes occurs instantly. However at the URL, acoustic

events from rock cracking were recorded long after the excavation of each tunnel section

as shown in Figure 6.10. These events represent the combined interactions between the

parameters which, intuitively, all have different time constants. Accordingly, any model

attempting to account for the initiation of fracturing requires time dependent parameters.
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Figure 6.10: Acoustic Emissions monitored after each excavation cycle in the Mine-

by Experiment. This illustrates the time dependency of the interactions.

6.5 The Influence of Interactions on the Determination of Parameters

6.5.1 The Stress Prediction Programme

The determination of the stress magnitude and orientation depends on those parameters

which interact with this property: the stress column interactions. However, as stress

measurement by the overcoring technique is performed by drilling to relieve the local

stresses, this actual process can influence many other properties and the underlying

assumptions inherent in the determination of the stress state from the measured strains.

In this section, an interaction matrix will be used to demonstrate how an investigation

into the determination of the state of stress at LJRL can be retrospectively organised. It

will be shown that the interaction matrix and a study of the possible pathways within

the matrix can assist in structuring the processes and aid the investigation methodology.

At the URL the in situ stress state has been extensively measured and studied in order

to determine the best measurement techniques, the relation between geology, structure
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and stress, as well as to enable the analysis of the engineering induced processes and

mechanisms, such as those described in the preceding interaction matrices.

One of the studies performed at ITRL was to determine if the state of stress was

relatively uniform in an area of essentially unfractured rock and to see if the stress field

could be predicted and extrapolated from other areas where measurements had been

performed. This formed the basis for the stress prediction programme which entailed

measuring the stress state in two areas; Room 209 and Room 206 on the 240 Level. The

instruments used were the AECL continually monitored CSIR overcore cells and

measurements were performed beyond the region of influence of the adjacent

excavations. This information together with knowledge of the rock mass structure and

lithological trends was extrapolated to make an assessment of the predicted stress state

in the region of Room 210. Figure 6.11 shows the location of the rooms and overcore

measurements on the 240 Level.

Figure 6.11: Location of the rooms and the boreholes for the overcoring on the 240

level.

Two overcore measurements were then undertaken in Room 210 to compare the
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measured stress state with that predicted. None of the overcore results in Room 210

agreed with the predicted stresses and an investigation was conducted to study the

possible factors which could cause this disparity between predicted and measured results.

The structure of this section broadly follows the investigation sequence undertaken at

the URL and the information obtained from this investigation (Martin and Christiansson

1991) is used in the following matrix analyses. The bases for the stress prediction will

be considered in terms of the interactions in the matrix, as will the quality control

measures employed to reduce systematic errors due to instrumentation variables. To

discover why the measured and predicted stresses did not agree, the interactions between

natural geological heterogeneties and the calculated stress will be presented as direct

binary matrix interactions. Stress is calculated from the measured strains using an

appropriate stress-strain relation. The analysis initially performed at URL assumed that

the material was an isotropic linear elastic solid. By considering simple matrix pathways

and the interactions which could directly influence the measured strains, the effect of

one crucial interaction, the stress-strain relation, will be shown, retrospectively, to have

influenced the interpretation of many other interactions and the piedicted and measured

stress in Room 210.

The leading diagonal matrix parameters selected are:

Intact Rock

Discontinuities

Stress (predicted or calculated)

Borehole and Drilling Attributes

Measured Strains from the CSIR cell.

6.5.2 Bases of the Stress Prediction

The in situ stress state adjacent Room 210 was predicted from the results of overcore

measurements in Rooms 206 and 209 together with the geology of the 240 Level

(Martin ana Christiansson 1991). Stress measurements and the geoaogy from other parts

of the URL site contributed to the stress prediction model.
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Figure 6.12: Interactions showing the bases for the stress prediction from overcore

measurements and the geology.
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The following four interactions constitute how the parameter interactions affected the

predicted stress state and thus show the basic interactions which contributed to the stress

prediction model. These are the column interactions above and below the parameter

stress, in the matrix, as shown in Figure 6.12. Interactions 1.1/3 and 1.2/3 show how the

geology has influenced the predicted stress state in Room 210. Whereas, Interactions

1.413 and 1.5/3 represent the contribution to the stress prediction model from the

overcoring measurements in Room 206 and 209 and its corresponding data reduction.

1.1/3 The effect of the intact rock on the stress prediction

The stress prediction model concluded that the stress orientations in the granite are

controlled by the large scale gneissosity such that a 1 and a are in the plane of the

gneissosity. Minor folding within the gneissosity are also considered to affect the local

stress orientations. The occurrence of dykes, which have similar mechanical properties

to that of the granite, do not influence the stress field.

1.2/3 The effect of the discontinuities on the stress prediction.

In Figure 6.3 the interaction matrix showed the influence of the orientation of the

discontinuities on the global stress field for the rock mass above Fracture Zone 2.5. It

was therefore expected that the major principal stress field in the region of the only

fracture on the 240 Level would be parallel to the orientation of the Room 209 Fracture,

which trends northeast-southwest.

1.413 The effect of borehole overcore measurements on the stress prediction.

Overcoring measurements from Rooms 206 and 209 were used in the stress prediction.

The results and orientation of the principal stresses from these measurements are shown

in the interaction figure. Interaction 1.5/3 below was used to determined the stress field.

1.5/3 The effect of the measured strains on the stress prediction.

No stress measurement technique measures the stress state directly. Stresses are

interpreted from the measured strains and the constitutive relations between stress and

strain. The initial assumption was that the stress-strain behaviour of the granite rock is

isotropic linear elastic. To reduced the data from the overcore results into the pnncipal

stress tensor, data reduction techniques were used to calculate the mean stress tensor.
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The figure representing interaction 1.5/3 shows how the principal stresses are obtained

from the average of the six independent components in the measured stress tensor.

P3 The predicted stress state

This information was used to predict the stress field at two locations in Room 210. The

measured stress state did not agree with that predicted. The main disparity centred on

the direction of the principal stresses. The difference between the predicted and

measured principal stress orientation is illustrated for Borehole 0C2 in the centre

interaction box in Figure 6.12. The predicted stress orientation had a trend of northeast-

southwest, while the overcore results from 0C2 in Room 210 showed a 1 trending east-

west.

6.5.3 Quality Control

Having established the basis for the stress prediction, a number of contributory factors

could have accounted for the discrepancy between the measured and predicted stress

field. Before any overcoring stress measurement techniques were undertaken, quality

control procedures were implemented. These were to reduce systematic errors due to the

installation and equipment of the CSIR cell. This interaction can be represented by

Interaction 1.5/6 as follows:

I.R JI_1TI	 11
4 _____	 41

	

&40i	 ""

B.11. .10

	

•20	 0.	 0.	 0,

1.4/5 Influence of temperature on
the principal stress magnitude
and orientation

Figure 6.13: Quality control interaction to reduce instrumentation errors
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1.4/5 The effect of the borehole on the measurement strains

Variations in the installation of the strain cell and during the drilling of the pilot hole

and overcore, could contribute to differences in the measured strains. Analyses showed

that orientation of the installed device with respect to the pilot-hole can induce

significant errors in the measured stress orientation. Temperature changes during

overcoring will affect the results due to thermally induced strains, as illustrated in Figure

6.13. Continuous monitoring of the overcore process enabled control checks to be

performed during overcoring. Many of these interactions can be assessed individually

by increasing the resolution of the borehole parameter.

6.5.4 Naturally Induced Random Errors

Natural variations in the rock could account for the disparity between the measured and

predicted stress state in Room 210. Some of these interactions were studied as part of

earlier studies undertaken at URL. With reference to the interaction matrix shown in

Figure 6.14, the interactions that could have contributed to naturally induced random

errors can be structure as follows:

1.1/3 The effect of the intact rock on the determined stress

The geology of the 240 Level comprises predominately medium grained grey granite in

addition to xenolithic granite, leucocratic granite, granodiorite dykes, pegmatic dykes and

fine grained grey granite. Some tests were performed to study the influence of the grain

size associated with some of these different rock types on the measured stress. The

results indicated that in the coarse grained granite, the magnitudes of the principal

stresses are not affected by grain size but that plunges can be increased by up to 200.

Subsequent tests and measurements were typically taken in the same rock type, that of

the medium grained, grey granite.

1.2/3 The effect of the discontinuities on the determined stress

The predicted stress state in Room 210 was determined from overcore measurements in

two rooms (Room 206 & 209), in addition to geological trends. Some of these

measurements were located near a discrete fracture, the Room 209 Fracture.
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Figure 6.14: Study of interactions that may have influenced the disparity between the

predicted and measured stress.
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Consideration was therefore given to the influence of the possible perturbed state of

stress around the discontinuity on these overcore results. A sequence of overcore

measurements were taken in one borehole orientated at 570 to the fracture. These results

did also not agree with the predicted stress state in this area but confirmed that a1 is

parallel to the strike of the fracture.

Other stress measurements taken some distance away from the fracture showed a similar

trend. The fracture was therefore considered not to influence the major disparity between

the measured and predicted results.

1.4/3 The effect of borehole orientation on the determined stress

The stress measurements undertaken showed that the measured stress orientation for a1

varied between northeast-southwest and east-west directions. Boreholes which were

drilled in close proximity but at different orientations confirmed these observations. It

was noticeable that those boreholes orientated at 45° and less to the intersection of the

Room 209 Fracture (used as a convenient reference feature) had a a1 orientation trending

northeast-southwest, whilst those boreholes orientated at about 700 and greater to the

fracture had a a1 orientation trending east-west. The diagram for this interaction in

Figure 6.14 shows the trend of a1 with respect to the borehole orientations. It therefore

appeared that the actual stress direction was influencing the measured stress.

6.5.5 CSIR Overcoring Interactions

Realising that the measured and predicted stress state were influenced by the borehole

orientation, a series of investigations were pursued into studying some of the factors that

could have been influencing the stress determination from the CSIR technique. Although

stress is defined as a point property and is not measured directly, the CSIR cell measures

strains over a very small area, corresponding to the size of the strain gauges installed.

Three factors were considered as possible contributing to the stress discrepancy, namely

the influence of the residual stresses, core size and pilot wall damage. The focus of the

investigation also changes from the calculated stress to the original measured strain data,

thus reducing one possible error in the assumption of the stress-strain relation. This
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assumption will be elaborated in the following section. Figure 6.15 shows the location

of the interactions discussed below.

1.3/5 The effect of stress on the measured strains

Measurements on the smaller scale tend to show much variation due to the influence of

heterogeneities on the measurement scale. Therefore the actual nature of the stress

relieved on the scale of the strain gauge in the CSIR cell needs to be considered. Stress

can originate from many sources, as listed in the parameter hierarchy in Table 4.4,

Chapter 4. The influence of residual stresses, defined as "that component of stress

existing in the absence of applied loads or changes in temperature " (McClintock &

Argon 1966) or the locked in stresses within grains or grain boundaries, were considered

in earlier experiments at URL. It was considered that the diameter of the overcore may

influence the measured stress due to the release of residual stresses. The results of

concentric overcore tests, performed by initially drilling the largest overcore first to

relieve the regional stresses followed by overcoring at successively small diameters to

relieve the residual stresses, suggested that the influence of the residual stresses is

insignificant when compared with other potential errors (Lang et al 1986). The residual

stresses were therefore not thought to influence to the disparity between the measured

and predicted stresses.

Figure 6.15: Interactions pertaining to the CSIR technique

184



1.4/5 The effect of pilot-wall damage and core size on the measured strains

This interaction was previously described with regard to quality control. However, by

studying other variables within this box (increasing the parameter resolution) other

parameters can also be considered. Pilot wall damage is not a direct interaction in the

parameters selected but occurs via a change in the local intact rock properties and could

thus be represented by a matrix pathway.

Concern was raised as to the influence of drilling induced microcracks damaging the

pilot-hole wall and thus influencing the strain gauge readings. To study if this process

was a contributory factor, some pilot-holes were reamed after the original diameter hole

had been drilled and the stress measured again by overcoring. These results showed little

change between the reamed and un-reamed boreholes and also confirmed that core

diameter did not contribute to any disparity between measured and predicted stresses.

6.5.6 The Stress-Strain Relation: Anisotropy and Isotropy

Many of the factors that could have contributed to the difference between the measured

and predicted stress have been illustrated within the matrix. Some of these have been

eliminated as possible causes influencing the measured stresses. This has been performed

essentially in three ways:

i) By accounting for the parameters influence and adjusting the data accordingly.

ii) Recognizing the low intensity of a parameters influence.

iii) By control and avoiding the influence of the interaction altogether.

Furthermore, some of these interactions, such as the state of stress surrounding the

discontinuity shown in Figure 6.14, were considered as direct binary interactions. Many

assumptions were inherent in the determination of these interactions and the assumptions

themselves can be considered as interactions in the matrix. Thus the measurement of the

stress state can be considered as a matrix pathway. One of the main assumptions was

that the relation between stress and strain (Interaction 1.5/3) could be modelled as an

isotropic linear elastic material.
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interactions leading to the rock behaving as a transversely isotropic material.
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Evidence has already indicated that stress relief in cored samples produced microcracks

with a preferred alignment parallel to the direction of the major principal stress and with

the same general strike as the Room 209 Fracture irending NE-SW. The regional stress

field for the Lac du Bonnet batholith at this depth has the same a 1 orientation. As the

stress orientations seem to depend on the orientation of the borehole and the regional

direction of a1 , it was surmised that the stress orientation induced anisotropy in the rock

during overcoring.

Four interactions shown in Figure 6.16 can be used to illustrate the main interactions

creating the overcoring induced anisotropy. First, the overcoring relieves the stress state

of the rock in the overcore (Interaction 1.4/3 -no diagram). The resulting stress relief

induces microcracks with a preferred alignment (Interaction 1.3/1). The measured strains

are affected by this change in the local rock properties (Interaction 1.1/5) and the intact

rock behaves in an anisotropic manner. It was found that the anisotropy could be

simplified and approximated as a plane of traverse isotropy parallel to the strike of the

sub-vertical joint set (Interaction 1.5/4). This reduced the number of elastic constants for

an anisotropic material to five. Both the predicted stress model and the measured stress

field in Room 210 were re-analyzed using the transverse isotropic linear modeL Figure

6.17 show the re-analyzed interactions using an anisotropic model.

The anisotropic model provided better consistency between the predicted and measured

stresses and showed the major principal stress trending NE-SW. In the vicinity of the

Room 209 Fracture the stress state is consistent with the considered extensional origin

of the fracture with the fracture orientated in the a 1/a2 plane and with a3 sub-horizontal.

Notwithstanding the above, even the anisotropic solution used is a simplification of the

effects of stress induced microcracking on the overconng process. The microcracking

creates non-linear behaviour in the overcored samples but both the anisotropic and

isotropic model require the theory of linear elasticity to interpret the measured strains

into stresses.
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Figure 6.17: Re-evaluation of the URL stress model using an anisotropic solution
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Demonstrated so far is a first pass assessment of some of the factors which could have

influenced the measured stress state on the 240 level at the URL. The interaction matrix

provides a powerful method for structuring the information and also as a way to

understand the sequence of interactions that could influence the stress state and strain

measurement. It therefore provides a potentially £ystematic approach for the

identification of critical interactions by focusing on one specific parameter.

6.6 Conclusions on the Application of the Methodology to the URL

The Underground Research Laboratory has provided a unique opportunity in which to

apply the initial concepts of the rock engineering methodology developed so far, due to

the extensive data collection and state-of-the-art analyses into the engineering behaviour

of rock. The strategic application of the methodology has been applied to three general

areas of the URL research and has shown that:

1) The information collected can be structured within the interaction matrix. From the

parameters selected for the leading diagonal terms of the matrix, information illustrative

of each interaction was presented. At this level of matrix resolution and for the

parameters selected it was possible to find an interaction for each matrix off-diagonal

box. This corresponds to the high level of rock characterization needed for studying the

feasibility of radioactive waste disposal, by reducing the number of unknowns and

variables at the site. By increasing the parameter resolutioa or by increasing the number

of parameters (e.g. water and heat) the number of unknown interactions will

correspondingly increase. However, not all interactions need to be studied as that this

depends on the engineering objectives.

2) The explicit engineering objectives of the Mine-by Experiment have been linked to

the row and column interactions between the rock and site parameters and the Mine-by

Tunnel. The concepts of the "first kick" interactions and the interactions which "kick

back" at the engineering have been discussed with respect to the research aims of the

Mine-by Experiment.
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3) Information pertaining to the Stress Prediction Programme has been used to highlight

how basic interactions and the assumptions inherent in these interactions can be thought

of and structured as simple matrix pathways. The perils of ignoring the system

interactions have been suggested. The determination of accurate parameter values, in this

case stress, require a thorough understanding of all the system interactions and potential

pathways.

In the next chapter, the tactics developed in the second part of this thesis will be applied

to a fundamentally diverse rock engineering project from the Underground Research

laboratory - a sequence of rock slopes.
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CHAPTER 7

Case Study II: A Sequence of Highway Rock Slopes.

A Tactical Application of the Methodology

7.1 Introduction

In the previous case study, the interaction matrix has been used to structure information

and processes emanating at the URL site and to organise them within a coherent rock

mechanics and rock engineering framework. That case study was therefore used to

demonstrate the strategic application of the rock engineering methodology and its

associated concepts.

In Chapter 6, the initial tactics of the methodology were outlined for generic rock

engineering situations. This involved applying a coding technique, principally the 0 to

4 method, to the interactions in the matrix according to their expertly judged intensity.

It was shown that by summing the rows and columns for each parameter in the coded

matrix, the parameters can be plotted in Cause vs. Effect space. The degree in which the

parameter affects the system is termed the "Cause" and the degree in which the system

affects the parameter is termed the "Effect". The system was defined as all the other

parameters within the matrix. The C,E plot was used to identify those parameters that

have the highest intensity, dominance or subordinacy within the system. The engineering

ramifications of the parameters position in C,E space was introduced by considering the

engineering objectives.
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The aim of this chapter is to implement these tactics and to develop further, the

methodology outlined in Chapter 6 as a technique for classifying a suite of rock slopes

along the A-i Mediterranean Autopiste in Spain. In all, three different characterization

techniques will be applied to the 14 rock slopes studied.

In the first case, a generic slopes interaction matrix will be developed specifically for

the A-i rock slopes studied, by the application of the expert semi-quantitative coding

using the 0 to 4 method. The relative difference between the parameter state variables

for each individual slope (a relative rating) will be used to increase or decrease the

interaction intensity in each interaction box, i.e., to switch off or enhance the parameter

interactions. This is aimed at producing a slope specific Cause and Effect plot that

allows the intensity and dominance of each parameter within each rock slope to be

established. Each parameter constellation has an average system intensity and this will

be used to rank the rock slopes.

As a second pass to the classification of the rock slopes, a synergy assessment of the

parameters that when combined contribute either to the benefit or detriment of the rock

slope stability will be presented. This is a fundamentally diffeTent type of interaction

assessment and involves the use of only one half of the interaction matrix.

In the final analysis, a comparison will be made between the rock mass qualities

determined by the C,E method and the classification systems developed by Bieniawski

(1989, Rock Mass Rating system) and Romana (1985, Rock Slope Rating system). The

sensitivity of the C,E analysis, is investigated to indicate future improvements to the

classification system.

At the end of this chapter, a critical review and conclusions of the CE analysis

performed for the study of the Spanish A-7 Autopiste rock slopes will be made.
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7.2 The Study Area

7.2.1 The Site Layout

The A-i Mediterranean Autopiste is routed along the east coast of Spain from the

Spanish-French border to Alicante. The study area concentrated on 14 rock slopes

excavated along this road between Oropesa and Mascarat (near Altea), located some 70

Km north and 120 Km south of Valencia, respectively. In Figure 7.1 the regional study

area and the location of the slopes studied is presented.

The convention used to identify the rock slopes is given in the following ways. The term

'PK" refers to the distance in kilometres from the datum at the northerly start of the A-7

Autopiste. This distance is provided by markers alongside the road. The nearest town

or village is also used to describe some specific rock slopes. As the road is routed

essentially in a north-south direction, with the Mediterranean Sea to the east and the

mountains to the west, each pair of slopes at a location are termed seaside and

mountainside, respectively. Similarly, the rock slopes near or at the tunnel portals are

referred to in terms of the tunnel name and the portal side (north or south portal) in

addition to the direction in which the slopes are facing. All these conventions are in

accordance with those used by the road operators, AUMAR. The slopes for this

assessment are also termed in order from the north to the south as No. 1 to 14.

The A-7 Autopiste is a private toll road operated and constructed by AUMAR and was

built to supersede the existing single lane national highway (the N340 and N332 north

and south of Valencia, respectively) which runs parallel. Construction commenced in

1976 and after some initial planning disputes was completed in 1985. It is believed that

the road alignment was principally determined by the land acquisitioned for AUMAR

by the Spanish government. AUMAR have the concession on the road until the year

2006. Rapid construction to return the investment was therefore a priority.

The rock slopes were excavated by bulk, smooth and pre-split blasting techniques. The

rock slopes have a variable height ranging between 10 to 60 metres. Rockfall control

measures, comprising rock trap ditches, are the principal stabilisation measure employed
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and wire mesh has been occasionally draped over slopes that are particularly susceptible

to weathering and degradation. Locally, shotcrete has been sprayed on some slopes

displaying prominent karst and solution features and where weaker many rock is

exposed. None of the rock slopes were benched and they have a typical slope angle

between 600 to 700 to their maximum height. At some locations, although tunnelling

may have been a more economical option, rock slopes were excavated to provide

additional road aggregate.

Two major tunnels were constructed at Jeresa and Mascarat, both located in the road

section south of Valencia. The tunnels are fully lined and do not form part of the study

although the rock slopes constructed for the portals are included in this assessment.

7.2.2 Geological Setting

The geology encountered along the A-i highway rock slopes passes through variable

sequences of carbonate rocks of Cretaceous and Tertiary age. The general rock types

include limestones, dolomites, dolomitic limestones, manly limestones and mans (Intecsa

1976). Descriptions of the rock types encountered for each rock slope are included in

the data sheets (Appendix 5).

The tectonic history of the study area is complex. Several tectonic phases occurred

during the Tertiary period. The northern part of the study area (north of Valencia)

appears to have been predominately affected by the tectonic phases associated with the

Iberian Chain - an intermediate ridge with a NW-SE direction. Compression in a NE

direction, considered to have occurred during the Oligocene period, was one of the most

important tectonic episodes responsible for the NW-SE folds and reverse faults. Faults,

striking NW-SE, in the southern region are the principal result of the Betica orogeny.

Subsequent extensional and compressive tectonic events have further complicated the

rock mass structure on the miso and macro scale (Simon-Gomez 1976).
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The geological, tectonic and geomorphic processes have successively produced a

sequence of small mountain ranges separated by low lying flat tertiary basins. In

summary, the rock slopes constructed cut through folded and fractured, predominantly

limestone, Tock sequence in the mountainous regions along the east coast of Spain.

7.3 The Analysis of the Rock Slopes using the Cause and Effect

Method

7.3.1 The Analysis Philosophy

The application of the rock engineering methodology initially requires the selection of

site specific parameters, at a suitable level of parameter resolution, based on the

engineering objectives. Once these parameters have been selected, a generic rock

engineering interaction matrix can be developed to structure the principal interactions

and processes occurring across the whole sequence of slopes. This generic interaction

matrix provides the foundations for an objective classification system, tailored to the

rock, site and engineering circumstances.

By coding the matrix, the intensity and dominance of each parameter can be established.

Each rock slope is, however, different because each rock slope has different parameter

values. It is therefore necessary to consider how the different parameter state variables

affect each interaction identified in the generic interaction matrix. To this end, the

application of a rating value to each interaction will allow the intensity of the interaction

for the specific slope to be established, thereby either enhancing or decreasing the

interaction.

In applying this rating system to the generic coding in the matrix, Cause and Effect

values for each parameter unique to that each slope can be developed. Plotting these in

Cause and Effect space allows identification of the "relative" intensity and dominance

of each parameter. Thus the critical parameters for each slope can be determined.

The structure of the characterization methodology described above, comprises the
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following parts:

1) Objectives of the characterization system.

2) Selection of the leading diagonal parameters.

3) Development of the generic "Spanish Slopes" interaction matrix.

4) Coding of the generic matrix using the expert semi quantitative coding method.

5) Application of the parameter rating system to the coded generic matrix.

6) Development of slope specific Cause and Effect plots.

7) Identification and interpretation of the critical parameters for each slope.

8) Ranking the rock slope order.

7.3.2 Rock Slope Design and Construction Objectives

In the development of the rock engineering methodology discussed so far, it has been

commented that the methodology is embarked upon with the objectives. Initially it is

worth considering some of the design and construction objectives and constraints which

have influenced the final rock slope design before discussing the characterization

objectives.

The pre-construction engineering objectives for the design of the rock slopes were

concerned, broadly, with stability and economy. The design of the rock slopes comprised

essentially analysis for kinematically admissible structurally controlled block falls.

Where the rock mass was considered prone to weathering, shotcrete has been sprayed

on the slope face. The economic factors can be interpreted as including rapid

consmiction techniques, not benching the slopes, the use of rock Irap ditches, and

minimal use of support or reinforcement methods.

The post construction objectives are again both associated with stability and economy.

Small scale block falls, when they occur, are accommodated by the rock trap ditches that

are occasionally cleaned. Larger scale instabi1ites and block falls which fall or bounce

beyond the rock trap ditches are not only a hazard to drivers but may influence the

motorists to use the free national road. AUMAR consider that this may result in a loss
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of revenue. Occasional blockfalls land on the road each year, especially after heavy

rainfall. While these incidents are of concern, the economic constraints of construction

did not provide for 100% stability. As AUMAR have the concession on the road until

the year 2006, they are mainly concerned with those slopes that may cause a hazard and

subsequently a loss in revenue in the remaining concessionary period.

The rock slopes along the A-7 Autopiste, at the time of study, appeared essentially

stable. Where instabilities had occurred, these were either not a direct hazard to the road

or were accommodated by the rock trap ditches. Only one large scale instability had

occurred at Mount Rabbat. This instability resulted in a large landslide, which was

discussed in the beginning of this thesis, caused a re-routing of the road.

Structurally controlled instabilities are typically analyzed using stereographic projections

for the instability modes of planar, wedge and toppling blocks. The author applied this

analysis to every slope which revealed, based on the data obtained, only a few slopes

had potential structurally controlled failures of this type (see slope data sheets in

Appendix 5). Where kinematic admissibility for wedge and planar instabilities were

feasible, the high shear strength properties of the discontinuities prevented the release

of the rock blocks. In this respect, the design objectives can be considered to have been

reasonably satisfied.

There are, however, many other pre-construction, construction and post construction

processes that have or are influencing the post construction rock quality of the slopes.

It is the aim of the characterization system to aid the identification of these parameters

and processes for each rock slope, and to indicate their potential post-construction

behaviour. This will have direct ramifications on the future instabilities that could

transpire. This approach is not an explicit instability assessment, as instability

mechanisms were shown to occur via concurrent and consecutive matrix pathways, as

discussed in Chapter 5.

In the following section, the selection of the leading diagonal parameters will be

discussed. This will further address the issue of the analysis objectives, in terms of

identifying the processes affecting the rock slope quality.
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7.3.3 Selection of the Leading Diagonal Parameters

Selection Basis

The selection of the leading diagonal parameters requires identifying the most pertinent

geological properties, engineering factors and processes that could influence the rock

slope behaviour in the near future. Figure 7.2 illustrates a typical morphology that occurs

in many degrading rock slopes. This diagram epitomizes the form and structure of the

rock slopes observed along the A-i Autopiste. The parameters that create the

mechanisms which produce these features need to be included in the interaction matrix

assessment. Furthermore, the quantity and quality of the data collected was constrained

by time and financial considerations (which is also a factor in most commercial site

assessments). The parameters selected also need to be commensurate with the quality

and quantity of data obtained and the complexity of the subsequent analysis.
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Figure 7.2: Cross section showing the typical morphology of the A-i Autopiste rock

slopes, (from Fookes & Sweeny 1976).
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The basis for selecting the leading diagonal parameters can come under the following

headings, each of which is discussed in the following sections.

i) Parameters relating to the geological conditions.

ii) Parameters relating to the excavation variables.

iii) Parameters that control potential instability modes.

iv) Parameters associated with the processes currently affecting the rock quality.

Geological Parameters

On the regional large scale of the whole site area, the rock mass is folded with the fold

axis generally trending east-west. At the scale of the rock slopes, the folding is less

pronounced except the rock slopes at PK414 (Benicasim) and PK619. The folding at the

scale of the rock slope, not only creates difficulties in measuring discontinuity

parameters, but also increases the complexity of the discontinuity parameters creating

a highly anisotropic and inhomogeneous rock mass.

Major faults were not observed in many slopes although where faults were seen these

were recorded separately and distinguished from the other discontinuities where no

appreciable displacement had occurred. Faults provide a major weakness plane from

which large instabilities could propagate. They also generally possess poorer surface and

separation properties and thus can dominant the whole performance of the rock mass.

The geological conditions across the site area, that have been briefly considered earlier,

comprise sedimentary rocks of similar lithologies with varying compositions of

calcareous and clay mineralogies. As no detailed mineralogical examination of the intact

rock was possible, the heterogeneous nature of the exposed intact rock for each slope

can be observed by studying the state of differential weathering. If the intact rock is

crudely classed as either of limestone or marl composition, the degree of differential

weathering across the whole rock slope (represented as a percentage of differentially

weathered material across the slope face) can be used as an indicator of the

heterogeneous state of the rock. Furthermore, the intact rock strength of the principal

rock strata composing the rock slope is a key parameter for the initiation of weathering

processes and some instability modes.
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The parameters selected to represent the geological environment are:

No 1. Folds

No 2. Faults

No 3. Inhomogeneity Degree

No 4. Intact Rock Strength

Parameters Controlling Potential Instability Modes

As a principal objective of this analysis is the stability of the slopes, it is appropriate to

include some parameters that are controlling variables for the typical instability modes

in rock slopes. Structurally controlled instabilities, such as wedge, plane and toppling

failures encompass a host of parameters concerned principally with discontinuity

orientation, slope orientation and the properties that affect the shear strength of the

fractures. The dimensions and shape of the rock blocks are important factors for toppling

type failures.

Circular slip and curvilinear failure modes in rock masses tend to be a function of many

factors relating to the strength of the whole rock mass, rather than the dominance of

either the intact rock or discontinuity parameters alone. A major influence in the creation

of these types of failures in rock slopes is the slope height with respect to the

discontinuous nature of the rock mass. Tension cracks typically precede the initiation of

circular and, sometimes, structurally controlled instabilities. Discontinuities that strike

parallel to the slope face are, therefore, considered to provide ideal surfaces for tensile

opening.

The discontinuity parameters selected, based on the above mentioned instability

mechanisms, are as follows:

No 5. Discontinuity Orientation

No. 6.	 Number of Discontinuity Sets

No.7.	 Discontinuity Spacing

No. 8.	 Discontinuity Mechanical Properties

No. 9.	 Discontinuity Persistence
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The parameters selected so far are representative of the rock mass properties. However,

there are many processes occurring that can change the rock mass parameters and these

are discussed in the following section.

Processes currently affecting the rock quality

Degradation of the rock slopes due to weathering processes is one of the principal

factors influencing the stability of these rock slopes in the engineering time scale.

Limestones, of which the slopes are principally composed, are particularly susceptible

to weathering due to their mineral composition, and solution features are found in

localised areas. Furthermore, the more clayey limestones were observed to be more

weathered than the less clayey limestones and when found together resulted in

differential weathering that initiated small to medium sized blockfalls.

The rock slopes at Sagunto, which were the first slopes to be constructed in 1973, were

studied by Romana & Roman (1977) to investigate the erosive susceptibility of the

claystones. The claystone stratum is overlain by thickly bedded limestones and

dolomites. It was considered that weathering and erosion of the claystones could cause

blockfalls at the limestone-claystone contact that, in time, could propagate upwards to

affect more of the overlying strata. Romana used Sherard dispersivity tests and the

chemical composition of the different claystones to attempt to characterize different

regions of erosion.

Notwithstanding the above, denudation is a function of weathering and erosion.

Weathering reduces the rocks material to that of a soil composition, and erosion by wind

and water, removes the soil to allow further weathering of the rock face. Weathered

material is also removed by gravitational forces resulting in an accumulation of material

at the base of the slope.

There are essentially two types of weathering: physical and chemical. Biological

weathering is considered a complex combination of both of these types. Physical

weathering results in the disaggregation of rocks without mineralogical change and

chemical weathering results in decomposition of the constituent minerals to stable or

metastable secondary mineral products (Fookes, Gourley & Ohikere 1988).
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The actual mechanisms of chemical and physical weathering are complex. For instance,

the chemical weathering of limestones depends upon the availability of water,

availability of carbon dioxide, temperature, existing degree of saturation and the rock

type (Fookes & Hawkins 1988). The number of parameters that are required to

adequately define and characterize the weathering process is beyond the level of this

analysis and that of rapidly available data.

Included in the data sheets for each rock slope (Appendix 5) is a description of the rock

types to British Standards BS5930: 1981. The weathering classification in this description

does not discriminate between weathering in geological or engineering time. Rock

material which has been weathered after construction can be adequately characterized

by such parameters as the current intact rock strength and parameters relating to the

discontinuity conditions. Of interest to the objectives of this analysis are those slopes

that have undergone post-excavation weathering and, as such, are likely to weather even

more in the future, as these slopes have rock types that are susceptible to weathering.

In order to differentiate between pre and post construction weathering, the quality of the

remnant half barrel blast holes on the slope face was used. The characterization scheme

is included in Appendix 5.

The intensity of the rainfall is also a dominant factor in the chemical and physical

weathering process, and as an erosive agent. Groundwater can produce an effective stress

in the rock discontinuities which can exacerbate structurally controlled instabilities. As

the field survey was undertaken during the peak of summer, no water seepage was

observed at any of the rock slopes. As no other data was available on the water

conditions the yearly rainfall intensities across the study area have been selected to

represent a worst case scenario. This information suggests that the region can be divided

into three areas with generally different rainfall intensities. The yearly rainfall generally

increases from the south to the north of the site area.

Two parameters representing the processes currently affecting the rock slope quality are

selected as:
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No 10.	 Weathering

No. 11.	 Hydraulic Conditions

The Excavation Variables.

The rock slopes were of different dimensions and orientations. The orientation of the

slopes with respect to the discontinuity orientations is instrumental for kinematic

admissibility of rock blocks. The dimensions of the rock slope, in particular the slope

height, can influence stress regime and the aperture of horizontal discontinuities near the

base of the slope, thereby increasing the shear strength. In addition, the smaller slopes

were generally blasted by bulk-blasting techniques.

The rock slopes were excavated by three different blasting methods: bulk, smooth and

pre-split. The final slope face produced from bulk blasting is developed from successive

blasts, the final one of which results in the slope face. With smooth blasting, the final

slope face is made close to the free face produced from bulk blasting. The appearance

of the blast holes on the slope face is similar to that from pre-split blasting and this

technique is generally used as a clean-up operation to minimise rock falls. Pre-split

blasting requires that the final rock slope face is carefully blasted first, using decoupled,

low density charges and closely spaced parallel holes. The remaining burden is then bulk

blasted towards this final face (Hoek & Bray 1981). In theory, the three methods

described produced increasingly better final rock slope qualities.

A second factor influencing the excavation quality is the amount of explosive charge

used. Study of the remnants of the half barrels still exposed on the rock face revealed

whether slopes had been excessively blasted during excavation.

These two factors were used to assess the final excavation quality. It was discovered that

the method of excavation was directly proportional to the degree of excessive blasting.

Therefore only one parameter "excavation method" is selected as the excavation variable.

No. 12	 Slope Dimensions

No. 13	 Slope Orientation

No. 14	 Excavation Method
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In Appendix 5 the parameter characterization techniques employed to quantify each of

these parameters is presented along with a discussion on the relative limitations in there

assessment.

73.4 Development of the Generic Spanish Rock Slope Matrix

From the above discussion, the parameters that have been selected for the leading

diagonal of the matrix are as follows:

1. Folds

2. Faults

3. Inhomogeneity

4. Intact Rock Strength

5. Discontinuity Orientation

6. Number of Discontinuity Sets.

7. Discontinuity Spacing.

8. Discontinuity Mechanical Properties

9. Discontinuity Persistence.

10. Weathering

11. Hydraulic Conditions

12. Slope Dimension

13. Slope Orientation

14. Excavation Method

Many of these parameters are not mutually exclusive because uf they were, they would

not interact. In Figure 7.3, the generic interaction matrix is shown with a description of

the typical manifestation of the interaction. Unlike the generic interaction matrices

developed by Hudson (1992) for rock slopes, not all interactions are possible. It can be

seen that many of the interactions, especially those between the rock properties

themselves, have been considered as having no interaction. This is predominately due

to the site circumstances, the state of knowledge regarding the interaction or because

there is no direct interaction between these two parameters.
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Figure 7.3: Interaction matrix for the A-i Autopiste rock slopes

206



Folded rock masses
Folding opens	 i Cic
discontinuity	 no interaction	 no interaction	 hydraulic	 no interaction	 no interaction	 no interaction

apertures

Faults provideFauhs provide	 Faults provide	 major instability Failure along faults Faults can reduce
no interaction	 major conduits icr major conduits for planes and can 	 will change the blasting efficiencyweathering	 flows,	 affect slope	 slope Or etitat on

proccsscss_____________	
dimciauons	 _____________ _____________

lnhomogcneous	 Inhomogencous	 lnhomogcneity canrock masses are	
interaction	 no inicraction	 affect blastingNO interaction	 no interaction more susceptible tO complex hydraulic no 	

cfr.cicncydifferential	 conditions________________ ________________	 weathermne	 ________________ ________________ ________________ ________________
Stronger rocks tend Stronger rocks 	 Weaker rocks are

to have stronger tend to have more more susceptible to Clayey rocks have	 Weak rocks have

joint compressive persistent disconti-	 weathering	 loWer intrinsic	 no interaction	 shallower slope	 no interaction
permeability	 anglesstrengths	 nuities	 processes

Vertical dusconu- 	 Water in vertical Adverse disconu- Adverse disconti- - Discontinuity
Vertical fractures	 discontinuitiesnuttier are more	 nuity orientations nuity orientations 	 orientation can
have more open	 "0 interaction	

susceptible to	 parallel tO slope can increase slope can change slope affect quality of
apenres	 weathering	 increase instability	 dimensions	 orientations	 excavation method

pnDnhiI

Greater number of Rock masses with 	 Greater no. of scts Rock masses with

no interaction	 no interaction	 discontinuity sets large number of	 increases chance	 NO. of sets
increases weather- sets have larger 	 ItO Interaction	

of instabilitcs	 need less
ing	 water capacities	 explosives

Rock masses with Rock masses with 	 Widely spaced
discontinuiticscloser spaced	 closcr spaced	

no interaction	 no interactionno interaction	 no interaction	 discontinuities are	 discontinuitics	 need more explo-
more susceptable have largcr water 	 sivcs to rcmovc

_______________ _______________ K) weathenna	 capacitics	 _______________ _______________	 rock

Wide apertures	 The discontinuity Rock insLabilities 	 Mechanical	 DiScofItinUutieS
)ISCONTINUITY	 -

	

no interaction	 permit access to aperture controls 	 due to joint	 propenics of joints with open aper-
MEChANICAL	 weathering	 the water flow in shearing increase effect stability of tures may reduce
rROPI:RTIES processes	 the rock mass	 slope dimensions	 slope	 blasting efficiency

Di'.crl(irrulr%	 The persistence	 The water flow	 Joint persistenceperi..iL'lIc iritlu DISCONT1NLIIT allots the depth	 path depends, in 	 no interaction	 influences size of	 no interactionences the shearing PERSISTENCE	 and extent of	 part, on discontinu- 	 blockiallsbehaviour of ihe	 weathering	 ity persistence
discontinuitics________________ ________________ - _______________

Dcgrcdation ofWeathering	 Weathering	 Weathering slowly	 slope lace	 no Interactionincreases the	 increase	 increases slope

	

NO interaction	 WEATHERINGaperture and	 the hydraulic	 dimensionsreduces roughness	 potential	 slope dip

Water pressures	 V. aLCr tlo	 Rainfall and run-	 Slope dip
and flow increase	 increases crnc	 hYDRAULIC	 II increase slope	 decreases with	 no interaction
thediseontinuity	 physicaland	 CONLIflIONS	 ilimr'n,.'ns	 ncrcasedrainfall

aperture	 erosive pfocessi;

Highervertical	 L.ii: .hr.-.	 Smaller slopes
tress in high stopes no interaction	 no interaction	

permit greater	 SLOPE	 tended to be
no Interactioncatchment ol 	 DIMENSIONS	 excavated by bulkCcreases horizontal

rainfall	 blasting

	

apertures______	 _______
hub-vertical	 Discontinuiues

iscontinuities may parallel to slope	 Slope dimenin	 SLOPE
form tension	 may open	 no interaction	 no interaction	 dnd on slope ORIE'4'rATION no interaction

cracks at crest of 	 increase in	 orientation

	

slopenersistence	 ________________ ________________ ________________ ________________ ________________
Excessive blasting Excessive blasting Excessive blasting Excessive blasting	 0.:.

	

can increase	 increases die	 increases	
no interaction	 slope orlCnWLlor. EXCAVATION

opens existing
fractures	 discontinuity	 access to weather-	 increase	 depends on control	 METHOD

	

persistence	 ing processes	 permeability	 of blasting

207



Many parameters may, however, interact with a stimulus, such as stress or water. As the

main aim of the matrix is to structure all the direct binary interactions many interactions

of possible importance to rock slope stability become constrained by the type of

parameters selected. Some interactions have been suggested based on site observation

and correlations with information from all the slopes. Therefore the suggestive

interactions in each off-diagonal box represent a current knowledge statement of rock

slope situation along the A-7 Autopiste.

7.3.5 Coding of the Generic Matrix

Having identified and described the interactions between the parameters selected along

the leading diagonal of the matrix, the application of a coding technique can be used to

rate the respective intensity of each interaction. Some interactions described in Figure

7.3 are more critical than others and it is therefore appropriate to code the relative

intensities of these interactions using the 0 to 4 method, where:

o = no interaction

1 = weak interaction

2 = moderate interaction

3 = strong interaction

4 = critical interaction

This coding system, which was discussed in Chapter 5, is applied based on a semi-

quantitative assessment of the rock slopes studied in Spain. This assessment provides a

weighting to each interaction which will be used in the subsequent analysis. Figure 7.4

shows the coded generic matrix.

Preliminary interpretation of the generic A-7 Autopiste rock slope C, E diagram

Having developed the coded matrix, the Cause and Effect of each parameter within the

system can be established. This provides an initial indication of the intensity and

dominance of the parameters selected. Figure 7.5 shows the parameters plotted in Cause

and Effect space.
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Figure 7.5: Generic Cause and Effect plot for the A-7 Autopiste rock slopes
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This diagram reveals that the average system intensity lies in the lower half of the

matrix on the C = E line. In comparison with the generic pressure tunnel parameter

constellation shown previously in Figure 5.15, it can be seen that the two constellations

and average system intensities are different. This is due to the different parameters

selected, the number of parameters involved, the number of interactions that are

considered "switched on" and the fundamentally different nature of the problem e.g.

objectives and constraints.

At this stage, the parameter constellation in C,E space can be interpreted by studying the

parameters at the extremes of the constellation. This indicates that the order of parameter

intensity, (C+E)/v'2, and dominance, (C-E)2, within this system is as shown on the

following page. The parameter with the highest interaction intensity (C+E) is weathering.

This parameter has a slightly greater effect on the system than it is effected by the

system and lies very close to the C = E line. Accordingly, this can be interpreted in

terms of the rocks susceptibility to weathering and the effects of weathering. Here, they

are relatively equal, as not only is the system susceptible to weathering but weathering

also affects the system. If this parameter is affected by the system, ^ 1), but

did not affect the system (Cw , thg = 0), then while the system was susceptible to

weathering, the system would not be changed by the weathering process. This may be

because the climatic conditions were not suitable to initiate the weathering process.

Parameter Intensity in Decreasing Order

Order
1
2
3
4
4
6
7
7
9

10
11
12
12
14

Parameter
Number

10
11
7
4

14
13
3
2
6
5
1
7

12
9

Parameter
Weathering
Hydraulic Conditions
Discontinuity Mechanical Properties
Intact Rock Strength
Excavation Method
Slope Orientation
Inhomogeneity Degree
Faults
No. of Discontinuity Sets
Discontinuity Orientation
Folds
Discontinuity Spacing
Slope Dimensions
Discontinuity Persistence
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Parameter Dominance In Decreasing Order

Order
1
1
3
4
5
6
2
7
9

10
10
12
12
14

Parameter
Number

1
4

14
2
9
5
7

12
6

10
3
7

11
13

Parameter
Folds
Intact Rock Strength
Excavation Method
Faults
Discontinuity Persistence
Discontinuity Orientation
Discontinuity Spacing
Slope Dimensions
No. of Discontinuity Sets
Weathering
Inhomogeneity Degree
Discontinuity Mechanical Properties
Hydraulic Conditions
Slope Orientation

(Note: Parameters listed below Discontinuity Spacing are subordinate.)

The hydraulic conditions have a high intensity but are subordinate as the parameter lies

above the C = E line. Therefore, the hydraulic conditions have a less effect on the

system than the system has on the hydraulic conditions. Noting that the hydraulic

conditions have been assessed from the rainfall intensity, it can be interpreted that the

rock mass is highly susceptible to water ingress but the effects of water ingress on the

system are less. In the extreme case, if the hydraulic conditions have zero Effect but a

Cause, then this would suggest that any rainfall could not potentially permeate into the

rock mass. This concept concerning the imbalance between the system effects is shown

in Figure 1.6 with respect to the matrix columns and rows for the parameters of

weathering and hydraulic conditions.

The slope orientation is the most subordinate parameter. Considering that the rock slopes

were on the whole relatively stable during the site survey, the subordinacy of the slope

orientation parameter can be expected, otherwise, if it was dominant, progressive

instabilities would be expected.

The parameter with the least intensity is the discontinuity persistence. Therefore out of

all the parameters selected as the leading diagonal terms it is considered the least
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(hydro)

The row interactions for Hydraulic
Conditions represent the effects of

waterfiows & pressurc on
the rock slope.

Row Interactions for Weathering
represent the effects of
rock slope weathering

(weathering)

significant.

(weathering)	 (hydro)

The column interactions for Weathering
represent the rock slopes susceptibility

to wcathering processes.

Column Interactions for Hydraulic
Conditions represent the rock slopes

susceptibility to water ingress

e.g.	 C	 > E E	 parameter dominant
(weathering)	 (weathering)

E >	 C	 parameter subordinate
(hydro)	 (hydro)

Figure 7.6: The interpretation of the matrix rows and columns for the parameters of

hydraulic conditions and weathering.

The above comments highlight how some parameters can be interpreted in Cause and

Effect space by the imbalance and intensity between the system effects. This will be

discussed in more detail in the following sections. The generically coded matrix and the

Cause and Effect diagram represents an overview of many possible situations that could

occur in the rock slopes along the A-7 Autopiste. However, not every rock slope has

the circumstances that give rise to all the interaction effects suggested in the generic

matrix. Therefore, it is necessary to develop a method for establishing those interactions

that are likely to be critical for each rock slope. To do this, the state variables for the

parameters selected at the different rock slopes need to be used and this is discussed in

the following section.
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7.3.6 The Development of Slope Specific Cause and Effect Plots.

The generic matrix encompassing all the slopes studied along the A-i Autopiste and the

subsequent determination of the Cause and Effect co-ordinates for each parameter, need

to be adapted for the specific rock properties and site circumstances at each slope. The

state variables for each rock slope are different and this, in turn, will influence the

intensity and dominance of the parameters within each rock slope system.

In a similar study using the systems methodology for rock slope analysis, Mazzoccola

(1992) used the sum of the Cause and Effect ratings (X[C,^E1]) for each parameter (P)

as an indicator of a parameter's intensity within the system. This system was originally

developed by Arnold & Hudson (1991). The Rock Classification Index (RCI) is shown

in Figure 7.7.

P3	P1 P6 'K
Parameters

RCI = a	 ^ b P1 + c P6 + d P8 + ......
0
I•

	 Ratings assigned to parameter state variables
2

Figure 7.7: Rock Classification Index ,RCI.

Here, a is the coefficient from the (C 3^E3) for parameter P3. The parameter values for

P3 are assigned via a pull-down menu and represent an assigned rating value classified

from the distribution of all the parameter values for a specific parameter. Each parameter

value distribution is graded into three groups and assigned a rating of 0, 1 or 2. This

refers to the parameter values that are considered, respectively as, neutral, contributory
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or essential for the mechanism to occur. The resulting summation of the product of each

parameter intensity (C+E) and rating (0, 1, or 2) provide a tailor made classification

scheme for a specific rock mass, site and project. This method has many analogies with

the structure of traditional rock mass classification schemes, as discussed in Chapter 3.2.

and illustrated in Figure 3.10. The major disparity is that the weighting for each

parameter, here (C3+E3), is determined from the interaction intensity and not by

empiricalism.

This method used by Mazzoccola is also directed towards representing the whole rock

slope system, i.e., rock mass, site and engineering, with one numerical value. While it

is objective based, this approach does not consider the role of the parameter values

within the interactions themselves. The state variables of the parameters must influence

the intensity of each interaction and its intensity and dominance within the slope system.

For instance, the effect of a high stress on a weak rock mass can be highly interactive

resulting in the threshold of rock mass strength being exceeded. This interaction may be

given a coding value of 4 - critical interaction. The initial coding of the matrix applied

above, takes into account some aspect of the parameters state variable.

The approach followed in this analysis of the A-i Autopiste rock slopes is to consider

the state variables of the parameters selected, within the originally coded interaction

matrix. This is aimed at developing a slope specific Cause and Effect plot to allow the

assessment of the intensity and dominance of each parameter within each slope

concerned. The method comprises the application of a rating value, which corresponds

to the state variable class of the parameter, to the generic coding value for each

interaction within the matrix. The product of the rating value to the original coding value

will, in effect, increase, be neutral or decrease the final coding value for each interaction.

Therefore the interaction is either enhanced, remains the same or is switched off.

The rating value is determined by grading the distribution of the parameter values for

all the slopes into three groups, for instances, the strongest, intermediate and weakest

intact rock strengths are assigned rating values of 0, 1 and 2, respectively. Many of

these gradings have already been structured by the original parameter characterization

method. Appendix 5 shows the ratings assigned to each parameter.
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The final adjusted Cause and Effect value for each parameter is not just the product of

the generic matrix Cause and Effect value for each parameter and the parameter rating

value, but is the sum of the product of each generic coding value and specific rating

value for the parameter. The procedure followed is illustrated in Figure 7.8.

To illustrate the generation of the slope specific Cause and Effect values, Figure 7.9

shows the generic matrix, with rating values in bold type, for the south portal rock slope

at Jeresa. It can be seen from this matrix that the parameters of Folds and Faults, which

are not present at the south portal rock slope at Jeresa, have no effect on the system

= 0). Accordingly, as these parameters are not present at this rock slope they

cannot be affected by the system. Therefore the sum of the column interactions have to

be zero, (E(f1$) = 0). With all the other parameters, even if the parameter rating

value is assigned a value of zero, (which results in the sum of the row interactions also

being zero, i.e. = 0) they can still be affected by the other parameters in the

system, as the parameter is still a state variable. Consequently, such parameters can have

an Effect, and this may be particularly important for potential future interactions

especially when the parameter concerned can reach a threshold which drastically alters

its behaviour. Such parameters are effectively "waiting in the wings".

7.4 Development of Synergy Interaction Assessment

It is known that certain combinations of parameters can have a catastrophic effect on the

engineering works. When the parameters interact such that they produce a whole system

or an effect, this is called synergy. When the effect of these parameter combinations is

greater than the individual contribution made by each parameter independently, this is

called synergism.

In most of the engineering rock mass classification systems discussed in Chapter 3, the

final rating for the rock mass is considered as the sum of the independent components

of each parameter. Any rock mass class, as dictated by the final rating value, can be

obtained from different contributions in the parameter values, i.e., a rock mass with

weak intact rock and strong discontinuities can have the same rock mass rating as a rock

218



mass with strong intact rock and weak discontinuities. The behaviour of the rock mass

may be totally different and may be dependent upon just a few parameters.

A synergy effect is produced by the combined effect of a system of parameters that

does not necessarily imply that the effect is greater than the sum of the contributory

parts. Only one rock mass classification system has attempted to include the concepts

of synergy within its structure, albeit inadvertently. The Rock Support Rating system,

RSR, (Wickham, Tiedemann & Skinner 1974) has a rating system that is applied to the

combined influence of two parameters (as shown in Chapter 3.2). The intensity of the

synergy interaction was determined empirically. This provides another technique for

classifying engineered rock masses by way of parameter interactions. This is different

from the interaction matrix assessment, discussed earlier, as the interaction rating is a

function of both parameters, not just the effect of the independent variable on the

dependent variable.

These concepts can be used to develop a system for classifying the rock slopes along

the A-i Autopiste. The method proposed uses all the parameters selected in the Cause-

Effect assessment. The use of one half of the interaction matrix provides a structure in

which to assess the binary synergy interaction between all the parameters. As with the

Cause and Effect assessment, it is necessary to code the relative intensity of the synergy

interactions with respect to the state variables of the parameters.

Following a similar procedure employed in the previous section, a relative rating system

will be used, such that the state variable for each parameter in each rock slope is

assigned a relative rating, as follows.

-1 is detrimental to the stability

0 has a neutral effect on the stability

+lis of benefit to the stability

The rock slopes that have the lowest intact rock strengths will, accordingly, be assigned

a coding value of -1. The rock slopes with the strongest intact rock strengths will be

assigned a value of +1 and the rock slopes with intermediate strengths have a value of
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0. A synergy chart can be developed as shown in Figure 7.10. The same divisions

between the parameter state variables, identified for the Cause and Effect parameters,

have been used and are shown in Appendix 5.

From the assigned relative rating for each parameter, the synergy interaction between

two parameters is simply the sum of the scores assigned for each parameter concerned.

The synergy interaction for a rock slope with a low discontinuity spacing (a rating value

of -1) and a high number of discontinuity sets (a rating value of -1) has a combined

effect of -2. In this way each parameter combination is appraised based on its effect to

the TM relative" stability of the slope. By summing all the scores for each interaction, the

total influence of a parameter on the "relative stability can be assessed.

In Figure 7.11, the synergy interaction matrix for the north portal rock slope at Jeresa

is shown. Two parameters, folds and faults are included despite only occurring at several

slopes. The inclusion of these parameters within this system requires that they are

classed into three groups. The presence of any fault and/or fold can be considered to be

of detriment to the slope stability and would thus be given a rating of -1 or 0. Positive

values (+1) can be given when no fault of fold is present, as this reflects the relative

benefit to stability at these slopes by virtue of not possessing any faults or folds.

Some of these interactions within the synergy assessment will have more pronounced

influence on the rock slope stability than others. An intensity factor, just like the initial

coding applied to the generic matrix, could therefore be included. However, for the

purposes of this assessment, all interactions will be of equal intensity, for simplicity.

This type of analysis is focused directly towards the engineering objectives described in

terms of those interactions that are of relative benefit and detriment to rock slope

stability. As with the interaction matrix and the Cause and Effect assessment, the study

of the synergy interactions between more than two parameters becomes complex.
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7.5 Results of Rock Slope Assessment

7.5.1 Introduction

The application of the parameter rating values to the coded generic matrix, generates a

slope specific Cause vs. Effect plot. Each rock slope has its own parameter constellation

in Cause and Effect space and thus the parameters with the highest intensity and

dominance or subordinacy can be identified for each rock slope. As the parameter rating

values have been determined from the state variables for all the rock slopes relative to

each other, the rock slopes with the highest overall parameter intensity, dominance and

subordinacy can also be identified.

The interpretation of the Cause and Effect plots for each rock slope need to be referred

to the engineering ramifications of the different parameter constellations. The parameter

constellation can be described in several ways.

First, as the rating is based on the distribution of parameter values across the rock slope

sequence, it is worth studying the intensity, dominance and subordinacy of the

parameters across the rock slope sequence. This will identify the behaviour of the

parameters across the slope sequence.

Second, the parameters that have a high intensity relative to the other parameters in the

individual rock slope systems will control the behaviour of that rock slope, as will the

parameters with a high intensity and dominance or subordinacy. These are the

parameters that the interpretation of the system for each rock slope will focus upon.

Finally, ii1 the proceeding major section of this chapter, the ranking of the rock slopes

will be discussed.

7.5.2 Cause and Effect Parameter Distributions

Initially, to aid the interpretation of the individual slope C,E constellations, it is worth
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studying the distribution of the intensity (C+E) and dominancelsubordinacy (C-E) of the

parameters for all the slopes. Any comments made in the following sections regarding

the degree of intensity or dominancelsubordinacy will be with respect to the encountered

maximum and minimum C^E or C-E for the parameters analyzed, as shown in Figure

7.12 (a to d).

Folds: Only four rock slopes along the A-7 Autopiste had undergone an apparent degree

of folding and this parameter has moderate intensity and is always dominant. Intuitively

this is as expected, as we would not anticipate new folds being created or changes in the

degree of existing folding, under the circumstances encountered. The rocks slopes which

encountered folding were orientated perpendicular to the strike of the fold limbs. A

much higher parameter intensity would be anticipated if the folding was parallel to the

rock slope such that plane and toppling instabilities could propagate. In this case, much

higher coding values for interactions affected by this parameter would be assigned.

Faults: Faults were only encountered in three rock slopes. Similar to the folds, faults

have a moderate intensity and dominance. Again, the orientation of the Faults with

respect to the orientation of the rock slopes were favourable for stability, and thus do

not have a great intensity or dominance.

Inhomogeneity Degree: The inhomogeneity degree was characterized by the percentage

of the unweathered to weathered material across the area of the exposed rock face. At

two rock slopes, the sea side and mountain side rock slopes at PK619 (No. 12 & 13),

the inhomogeneity degree had a high intensity but low subordinacy. Therefore, at these

rock slopes the inhomogeneity is high and many parameters are affecting the current

state of inhomogeneity in the intact rock. Differential weathering is therefore an active

process and likely to progress further. It can be seen that in all the rock slopes, except

the North Portal Jeresa slope (No. 7), this parameter is subordinate but to a low degree.

The general low intensity of this parameter suggests that differential weathering is not

a factor greatly affecting many slopes.
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Intact Rock Strength: The intensity of the intact rock strength parameter is mostly high

to moderate for many of the rock slopes suggesting that this is an important parameter

by which many processes occur. The rock slopes with the highest intensity also have the

highest dominance, these being the slopes at PK619 and the south portal rock slope at

Jeresa. At those rock slopes, the current strength of the intact rocic which determines

the intensity of the row interactions and the Cause, is higher than the parameters

affecting it, the sum of the column interactions. Therefore, although the parameter is

dominant, future changes in the intact rock strength are not likely to greatly alter the

system interactions. When this parameter lies near the equal Cause and Effect line and

is of high intensity, as with the rock slope at Almenara PK463 (No 5), the intact rock

strength influences the system as much as the system influences the parameter. As the

intact rock strength was classified as being moderately strong at the time of the study,

the many other parameters that are interacting with this parameter suggest that it may
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alter in the future. Consequently, if the state variable of this parameter is changed, it will

by virtue of the intensity of the row interactIons, kick back at the system again to an

equal degree. For the other rock slopes, the C-E diagram shows that the Intact Rock

Strength can be either dominant or subordinate.

Discontinuity Orientation: The discontinuity orientation is mostly of moderate intensity

and of low dominance. It is expected that the discontinuity orientation would be a

dominant parameter, as it affects many of the potentially structurally controlled

instability mechanisms. The rock slopes where the discontinuity orientation is

subordinate, the slopes at PK619 (No. 12 & 13), indicate that the orientation of the

discontinuities can change. This is in fact occurring at these slopes where weathering of

the weaker strata causes the more competent strata to collapse into the resulting void.

Number of Discontinuity Sets: The number of discontinuity sets do not appear to be an

important factor in many of the rock slopes studied due to the generally low intensity

and low dominance of this parameter. The slopes at PK619 have the highest intensity

for this parameter, but it should be noted that most of the parameters for these two

slopes have high intensities.

Discontinuity Spacing: The discontinuity spacing has a similar low intensity and

dominance in most of the rock slopes. The parameter is mostly dominant but where it

is subordinate it tends to have very low intensity. Only in circumstances where, for

example, weathering becomes extremely severe can the discontinuity spacing be affected

by the system. The low intensity of the discontinuity spacing is probably due to the few

interactions with which this parameter was associated.

Discontinuity Mechanical Properties: The discontinuity mechanical properties generally

have a high to moderate intensity and are mostly of low subordinacy. The high intensity

is most reflected by the influence that aperture has on such factors as water ingress,

susceptibility to weathering and the influence of roughness on block fall stability, many

of which are critical interactions for slope stability. Widely spaced apertures and smooth

joints enhance the coding values of these parameters producing subordinate parameters

with high intensities.
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Discontinuity Persistence: All the rock slopes have a discontinuity persistence of low

intensity and low dominance/subordinacy and only minor differences allow

differentiation between the rock slopes. This is partly a function of the similarity

between the measured discontinuity persistence, in addition to a bias in the data

collection that was directed towards measuring only very persistent fractures.

Weathering: Weathering processes have a high to moderate intensity in about half of

the rock slopes studied and were of low to moderate dominance and subordinacy. Earlier

in this chapter, it was mentioned that the most progressive weathering situation occurs

when the parameter lies close to the C = E line and is of high intensity. For many of the

rock slopes this situation occurs, especially at the PK619 rock slopes and the south

portal Jeresa slope.

Hydraulic Conditions: The maximum potential monthly rainfall intensities were used

to code the intensity of the row interactions for the hydraulic conditions parameter. The

rock slopes north of Valencia (rock slopes No.! to 4) have the highest parameter

interaction intensity and tend to be dominant parameters at these locations. Given that

the Cause and Effect values for this parameter can be interpreted as being the effects of

the rainfall intensity and the access potential of the rainfall into the rock mass

respectively, the most detrimental situation arises when this parameter lies close to or

on the C = E line. It can be seen that for many of these rock slopes north of Valencia,

the parameter has a low dominance or subordinacy and high intensity and are thus

susceptible to and effect by water related processes.

Slope Dimensions: The slope dimensions have a low intensity, and low dominance and

subordinacy. The tallest rock slopes tend to have the highest intensity, which is as

expected. The low intensity of these slopes indicates that this parameter does not

perform a major role in the interactivity of the rock slopes.

Slope Orientation: All the rock slopes studied were ascertained as being subordinate and

of moderate intensity. This suggests that the orientation of the slope is effected more by

the system than it affects the system and is as expected, given that very few structurally

controlled instability situations were encountered.
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Excavation Method: The excavation method ranges from high to low intensity and is

mostly a dominant parameter. Three excavation methods were used, bulk, smooth and

pre-split blasting and these methods basically dictate the intensity and dominance of this

parameter. Most of the intensity (C^E) was produced by the row interactions, i.e. the

sum of the Causes. Any column interactions which may have given an Effect value were

due to unsuitable rock properties on the blasting technique.

7.5.3 Parameter Constellations

The application of the secondary rating value effectively doubles the size of the generic

matrix. The C,E parameter constellations for all the rock slopes studied occupy the

bottom left quadrant of the total potential C,E space available. Therefore, all parameters

are less than 50% active in terms of either intensity or dominance/subordinacy. In the

results sheets for each rock slope, shown in the following pages, only the bottom left

quadrant of each Cause and Effect plot is shown for clarity. Also presented is the

relative intensity and dominance/subordinacy of the parameters for each slope and the

synergy interaction assessment for each parameter. Although no specific instability

mechanisms are defined directly by the C,E method, the location of the parameters

within the C,E space do provide an indication of the present and future processes and

the parameters which are likely to influence the behaviour of the rock slope. To aid the

interpretation of the C,E plots, Figure 7.13 at the end of these sheets, has been

developed to show 5 extremes in dominance. Many of these points, which all have equal

intensity, correspond to typical parameter locations in the results sheets. A summary of

the principal mechanisms, interactions and parameters for each slope is presented with

the C,E, results along with the main findings from the synergy assessment.
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Slope No.!

RESULTS:
Most Interactive:

Least Interactive:
Most Dominant:

Most Subordinate:
Detrimental Synergy
Parameters:

1) Hydraulic Conditions, 2) Weathering 3) D.Mechanical Properties &
Excavation Method.
1) D. Persistence, 2) Slope Dimensions, 3) Inhomogeneity
1) Excavation Method, 2) Discontinuity Orientation, 3) Hydraulic
Conditions
1) Slope Dimensions, 2) D. Mechanical Properties, 3) Intact Rock Strength

1) Discontinuity Orientation & 2) Hydraulic Conditions

SUMMARY:
The results suggest that the hydraulic conditions is the parameter most influencing the rock
mass and rock slope quality. The hydraulic conditions is the most interactive and one of the
most dominant parameters at this slope. The discontinuity properties are also susceptible
to weathering processes due, in part, to the dominant influence of the hydraulic conditions.
The synergy rating reinforces these results and identifies the adverse role of the hydraulic
conditions and discontinuity orientation. The excavation method, which is the most
dominant parameter, may have compounded many of the interactions associated with the
hydraulic and weathering processes. Discontinuity controlled block falls are the most likely
instability mechanisms initiated by water flows and pressures.

The average intensity of this rock slope system relative to the other slopes is classified as
intermediate.
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Slope No 2.

RESULTS:
Most Interactive:

Least Interactive:
Most Dominant:

Most Subordinate:
Detrimental Synergy
Parameters:

I) Hydraulic Conditions, 2) Weathering 3) D.Mechanical Properties &

Excavation Method.

1) Slope Dimensions, 2) Inhomogeneity 3) D. Persistence,

1) Excavation Method, 2) Hydraulic Conditions 3) Disconitinuity

Orientation,

1) Intact Rock Strength 2) Slope Orientation 3) Slope Dimensions.

1) D.Mechanical Properties, 2) Hydraulic Conditions

SUMMARY:
This slope has very similar characteristics to the adjacent Oropesa sea side rock slope. The
hydraulic conditions is the most interactive parameter and one of the most dominant. The
rock mass is also affected by weathering processes. The discontinuity mechanical proper-
ties is one of the most interactive parameters and lies very near the C=E line. This could
have adverse consequences for the rock slope stability which is highlighted by the synergy
assessment, especially as the rock mass is susceptible to weathering processes.

The average intensity of this rock slope system relative to the other slopes is classified as
intermediate.
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Synergy Rating:
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negative values: detrimental to stability
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Slope No.3

RESULTS:
Most Interactive:	 1) Hydraulic Conditions, 2) D.Mechanical Properties 3) Excavation

Method.
Least Interactive:	 1) D. Spacing, 2) Inhomogeneity 3) Intact Rock Strength.
Most Dominant:	 1) Hydraulic Conditions 2) Excavation Method 3) D. Persistence
Most Subordinate: 	 1) Weathering, 2) D. Mechanical Properties, 3) Slope Orientation
Detrimental Synergy
Parameters: 	 1) D. Persistence, 2) D. Orientation 3) Hydraulic Conditions

SUMMARY:
The hydraulic conditions and the discontinuity properties, such as persistence, mechanical
properties and the orientation, will dominate any pending instabilities at this rock slope
due to the high intensity and dominance of these parameters. The synergy assessment also
identifies the discontinuity orientation as an adverse parameter for stability, which is
evident by the plane failure of the rock blocks at the crest of the slope.

The average intensity of this rock slope system relative to the other slopes is classified as
intermediate.
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C+E Plot showing Parameter Intensity
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Synergy Rating:
positive values: beneficial to stability

negative values: detrimental to stability
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Slope No.4

Most Interactive:
Least Interactive:
Most Dominant:
Most Subordinate:
Detrimental Synergy
Parameters:

RESULTS:
1) Weathering, 2) Hydraulic Conditions 3) Excavation Method.
1) Slope Dimensions, 2) Folds, 3) D. Spacing,
1) Excavation Method 2) D. Persistence, 3) Folds
1) D. Mechanical Properties, 2) Intact Rock Strength 3) Slope Orientation

1) D. Persistence, 2) Weathering, 3) Hydraulic Conditions

SUMMARY:
The above photograph shows two rock slope cuts, the lower slope is for the A-i Autopiste
and the higher, more weathered slope, was excavated for the national road. The national
road cut was excavated many tens of years before the A-7 Autopiste cut. The effects of
many processes acting on many rock parameters over the different time periods since
construction can be seen in the different rock qualities between the rock slopes. Weathering
and the hydraulic conditions are highly active at this location due, in part, to the quality of
the excavation method. The persistence of the discontinuities are further exacerbating these
processes. These are affecting the subordinate parameters of intact rock strength and the
discontinuity mechanical properties. These factors could influence the inhomogeneity
degree, as seen in the upper slope, resulting in block falls due to differential weathering and
the weaker discontinuity shear strengths.

The average intensity of this rock slope system relative to the other slopes is classified as
High.
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3. Inhomogeneity Degree
4. Intact Rock Strength
5. Discontinuity Orientation
6. No. of Discontinuity Sets
7. Discontinuity Spacing
8. Discontinuity Mechanical Properties
9. Discontinuity Persistence
10. Weathering
11. Hydraulic Conditions
12. Slope Dimensions
13. Slope Orientation
14. Excavation Method
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Synergy Rating:
positive values: beneficial to stability

negative values: detrimental to stability
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Slope No.5

RESULTS:
Most Interactive:	 1) D. Mechanical Properties. 2) Excavation Method, 3) Weathering,
Least Interactive: 	 I) D. Persistence, 2) Inhomogeneity, 3) Slope Dimensions.
Most Dominant:	 1) Excavation Method, 2) D. Orientation, 3) Intact Rock Strength.
Most Subordinate:	 I) Slope Orientation, 2) D. Mechanical Properties, 3) Inhomogeneity.
Detrimental Synergy
Parameters:	 1) D. Orientation, D.Mechanical Properties, Slope Orientation, Excavation

Method.
SUMMARY:

The quality of the excavation and the method used have greatly influenced the quality of
the rock mass at this slope as indicated by the high intensity and dominance of this
parameter. This has partly influenced the discontinuity mechanical properties which
although subordinate are highly interactive. The weathering parameter lies very close to the
C=E line and it can be interpreted that this process will influence the rock mass in the longer
term. The discontinuity orientation is also dominant, as reflected by the large instability
which can be seen in the photograph. These parameters coincide with those identified by
the synergy assessment as being of detriment to the stability of the slope.

The average intensity of this rock slope system relative to the other slopes is classified as
High.

241



0	 10	 20	 30	 40	 50

Cause

Cause & Effect Plot
Folds, faults & excavation method have C,E

values of 0,0.

Parameters
1. Folds
2. Faults
3. Inhomogeneity Degree

Intact Rock Strength
5. Discontinuity Orientation
6. No. of Discontinuity Sets
7. Discontinuity Spacing
8. Discontinuity Mechanical Properties
9. Discontinuity Persistence
10. Weathering
11. Hydraulic Conditions
12. Slope Dimensions
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Slope Name:	 No.6: SAGUNTO SEA SIDE SLOPE

C+E Plot showing Parameter Intensity

123 456789 1011121314

C-E Plot showing Parameter
Dominance (+ve) & Subordinacy (-ye

2 3 4 5 6 7 8 9 10 11 12 13 14

Synergy Rating:
positive values: beneficial to stability

negative values: detrimental to stability
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Slope No.6

Most Interactive:

Least Interactive:
Most Dominant:
Most Subordinate:
Detrimental Synergy

RESULTS:
1) Intact Rock Strength, 2) Hydraulic Conditions, 3) D. Mechanical

Properties.

1) Excavation Method, 2) D.Orientation, 3) D.Spacing.

1) Intact Rock Strength, 2) D.Persistence, 3) Hydraulic Conditions

1) Weathering, 2) Slope Orientation, 3) D. Mechanical Properties.

Parameters:	 1) D. Persistence, 2) Slope Dimensions

SUMMARY:
The intact rock strength is the most interactive and dominant parameter for this rock slope.
Weathering is subordinate, which suggests that this process is not going to change the rock
slope conditions in the future. The synergy assessment identifies two parameters as being
of slight detriment to stability, namely the high persistence of the discontinuities and the
dimensions of the slope, by virtue of the height of the slope. On the whole, this rock slope
possesses very favourable conditions compared with the other rock slopes.

The average intensity of this rock slope system relative to the other slopes is classified as
Low.
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4. Intact Rock Strength
5. Discontinuity Orientation
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10. Weathering
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12. Slope Dimensions
13. Slope Orientation
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Synergy Rating:
positive values: beneficial to stability

negative values: detrimental to stability
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Slope No.7

RESULTS:
Most Interactive:	 1) Hydraulic Conditions, 2) Intact Rock Strength, 3) Slope Orientation.
Least Interactive: 	 1) Excavation Method, 2) D.Spacing, 3) D.Orientation.
Most Dominant:	 I) Intact Rock Strength, 2) Faults, 3) D.Persistence.
Most Subordinate:	 1) Weathering, 2) D. Mechanical Properties, 3) Inhomogeneity.
Detrimental Synergy
Parameters:	 1) D. Persistence, 2) Slope Dimensions & Slope Orientation

SUMMARY:
The mountain side rock slope has a veiy similar parameter constellation to the sea side slope
at Sagunto where the intact rock strength is the most dominant and one of the most
interactive parameter. Hydraulic conditions are the most interactive parameter, although
of relatively low intensity, as are all the parameters in this rock slope. On the whole, this
rock slope possesses very favourable conditions compared with the other rock slopes.

The average intensity of this rock slope system relative to the other slopes is classified as
Low.
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Synergy Rating:
positive values: beneficial to stability

negative values: detrimental to stability
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Slope No.8

RESULTS:
Most Interactive:
Least Interactive:
Most Dominant:
Most Subordinate:
Detrimental Synergy
Parameters:

1) Excavation Method, 2) D.Persistence, 3) Slope Orientation.
1) Intact Rock Strength, 2) Inhomogeneity, 3) Slope Dimensions.
1) Weathering, 2) D.Mechanical Properties, 3) Hydraulic Conditions.
1) Excavation Method, 2) D.Persistence, 3) D. Orientation.

1) D. Persistence & Faults, 2) Slope Dimensions, Slope Orientation,
D. Orientation.

SUMMARY:
The north portal rock slope at Jeresa has the lowest average intensity of all the slopes
studied and the parameter constellation is clustered near the bottom left corner of the C,
E piot. Most of the parameters lie near the Cause or Effect axis. The excavation method
is the most interactive parameter but the most subordinate and appears not to have greatly
affected the other parameters. On the whole this rock slope has very favourable system
characteristics.

The average intensity of this rock slope system relative to the other slopes is classified as
Low.
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Synergy Rating:
positive values: beneficial to stability

negative values detrimental to stability
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Slope No.9

RESULTS:
Most Interactive:
Least Interactive:
Most Dominant:
Most Subordinate:
Detrimental Synergy
Parameters:

1) Weathering, 2) Intact Rock Strength, 3) D. Mechanical Properties.

1) Slope Dimensions, 2) D.Persistence, 3) No. of Sets.

1) Intact Rock Strength, 2) Excavation Method, 3) Weathering,.

1) Hydraulic Conditions, 2) Slope Orientation, 3) D.Mechanical Prop

1) Intact Rock Strength, D. Spacing, Weathering, D. Orientation.

SUMMARY:
The rock slope conditions at the southern side of the Jeresa tunnel are very different from
the north portal rock slope. Weathering has greatly affected the quality of the rock mass
as reflected in the high intensity of this parameter. The effects of weathering can be
observed by the numerous solution features present at this slope. The relatively low intact
rock strength, which probably has been reduced by weathering, has resulted in this
parameter being the most dominant for this slope. Many of the parameters for this slope
can be seen to have near equal intensity, lying either side of the average system intensity
point. Many of these parameters are identified in the synergy assessment as being of
detriment to stability.

The average intensity of this rock slope system relative to the other slopes is classified as
High.
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Synergy Rating:
positive values: beneficial to stability

negative values: detrimental to stability
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Slope No.10

RESULTS:

Most Interactive:	 1) Faults, 2) Slope Orientation, 3) Excavation Method
Least Interactive: 	 1) No. of Sets, 2) Inhomogeneity Degree, 3) D. Spacing
Most Dominant:	 1) Faults, 2) Intact Rock Strength, 3) Excavation Method.
Most Subordinate:	 1) Weathering, 2) Hydraulic Conditions, 3) Inhomogeneity Degree
Detrimental Synergy
Parameters:	 1) D. Persistence 2) Faults

SUMMARY:

The C+E diagram shows that many of the parameters for this rock slope have near equal
intensity and many lie very near to the Cause and Effect axis: the extremes of dominance
and subordinacy, respectively. In the case of the dominant rock parameters, such as faults,
intact rock strength and discontinuity persistence, whilst they may affect the system, they
are not being affected and are de-coupled for the system. The subordinate parameters, such
as slope orientation and weathering are not affecting the system but are affected by the

Therefore very little change to the parameters is expected.

average intensity of this rock slope system relative to the other slopes is classified as
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Synergy Rating:
positive values: beneficial to stability

negative values: detrimental to stability
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Slope No.11

RESULTS:
Most Interactive:	 1) Faults, 2) Slope Orientation, 3) Excavation Method
Least Interactive:	 1) No. of Sets, 2) Inhomogeneity Degree, 3) Slope Dimensions
Most Dominant:	 1) Faults, 2) Intact Rock Strength, 3) Excavation Method.
Most Subordinate: 	 1) Slope Orientation, 2) Weathering, 3) Hydraulic Conditions.
Detrimental Synergy
Parameters:	 1) D. Persistence & Faults, 2) Slope Dimensions & D. Orientation

SUMMARY:
mountain side rock slope at PK618 has almost identical Cause and Effect character-
as the sea side rock slope. The faulting, which strikes perpendicular to both rock slope,

little effect on the difference between the system intensities. In the far right of the above
a plane failure can be observed.

average intensity of this rock slope system relative to the other slopes is classified as
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Synergy Rating:
positive values: beneficial to stability

negative values: detrimental to stability
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Slope No.12

RESULTS:
Most Interactive:
Least Interactive:
Most Dominant:
Most Subordinate:
Detrimental Synergy

1) Weathering, 2) D.Mechanical Properties, 3) Intact Rock Strength,
1) Slope Dimension, 2) D.Persistence, 3) D.Orientation
1) Intact Rock Strength, 2) Folds, 3) D.Persistence.
1) Hydraulic Conditions 2) Slope Orientation, 3) D.Orientation

Parameters: 1) D. Persistence, Folds, Inhomogeneity Degree, Intact Rock Strength,
No of Sets, D.Spacing, D.Mechanical Properties, Weathering & Slope
Dimensions 2) Slope Orientation & Excavation Method.

SUMMARY:
The above photograph shows the extremely complex folding and some of the effects of
weathering at the PK619 rock slopes. This demonstrates the high intensity of the
weathering process which is causing inter-bed erosion. The intact rock strength, the most
dominant parameter, is not just being reduced but also removed for the slope system
causing collapse between the stronger, more competent, strata. The inhomogeneity
parameter is highly interactive due to the different strengths between the strata. The
complex interactions taking place at this rock slope are confirmed by the synergy
assessment which shows that, with respect to the all rock slopes, most of the parameters
at PK6 19 are of detriment to the stability of the slope. Small scale rock falls and degradation
of the intact material are the principal mechanisms occurring at this slope but the
orientation of the slope with respect to the bedding planes suggest that these mechanisms
are not a direct hazard to road safety.

The average intensity of this rock slope system relative to the other slopes is classified as
High.
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Synergy Rating:
positive values: beneficial to stability

negative values: detrimental to stability
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Slope No.13

RESULTS:
Interactive:
Interactive:
Dominant:
Subordinate:
nental Synergy

I) Weathering, 2) D.Mechanical Properties, 3) Intact Rock Strength,
1) Slope Dimension, 2) D.Persistence, 3) D.Orientation
1) Intact Rock Strength, 2) Folds, 3) D.Persistence.
1) Hydraulic Conditions 2) Slope Orientation, 3) D.Orientation

1) D. Persistence, Folds, Inhomogeneity Degree, Intact Rock Strength,
No of Sets, DSpacing, D.Mechanical Properties, Weathering 2) Slope
Dimensions, Slope Orientation & Excavation Method.

SUMMARY:
The mountain side rock slope at PK619 is vexy similar to the sea side slope except the
slope has smaller dimensions. (See PK619 sea side slope for summary).

The average intensity of this rock slope system relative to the other slopes is classified
as High.
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Synergy Rating:

positive values: beneficial to stability
negative values: detrimental to stability
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Most Interactive:
Least Interactive:
Most Dominant:
Most Subordinate:
Detrimental Synergy
Parameters:

RESULTS:
1) Excavation Method, 2) Slope Orientation, 3) D. Mechanical Properties
1) Intact Rock Strength, 2) Inhomogeneity, 3) Slope Dimensions.
1) Excavation Method, 2) D. Orientation, 3) D.Spacing.
1) Hydraulic Conditions, 2) Weathering, 3) D. Mechanical Properties

.none

SUMMARY:
The north portal rock slope at Mascarat has an overall low parameter intensity. Excavation
Method is the most interactive and dominant parameter. The strong homogeneous intact
rock and the widely spaced and strong discontinuity properties contribute to the very
favourable rock mass quality. The synergy assessment showed that no parameters at this
slope are considered to be of detriment to stability. 	 -

The average intensity of this rock slope system relative to the other slopes is classified as
Low.
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The interpretation of a parameter in C,E, space can be
aided with reference to the original matrix. Shown in the
left hand figure are 5 parameter points with equal intensity
but variable dominance and subordinacy. The
interpretation of a parameter at these positions depends on
the type of parameter. The five locations shown are typical
for many of the parameters shown in the preceeding rock
slope result sheets. For each parameter position the
interaction intensity is shown by the increased shading in
the row or column in the C,E, mairicies below.

Column or Row
High intensity interactions

Moderate intensity interatcions

L	 I	 No interactionsCause

'jill_
I LEEE

Effect

2._

Effect

4iI_

Effect

Effect

5.

14

Effect

Parameters located at point 1 have no interactions on the system but are
affected by other system interactions. Parameters at this location are
highly subordinate and fuclion as an output to other system
interactions. Although these parameters are not of immediate concern
for instability scenarios, should they be of high intensity, there is a
possibility of their threshold being exceeded. Of particular concern, in
this case, are parameters such as Intact Rock strength and
Disconitniuity Mechanical Properties.

At position 2, the system greatly affects the parameter but the
parameter has a lesser effect on the system. If the interaction between
this parameter and another is highly interactive, the subordinate
parameter could have a great influence on the system stability.

Parameters which lie on the equal Cause and Effect line have an equal
effect on the system as the system has on the parameter. Many of the
parameters, such as Hydraulic Conditions and Weathering are at their
most sensitive at this location. In time, such parameters will continue to
influence all the other parameters and the most rapid change in the
system will be observed.

At position 4, a parameter has a great effect on the system than the
system has on the parameter and is said to be dominanL A parameter
(Pi) at some state will have a dominant influence on all the other
parameters, as determined by the coding value. In time, the other
parameters can only moderately alter the state of this parameter (Pi).
Any dominant parameter will tend to influence any post excavation
instability mechanism. Relevant parameters include discontinuity
orientation, slope orientation, discontinuity mechanical properties.

At point 5, a parameter influences the system but is not affected by the
other parameters and these parameters are effectively de-coupled from
the system and lie outside the system boundary. Excavation method is
one parameter that, for the slope studied, tend to lie near this location
but not on the E=0 line. From the C,E analysis performed a parameter
can only lie on the E=O line when C=O.

Figure 7.13: Interpretation of parameter dominance
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7.6 The Rock Slope Ranking

7.6.1 Introduction

Iij is the weighting for the interaction effect of
Parameter P on P,: detennined from the coded
generic matrix.

R1is the rating assigned to the state variable of
Pi.

The Cause and Effect Co-ordinate of param-
eter P1 is (Cp Ep)

CP1=Rj.Iji+Rj.Ia+ ..i- R1J11

Ep1 =R 1 .I 11 +R2 .I+ ... + RJ1

n
Cp =Ri1ij

j=I
n

Ep1 = (Rj . Iji)
j=1

C and E are the mean of all Cp. and Ep1 respec-
tively.1 is the centre of gravity of the Pi and is

called the average system intensity.

P=C==Cp 1 /N 	 Ep1fN

Figure 7.14: The generation of the average slope intensity.

Apart from the role of the individual parameters within the rock slope system,

consideration needs to be given to the whole system performance. The average system

intensity for each slope system is located on the C = E line and is a function of' all the

individual interaction intensities. This provides one measure of the interactivity of each
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slope system and therefore provides a possible means for discriminating between the

rock slopes. Rock slopes with a high average slope intensity relative to the other slopes

will have, overall, many more interactions that are "switched on". These rock slopes

could be considered as having less favourable stability conditions as they have more

interactions in which mechanism pathways can operate. Figure 7.14 shows the generation

of the average rock slope system intensity from the original coding and rating for each

parameter.

The traditional rock mass classifications, that have been adapted for rock slopes as

discussed in Chapter 3, take little or no account of the interactions between parameters.

In Bieniawski's Rock Mass Rating system, the rock mass rating is determined from the

summation of the ratings of nine rock mass parameters where the rating and weighting

of the system are determined empirically. Additional adjustment factors are applied to

the final rating based on the excavation technique and orientation of the discontinuities

and faults with respect to the excavation orientation. The Slope Mass Rating system,

developed by Romana (1985), uses the basic RMR rating for the rock mass but applies

four adjustment factors that focus directly on the structurally controlled instability modes

typical in rock slopes. Both of these classification systems are shown in Appendix 2.

These final adjustment factors can have a dramatic effect on the final rock quality rating.

R2

P1

\

The Rock Mass Rating system developed
by Bieniawski (1974) is expressed as a
sum of the leading diagonal parameter
rating values.

A similar classification system can be
developed by the summation of the rating
values (Ri) assigned to each parameter at
each rock slope. This is ca1le the sum of
the ratings value.

SOR=R1+R2+...+R,..-4-R

n
SOR=Ri

Figure 7.15: The Sum of Ratings (SOR) classification system
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A similar classification system can be structured using the only the rating values

assigned to each parameter in the Cause and Effect analysis. By summation of the

parameter ratings (0, 1 or 2) at each rock slope an equivalent rock mass rating value can

be established, which has been called the Sum of Ratings classification system (SOR),

as illustrated in Figure 7.15. In this case each parameter has equal weighting within the

system (equivalent to a coding of 1 in the generic matrix).

The use of one numerical value to characterise different rock slopes is highly desirable

as it allows instant identification of the worst and best rock slopes relative to each other.

However, the use of one numerical value (one dimension) to grade the rock slopes

conceals all the active mechanisms, the role of the individual parameters within the rock

slope system and the potential behaviour modes of engineered rock mass.

While recognising the limitations in using a one dimensional parameter to classify

engineered rock masses, it is worth comparing the final rating values from all of these

classification systems to study the difference in the rock slope order and to suggest the

influence of the different rating and weighting methods.

To summarize, the five classification systems are:

1) The average rock slope system intensity, b or P-bar;

2) The sum of the rating values for each slope, (SOR);

3) The basic Rock Mass Rating (RMR) classification system (Bieniawski's system

1979) without any adjustment factors;

4) The adjusted Rock Mass Rating classification system (adj. RMR) with

adjustments for slope orientation, faults and excavation method; and,

5) The slope mass rating system (SMR) developed by Romana (1985).

Noting that the final rating values determined by the RMR and SMR systems represent

the better rock qualities by a high numerical value and the worst by a low value, it is

necessary to invert the rock slope order for these systems to make the order comparable

with the average system intensity and SOR system.
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The rock slope order using these five methods is listed in Table 6.1.

Table 7.1: The rock slope ranking based on rock qualities between different

classification systems, with rock qualities decreasing from top to bottom.

Rank	 P-bar	 SOR	 RMR	 Adj. RMR	 SMR

1

1 - Low	 Jeresa N	 Jeresa N	 Mascarat M	 Mascarat M	 Jeresa N

2 -	 Mascarat M	 Mascarat M	 Jeresa N	 Sagunto S	 Sagunto M

3 - -	 Sagunto S	 Almenara S	 Benicasim S	 Jeresa N	 Sagunto S

4 -	 Sagunto M	 Sagunto S	 Sagunto S	 Sagwno M	 PK 618 S

5 - mt.	 Oropesa S	 Oropesa S	 Sagunto M	 Benicasim M PK 618 M

6 -	 PK 618 M	 Oropesa M	 Benicasim M Benicasim S	 Jeresa S

7 - -	 Benicasim S	 PK 618 M	 Oropesa S	 Oropesa M	 Benicasim M

S -	 PK 618 S	 PK 618 S	 PK 618 S	 Oropesa S	 PK 619 S

9 -	 I Oropesa M	 Benicasim S PK 618 M	 PK 618 S	 Mascarat M

10 - High 1 Almenara	 Sagunto M	 Oropesa M	 PK 618 M	 Benicasim s

11 -"	 ' Jeresa S	 Benicasim M Almenara 	 PK 619 S	 PK 619 M

12 -"	 Benicasim M Jeresa S	 Jeresa S	 PK 619 M	 Oropesa M

13 -"	 PK 619 M	 PK 619 M	 PK 619 5	 Jeresa S	 Almenara

14 -"	 PK 619 S	 PK 619 S	 PK 619 M	 Almenara	 Oropesa S

7.6.2 Comparison between the Classification System

Comparison between the established classifications systems

Figure 7.16 shows the ratings for each rock slope ordered such that the rock slopes with

the worst slope conditions have the highest ratings. The three classification systems

show a similar trend across the rock slope sequence. As the adjusted RMR and the SMR

are a function of the basic RMR system, any dispanty between the rock slope ratings

is due to the different adjustment factors used.

In the adjusted RMR, four adjustment factors were applied, the most sensitive of which
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is the adjustment for discontinuity orientation. This may reduce the basic RMR by up

to 60 rating points. The application of this adjustment rating is, however, subjective as

it depends on how one considers the orientation of the discontinuities as being

unfavourable. The SMR system applies the adjustment ratings more systematically, based

on the potential failure modes of plane and toppling. In this respect, ignoring the

adjusted RMR, study of the basic RMR values and the SMR values for each rock slope

shows that slope No.5 (Almenara seaside) not only has a low rock quality but also

potential for structurally controlled instabilities. The rock slopes at PK619 both have

poor rock qualities but their basic ratings are improved by the method of excavation in

the SMR classification. The biggest effect of the adjustments for potential structural

instabilities is at the mountainside rock slope at Mascarat (No.14). Here, despite a

relatively good rock quality, the potential for structural instabilities is high, greatly

reducing its SMR rating. The rock slopes with the best structurally controlled stability

situation together with good rock qualities are at Sagunto. The major problem with the

classifications that apply adjustment factors is what the final rating value actually means,

as there is little empirical validation.

100

80

Q)

0

Cfl20

0
1234567891011121314

Slope Number

100-	 •	 100-adj.	 A	 100-SMR
RMR	 RMR

Figure 7.16: The distribution of the established classification schemes across the

slope sequence
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Comparison between SOR and RMR.

The SOR and the basic RMR would appear to have similar attributes as both are

functions of the sum of the parameter ratings. In order to compare the ratings from both

of these techniques, Figure 7.17 shows the slope ratings normalised to the sum of all the

rating values. The diagram shows the relative trend across the slope sequence. Some of

the slope ratings are similar, especially the slopes south of the south portal Jeresa rock

slope (No. 9 to 14).

0.14

0.1
a)
o 0.08

q)

I
0

1	 2	 3	 4	 5	 6	 7	 8	 9	 10 11 12 13 14

Slope Number

-. Norm. SOR	 • Norm. (100-RMR)

Figure 7.17: The normalised slope ratings for SOR and 100- RMR across the slope

sequence

There are four possible reasons for any dissimilarity between the two systems, these

being:

i) The equivalent RMR has more parameters than the basic RMR.

ii) The parameters within the RMR system have different weights. In the SOR each

parameter has the same maximum weighting.

iii) In the SOR system, a relative rating system has been used rather than an absolute

rating corresponding to every state variable.

iv) The final ratings value may not be due to parameters with a similar intensity.

Before any conclusions can be made it is necessary to study the contribution made by

each parameter to the final rating value. To do this, two rock slopes have been selected
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for scrutiny: No. 5 Almenara seaside and No. 9 Jeresa south portal. These two slopes

show the extremesb in difference between the two rating systems.

Figure 7.18: An assessment of how "switched on" the parameters are within their

respective classification systems for two rock slopes.

In Figure 7.18 the normalised parameter effect on the slope rating is shown for each

parameter. This was determined by considering the degree by which each parameter was

"switched on". For example, a parameter with an SOR rating of 1 has a "switched on"

intensity of 0.5 as the maximum rating is 2. This was performed for all the RMR

parameter ratings taking into account the weighting of each parameter e.g. if the intact

rock strength has a maximum rating of 20, and the parameter rating at the slope has a

value of 5 it has an intensity of 0.75 because the RMR system has high values for good

rock qualities and low values for poor rock qualities. By normalising all the intensities

with respect to the sum of the intensities, the effect of each slope parameter rating for

all the "switched on" parameters can be studied. To make the parameters in the two

systems as comparable as possible, some parameters have been combined for

convenience, e.g. the RQD is taken to represent the number of discontinuity sets.

Although a statistical study of all the parameters from all the rock slopes is necessary

to examine if there is any correlation between the two characterization systems, the
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difference between the two rating values can possibly be explained by the increased

number of parameters in the SOR system. At the Almenara rock slope the coniribution

made by the excavation method, which is a parameter not in the basic RMR system,

appears to have a great effect on the final rating. However, at the Jeresa rock slope that

has a similar SOR and RMR rating, there are many non-RMR parameters that are having

an effect on the final SOR rating. This would suggest that while many of the similar

parameters in the two systems are contributing to the final rating value, it is not these

parameters alone that is giving similar distribution in the values. Each parameter in both

systems is considered as being independent and the whole is equal to the sum of its parts

but in this case the contribution made by the parts is different.

Comparison between SOR and P-bar
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Figure 7.19: The slope rating distribution between the sum of the rating values and

the average system intensity.

In Figure 7.14, the numerical relation between the average system intensity P-bar and

the rating values were shown. P-bar is a function of the rating values which possibly

explains the similarity between the rock slope ratings from both of these systems, as

shown in Figure 7.19. On first impressions it would seem that the average slope intensity

P-bar is not noticeably different from the sum of the ratings for many of the rock slopes

despite taking into account the interactions between the parameters. However, an
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investigation into the relation between P-bar and SOR as shown in Figure 7.20 indicates

that the relation is non-linear but displays a linear trend. This raises questions as to the

sensitivity of the generic coding and the ratings on the final slope distribution which is

discussed in the final part of the conclusions.
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Figure 7.20: The near linear relation between the sum of the ratings (SOR) and the

average slope intensity (P-bar)

7.7 Conclusions and Discussion for Future Improvements to the

Tactical Application of Methodology

7.7.1 Limitations and Improvements

There are some limitations and assumptions inherent within the analysis and these are

discussed under the following headings together with appropriate conclusions.

Parameter Selection

The leading diagonal parameters have been selected to represent factors that can allow

discrimination between the different rock mass states in the rock slopes and which

distinguishes features that have a major bearing on the rock slope stability. These

parameters do not have the same units and some of the selected parameters, especially

the folds and faults, are solely characterized by their presence.
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Rock engineering has changed many of the rocks properties and these can be measured

as post construction parameter state variables. The engineering factors, such as method

of excavation, excavation efficiency and possible slope orientation and dimension, could

possibly be neglected as these factors are already inherent within other rock parameters

measured on site. The hydraulic conditions and weathering were two parameters

quantified over a period of time. The other rock parameters were measured at the time

of the site survey. Accordingly, it is necessary to consider whether the interaction matrix

parameters should be measured as the state variables at the time of the investigation or

as dynamic parameters with some time behaviourial component. The advantages of using

weathering since construction and the yearly rainfall intensities provided a means for

interpreting the potential future response of these parameters on the whole rock slope

system.

Given that only a rapid collection of field data was possible, many parameters were

selected to provide a short cut method for discriminating between the major influences

that have affected the rock slope quality.

Parameter Characterization

Many parameters selected are continuous or discrete random variables and are stochastic

rather than having one representative numerical value. Due to time constraints during

the data collection phase, only mean values have been used in the assessment of the

rating value. In addition, some of the parameters selected, especially the discontinuity

properties, do not discriminate between the properties of different joints and joint sets.

There are limitations in assigning one numerical rating value to parameters such as joint

spacing and joint mechanical properties that, not only, may be variable for each single

joint or set, but also fundamentally different between different joint sets. These

limitations are also inherent within established rock mass classification schemes and

many numerical methods.

Pammeter and Interaction Resolution

The generic coding applied to the off-diagonal interactions is a function of the resolution

of the parameters selected along the leading diagonal of the matrix. The coding

represents the judged intensity of the interaction between the independent and dependent
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variable. The interaction has no units and therefore is not directly comparable with other

interactions. In order to make all the codings as comparable as possible, the resolution

of the leading diagonal terms also need to be selected on a comparable basis.

Within some of the parameters selected there are more detailed parameters that could

express, more precisely, the interactions in the off-diagonal boxes. The discontinuity

mechanical properties parameter is considered, in this analysis, to be a function of the

discontinuity aperture and roughness. Where the interaction is better defined by either

discontinuity aperture or roughness, an individual rating for these parameters has been

used. Similarly, interactions associated with the joint orientation and slope orientation,

have been mostly interpreted in terms of the presence of unfavourably orientated joint

sets with respect to structurally controlled instabilitiies. These two parameters are, for

many interactions in the matrix, directly coupled and could possibly be better

represented by one leading diagonal term.

This highlights one current limitation within the matrix structure in that only binary

interactions are theoretically considered. Although in the practical interpretation of many

off-diagonal boxes that are functions of three or nore interactions, these have been

considered as binary interactions.

Similarly, faults and folds that are solely characterized by their presence within this

system, can be described in greater detail by a bo of other parameters. Folds, for

instance, have been included because in those rock slopes where they were present,

folding appeared to be influencing the rock slope quality. Therefore their inclusion was

a compromise between detailed parameter characterization of the variability in the other

parameters (e.g. joint orientation) and the selection of one parameter that encompasses

all of these attributes.

Parameter Interactions

In Figure 7.9 the parameter rating and generic coding applied to the Jeresa north portal

rock slope was shown. It was assumed that as no fokis or faults were observed there

cannot be any interactions modifying these parameters. Therefore all column interactions
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influencing these parameters were given a final value of zero. While this assumption

may be reasonable for the assessment of folds, the same assumption for the presence

of faulting could be a gross presumption, the consequences of which could be

catastrophic. While this assumption was based on available data, the author would, in

retrospect, include the effects on this parameter, as the consequences of such a failure

could be as severe as the landslide at Mount Rabbat.

The Rating and Weighting System

In Bieniawski's Rock Mass Rating system the parameter ratings and weightings are

determined a priori and the ratings and weightings are dependent on a particular

parameter. Thus the classification system is totally generic and not tailored to specific

rock, site and engineering situations.

The weighting system in the C,E classification is determined from the original coding

applied to the generic interaction matrix. Each interaction has its own assigned a priori

weighting, that corresponds to the fundamental mechanics of the interaction intensity.

This part of the classification is transferable to other sites with similar relevant

parameters. The parameter rating values, however, are assessed by posteriori inspection

of the parameter distributions encountered at the site and a homogeneous rating system

is used (all the parameters are grouped into three classes with a ratings of 0, 1 or 2).

If the generic coding is considered to be the gradient of the interaction intensity between

two parameters, then the multiplication of the rating value for the dependent parameter

to a generic coding value can be considered to have an increasing, neutral or decreasing

effect on the original gradient of the interaction. This provides the sensitivity to the

system for analysis of each rock slope but the generic codings provide the mechanical

foundations of the overall approach.

Another major difference between the RMR and the C,E classification system is that

each parameter in the C,E classification is represented by two variables - Cause and

Effect. These have their own specific meaning in terms of the parameters response

within the system. However, whereas the RMR system considers each parameter to be

independent of each other, the C,E classification considers that each interaction is

independent, as the Cause and Effect values are determined from the summation of the
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row and column interactions. One interaction may be of such intensity that the whole

rock slope behaviour is dominated by it (the weakest link). Under the present

classification structure using the Cause and Effect values, this interaction and the

parameters involved may be hidden by all the noise created by lesser superfluous

interactions. Accordingly, this is a current limitation in the use of Cause and Effect

values.

Sensitivity of the C,E Characterization System

To provide an initial assessment into the sensitivity of the rating and weighting systems

on the Cause and Effect plot and the ranking of the rock slopes relative to each other,

random numbers were applied to generic matrix coding and the parameter rating values.

At the end of Appendix 5, three snap shots for eadh effect of random numbers applied

to a) the generic coding values (the weighting), b) the rating system and c) both the

coding and rating, is shown. The random numbers ere constrained to the maximum and

minimum values used in the analysis. The preliminary conclusions from this sensitivity

analysis indicate:-

i) Altering the generic matrix coding has little consequence on the rock slope ranking

and the parameter constellations are restricted and constrained. Some parameters are

always located at C = 0, which is not surprising, as the sum of the row interactions for

parameters with zero ratings will always be zero. Parameters with zero Effect can only

occur when all the ratings for a rock slope are zero and this would also create a

condition of zero Cause. Furthermore, the parameters on the C = 0 line tend to make

most of the other parameters dominant.

ii) The application of random numbers to the parameter rating has a more pronounced

influence on the rock slope rarking and the Cause and Effect plots. The parameters in

Cause and Effect space show a more equal distribmion about the C = E line but some

parameters, as expected, lie on the C = 0 line.

iii) Random numbers applied to both the parameter rating and coding system produces

the most pronounced effect on the parameter distribution and the Cause and Effect plot.
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In summary, the parameter rating values dictate the distribution of the parameter

constellation in Cause and Effect space and the rock slope ranking as determined by P-

bar. Given that the rating system can double the magnitude of the matrix codings, this

is expected. The original coding appears to play an inferior role in the assessment of the

rock slope ranking by use of P-bar. The Cause and Effect plots also appear to be

constrained by the original matrix coding.

Suggested Improvements to the Class(fication System

The original intention for developing a generically coded matrix for all the rock slopes

was to weight each interaction according to its expertly judged interaction intensity. The

rating system was developed to account for the idiosyncrasies of each rock slope in

terms of the effect of the parameter state variables on the interaction intensity without

the need for developing an independent matrix for each slope. While the author believes

that such an approach is both rational and necessary, further work is needed to develop

the coding and rating techniques that are sensitive to the input values. Further work is

also needed to derive a suitable parameter or parameters that distinguish each rock slope

by their parameter constellations in Cause and Effect space.

Interpretation of parameter constellations in C,E space, requires further work as only a

few parameters at the extremes of dominance and intensity can oniy be reasonable

managed, by inspection, at present. It was shown that the parameter constellations were

dependent on the weighting and rating methods employed and these attributes require

clarification. This could be developed by deriving parameter constellations targeted for

specific rock mass states and potential modes of behaviour! instability, e.g. parameter

constellations for differential weathering, structural instabilities, combinations of these

etc. Back analysis from these parameter constellations could then determine the suitable

rating or weighting systems. This is essentially how the traditional classifications have

been developed from precedence.

Other areas worth investigating are,

i)	 The application of subjective coding techniques based on the engineering

consequence of the interaction. This could be developed empirically. This
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technique has been discussed in Chapter 5.

ii) Enhancing the coding of specific interactions that could be controlling major

instability mechanisms. This could be performed by identifying the concurrent

and consecutive interaction pathways leading to instability mechanisms and

coding according to the interaction's significance in these pathways.

iii) Selecting parameters in similar units such that each interaction has numerical

significance, i.e. in units of energy, (see Chapter 8).

iv) Further studying of the synergy and synergism effects of parameter interactions.

7.7.2 Summary

In this case study, a tactical application of the methodology has been shown. The

methodology was used to characterize a sequence of engineered rock slopes along the

A-i Autopiste in Spain. The basis of the methodology was to characterize the rock

slopes by using the interaction matrix. The interaction matrix provided the means for

structuring the relevant interactions that could be operating in the rock slope sequence.

The state variables for all the parameters selected along the leading diagonal of the

matrix, were structured within a relative rating system that was used to amplify, keep

constant or attenuate the interaction intensities in the off-diagonal matrix boxes. This

was indicative of either enhancing, reducing or keeping the interaction intensity constant.

This provided the means for developing slope specific Cause and Effect plots by

summing the row and column interaction intensities for each parameter. The developed

parameter constellation for each slope can aid the interpretation of the parameter

intensity and dominance. This was suggested to have ramifications for the instability

modes that could be operating in each rock slope.

The synergy concepts of parameter interactions were applied to identify detrimental or

beneficial parameter combinations. The results of this approach were briefly introduced

as this work is still in its early stages, however, the results had similarities with the

dominant parameters identified in the Cause and Effect assessment.

Finally a study of the fmal rating values for different parameter classification schemes
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across the rock slope sequence was presented. The results from the study were not

conclusive. One main difficulty is comparing the different systems on a similar basis and

the use of one numerical value to compare quite dissimilar rock slopes.

There is a need for a method to rapidly classify rock masses and while many areas of

this work require further study, the author believes that an objective based classification

system using the interaction matrix coding techniques described, can be developed to its

full potential.
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PART 4

Refining the Methodology
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CHAPTER 8

Systems Methodology

8.1 Introduction:

The development of the rock engineering methodology presented has been concerned

with the interactions and effects of one parameter on another. The interaction matrix has

provided a technique in which many interactions that occur within the rock engineering

process can be presented within a coherent structured framework. In its simplest form,

the interaction matrix has provided a presentational technique for structuring existing

information as was shown for some processes at the Underground Research Laboratory.

The interaction matrix has also been used as a technique for characterizing a sequence

of rock slopes by considering individual parameters and their binary interactions. These

are just two of the many direct uses of the methodology developed so far.

As the work has progressed, it has become apparent to the author that many of the

developing concepts and techniques have parallels with systems theory. It is therefore

appropriate to review some overall systems concepts to aid the refinement of the

methodology.

The interaction matrix has referred to a system. It is the aim of this chapter to outline

the significance of systems concepts and systems theory to the development of an overall

rock engineering methodology.
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A system has been defined by Hall & Fagen (1956) as "a set of objects (components)

together with relations between the objects and their attributes". A system is an abstract

concept being "any set of interrelated or interconnected elements,... assumed to exist in

the real world" (Strahler 1980). This differs from a model, which, regardless of how

complex, is recognized to be a simplification of reality and will always be partial and

consequently incorrect to some degree (Thorn 1988). Ia Figure 5.1, two modelling

philosophies were presented. Synthetic modelling was considered as the building up of

primary components to develop a mathematically exact model. The boundaries of this

approach are unknown as it may not necessarily converge on the correct model for the

rock mass under consideration. The analytic approach, which was advocated initially in

this thesis, develops the model from the top-down by breaking down the parts. This is

considered to converge on the correct model for the rock mass behaviour, although it

may not be mathematically exact, and assumptions and approximations of some

behavioral components may be required. This breaking down of the components depends

on the structure of the hierarchy of parameters, processes, systems and sub-systems. At

a certain level in the hierarchy, the synthetic modelling technique is deployed. This is

demonstrated by the detailed study of the binary interactions between the parameters

selected in the matrix.

The broadest division of systems is to separate them into hard and soft. A hard system

is capable of specification, analysis and manipulation in a more or less rigorous and

quantitative manner (Bennet & Chorley 1978). A soft system represents a portion of the

world that is perceived as a unit and that is able to maintain its identity despite of

changes going on within it (Van Gigch 1974) but is nct tractable by mathematical

methods. Hard systems include mechanical and natural systems. Soft systems on the

other hand, include decision making, human behavioral and information systems, all of

which have relevance to rock engineering.

From this simple division of the systems it can be seen that the interactions between the

rock, site and engineering belong to the realm of hard systems. Physical laws and rock

mechanics criteria can be used to structure the links between such parameters. Thus, the

properties along the leading diagonal of the matrix and the interactions between them

can be considered to be a system. The interactions between the rock and site properties
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can be considered to be the environmental system which is perturbed on initiation of

engineering. It is the behaviour of the perturbed system which needs to be controlled if

the engineering objectives are to be satisfied.

The decisions and the information collation that lead to the implementation of rock

engineering can be structured as soft systems as they depend on judgement and

intelligent decision making. These systems are regulated by finance, contractual

procedures and engineering objectives. Accordingly, the identification of the relevant

mechanisms and parameters, based on the engineering objectives, require the interfacing

of the "soft" decision making and information systems with the "hard" mechanical

system.

In the first part of this chapter, general systems concepts will be discussed. This is

primarily directed towards understanding the operation and development of mechanical

systems. In the final part, the initial structure of the design process is discussed which

is directed towards developing a framework for implementing the rock engineering

systems methodology.

8.2 System Concepts

8.2.1 Introduction

Systems concepts have been developed as a way of tackling the complexities associated

in understanding real world phenomena. While many different disciplines use systems

concepts, there is no clearly defined systems method. As with other disciplines, systems

concepts can be formulated to suit the idiosyncrasies of the specific problem, in this case

rock mechanics and rock engineering phenomena.

Initially it is worth considering some of the broader concepts pertaining to systems.

Systems are concerned with the behaviour of groups of interlinked interdependent

components. Systems thinking is based on the study of phenomena by considering that

phenomena is due to the organisation and structure of a whole; a system. Systems
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thinking considers that phenomena observed in reality is due to the properties of these

"wholes" rather than the parts which make up the wholes. Attention is therefore focused

on the complete entities and on the complexities of interlocking and interacting systems

and that it is the behaviour of the entity which is studied. Systems are therefore

identified from a top-down approach, using what has been considered in this thesis as

the analytic approach. When a system is complex it can be broken down into subsystems

each with their own behavioral characteristics.

An integral part of systems is the boundary of the system and its relation to the

environment. Accordingly, systems thinking has been seen as contradicting the scientific

method, which in its crudest form, studies the behaviour of selected properties in

isolation from the environment.

The emergence of formalised systems thinking has been widely attributed to the ideas

of Von Bertalanffy (1951). Von Bertalanffy was a biologist and he believed that many

different types of systems, from fundamentally different scientific disciplines, are

governed by the same basic rules and thus behave in a similar way, regardless of the

type of components within the system. This formed his belief that there are some

isomorphic laws of science and he represented parameter changes by partial differential

equations. Hudson (1992) elucidates this theme further by commenting that many

behaviours observed in rock mechanics display trends of exponential growth or decay,

which is a function the underlying nature of scientific laws rather than something unique

to rock engineering. In Chapter 5 it was commented that the coding between the

interactions could be in the form of partial differential equations either exactly or by

approximation. The major difficulty would be that each interaction would have different

time constants and thus be operating at different rates. Decoding the system response

would therefore become difficult.

8.2.2 System Boundaries

An integral part in classifying systems is the definition of the boundary between the

system and the environment. Accordingly, three functional divisions between system
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boundaries can be identified:

1) Isolated systems: Within these systems the boundaries prevent the import and

export of mass and energy. The universe is the only one truly isolated system

although in some cases it may be convenient to assume a system is isolated, such

as in the laboratory.

2) Closed system: In this case the boundaries permit energy to be imported and

exported but not mass. The earth together with its atmosphere represents a system

exchanging energy (solar energy) with the universe but not mass, (although some

gaseous molecules may diffuse into space through the atmosphere).

3) Open system: Both energy and mass may cross the system boundaries in either

direction. When the input and output of energy and mass are the same the system

is called a steady state open system. Most processes on the earth are open

systems and can be characterized in such a manner. Open systems must have an

environment from which the inputs and outputs derive and transmit. These

environments may be connected to, and be part of, other systems.

In rock engineering the term near field and far field is commonly used to define the

boundaries influenced by the rock engineering. In the far field, the effects of engineering

are considered to be negligible. The interaction matrix can be used to structure these two

classifications of system boundaries, as shown in Figure 8.1.

The identification of the boundaries for rock engineering is critical. Not only is it

necessary for establishing the boundary conditions but also the scale on which the

influences of engineering should be studied. For nuclear waste disposal it is necessary

to characterize regional hydrological flow paths as any escape of the radionuclides will

not necessarily be confined to the near field. It is therefore necessary to establish the

factors influencing the water flow in the far field and whether they are time dependent

and dynamic. The problem can be aided by considering the boundaries of the systems

and whether they are considered to be open, closed or isolated.
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Figure 8.1: Defining and Structuring the System Boundaries

8.2.3 System Structure and Components

The developing methodology has so far concentrated on the parameters and the

interactions between these parameters. In Chapter 5, initial consideration was given to

how each binary interaction can form part of a pathway through the matrix. The explicit

manifestation of the behaviour of an engineered rock mass will be due to consecutive

and concurrent pathways through the matrix. While rock engineering tends to be a serial

activity, as construction takes place through time, the mechanisms and interactions which

occur naturally or as a result of construction will operate in parallel.

To provide some insight into how the parameters and interactions can be structured to

develop pathways, it is worth considering the different types of systems. Chorley and

Kennedy (1971) and Bennet and Chorley (1978) have used a systems approach to the

study of geomorphic processes. They consider that there are four systems, of increasing

complexity, in which geomorphic processes can be structured.
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i) Morphological systems: These are the simplest of systems and comprise a network

of structural relations existing between the constituent parts. The parameters in these

systems have size, shape and physical properties but no inference about the

exchange of energy or mass is made and there is no input or output.

ii) Cascading Systems: These are dynamic systems in which mass and energy Is

allowed to pass through at least one morphological variable. The morphological

variable is typically a store and may have a threshold such that a decision regulator

either diverts some energy or mass into a store and the remainder may be bypassed

to an output. This may form an input to another system.

iii) Process-Response System: These represent the linkage of at least one morphological

and one cascading system, so that the process-response system demonstrates the

manner in whichform is related to process (Chorley & Kennedy 1971). The linkage

between these two types of system commonly involves feedback. In natural systems,

the feedback is typically negative such that the morphological and cascading

components mutually adjust themselves to changing input and output relationships.

iv) Control System: These are process-response systems where some key components

are controlled by intelligence to produce a desired system performance.

Brunsden (1973) applied these system concepts to the study of mass movements in

landslides. The basis of his work was to develop the structure of a simple process-

response system by considering the link between morphological variables and the

cascading systems. The morphological system comprised both geomorphic variables (size

and shape characteristics of landside zones) and geotechnical parameters relating to the

material composition and groundwater. The most important of these were considered to

be those variables that have critical thresholds which mark the change from slow to fast

mass movements and thus regulate the slope behaviour, such as material shear strength.

The cascading system centred on the debris cascade. The debris follows a complex path

of throughputs where the primary debris input originates from slope forming materials

in the hill side. This material passes through two sub-systems; the landslide and

mudslide subsystems. The output of the landslide system provides an input to the
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Figure 8.2: A cross section of the debris cascade at Stonebarrow Hill, Dorset and the

process-response system for the mudflow system (Brunsden 1973).

Despite the simplicity of the above application of system concepts to large scale mass

movements, it demonstrates how the initial systems structure of the processes occurring,

from a geomorphological perspective, may be developed.

The major difficulty in applying these systems concepts and structures directly to rock

engineering situations is considered to be the identification of the major rock mechanics

and engineering cascades. Although many similarities exist between the parameters
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studied by geomorphologists and rock engineers, it appears that the cascades identified

as of relevance to geomorphology are not necessarily of relevance to rock engineers.

Stress is considered, by the author, to be one of the major parameters influencing and

controlhng almost every type of rock mechanism. No systems concepts have been

discovered by the author that interpret stress in these system terms. This may be because

stress related behaviour is analyzed better by numerical methods (organised simplicity),

where as the systems approach is more appropriate to analysis of the broader problem

(organised complexity).

Notwithstanding the above, these four types of systems have been interpreted, via the

interaction matrix, for a simple system in Figure 8.3. The figures on the right hand side

of each matrix were obtained from Chorley and Kennedy (1971). The morphological

system can be defined as essentially the leading diagonal parameters, and the

connections between the parameters. These will have different strengths, indicative of

the coding in each off-diagonal box. This may allow identification of some mechanism

pathways evaluated between the morphological variables. The cascading system

comprises the dynamic inter-related connections between some the parameters within the

matrix and is partially suggested by the coding intensity. The initiation of construction

may be considered an input to the system. This is not the only input, as the natural

system will have inputs and outputs and will be acting as a process-response system

even before construction commences. In the example shown in the figure, stress is

considered a morphological and a cascading parameter. Groundwater and heat may be

two others. When construction is commenced, the stress state is perturbed due to the

removal of mass from the system: the excavation debris. Energy is also put into the

system to break up the rock. The change in stress affects many other parameters within

the morphological system and the combined effects of the morphological and cascading

systems are represented as the process-response system. This system will include the

matrix pathways through the matrix and the matrix reaction to any alteration of the

leading diagonal parameters. The behaviour of the system may be dependent on

disposition of the regulators, such as strength thresholds. These parameters will

ultimately control the type of active mechanisms and their pathways. The

implementation of a control system will depend on the identification and structure of the

process-response system.
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The above classification of systems raises several question regarding the further

development of the form and structure of the interaction matrix from a rock engineering

systems perspective. These are discussed in the following sections.

8.2.4 Energetic Coding of the Interaction Matrix

The parameters selected along the leading diagonal of the matrix are those parameters

which have been considered, through the development of rock mechanics, to be of

importance. Some may have been solely selected as a need to quantify rock mechanics

models and criterion. While the author does not dispute the critical role that many of

these parameters have on the behaviour of rock masses, they may not be suitable for an

objective evaluation of the interaction matrix and rock engineering systems performance.

The coding method used throughout this thesis so far (the 0 to 4 expert semi-quantitative

method) is inadequate for identifying pathways through the matrix. This is because each

interaction is not assessed on a comparable basis. Ideally, if each parameter and

interaction were coded in similar units, an objective evaluation of potential mathx

pathways could be established via shortest path and critical path analysis (see Hudson

1992). Energetic coding of the mathx may provide one method for determining this by

considering the energy flows around the matrix.

Further advantages in using an energetic approach are that if the matrix is coded in

energy units, the Cause vs. Effect plot can be interpreted in terms of the parameters that

are an energy sink and those that are an energy source. Given that the sum of the

column interactions represents the interactions on a parameter (the Effect), the energetic

interpretation will indicate how much energy the parameter is receiving. The sum of the

row interactions for a parameter (the Cause), will indicate how much energy is supplied

from the parameter. Then, in Cause and Effect space, the intensity and

dominance/subordinacy of each parameter within the system will be displayed where

dominant parameters, (those lying below the equal Cause and Effect line), will act as

energy sources and subordinate parameters, (those lying above the equal Cause and

Effect line), are energy sinks. The system boundary also needs to be considered as this
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interpretation requires that the system is under steady state conditions. These principles

are shown in Figure 8.4.

Theorem 1: C=E
Symmetric matrix:	 Asymmetnc matnx.

no path dependency	 path dependency

2	 -	 equals	 .	 •	 equals

	

V1 
Energy Input 	 CIr	 Energy Input

,	 energy Output	 energy output
foreach	 •	 forwhole

	

parameter	 [,"	 J system

tromPj	 C.Em.rgyfromP1C Efler9Y 
energetic interpretation of Theorem 1 is

the principle of the conservation of energy
Theorem 2: ()max and ()min OCCUF

when (C+E) = (C+E)maxl2

Pj	 A111q0 e ---...
I FuU energy flux

Maximal sink ET"'\(" i AllAll ljj maximal
Pj Is a source

____	 I 4/t ' tMlj1maximal
No energy flux	 Maxima source
All ljs 0 —r	 c	 All Ij -O

________	 The energetic interpretation of Theorem 2
P is a sink	 is that maximal sinks and sources can occur

when a parameter is 50% energetically interactive

Figure 8.4: Energetic interpretation of the Cause and Effect plots where coding is

applied for energy changes. (Hudson 1992)

Of equal importance to the energy in the system is the entropic interpretation of free

energy within the system. Entropy is a measure of the energy within a system which is

no longer able to drive the mechanisms and is derived from the second law of

thermodynamics. An increase in entropy is a measure of the increasing inability to use

some energy. Many processes in rock mechanics, such as heat loss due to friction, are

irreversible so that entropy increases resulting in greater disorder within the system until

a state of equilibrium is reached. In isolated and steady state closed systems entropy can

only increase. It is therefore imperative that the boundaries of the system are defined.

Entropic considerations may therefore provide a basis for establishing whether energy

is available to drive instability mechanisms, even though their may be a high level of

energy within a system. When there is no energy within a system that is able to create

any more changes, the system is said to have attained its maximum entropic state.
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Hudson (1992) provides more detail on the energy and entropic consequences of rock

engineering and Millar (1991) has provided an overview of the energy implications for

rock engineering.

8.2.4 Simplifying the System Structure

In the A-i Autopiste rock slope case study, each slope was considered to be an

individual sub-system of the whole system for all the slopes. In many cases, each slope

could have been considered as comprising several sub-systems, possible, defined at

different scales or by major geological boundaries. These sub-systems may have similar

parameters but with different interaction intensities and state variables. Although further

work is needed for the objective evaluation and structure of these sub-systems, some

assistance to this problem may be aided by the use of flow graphs. Flow graphs show

the points that represent variables or components and connections or arrows that

symbolize a certain relationship (Gondram & Minoux 1984). Accordingly, graph theory

has many parallels to the directed networks developed in Chapter 5, and this subject is

currently being applied to identify mechanism pathways by identifying the shortest and

critical interaction pathways (Yong 1993).

In Figure 8.5, a 5 by 5 interaction matrix is shown along with the corresponding flow

graph. For simplicity each interaction is coded in binary units. This study demonstrates

how each sub-system can be identified, which may not always be apparent from the

distribution of coding in the interaction matrix. This technique demonstrates how some

parameters act as inputs and outputs to the systems by virtue of the coding intensity and

how sub-systems and independent systems can be identified.
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Figure 8.5: Directed graphs and the equivalent interaction matrix for structuring

systems and identifying sub-systems.
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8.2.5 Development of the Systems Hierarchy

Systems can be identified at different scales of space and time, as can processes,

mechanisms and parameters. At its coarsest level, a rock engineering hierarchy can

comprise the rock mass properties, the site parameters and the engineering factors. Each

of these parameters can be sub-divided to represent more detailed parameters, as shown

in Chapter 4. This represents a hierarchy of the parts and components of the rock

engineering system. So far, the hierarchy has been used as a method for breaking down

the problem from the top-down, following the analytic technique. At some level in the

parameter hierarchy, the interactions between the leading diagonal parameters are

synthetically built up to establish all the interactions in each off-diagonal box. This level

may be based on the project objectives and financial constraints, both of which control

the level of known data. For example, the leading diagonal terms for the study of the

A-i Autopiste rock slopes were commensurate with the data and information obtained.

The further down the hierarchy, the number of leading diagonal parameters increases.

The number of interactions increases such that many may now be unknown. Interactions

with a high interaction intensity will suggest that the parameters concerned can be

broken down further. When no interaction occurs between two parameters at a certain

matrix resolution, there will be no reason to break the parameters down further as the

level of parameter independence has been established.

In the upper levels of the matrix hierarchy, the interactions and the mechanisms

pathways may have a simple structure, as the number of components involved is small.

The major difficulty, however, is the determination of the transfer functions between the

components involved, as they are a function of all the lower order interactions.

Conversely, the structure of the mechanism pathways at the lower hierarchical level will

be complex due to the increased number of components involved, although the transfer

functions between the interactions will be more easy to define. This concept is illustrated

in Figure 8.6.

The process of defining the parameter resolution is very similar to that employed by

expert systems. In these systems an inference engine searches for the rule or rules whose

antecedent (statement contained in the "if' clause of a conditional proposition) matches
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the fact provided by the user and applies logic to induce or deduce an intermediate

conclusion. This intermediate conclusion can then be compared with the antecedent of

another rule and is continued until a goal is reached (Lee & Sterling 1992). In this way

the if-then clauses pass through a hierarchy of possible mechanisms and parameters to

establish the potential instability modes and action required.

Coarse resokition mat rtx

_c_q.

At a coarse resolution matrix,
the system have a simple
structure but the transfer

functions will be complex and
difficult to decode.

Frer resolulion matrix
At higher matrix resolution,

the transfer functions become
simple but the overall network

becomes more complex.

Figure 8.6: The matrix resolution has an effect on the system complexity

The discussion so far has been concerned with the hierarchy as determined by the

parameer resolution. Systems thinking also considers the hierarchy in terms of systems

and sub-systems. One perspective of the hierarchy is that each level represents the

emergent properties from the interactions between the properties at the level below

(Checkland 1981). Koestler (1967) provides another structure for the concept of

hierarchical systems. Although principally directed at biological systems, Koestler

considers the multi-levelled hierarchy of semi-autonomous sub-systems (holons) where

at each hierarchical level the subsystems are connected to higher and lower order sub-
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systems. Accordingly, a sub-system at some level in the hierarchy will exert a self-

assertive tendency on the sub-systems below and an integrative tendency on the levels

above. In this way each sub-system is affecting the system while being affected by the

system. This concept has parallels with plotting of parameters in Cause and Effect space.

8.3 Implementation of Control

8.3.1 Introduction

In this chapter, the discussion has so far centred on the stages leading to the

development of the process-response system, by considering the individual parameters,

the binary interactions and mechanism pathways. The natural process-response system

is in operation before engineering commences. There will be inputs, processes and

outputs depending on the systems structure. When engineering is initiated, the natural

process-response system is perturbed. The stability of the rock engineering structure and

the fulfilment of the project objectives will depend on how the engineering is performed

and applied to the natural process-response system. The implementation of control is

based on an intelligent process. Control of natural systems does not mean that there is

total control of the input, process and output of a system. Control only has meaning in

terms of modifying a systems behaviour and directing it towards some stated goal

(Bennet & Chorley 1978).

Control may need to be applied if the initiation of engineering may force the natural

system to pass across thresholds and so disturb the former equilibrium relationships

within the system. This disturbance may then influence the engineering objectives.

Figure 8.7 illustrates the basic concepts concerning the region of influence of the

imposed control system on the natural process-response system. The ideal control system

for a rock engineering project will modify the process-response system to the project

objectives. Within this area, which encompasses both the physical boundaries of some

volume of rock and the time in which control is implemented, there is total control. At

some region beyond the influence of the control system, the natural system which is
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partially influenced by the engineering is in operation. This zone is affected by the

engineering control system but is not fully controlled. At some distance away from the

engineering project and/or at some time in the future there is no control. This region

operates under the rock mechanics processes of the natural process-response system.

No Control

Partial Control

Total Control
I	 ii	 flu

perturbed natural
p:ponsesysteI

partly influenced by the

I
intelligent control system

he natural process-response syiJ

Figure 8.7: Regions of full, partial and no engineering control.

8.3.2 Methods of Engineering Control

There are considered to be essentially three basic methods for the implementation of

control, these being:

i) Control of the input;

ii) Control of the interactions via parameters; and

iii) Control of the output.

The actual implementation of control may require that a combination of these methods

are used. Initially it is worth considering the structure of these control methods as

illustrated via the interaction matrix. This is discussed below and presented in Figure
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8.8.

i) Control of the System Input

Rock excavation is performed by such methods as blasting, full face tunnel boring

machines and partial face excavation techniques. As the perturbation of the natural

process-response system is commenced by rock excavation, a reduction in the intensity

of the excavation cycle can be used to reduce the intensity of certain interactions. It has

been discussed that at the Underground Research Laboratory, line drilling with the use

of hydraulic splitters were the excavation technique used in the Mine-by Experiment

tunnel. This technique, which was only feasible due to the high horizontal stress state,

prevented excessive damage to the surrounding rock thereby reducing certain interactions

and mechanisms that might have been associated with blasting.

In the interaction matrix, when construction occupies the last leading diagonal term, the

initiation of construction and the input into the natural process-response system is shown

by the row interactions. The effects of the parameters on the excavation are the column

interactions above this box. Accordingly, the column interactions above the construction

box display how engineering control is developed and the row interactions show how

the control is implemented.

In some cases, especially at the planning, feasibility and site investigation stages, the

orientation and location of the rock structure in addition to the excavation method may

not have been decided. In this situation, it may be possible to select the project factors

that reduce the intensity of engineering input and thus the extent of the perturbation in

the natural process-response system. In many case however, financial, time and

operational constraints may override the optimum geotechnical solution.

ii) Control of the System Interactions and Parameters

In Section 5.3.6 it was shown that the discontinuity properties at the Fei-Tsui dam were

altered using cement grout This type of control was applied by directly changing the

rock properties. The improved discontinuity properties effectively decreased the intensity

of many of the interactions and mechanism pathways which may have operated through

this parameter. Although not all parameters are amenable to being controlled in this way,
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the improved discontinuity properties were beneficial in reducing many of the

mechanisms of potential detriment to the engineering objectives. The use of rock bolts

is a similar example of this type of control where the rock bolts change the

discontinuum of the rock mass into a continuum around the excavation periphery, thus

improving the rock conditions by reducing the number of interactions and/or their

intensity.

iii) Control of the System Output

The column interactions above the construction box in the interaction matrix represent

the output from the engineering perturbed process-response system on the construction,

once construction has commenced. This column has been described as the kick back

from the natural system on the construction parameters. Control in this form does not

prevent or reduce the intensity of the system interactions but acts solely to diminish the

manifestations of the mechanisms within the engineering structure. The use of structural

supports such as steel ribs and concrete segments are examples of this type of control.

The perturbed natural process response system is still in operation but the engineering

structure is protected against them. Some construction methods, such as the New

Austrian Tunnelling Method (NATM), rely predominately on the measurement of

displacements for the selection of the support and reinforcement. This is a function of

the column interactions above the construction box in the interaction matrix. This

technique may satisfy the immediate objectives of tunnel stability but other objectives,

such as reducing surface subsidence, may not be satisfied as this is a result of the

perturbed natural system where no control has been applied.

It is evident that in current rock engineering practice combinations of these control

techniques are employed. The selection of the control measure will rarely be based

solely on geotechnical considerations alone. Financial and construction time will play

a very dominant role in the selection of the excavation method, the support and

reinforcement measures used. Further more, the use of tunnel boring machines, which

have been considered as control of the engineering input, may preclude the use of

control methods by rock bolts or ground improvement techniques. These techniques may

not be acceptable within the construction programme.
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1. Control of the Engineering Input

Control by reducing the impact of engineering on
the natural systems can be performed by adjusting
the orientation and location of the rock structure
and/or selecting a method of excavation that has
less affect on the system. This method of control
reduces the intensity of the row interactions from
the construction box.

2. Control of the Interactions and Parameters
Direct control by altering the parameter values and
reducing interactions and mechanisms can be
performed by such techniques as grouting,
dc-watering and rock bolting. These processes
effect all the column and row interatcions associated
with the parameter (P3 in this case) to differing
degrees thereby reducing many potential
mechanism pathways.

iii......- ____

P3 ____
— ____J_._...__	 ____

PF

I.
P1 to Pn: Rock & Site parameters

Potential interactions affected

____ by 
control

Construction

3. Control of the System Output
On initiation of construction the perturbed system
will "kick back" at the excavation, as indicated by
the column interactions above the construction box.
This technique can only attempt control the output
of the system interactions on the immediate
construction boundary. The use of structural
supports, such as steel ribs, and concrete linings are
examples of this type of control technique

Figure 8.8: The implementation of engineering control as represented in the

interaction matrix.
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8.3.3 Discussion

The nature of the developing methodology has been to devise a system for identifying

the critical and relevant parameters and mechanisms for any rock engineering project

based on the project objectives. To this end the components of this methodology have

been concerned with:

i) the structure of parameters within a parameter hierarchy;

ii) the coupled interactions between the parameters as repTesented by the interaction

matrix;

iii) the structure of mechanisms defined by concurrent and consecutive pathways

through the matrix; and

iv) the concepts of engineering control by manipulating the matrix performance for

specific engineering objectives.

In this chapter, some of the wider issues of established systems theory, in particularly

its application to the earth sciences, have been discussed. While the systems approach

to earth sciences has aided the understanding of the complexity and structure of systems

it is considered that it cannot be directly transferred to solving rock engineering

problems. It is considered that the best approach is to use the interaction matrix for

structuring the framework of rock engineering processes from a systems perspective.

This overall framework is illustrated in Figure 8.9, which shows the evolution of the

matrix through time within the engineering process. This highlights the serial nature of

construction and the parallel nature of the interactions and mechanisms which occur

before and as a result of construction. Also notated on the diagram is the location of the

two case studies in this thesis. The Underground Research Laboratory is studying

mechanisms which occur as a result of construction. The A-7 Autopiste rock slopes,

however, are being affected by the natural process response system once construction

has stopped and are located at the top of this diagram. Only by monitoring the effects

of the natural process-response system on the excavations can any understanding of the
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Time

Case Study 2:
A-i Autopiste rock slopes

Processes dominated by
post a)nstrucon

process-response system

Post-Construction
Monitoring

Construction
/ Stops

Implementation of
Control System

Case Study 1:
Lergiound Research

Experiments studying the
effects of engineering perturbed

process-response system.

Construction starts.
Engineering matrix

is switched on.

future behaviour of the rock slopes be gained.

Site Investigation

Natural Process-
Response System

Figure 8.9: The evolution of the mathx through time, and the processes operating in

the different case studies.

Many technical difficulties still remain with the rock engineering systems approach, such

as the nature of leading diagonal parameters, quantifying of the interactions, establishing

matrix pathways and defining the boundaries of scale and time. To this end, further

research on the study of rock engineering systems from an energy viewpoint may

provide a better perspective in which to study this problem. This represents one issue

in the development of the rock engineering systems approach as the solution to any rock
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engineering problem is never merely technological. In fact, the approach followed has

been to focus the information and analysis requirements directly to the engineering

objectives. There are many more factors that need to be considered and these are

outlined in the next section on the implementation of the systems approach, within the

design and construction stages of the rock engineering process.

8.4 The Structure of the Rock Engineering Systems Methodology

8.4.1 Introduction

In this section, the structure of the overall methodology will be discussed together with

an indication of how it can provide a framework for the information, interpretation and

implementation phases in the rock engineering process. The overall methodology has

been given the acronyms REMIT/RESPONSE.

REMIT: Rock Engineering Mechanisms Information Technology, comprises the basic

structure of the parameters and mechanisms within the interaction matrix and includes

the theory and concepts pertaining to the hierarchy of parameters and the study of

interactions, as represented by the off-diagonal boxes. This also includes the structure

and basic connections within the system, which is characteristic of the morphological

and cascading systems. In essence, REMIT provides the a basic model of the system

components and the connections between the parameters.

RESP: Rock Engineering Systems Performance, embraces the rock mechanics and

rock engineering issues. This is the dynamic response of the system to the natural and

engineering induced perturbations. At this level the system is synonymous with the

natural process-response system and the engineering perturbed natural process-response

system. RESP is therefore the total operation of the matrix as a process-response system.

ONSE: Objective-based Network Sequence Evaluation, is the design of the control

system to manipulate the natural process-response system towards the engineering

objectives. This involves study of how the mechanism networks are affected and directed
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towards satisfying the project objectives.

Given that there are three phases to the overall systems structure, it is now time to

consideT how the overall methodology developed so far can be applied to the design and

construction sequence for a generic rock engineering project.

Objectives & Constraints

Processing by
	

Data collection
analysis & synthesi
	

Monitoring

INTERPRETATION
	

IMPLEMENTATION
Decision

Objectives & Constraints

REMF

RESP
	

ONSE

Figure 8.10: The design process cycle bounded and directed by the engineering

objectives. Analogous to the REMIT/RESPONSE system.

The design and construction of a rock engineering project will depend on the

information that is obtained, and its interpretation and evaluation which will lead, via

decision making, to the implementation of rock engineering techniques and construction.

This is an iterative cycle that is undertaken for each phase of the design process. This
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design cycle, which is shown in Figure 8.10, is analogous to the REMIT/RESPONSE

system. In this case REMIT refers to the information structure, RESP to its interpretation

and ONSE to the implementation. Accordingly, as this cycle operates during the design

and construction process, the information base on the parameters, interactions and

mechanisms increases, the model of the rock mechanics and rock engineering processes

becomes more complex and engineering is implemented. All of these stages are directed

by the engineering objectives, such that the whole approach is inherently optimaL

In the following text four cycles of this design process will be considered, from project

conception to post construction monitoring, where:

Cycle 1 is a preliminary project specific rock engineering systems analysis. The problem

is entered by defining the engineering objectives and constraints. The systems approach

is applied as a "first pass" to identifying potential mechanism pathways, interactions and

parameters which may contribute to disaster scenarios of detriment to the engineering

objectives. The analytic modelling technique is entered and used to structure and analyze

the problem from the top-down.

Cycle 2 is the initial project design. On implementation of a site investigation, directed

to identify the parameters and mechanisms from the first pass systems analysis, new

information is obtained and structured within the interaction matrix. This is interpreted

as a basis for site selection or project feasibility which act to develop an initial plan for

construction.

Cycle 3 involves developing the final project design. A second stage site investigation

is implemented to provide further data requirements for detailed design as determined

frcm cycle 2. At this stage the matrix is built up following the synthetic technique. This

allows the rock engineering system performance to be assessed and the control system

to be established, providing a final project design.

Cycle 4 comprises implementation of the construction to the design specification

developed in cycle 3. New information on the actual ground conditions encountered

together with monitoring allows a re-assessment of the imposed control system. Cycle
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4 is considered a closed loop if monitoring of the structure is to continue on completion

of the works.

Each of these cycles are discussed in more detail below but structured within the

principal steps of the rock engineering design process.

8.4.2 Implementation of the design cycles

Cycle 1: Project Specific Rock Engineering System Analysis

Developmeru
generic codir

mech

Objectives & Constraints

First pass at leading diagonal terms
Identification of parameters & mechanisms

for generic rock engineering structures
based on project objectives

of directed networks,	 Data acquisition
g of matrix to identify	 Desk study and site investigation
nisms scenarios,	 implemented to identify critical

mechanisms and parameters

Figure 8.11: Cycle 1, First pass at the project specific rock engineering system

The rock engineering systems methodology is entered from the assessment of the project

objectives. The engineering objectives do not depend just on the type of engineering
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structure e.g. tunnel, cavern, foundation, rock slope etc but also on its requirement to

perform a specific task. For instance, the objectives for the construction of nuclear waste

repositories are concerned with preventing the escape of radionucides. This is in

addition to the stability of the repository itself. Each structure may be assigned a design

life for which the operation of the rock excavation must be satisfactory. In this respect

the two case studies selected in this thesis, URL and A-7 Autopiste rock slopes, can be

considered to represent two extremes in current rock engineering practice.

Many rock engineering projects require multiple structures to be built, each of which

will have their own construction objectives within the global project framework.

Furthermore, the different parties involved (client, consultant and contractor) will also

have their own objectives, of which profitability may be the most pressing. The

objectives are, in many cases, determined from the constraints that may be imposed,

such as construction time and cost. The structuring of all the objectives is a complex

task as there will be a hierarchy of objectives. The top level of the hierarchy represents

the global objectives. At each successive level below, the objectives can be subdivided

to become directed to a specific aspect of the engineering project as suggested in Figure

8.12. The priority of the individual objectives decreases as the hierarchy descends but

objectives defined at certain levels and along certain branches may conflict with other

objectives defined at other branches.

Consirucilon of
Road Twmel

GLOBAL OBJECFIVES

PRIMARY OBJECTIVES Coiion

SUB-OBJECTIVES
High

!nfitcnaflçc efficiency

/ \

Tunnel
Stability

Minimal Design life Surface subsidence
siabu1izon ci 20 yes	 within given

Figure 8.12: Structuring the hierarchy of project objectives.
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First Pass through the Rock Engineering Systems Analysis

The objectives form the top level of the analytic process which is to be followed. At this

stage a preliminary model of the principal parameters and interactions can be structured

as leading diagonal and off-diagonal terms within the interaction matrix. Generic coding

of the matrix will allow an initial assessment of the critical parameters, interactions and

mechanisms to be defended against with respect to the project objectives. Particular

attention should be placed on the factors which could lead to disaster scenarios. The

development of directed networks showing the sequence of interactions which lead to

instability mechanisms can aid identification of the controlling variables. The first cycle

in the rock engineering systems methodology is shown in Figure 8.11.

The objectives are not forgotten once this stage has been passed but act as a recurring

theme directing each stage of the engineering process, the complexity of the analysis and

its evaluation.

2) Initial Project Design

Feasibility Study

The objectives have so far been used to structure and identify some of the parameters

and mechanisms which may lead to disaster scenarios or other major instability

situations. A desk study will provide initial data, as such the geological and

hydrogeological environment, major faults and possible information from adjacent

engineering projects, on which inferences can be made as to the likely rock mass, site

properties and construction strategies. This information can be used in the interaction

matrix to establish in more detail the parameter resolution required. Some sites or

regions could be eliminated at this stage.

The initial site investigation should be directed and planned towards measuring those

parameters that have been identified as being controlling variables for the principal

mechanisms of detriment to the global engineering objectives.

The implementation of the preliminary site investigation will provide detailed parameter
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information on the actual site conditions and will increase the parameter resolution

within the interaction matrix. This information can be used to determine the feasibility

of the project or site selection and to direct the detailed site investigation.

Objectives & Constraints

Information store increases
after S.I. & desk study

LII	 i1QN1

DeveoP,,lYti7/" \e 3

	

[INTERPRETATIONI 	 1MPLEMENTATION1

	

I,	 Selectionof
.7 I	 /1	 detailed S.I.

E/ E
	

]	

methods	

U
Sitel	 Site2	 i

t-":.
Site selection

based on interaction &	 Detailed site investigation

	

mechanism audit 	 implemented to identify critical

	

Initial plan for construction 	 mechanisms and parameters
'I.	 for detailed design

Figure 8.13: Cycle 2, Initial Project Design

Site Selection and Initial Plan for Construction

The generation of preliminary options for construction, together with the information

obtained so far allows the initial coding of interaction matrix for different study areas.

The coding and rating methods, as applied to the A-i Autopiste rock slopes, can be used

to assess the intensity of parameter interactions followed by an evaluation of the

parameter constellations in Cause vs. Effect space. This will provide initial identification

of the most intense and dominant/subordinate parameters at each study region and the
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differing effects of the construction alternatives. An audit of the mechanisms which are

likely to occur for each site for the different construction alternatives can be developed.

For instance, this may indicate that the construction of an adit initiates fewer interactions

and mechanisms than the construction of a shaft. Decisions such as this will then have

to be evaluated against the cost implications in constructing a longer tunnel. This

completes cycle 2, which is illustrated in Figure 8.13

3) Developing Final Project Design

Detailed Site Investigation

On the selection of the site and the initial construction design considerations, the detailed

site investigation is implemented and focused to identify and characterize specific

parameters established as being potentially relevant in the previous analysis. The total

project may require the construction of a number of different structures, such as portals,

tunnels, caverns etc. Each of these structures will have its own specific data

requirements. The information obtained further increases the knowledge base and matrix

resolution. Monitoring devices may be installed to provide information on the dynamic

response of some of the parameters.

Identifying the Design Approach

The approach followed so far has led to the generation of the base matrix with the

parameters broken down to a resolution commensurate with the engineering, site and

project objectives. Detailed analysis may now be required for specific interactions where

uncertainties exist, such as the stress distribution around the openings, water inflows etc.

It is at this level that most of the basic work is performed as this is where the

fundamental matrix is established. The information matrix developed will be at the base

level of the analytic modelling technique employed so far. The problem has now reached

a stage where no more detailed parameter and interaction information is needed and the

model can now be built up using a synthetic modelling approach. The matrix can be

consolidated to comprise the most relevant parameters and interactions for the

engineering objectives and site circumstances. This represents the REMIT phase of the

proposed systems methodology. The model developed will show the connections
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between the principal controlling variables as morphological and cascading systems.

Objectives & Consaints

	

REMIT Analysis 	 Information store
Consolidation & structure	 increases after

of information base.	 detailed S.I.
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•	 :*I	 I•• :	 IIIIIII-1	 a
•	 LIIIIIIII

____ Matrix ______
I4 RJ compaction	 UttJ it-i
LH1	 flHJ

•	 . 	 U

•	 U

.ORMATION

/
Developing synthetic	 Cycle 4
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[1NTERPREöJ-1PLEMENTiVfloN

RESP: Generating construction	 ONSE: Construction

	

alternatives to satifsy the 	 implemented i,ei

	

engineering objectives	 on optimum control system

Figure 8.14: Cycle 3, Final Project Design

Design and Analysis of the Project

The design and analysis of the project requires a complete understanding (as far as is

feasibly possible) of the process-response system associated with the project. This

involves establishing construction alternatives from the response of the natural and

engineering perturbed process-response system with respect to the engineering

objectives. This is the RESP (Rock Engineering Systems Performance) phase of the

systems methodology. Inherent within this analysis is the identification of unacceptable

mechanisms pathways.
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This is followed by the ONSE (Objective-based Systems Evaluation) phase that

identifies the optimum control procedures for the implementation of construction. This

determines the construction and support strategy for each phase of the engineering. The

contract documents and quality assurance schemes can now be produced to the

specifications required for the implementation of the control system. The third cycle of

the design process is shown in Figire 8.14.

Before construction is implemented the design will need to be validated to check that

the whole design process has converged towards an optimal assessment of the site

circumstances and subsequent construction procedures. A period of commissioning the

works may then be undertaken to check that the structure operates to the design

objectives.

4) Construction and Monitoring

The performance of the control system techniques can be established from the placement

of monitoring devices. These can be directed towards studying specific parameters and

interactions, and will provide information on how the system is performing. New

information will also be received as to the actual ground conditions encountered. This

may require re-evaluation of the system model through the design phases of REMIT and

RESPONSE. Modification and alteration of the construction procedures may be required

if possible within the terms of the contract specification and cost/time constraints.

Monitoring beyond the cessation of construction will allow constant re-evaluation of the

natural and engineering systems. This will be of particularly importance to projects with

a long design life where changes in the natural process-response system may occur

requiring design modification. The final cycle of information, interpretation and

implementation is considered a closed ioop for the continuance of monitoring, as shown

in Figure 8.15.
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Figure 8.15: Cycle 4, Construction and Monitoring

8.4.3 Summary on the Strategy for Implementation of the Methodology.

In the above outline on the strategy for implementation of the systems methodology it

is shown that the aims of the methodology are to direct and develop our understanding

of the mechanisms directly to the project and engineering requirements. The four cycles

of information, interpretation and implementation have provided an initial means for

structuring the iterative design process. Although it is recognised that more sub-cycles

will probably be required to adequately structure the design process. Inherent within the

cycles presented are information structuring, processing and evaluation which aid the
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decision making process for the implementation of engineering techniques. The increase

in information on specific parameters and interactions has be shown by the increasing

darker shades in the matrix, as the design cycles are progressed. Initially, the

methodology takes an analytic modelling perspective, by breaking down the problem

from the engineering objectives to the required level of parameter and interaction

resolution. This will be the optimum resolution level for the objectives and project

constraints, such as finance and time. At this base level of information, detailed analysis

is performed such as stress distributions around the openings and kinematic feasibility

of rock blocks. The matrix is then built up using the synthetic modelling approach. This

establishes that the model being developed includes all the major parameters and

interactions of the rock, site and engineering. The development of the process-response

system for different engineering options can then be determined. This leads to the

optimum engineering strategy for the implementation of control.

Further work is clearly necessary to develop this methodology further. The strategy for

its implementation presented above represents an ideal case. In rock engineering practice

today contractual, rather than technical problems, appear to be one principal reason for

projects going over-cost. Further development of the systems methodology will have to

cater for present day working practices and be as applicable to the contractors problem

as to the consultants.

Figure 8.16 is a final summary of the strategic implementation of the systems

methodology. This includes the principal steps and activities that are pursued and the

systems information and analysis at each stage. After a first pass at the system structure

each of these principal steps commences with the implementation of engineering (site

investigation, construction, monitoring) based on the information and interpretation of

the previous cycle.
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CHAPTER 9

Conclusions and Recommendations for Further Work

9.1 Conclusions

The aim of this thesis was to develop the initial structure for a rock engineering

methodology. It has been shown that the methodology requires the structuring of rock

engineering mechanisms. This has been achieved by considering the parameters, their

interactions and consideration of interaction pathways leading to mechanisms manifest

in rock engineering situations. For the generic situation, the interaction matrix has

provided the means in which to structure the parameter interactions. Rock mechanics

mechanisms are derived from concurrent and consecutive pathways through the

parameter interactions around the matrix.

The major part of this thesis concentrated on the rock engineering parameters and binary

interactions produced by these parameters as a precursor to the determination of

interaction pathways. As there are a multitude of rock engineering parameters that can

be measured and similarly a multitude of mechanisms that can occur in any rock

engineering situation, the methodology for specific rock engineering projects requires the

selection of the pertinent factors to be assessed for their effect on the engineering

objectives. An analytic modelling approach is advocated, where any problem is tackled

initially and strategically from the top-down. This has introduced the concepts of

parameter hierarchy as a method for breaking down the problem to the required level

of resolution for the circumstances that are faced. At any level in the parameter

hierarchy, parameter interactions can be studied by a synthetic approach. In this way the

strategy is analytic but the tactics are synthetic. When the baseline parameters are

established for a specific rock engineering objective, these form the fundamental model
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components and the model can then be built up knowing that it has converged on the

correct model for the engineering situation. The model has thus been tailored to the rock,

site and engineering situation. Structuring the model has been considered in tenns of

different levels of complexity ranging from the morphological, cascading, process-

response and control system concepts. System concepts have been applied throughout

the development of the methodology and formalised in the last chapter in terms of

traditional and general systems theory.

The methodology has been developed to direct each stage of the rock engineering

process, that is the sequence of activities from project inception to post construction

monitoring. Throughout the rock engineering process, information is obtained, processed,

interpreted and analyzed leading to the implementation of some form of action (e.g.

collect more data or construct the excavation). The methodology was applied to two

fundamentally different projects at different stages in the rock engineering process. At

the Underground Research Laboratory in Canada, a strategic application of the

methodology provided a technique for structuring information and processes. In

particular the effect of parameter interactions on parameter measurement was indicated.

The tactics of the methodology were applied to a sequence of slopes along the A-7

Autopiste in Spain. This provided a technique for classifying rock masses based on

correlations and mechanisms between parameters rather than considering parameters as

independent components, as in the tradition classification systems. Accordingly, the

classification demonstrated how the parameters and their couplings should be

commensurate with the mechanistic situation, thus being a preliminary system model for

more detailed and rigorous rock mechanics modelling.

9.2 Contribution made in this Thesis

In this section, the major contributions made by the author to the subject of rock

mechanics and rock engineering, as presented in this thesis, are as follows:

1) Many books and papers has been published discussing the types of rock mass

classifications and their relative merits. In this thesis the author has identified the
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common structure, attributes and components of rock mass classification systems

used for engineering purposes. Classifications must be based and directed to specific

objectives so that they can be tailored to the rock, site and engineering situation that

is faced. This is not always performed in practice. They must contain the parameters

that have a bearing on and control the mechanisms that are to be defended against.

As each project has its own objectives and particular circumstances there will not

be one all embracing classification method. There is therefore a need for a

classification methodology.

2) The author undertook a literature search to identify the most frequently mentioned

parameters for hydro-electric unlined pressure tunnels in rock. This assessment of

precedent practice parameters for these types of engineering structures identified the

parameter ranking. A similarly study for other engineering projects indicated that

the most frequently measured parameters are different, thus justifying the need for

tailoring classification system parameters to the engineering objectives.

3) A comprehensive catalogue of rock engineering parameters is presented in a

hierarchical structure. At the coarsest level, the parameters are grouped into the

categories of rock, site and engineering. Further sub-division of the rock mass

properties into physical, mechanical and non-mechanical attributes was shown. This

was developed into a preliminary methodology. The methodology is entered from

the project objectives to identify the mechanisms that are to be defended against.

This is determined from precedent practice, existing practice (design guidelines)

or suggested practice (expert evaluation). For suggested practice, each instability

mechanism is assessed from the interactions between the parameters at increasing

levels of resolution.

4) The directed networks for some simple instability mechanisms were developed to

show that from a selected level of parameter resolution, a sequence of concurrent

and consecutive interactions can be built up to represent instability scenarios. Of

major importance in this work was the interpretation of the interactions and their

connections in terms of thresholds, stores, time dependency (delay) and feedback -

the foundations of systems theory. This work was re-interpreted using the
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interaction matrix to provide a more generic approach allowing all interactions

within the system to be candidates.

5) The coding techniques presented in Chapter 5 of this thesis were developed by

Hudson (1992). The author advanced these principles to the study of pressure tunnel

mechanisms. By interpreting the parameter constellation in Cause and Effect space

and by considering the mechanisms that are to be defended against, the author

identified the function of the parameters by virtue of their intensity and dominance.

This provided a means in which to suggest possible engineering solutions by

altering suitable parameters. The influence of grouting the discontinuities was shown

to be akin to the effective deletion of a parameter (discontinuity mechanical

properties) in Cause and Effect space. The improvements to all the other parameters,

by reducing their intensity within the system was expounded. Accordingly, this

provided a technique in which various engineering alternatives can be assessed.

6) The strategy of the methodology was applied to information obtained from the

Underground Research Laboratory. From a simple 4 by 4 matrix, the off-diagonal

interactions representative of the geological setting was presented. This is the first

ever application of the matrix to an actual rock engineering situation. Accordingly,

the technique was shown to not only provide a structuring of information but also

provide a knowledge statement. Other leading diagonal terms can be added to the

matrix (fundamentally different or by increasing parameter resolution) to allow a

systematic evaluation of other potential interactions associated with radioactive

waste disposal, for which there may be few current procedural guidelines within

established practice.

The association between the row and column engineering interactions and the

engineering objectives were retrospectively shown for the tunnel excavated for the

Mine-by Experiment. In this case, the column interactions for engineering showed

how the experiment was controlled. The row interactions for engineering showed

how engineering instigated the objectives of the research.

A stress prediction programme undertaken to investigate a disparity between
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predicted and measured stress variations within a rock volume was retrospectively

interpreted via the interaction matrix. This showed a coherent structure to the

investigation and provided a means in which interactions can be systematically

eliminated as possible contributory factors affecting the cause of the disparity. The

matrix indicates the perils of ignoring the system interactions. The determination

of accurate parameter values require a thorough understanding of all the system

interactions and potential pathways.

7) The tactical application of the methodology was demonstrated in the development

and application of a rock mass classification system to a sequence of engineered

rock slopes. The classification system was developed by taking into account the

interactions between the parameters thereby incorporating mechanistic phenomena.

Despite having no empirical basis, the classification system developed has numerous

advantages over existing classification systems, which are mentioned below:

i) The parameters selected were commensurate with limited time available for the

field survey, thereby providing a rapid "first pass" analysis to identify parameters

of detriment to slope stability. The parameters were also selected so that they have

a direct bearing on the mechanisms of detriment to stability and the processes

occuring in the study region.

ii) Generic coding of the matrix produced a weighting for each interaction that

formalised the regional mechanical setting. This established the a priori intensity

of each interaction. The rating system for each parameter at each rock slope was

determined by a posteriori evaluation of parameter variations across the slope

sequence, producing a relative rating system. The product of the rating and

weighting for each interaction determined the intensity of the interaction for the

specific slope. In all, the parameters selected and the structure of the classification

system were tailored to the rock, site and engineering situation encountered.

iii) Each rock slope was assessed by the parameter constellations in Cause and

Effect space. The intensity and dominance of the parameters allowed an initial

evaluation of the critical parameters at each slope. This two dimensional
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presentation of parameters, in terms of the effect on the system and the system

effects on the parameters, allowed an initial appraisal of the principal mechanisms

occurring at the slope and the role of the parameters involved.

iv) The ranking of the slopes was established by the average system intensity from

the Cause and Effect plots which is a function of all the interactions intensities and

not solely the sum of the independent parameters, as in traditional classification

systems. A preliminary sensitivity analysis of the classification system showed that

the rating system had the most influence on the average intensity of each slope

system and the Cause and Effect plots.

v) An alternative classification system was proposed that takes into account the

synergy between the parameters, i.e. their combined influence to either benefit or

impair the stability of the slope.

8) The author introduced existing systems concepts to the methodology as a means of

providing further understanding to the nature of rock engineering parameters,

interactions and pathways. Although much work needs to be done on this subject,

it does show further insight into the development of models of different complexity.

The concepts pertaining to control systems were shown to have direct ramifications

for rock engineering, in terms of excavation technique and stabilization methods as

presented by the rows, and columns of the interaction matrix, thus providing the

fundamental nature of these activities.

9) The scheme for implementing the total methodology within the phases of the rock

engineering process was presented through cycles of information, information

interpretation and engineering implementation. The interaction matrix provides the

structure for storing information, directing its interpretation and the consequences

of implementing the engineering. The whole approach is directed by the engineering

objectives. Initially the methodology is applied by an analytic modelling

perspective, by breaking down the problem from the engineering objectives to the

required parameter resolution. When the base level of parameter resolution is

established, the model is built up using the synthetic modelling approach as it then
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contains the necessary rock, site and engineering factors for the circumstances that

are faced. This provides the basis for the optimum engineering implementation of

control.

9.3 Recommendations for Further Work

The development of a rock engineering systems methodology has demonstrated the need

for an all encompassing approach and framework in which rock engineering is

performed. The main basis of the methodology is the continuing development of the

geomechanical model throughout the engineering process. This is pursued by a systems

interpretation of the relevant rock, site and engineering parameters for the engineering

situation. The interaction matrix has provided the central presentational technique and

the focus for the work performed to date. The direction for further work centres on the

three parts of the methodology, namely REMIT (Rock Engineering Mechanisms

Information Technology), RESP (Rock Engineering Systems Performance) and ONSE

(Objective based Network Sequence Evaluation). Consideration also needs to be given

to refining the tactical implementation of the methodology by improving classification

systems. Limitations associated with the methodology have been presented throughout

this thesis. The following suggestions are made to highlight where further work is

required and where the research can be directed in the future.

1) REMIT: Rock Engineering Mechanisms Information Technology.

i) Parameter Hierarchy

The REMIT phase of the methodology, which has been the primarily concerned of this

thesis, is the fundamental knowledge base and structure of rock engineering parameters,

interactions and connections. Inherent within this part of the methodology is the

hierarchy of parameters and the resolution of parameters. This aspect has so far been

pursued subjectively and by intuition. It is necessary to develop our understanding

further into how to break down the parameters from the initial sub-divisions of rock, site

and engineering, so that each hierarchical level has some fundamental meaning. In
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systems theory, parameter hierarchies are based on emergent properties such that the

interactions between parameters on a lower level form a new parameter on a higher

hierarchical level. Presented in Chapter 4 was a comprehensive list of rock parameters

categorized into a hierarchical structure. This suggestive hierarchy attempted to break

the parameters down according to a reduction in the scale of the parts of the rock mass.

Structuring the mechanical attributes in a hierarchy however becomes conceptually more

difficult. One of the major reasons for this is that many of the rock properties used in

rock engineering analysis are not fundamental properties but functions of the testing

method and/or are empirically based. Analysis using parameters with energy units was

suggested as a possible solution to this problem, as this would involve integration of

conditions throughout the whole rock mass rather than point properties. But for the

purposes of practical implementation this would require the measurement of a new suite

of parameters.

Given the inherent difficulties in developing a truly physical parameter hierarchy,

attention may best be placed on adjusting the hierarchy to suit our requirements. The

parameter hierarchy is intended to simplify the parameters so that analyses can be

performed at different levels of complexity. In Chapter 3 it was suggested that

classification methods and numerical analysis use parameters at different levels in the

hierarchy. Accordingly, engineering geological parameters are considered to be located

at coarser parameter resolutions than those used in numerical analysis (and detailed

pathway systems analysis). It has been commented that the parameters used in

classification systems should be related to those used in more detailed analysis, both

being representative of the geomechanical phenomena to be defended against. To this

end, there is a need for these to approaches to be linked.

ii) Engineering Geological Classification Systems

One of the current applications of the methodology is the engineering classification of

rock masses by virtue of the interactions between the parameters. An initial tactical

application of the methodology was presented in Chapter 7 and the limitations discussed

at the end of that chapter. The pursuit of an improved classification methodology is

considered a necessity in rock engineering. There is a need for a technique that

combines multiple rock engineering and rock mass attributes into a rapid and relatively
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simple technique. The author believes that many rock engineers perform such a process

by intuition, rock mechanics knowledge and knowledge of precedence, without the aid

of a formalised approach. The difficulty is making a science out of the art. The author

has discussed throughout this thesis, the deficiencies in existing rock mass classification

systems and finds it very difficult to justify how and why they work. The suggested use

of rock mass classification rating values in numerical analysis, due to the difficulties in

obtaining rock mass parameters at the scale of the rock engineering situation, further

justifies the need for a more coherent approach to rock mass classification. Furthermore,

given the inherent complexity of rock masses and the difficulties that will always be

present in adequately modelling rock mass behaviours, the need for a short cut method

is clearly necessary.

The direction advocated in this thesis is to consider the interactions and coupled nature

of parameters and the A-7 Autopiste rock slope case study showed an approach for

improving the classification methodology. Several aspects of this approach, however,

need further research.

A basis for selecting parameters is required so that the classification technique can be

objectively applied to any situation. Major difficulties encountered in using the

interaction matrix are the treatment of rock mass anisotropy, inhomogeneity and spacial

variations. Currently, the leading diagonal terms of the matrix have referred to global

rock mass properties, e.g. discontinuity orientation, discontinuity aperture and roughness.

For each discontinuity with a specific orientation, the aperture and roughness may vary

throughout the trace of the fracture. Some parameters are highly dependent upon

multiple discontinuity attributes such as water flow, which is controlled by the fracture

connection network. The interactions related to the engineering geological parameters

require further definition for coding techniques to be applied objectively.

The nature and meaning of the coding also requires further analysis. The dilemma

encountered in coding the interactions for the A-7 Autopiste rock slopes in Chapter 7

was that despite the consequence of some interactions being much greater than others,

the coding value assigned to some interactions was the same, as they had the same

interaction intensity. Therefore, it appears that the parameters selected should be of
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similar magnitude and scale. The coding and parameter ratings techniques need to be

studied so that the final classification system output is not biased. One factor influencing

this is the summation of the interaction intensities in the rows and columns of each

parameter, as well as the numerics of the coding and rating values.

The presentational technique for presenting the classification output requires further

deliberation. It is quite clearly necessary to move away from the use of one numerical

value to represent the rock mass behaviour, as in traditional classification schemes. The

Cause and Effect plot has several advantages, namely it shows tine influence of a

parameter on the others and the influence of the system on the Iparameter in two

dimensional space and allows instant identification of the most interacitive and dominant

parameters. There are however several disadvantages. The interpretation of the whole

parameter constellation requires further research. For the A-7 Autopiste slopes, the

author found that the interpretation of the rock mass behaviour, ii terms of a few

parameters at the extremes of intensity and dominance, could only be reasonably

managed. An empirical interpretation of the system could be established from more case

studies in different rock, site and engineering situations. It would also be advantageous

to utilize the wealth of precedent knowledge incorporated within the existing

classification systems.

2) RESP: Rock Engineering Systems Performance

This phase of the methodology encompasses the network evaluation of interaction

pathways in terms of a process-response system. A major part of this work will be

dependent upon the structure of the parameters and interactions estabkshed in REMIT.

Pathways can only be objectively determined when the interactions between the

parameters are further defined. Many of these interactions will be non-linear but can be

treated by a piece wise linear relation. Graph theory is a mathematical method that deals

with multi-variable system in this way to identify the critical mechanism pathway, and

this work is currently being pursued by Yong (1993). This approach alone will not solve

the identification of pathway problem. Consideration will also need to be given to role

of the rock mass structure in defining geometrical attributes and instability scenarios.
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3) ONSE: Objective based Network Sequence Eviluation

Incorporating the objectives into the systems approach is essentially the interfacing of

soft system with hard system methodologies. l'his poses one of the most challenging

aspects, as the objectives are not only difficult to define but also difficult to integrate

objectively into the hard systems approach. Another challenging situation is the

implementation of the methodology from the objectives to identify the mechanism

pathways of detriment to the engineering and site circumstances. Given that all the

parameters and interactions may not be known, it is necessary to consider how much

information is required before a mechanism pathway analysis can be performed,

especially as the aim of the methodology is to rationalize and optimize the rock

engineering process.
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APPENDIX 1: Design Methodology Flow Charts (Bieniawski 1992)
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APPENDIX 2: Rock Mass Classifciation Systems

Rock load H In feet of rock on roof of support in tunnel with width

B (feet) and height H (feet) at a depth of more than 1.5(6 +

Rock condition	 Rock load H in feet	 Re,r,irka

1. Hard and intact,	 zero	 Light lining required only if spall-
ing or popping occurs.

2. Hard stratified or	 0 to 0.5 B	 Light support, mainly for protecti ii
schistose	 .	 aga nst spalls.

3. Massive, moderately	 0 to 0.25 B	 Load may change erratically from
jointed,	 point to point.

4. Moderately blocky and	 0.256 to 0.35(B + H )	 No side pressure.
seamy.

5. Very blocky and seamy	 (0.35 to l.l0)(B + H )	 Little or no side pressure.

6. Completely crushed	 1.l0(B + Ht )	 Considerable side pressure. Softening
but chemically intact,	 effects of seepage towards bottom of

tunnel requires either continuous
support for lower ends of ribs or
circular ribs.

7. Squeezing rock,	 (1.10 to 2.10)(B + Ht)
moderate depth.	 Heavy side pressure, invert Struts

required. Circular ribs are recom-

8. Squeezing rock,	 (2.10 to 4.50)(B + H)	
mended.

great depth.

9. Swelling rock.	 Up to 250 feet, irres- 	 Circular ribs are required. In
pective of the value of	 extreme cases use yielding support.
(B 4' Ht)

* The roof of the tunnel is assumed to be located below the ,,xzter table. If it is
located permanently above the Iezter table, the values given f r types 4 to 6 can
be reduced by fifty percent.

* Some of the most conron rock f rnwitions contain layers of shale. In an unweathered
state, real sha lee 'e no wrse than other stratified rocks. However, the term shale
is ften applied to firmly ccnacted clay sediments which have not yet acquired the
properties of rock. Such so-called shale may behave im a tunnel like squeezing r
even swelling rock.

If a rock forratwn consists of a sequence of horiz ntal layers f sandstone or lime-
stone and of in,riature shale, the excavation of the tunnel is commonly associated with
a gradual ccn,ression of the rock on both sides of the tunnel, involving a dosamzzrd
movement of the roof. Furthermore, the relatively low resl.atance against slippage
at the boundaries between the so-called shale and the rock is likely to reduce very
c nsideraly the capacity of the rock Located above the roof to bridge. Hence, in
such formations, the roof pressure may be as heavy as in very blocky and seamy rock.

Rock Loads Classification (Terzaghi 1946)
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Rock structure rating - Parameter A - general arra geology (after Wickham ci .1.. 1974)

Basic rock type	 Geological stnacture

Hard Mcd So8 Decomp Massive 	 Slightly	 Moderately	 Intensely

Igneous	 I	 2	 3	 4	 faulted or faulted or	 faulted or
Metamorphic	 I	 2	 3	 4	 folded	 folded	 foldcd
Sedimentary	 2	 3	 4	 4

Type I
	

30	 22	 IS	 9

Type 2
	

27	 20	 13	 8
Type 3
	

24	 18	 12	 7
Type 4
	

19	 IS	 10	 6

Rock stiucture rating - Parameter B .jotnt pattern. dtrectson of drive (after Wick ham cx aL 19741

Average	 Strike I to axis	 Smite I to axis
joint spaang

Direction of dnve	 Direction of drive
Both With dip	 Against dip	 Both

Dip of prominent joints'	 Dip of prominent joints'
Flat Dipping Vertical Dipping Vertical Flat Dipping Vertical

1 Very closely jointed
<un.	 9

	
II
	

13
	

10
	

12
	

9
	

9
	

7
2. Closely jointed 2-6 in	 13

	
16
	

19
	

IS
	

Ii
	

14
	

14
	

II
3 Moderately jointed

6-12 in	 23
	

24
	

28
	

19
	

22
	

23
	

23
	

19
4 Moderate to blocky

12ft	 30
	

32
	

36
	

25
	

28
	

30
	

28
	

24

5. Blocky to massive
2-4(1.	 36

	
38
	

40
	

33
	

35
	

36
	

34
	

28

6 Masstvc>4ft	 40
	

43
	

45
	

37
	

40
	

40
	

38
	

34

Rock structure rating - Parameter C: ground waler, joint condition (after Wtckham et aL

1974)

Anticipated	 Sum of parameters A + B
water	 13 44	 45 75
inflow
(gpas/l000ft)	 Joint condstioa"

Good	 Fair	 Poor	 Good	 Fair	 Poor

None	 22	 1$	 12	 25	 22	 18
Slight<200gpm	 19	 IS	 9	 23	 19	 (4

Moderatc200 l000gpm	 IS	 II	 7	 21	 16	 12
Heavy> l000gpm	 10	 8	 6	 18	 14	 10

'Dip. flat. O-20dcg. dipping. 20 Sodcg. and vertical 50-9odcg
'Joint condition Good - tight or cemented. Fair - slightly weathered or altered. Poor - severely

weathered, altered, or open

Rock Structure Rating System (Wickham, Tiedemann & Skinner 1974)
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TABLE 4.1 The Rock Mass Rating System (Geornechanics Classification of Rock Masses)a
A. CLASSIFICATION PARAMETERS ANG 114EIN RATINGS

Pa,ann,Is.	 Rangss CI VaMes

-	 I	 <'0	 4 10	 2 I	 I 2Slr.n, 01	 .	 ________________ ________________ ________________ _________________ - 	
weI _____ _____ _____ _____ _____ _______

MMaroi I ad
	-220	 100 250	 SO 100	 22 50	 5 22	 I S	 <II_ivs	 _____________________ _____________________

-	 RIN,g	 IS	 ¶2	 7	 4	 2	 I	 0

	

D,i GSS godly ROO f%	 90 '00	 15 90	 SO 75	 25 20	 2S

-	 Rung	 20	 17	 ¶3	 9	 3

2	
Sp.ong ci enccnwod.s	 2 nI	 06 Zn,	 200 400 n.e	 90 200 .	 90 n.e

-	 RaM,g	 5)	 15	 10	 0	 5

$5_sd SESE
Vily u.gII I.riscsi	 _____	 _____	 Soil	 • S en,.
MCI	 -.

4	 Corduon Cl eio.esms	 I	 __	
<5 eu, e,oi,

	

tan espar.	 Sapardon < S n.eSlipup adwsd	 N.grWp asdwsd
tAwean,rsd WIF rO	 SapseMmnl S see	 CcI..00s

Corlesda

- ________ Rent	 30	 25	 20	 10	 0

liMo, par ion,

	

lidinhl 1511510	 tdn.	 <10	 10 25	 25 125	 <125

51	 —	 -	 -	 .or

5 Groondwal.. 	 M5i we..

Ran,

	

0	 <CI	 01 02	 02 05	 <05
dress

Or...O,	 ..0r__________ _______________

Ganend Oreddlons 	 Completely dry	 Osisi	 Rat	 Dripping

-	 RaN,g	 15	 10	 7	 4	 0

S RATING ADJUSTMEP(T FOR OISCOHTINUITV ORIENTATIONS

SliMs and Oi, Onsrlaens Ci Vary Facordls 	 FurorsOle	 Fad	 lJrdanoraCIs	 Vary UnfavorEd.Dan_s

FTonnels and nw,eA	 0	 2	 5	 10	 12

Rulings	
(	

Fow,daz.on.	 0	 -2	 7	 IS	 -25

_____________	 Slopes	 0	 5	 22	 50	 90
C. ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS

0 MEANING OP ROCK MASS CLASSES

claisno	 I	 U	 NI	 IV	 v

A.s.agn steno op on..	 20 yr for 'Sn, war	 I n br 10-n, scan	 I on Mr 5-n, Ipart 	 ICR Mr 2 5-ri, upset 	 30 ear br i-rn wan

Cor.es.or, dli'. 1QCI sass kPaj	 400	 300 400	 200 300	 100 200	 <lao

Fr.Cl.on angie 04 d's 0CC nasO degi	 -45	 35 15	 25 35	 15 25	 Is

°Afler Ben awski 1979J

CHART E Guidelines for Classification of Discontinuity Conditlonsa

Parameter

<Im	 1-3m
Discontinuity length (persistence/continuity) 	

6	 4
None	 <01mm

Separation (aperture)
6	 5

Very rough	 Rough
Roughness	

6	 5

Ratings

3-lOm	 1O-20m	 >20m

2	 I	 0
01-10mm	 1-5mm	 >5mm

4	 1	 0
Slight y rough	 Smooth	 S ickenslded

3	 1	 0
Hardf ing	 Soltf ng

tnt ng (gouge	 MOrse	 <5 mm	 >5 mm	 <5 mIll	 >5 mm
6	 4	 2	 2	 0

Unweathered Slightly weathered Moderately weathered Highly weathered DecomposedathOiHig	
6	 5	 3	 1	 0

1 N01. Some conditions are mutualiy exclusive For exans4e vtlding e present. tl us erelevant what th. roughness may be since its effect wiS be
overshadowed by the influence of the gouge i such cases use Table 41 directly

Rock Mass Rating System (Bieniawski 1979)
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C RATINGS FOR
MULTI-JOINT SYSTEMS

MINIMUM SFCING

MAXIMUM SCING

3C...GS a.07.. •.St	 C.Ii o.tO- C. 7-
'uIGS	 a.0 *..11 *aC.S 4.0.1 £14. .11

A MEAIING OF TIE RATINGS

1	 2	 3	 S
OASS

________ A	 B	 A	 B	 *	 S	 A	 S	 A	 B

RA70G Ix1-L OR SI	 100 — II	 10 - 61	 50 - £1	 1.0 - 21	 20	 0

0(SC70PTICN	 V 1Q00	 0000	 AJR	 POOR	 (PY POOR

8 BASiS OF PIE CLASSIFICATK)N
—	 — - —

160 jf.	 100 — 1?	 16-14. 63 -71 70-56 SS-L 4.3-31 30-17	 - 4	 3	 - 0
RATING	 —	 I	 —• oi	 tss,00i	 IS	 V.	 12	 10 • S	 S	 2	 0

*1	 I116 -105 164. -14.5 • 1W123 124.-lOS • 10-3 54.-IS 16-4.5 L4.-25	 24.-S	 £ -0
2 __________ ______ ______	 ________

201 16	 is : IL • 12	 10	 6	 £	 2	 0- t.01oNPI	 __________ __________ __••	 - - _____________

JOINT SPICING	 C (SELOWI
3

RAUNO	 35	 0

—	 JOIHT NOITION
SEFR 0 (SELI

iwq_oAowdo
R0

p—	 0.*.U.C.01l0 )

0. ASSESSMENT OF
.X)INT CONDITIONS

_______ £ 1. AU$J111	 CLE SAJ	 ' 40

o.v	 CT 01.IxncJ.s
cO•o

*	 I I&&1I- —
100	 CI	 70	 10

• - - - -1M1	 70	 10	 10	 10C
70 -- __!__ _i!_
•	 SI	 IC	 7040s	 a.	

..IL. _'!-;r
__ S00*ff

SJGM	 CO	 100	 *5	 sO

(CIOI ST7000 16

— •cS	 14 50	 -
16 10

_

c	 STU THIN 
16 16 100 CO

—
164.4.	 16 M240H	 CS CI 105 100

- —

16&LUOcS

•	 16
CI 100 100

jONdT	 —
.a. C04•*SC	

70
— — -

00	 5%	 51	 43
— - -

10.4016	 II	 • 10 40
—

SORT	 4.RS(	
70

- - — -
•14ICN •0	 Ti
(., TMCI --,j--	 - — -

Sa•E4.cOJ 40	 II	 10	 II

G.16 'CIL	 30	 10_____ ,.N4iJfl Cf	 _______

Mining Rock Mass Rating System (Laubscher 1977)
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Description	 Value	 Notes

I ROCk QUALITY DESIGNATION	 RQO

A Very poor	 0 - 25	 1. Where RQD is reported or measured as
*0 ( Including 0 ). a nominal value

B. Poor	 25 - 50	
of tO is used to evaluate Q.

C. Fair	 50 - 75

•	 -	
2. RQD intervals of 5, i.e. I00 95, 90 etc

0.	 are sufficiently accurate.

E. (cellent	 90 - 100

2. JOINT SET NUMBER

A. Massive, no or few joints 	 0.5 - 1.0

B. One joint set	 2

C. One joint set plus random 	 3

0. Twø joint sets

E. Two joint sets plus random	 6

F. Three joint sets	 I. For intersections use (3.0 x J)
C. Three joint sets plus random 	 12

2. For portals use (7.0 x J
H. Four or more joint sets,	 n

random, heavily jointed
'sugar cube', etc	 15

J. Crushed rock, earthlike	 20

3. JOINT ROUGHNESS NUMBER

a. Rock i.tzll contact and
b. Rock ,.iilZ contact before

10 one shear.

A. Discontinuous joints

B. Rough or irregular, undulating 	 3

C. Smooth, undulating	 2

0. Slickensided. undulating 	 1.5	 Add 1.0 if the mean spacing of the

E. Rough or irregular, planar 	 1.5	 relevant joint set is greater than 3m.

F. Smooth, planar	 1.0	
2. r • 0.5 can be used for planar, slick-

C. Slickensided, planar	 0.5	 ensided joints having lineations. provided
the lineations are orientated for minimum

c. No rock uall contact	 strength.
when sheared.

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

J. Sandy. gravelly or crushed
zone thick enough to prevent
rock wall contact.	 1.0

1i. JOINT ALTERATION NUMBER	 a

a. Rock ,jiLl contact.

A Tight y healed, hard, non-
softening, impermeable filling	 0.75	 -

Tunnelling Quality Index: Q- System (Barton, Lien & Lunde 1974)
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J
8. Unaltered joint walls, surface 	

a

staining only	 1.0

C. Slightly altered joint walls
non-softening mineral coatings,
Sandy particles, clay-free
disintegrated rock, etc 	 2.0

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

(. Softening or low friction clay
ineral coatings. i.e. kaolinite.

i.ica. Also chlorite, talc, gypsum
and graphite etc. • and small quan-
tities of swelling clays. (Dis-
continuous coatings, 1-2mm or

less in thickness)

b. Pock ,.zlZ contact before
10 cins shear,.

F. Sandy particles, clay-free dis-
integrated rock etc

C. Strongly over-consolidated, non-
softening clay mineral fillings

(continuous,	 Sims thick)	 6.0

H. Medium or low over-consolidation,
softening, clay mineral fillings,

(continuous,	 5mm thick)	 8.0

.1. Swelling clay fillings, i.e.

nontmorillonite (continuous, - 5
mm thick ). Values of a depend
on percent of swelling clay-size
particles, and access to water	 8.0 - 12.0

c. No rock waZZ contact
when sheared.

K. Zones or bands of disintegrated	 6.0
L. or crushed rock and clay (see 	 8.0
Pi. G,H and J for clay conditions)	

8 0 - 12 0
N. Zones or bands of silty- or

Sandy clay, small clay fraction,
(non-softening)	 5.0

Q. Thick, continuous zones or
P. bands of clay ( see C. H and	

10.0 - 13.0

R. J for clay conditions) 	
13.0 - 20.0

5. JOINT 'dATER REDUCTION FACTOR	 Jw

A. Dry excavations or minor inflow,

i.e. 'C 5 lit/man, locally	 1.0

8. Medium inflow or pressure, occa-
sional outwash of joint fillinajs	 0.66

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

D. t.arge inflow or high pressure
considerable outwash of fillings 	 0.33

E. Exceptionally high inflow or pres-
Sure at blasting, decaying with
time	 0.2 - 0.1

F. Exceptionally high inflow or pres-
sure continuing without decay	 0.1 - 0.05

r)1U01

(25° - 350)

I. Values of	 the residual
friction angle, are intend-

(250 - 300 )	 ed as an approximate guide
to the mineralogical pro-
pert 'Cs of the alteration
products, if present.

(200 - 25°)

( 8° - 16°)

(25° - 300)

(16° - 24°)

(12° - 16°)

6° - 12°)

( 6° - 24°)

6° - 24°)

approx. water

pressure (Kgf/cm2)

l0

1.0 - 2.5

I Fac t.,rs C to F are crude

	

2 5 - 10 0	 estir.ates. Increase
if drainage measures are

	

2.5 - 10 0
	 installed.

2 S pec.al problems caused
by ice formation are

10	 not considered.

10

corn.. Tunnelling Quality Index: Q- System (Barton, Lien & Lunde 1974)
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2. For strongly anisotropic
virgin stress field (if
measured) : when 5

10, reduce 
0c to 0.8o

and ot to O.80. When
01/03 > 10, reduce	 and

to 0.6o, and O.60t.
where 0c - unconfined
compressive strength, and

tensile strength
( point load) and o and
(13 are the major and minor
principal stresses.

3. Few case records available
where depth of crown below
surface is less than span
width. Suggest SRI in-
crease from 2.5 to 5 for
such cases (see H).

6. STRESS REDUCTION FACTOR

a Waakjzeso ZOnCS intersecting excavation, which zy cause l.Ooscnin.g
of reck mass when twine 1 is excavated.

SRI
A. Multiple occurrences of weakness zones containing

clay or chemically disintegrated rock, very loosc
Surrounding rock (any depth)	 10.0	 1. Reduce these values of

8. Single weakness zones containing clay, or chem-	 SRI by 25 - 50t if the
ically disintegrated rock (eicavation depth .. 5Oin) 	 5.0	 releverit shear zones only

influence but do not
C. Single weakness zones containing clay, or chem-	 intersect the excavation.

ically disintegrated rock (excavation depth 50m) 	 2.5

0. Multiple shear zones in competent rock (clay free).
loose surrounding rock (any depth ) 	 7.5

E. Single shear zones in competent rock (clay free).
(depth of excavation 50m)	 5.0

F. Single shear zones in competent rock (clay free),
(depth of excavation 50m)	 2.5

G. Loose open joints, heavily jointed or 'sugar cube'
(any depth)	 5.0

b. Competent rock, rock stress proble're
ac/C l 	 C5/01
	 SRI

Ii. Low stress, near surface 	 .200	 '13
	

2.5

J. Medium stress
	 200-10	 13-0.66

	
l0

K. High stress, very tight structure
(usually favourable to stability. 10-5	 0.66-0.33	 0.5-2
may be unfavourable for wall
stability)

I.. Mild rock burst (massive rock) 	 5-2.5	 0.33-0.16	 5-10

H. Heavy rock burst (massive rock) 	 '2.5	 0.16	 10-20

r Squeezing rock, 1'i-.ia tic "lw of incorç'ete'.t rock uncle" the
influence of high rock pressure	 SRI

N. Mild squeezing rock pressure	 5-10

0. Heavy squeezing rock pressure	 10-20

d. Swelling rock, chemi.al swelling activity depending upon presence o" water

P. Mild swelling rock pressure 	 510
A. Heavy swelling rock pressure	 10-20

ADDITIONAL NOTES ON THE USE OF THESE TABLES

When making estimates of the rock mass quality (Q) the following guidelines should be followed.
in addition to the notes listed in the tables:
I. When borehole core is unavailable, RQD can be estimated from the number of joints per unit

volume, in which the number of joints per metre for each joint set are added. A simple rel-
ation can be used to convert this number to RQD for the case of clay free rock masses

RQD = 115 - 3.3J,, (approx.)	 where .1,, • total number of joints per m
(RQD - 100 for 4v

2. The parameter J,, representing the number of joint sets will often be affected by foliation.
schlstosity, sissy cleavage or bedding etc. if strongly developed these parallel "joints"
should obviously be counted as a coeçlee joint set. However, if theie are few "joints"
visible, or only occasional br.iak in the core due to these features, then it will be more
appropriate to count then' as 'randon' joints" when evaluating i,,.

3. The parameters .1,. and "a (representing shear strength) should be relevant to the L'eakest
sl.cni.. ant joint set or cia,g 'iiied dtscontinut... in the given zone. However, if the joint
set or discontinuity with the minimum value of "r/a) is favourably oriented for stability.
then a second, less favourably oriented joint set or discontinuity may Sometimes be more
s gn.f cant, and its higher value of r/a should be used when evaluating Q .	 " valuc j'

snould in j'a.'t relate to the surJa"o mat lJeZy	 :	 '	 "e to ii'iiate.
11 When a rock mass contains clay, the factor SRI appropriate to : w"'. loads should be

evaluated. In such cases the strength of the intact rock is of little interest. However.
when Jointing is minimal and clay is complete ly absent th strength of the intact rock may

cont... Tunnelling Quality Index: Q- System (Barton, Lien & Lunde 1974)
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8ilIAWQ (17) RATU'GS FOR RP4

PARA-TER	 RANGES OF VALL.%S

Pok*	 for (twa
Strength	 •trsnglh	 >10 t-I'.	 4-10 ..	 2-4 ..	 1-2 NP.	 .el.,l,,

of	 kidcii	 teat Is
kw.ct
fOCi'	 Lkil.d.l	 i-	 aesaterial con.prvuars.e	 > 250 NP.	 100-2)0 NP.	 50-100 NP.	 73-SO NP.	 NP. NP

RatIng	 13	 12	 7	 7	 7	 o
OrdI core quality ROO	 90%-100%	 7S%-90%	 S0%-7S	 25%-)0%	 .

Rating	 70	 17	 13	 U

Spacing of .co.*ww1tic.	 > 2 in	 0.6-2 in	 200-600mm	 60-200mm

Rating	 20	 13	 10	 U

Very ruus aur-	 S1iet1y rouis	 Slightly r..qs	 Sl.ckcewidcd	 Soft gouge. m-
Conition of	 faces. Not co.*i	 surface,. Sep.	 surf.ce Sep.	 surf.vc OR	 OR

dlicolnuitics	 noin. No scp.r. 	 ration <1 nwis. 	 ration 1 mm.	 Gouge 3mm Separation >Smm
lion. Un..eathercd	 Shghtly wca-	 Highly a-	 thick. OR	 Continote

wall rock.	 thered walls.	 thered 'ealls	 Scp.ratson 1-3 mm
Continuous

Rating	 30	 23	 20	 10	 0 -
Cround water in Joint	 Completely dry	 Damp	 Wet	 C)ripping	 flowing

Rating	 13	 10	 7	 4	 0

TABLE 2- AO.XJSThENT RATTh.0 FOR )OUITS

CASE	 .-	 Very fa.'oui-sbta	 Fasourable	 Fair	 Unf.ourable	 Very unfaoursblc
P	 Ji(i I	 >30'	 30020a	 20e-10'	 10.-ScT

PIT	 '	 F1	 0.13	 0,40	 0.70	 0.83	 1.00
P	 a i	<20	 20' -3Oe	300.33c	 350. 450	 -	 >450
P	 F2	 0.13	 0.40	 0,70	 0,83	 1.00
T	 F2	 1	 1	 1	 1	 1

>100	 100.00	 05	 0e-(-10Q)
T	 fij•.	 <liCe	 ilOc-iZOc	 ,-1200	 --	 --

PIT	 Fj	 0	 .4	 -25	 -30	 -40

P PIano failure
T Toppling failure	

•	 diP rectbon	 ___
,	 siopedip	 13j	 Jointdip

TABLE S - AOJJSfl.'1T RATDG FOR IETI-COS OF EXCAVATION OF OPES

Natural	 Smooth	 Bl.iting or	 DefficieritMed Preeplitlngslope	 blasting	 Mechanical	 blasting
F4	 .13	 .10	 -	 .8	 0	 -e

St-Ut .Rt-Ut-(1j .F2 .F3).F4

TABLE 4 - 1tNTATrv OESOt'1lON OF St-Ut CLASSES

Ci.is NO	 IV	 Ill	 II
SMR	 0-20	 21-40	 41-60	 61-80	 81-100

Description	 Very bad	 Bad	 Normal	 Good	 Very good
Stability	 Completely Unstable	 Unstable	 Partially stable	 Stable	 Completely Stat e

Big planar or	 Planar or	 Some JointS Of	
Some blocks	 NoneFailures soil - like	 Big we47ei	 Many wedges

Support	 Rreiic.'..( ion	 lmort..nt/Correctiue	 See (emetic	 Occasional	 None

Slope Mass Rating System (Romana 1985)
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APPENDIX 3

Definition of Rock Parameters
(sources from Appendix 4 1)

KEY LEVEL 4 All bold words in capitals & underlined.
LEVEL 5 All bold words in capitals..
LEVEL 6 Bold words with initial letter in capitals.
LEVEL 7 Bold words with no capitals, (except for specific names & abbre'nations)

LEVEL 4	 MAIN GROUPINGS OF PARAMETERS

I	 I
intact Rock	 I Discoatunuity	 Rock Mass

______	 I
LEVEL 5	 SUB-GROUJPING OF MAIN PARAMETERS
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LEVEL 7	 DETAILED PARAMETERS

..1- - I Apei1u,	 ]
(F151n9 Type

___	 IFm

Parameter levels as structured in Figure 4.6

abrasivity The resistance of a rock sample to attrition and impact forces; tests in use include Los Angeles
and sand blast.
absorption The ability to incorporate fluid (water) into the molecular structure of the rock.
acoustic wave velocity The velocity of high frequency sound waves in testing and strain measurement.
adhesion The bonding and resistance formed by the rock surface.
adsorption The ability to incorporate fluid on to the surface of the rock.
aperture The degree of separation between one joint wall and another.
apparent cohesion Shear resistance at zero normal stress.
Aspects of Heat Thermal properties of intact rock.
Aspects of Water Intrinsic rock properties but only relevant with the presence of a fluid or a gas.
asperity inclination angle The inclination of the md vidual surface roughness components.
Atterberg limits The physical properties of fine grained soils as related to their moisture contents.
biaxial Stress state where the minor pnncipal stress is zero.
Beam test indirect tensile test where a beam of rock s loaded at its centre to initiate tensile failure.
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Block Characteristics The attributes of blocks of intact rock defined by the discontinuities.
block shape The shape of specific blocks being classified, usually described as blocky, tabular or
columnar.
block size The average diameter of a typical rock block in the unit to be classified.
body wave velocity The velocity of elastic waves that travel through the body of the transmitting
medium and thus are unaffected by the presence of the boundaries.
Brazilian test. An indirect tensile strength test where a rock disc is placed between platens in a
compression test machine and loaded to failure across a diameter.
brittle - ductile transition stress The confming pressure at which the post peak reduction in strength
disappears and the behaviour becomes fully ductile.
brittleness index I) The ratio of the fall of in peak strength to residual strength divided by the peak
strength 2) The ratio of compressive strength to tensile strength.
bulk density The density of a given volume of rock mass includmg intact rock, discontinuity, infilling,
voids and water.
bulk modulus Ratio of hydrostatic stress to the volumetric stress that it produces.
capillarity The ability of a fluid to move through small voids or cracks due to the surface tension of the
fluid.
cementation degree The amount of cement between the grains compared with the total material.
clay fraction The percentage of clay minerals compared with the total specimen; indicates, in part, the
swelling potential.
coefficient of thermal expansion The one dimensional strain caused by a given change in temperature
colour index Percentage of dark minerals in a rock, relates to ferromagnesian minerals.
COMPOSITION Fundamental, physical & index properties excluding products of its mechanical
behaviour.
compressibility modulus The ratio between an isotropic stress change and the corresponding volume
change per unit length.
Corn pressive The strength of a rock caused by the application of normal stress in a single direction.
CONDITIONS Properties of imposed states or boundary conditions for the rock.
conductivity The ability to allow the passage of electrical current through a rock material.
crack location Descriptive of the position of flaws within the microstructure either being through grains,
grain boundaries, cement, matrix etc
crack porosity The porosity of cracks located within the microstructure of the rock material.
crack shape The geometric configuration of flaws.
Creep/Relaxation The time dependant deformation of rock under stress- characterized by three phases,
primary - rate of strain decrease due to "elastic" flow, secondary - constant rate of stra n, permanent
deformation, Tertiary creep increase in strain rate until failure.
DEFORMATION Change in size or shape due to applied stress.
deformation modulus The ratio between a given normal stress change and the linear strain change in the
same direction (all other stresses being constant)
density Mass per unit volume of rock.
Descriptive Terms used to describe components & features of joints whch may have some bearing on
their mechanical behaviour.
dielectric constants The constant of a rock material representing the insulator or non conductor of
electricity.
Dilation angle Ratio of plastic volume change to plastic shear strain
Dimensional Attributes of discontinuities represented by their orientation, location or length.
direct The load at failure determined from a pull test, i.e. by divergence
DISCONTINUITY PARAMETERS Properties of a single discontinuity.
ductile A rock is ductile when it can sustain further permanent deformation without losing its load
carrying capacity.
Durability An indication of ability to resist wear and degradation from erosive agents.
Elastic Property of material which returns to its original form or condition after the applied force is
removed.
ENGINEERING PROJECT These relate to the engineering aspects of the project and include the
dimension of the project, excavation method, rock stabilization and financial aspects; these all influence
the economy and stability of the project.
faults Discontinuities where appreciable displacement has occurred
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field displacement tests Direct measurement of displacements of in Situ rock masses in the project
environment.
Filling Properties The properties of material within a discontinuity.
filling thickness The thickness of the filling material only; usually, but not always, the same as aperture.
filling type Types include brecciated rock, clay, sand or mineralised material such as slickenslided
growths or pressure solution calcite.
fissility degree Qualitative assessment of the amount of laminations within a sample of intact rock.
folds A flexure in rocks; that is a change in the amount of dip of a bed.
fracture toughness A parameter expressing the materials resistance to crack propagation or the fracture
energy consumption rate required to create new surfaces.
generic type Used to describe the type of joint or joint set, be it a bedding plane, tension, shear, cleavage,
fault etc.
Geometrical Parameters Based on the geometrical attributes of discontinuities.
GEOMETRICAL CHARACTERISTICS The character of a discontinuity based on its geometrical
attributes.
Geophysical The use of indirect methods, seismic, resistivity, magnetic or electrical etc, to determine the
properties of the rock material or mass.
grain density The density of solid material(grains) only.
grain fabric Describes the arrangement or pattern produced by the orientation and shapes of the grains.
grain orientation The preferred direction of one of many grains in the rock fabric.
grain shape The geometric shape of individual grains.
grain size Refers to the specific dimension of individual grains.
grain size distribution Used to show the variation in the dimension of all the grains within the rock.
grain texture Refers to the physical appearance of the grains including the geometric aspects of and the
mutual relation among the grains.
hardness Essentially a surface strength property directly related to the test method.
hydraulic conductivity A medium has unit hydraulic conductivity if it will transmit in unit time a unit
volume of ground water at prevailing kinematic viscosity through a cross section of unit area under a unit
hydraulic gradient.
indenter hardness The force required to cause indentation by a cone, divided by a constant that measures
the cones shape and area.
INDICATORS Properties, parameters or features which are influenced and suggest the state or behaviour
of the intact rock, discontinuity or rock mass.
indirect The tensile strength determined from the Brazilian test, bending test or other means where direct
tension is not applied.
INTACT ROCK PARAMETERS Rock containing no discontinuities.
internal friction angle The tangent of the linear strength relation between shear stress - normal stress for
an intact rock.
joint cohesion The intrinsic strength of a joint at zero normal stress.
Joint dilatancy A joint behavioral term describing the separation of a joint at constant normal stress
where dilatancy is permitted.
joint displacement A joint is defined as having minimal displacement although frequently some
displacement occurs influencing the shearing behaviour of the joint plane.
Joint formation Description relating to the circumstances of how the joint originated.
Joint frequency The number of joints per meter in a particular joint set.
joint friction angle The angle between the axis of the normal stress and the tangent to the Mohr envelope
at a point representing a given failure- stress condition.
Joint intensity Synonymous with joint frequency.
Joint normal stiffness Determined from the slope of the normal stress normal displacement curve of a
shearing discontinuity; normal stiffness is non-linear, but is frequently assumed to be linear.
Joint shear stiffness Calculated as the slope of the shear stress - shear displacement curve.
joint spacing The mean of the distance separating joints in a particular joint set.
joint termination Joint sets can be persistence but the degree of persistence often depends on the stress
history resulting in joints terminating at the intersection of other joint sets.
Joint wall compressive strength Defined by Barton & Choubey(1977); unaltered walls have similar
strength to that of intact rock.
Joint roughness coefficient A quantitative rating of the roughness degree as determined by Barton.
Large Scale Geological Features Description of major geological features such as faults and folds.
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Linear Elastic A term used to describe a material in which no energy is lost during a loading cycle.
liquid limit The water content at which a specimen passes from the plastic to the liquid state.
liquidity index The moisture content in excess of the plastic limit expressed as a percentage of the P1.
location The specific location of individual discontinwties in space.
Love waves A surface seismic wave characterized by purely horizontal motion perpendicular to the
direction of motion.
in, in' Empirical rock mass strength parameters for Hock & Brown failure criterion, m is for non
interlocking rock masses or those which have been highly disturbed.
magnetic properties The magnetic properties of intact rock due to its mineralogy.
Microatriicture Properties of discrete particles or features forming the intact rock.
mineral corn position The mineralogical make up of the infilling material; the naming of individual
minerals based on their mineral composition.
modulus of deformation The ratio of stress to correspondmg strain during loading of a rock mass
including elastic & inelastic behaviour.
No. Linear Elastic A non linear elastic stress-strain response on the application of applied stress but no
energy loss on destressing.
normal modulus The modulus of deformation normal to the discontinuity plane.
Not Elastic Or inelastic, refers to deformation where the portion of deformation under stress is not
annulled after complete destressing.
number of Joint sets A joint set is defined when a number of discontinuities have essentially the same
attributes & orientation.
orientation The dip and dip direction or strike of a discontinuity or discontinuity set.
overconsolidatton ratio The ratio of the pre consolidation pressure to the present overburden pressure.
p wave velocity The velocity of longitudinal pressure waves or primary first arrival seismic waves.
particle size The size & spread (grading) of the composite parts within the filling.
permeability The capacity of a rock to conduct a liquid or gas; related to the flow velocity & hydraulic
gradient.
persistence The length of the discontinuities.
petrographic description A geological description of the grain composition, cement and matrix of intact
rock.
Physical essentially fundamental non-mechanical properties of the rock, i.e.dependent on testing method.
plastic A rock is plastic when non-recoverable, permanent deformation occurs.
plastic limit The minimum water content at which a rock sample behaves in a brittle manner.
plasticity index As for intact rock, used to assess swelling potential; the numerical difference between
liquid limit and plastic limit; represents the range of moisture content at which a material is plastic;
related to the swelling potential.
point load strength index The strength of rock determined from the point load test apparatus.
Poisson's ratio Ratio of radial to axial strain in an elastic medium.
polyaxial Special triaxial test. The strength when three independent variable stresses are applied to
opposing faces of a cube of rock.
pore pressure The induced pressure in the pores of a material generated by a change in loading.
porosity Ratio of the volume of voids to the total volume of the intact rock.
POST PEAK Properties indicative of rock behaviour beyond the peak strength.
primary permeability The ability of intact rock to conduct or discharge fluid(water) under hydraulic
gradient.
radioactivity Rock containing minerals in which there is a spontaneous disintegration of unstable atomic
nuclei which is accompanied by emissions of alpha and beta particles and/or gamma rays.
Rayleigh wave velocity A seismic wave propagated along a free surface in which the particles have a
retrograde elliptical action.
rebound number Relates to strength & hardness by use of a Schmidt hammer where the rebound from
an applied force is measured.
residual cohesion The cohesive strength after appreciable displacement.
residual friction angle The post peak strength reduction in the friction angle.
resistivity The electrical resistance of current across a rock material.
rigidity modulus Synonymous with shear modulus.
Rock Fracture Refers to the initiation of fracture on a micro scale.
rock mass classification rating A numerical value representative of a summation or product of rating
va ues given to selected parameters of a rock mass.
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ROCK MASS PARAMETERS Properties of the rock mass considered as a whole combining intact rock
& discontinuity parameters together.
rock noise The audible response of a rock to applied stress or destressing.
Rock Quality Principally a qualitative assessment of the state of the rock mass.
roughness The degree of irregularity on a joint surface.
roughness anisotropy The variation in the degree of roughness at different orientations along the joint
surface.
RQ D The sum of lengths of rock core pieces longer than 10cm expressed as a percentage of a given total
length drilled, usually a core run.
rupture modulus The tensile strength measured by the beam test.
s, s' Empirical rock mass strength parameters for Hock & Brown failure criterion, it is now though that
a = I or 0, where s=1 is for fractured rock, and s=O is for intact rock.
a wave velocity The velocity of transverse shear waves or secondary seismic waves.
saturation degree The ratio expressed as a percentage between the volume of water and the total volume
of voids.
scratch hardness The hardness estimated by comparison with an arbitrary reference scale based on the
ability of one mineral to scratch another.
secondary permeability The permeability caused principally by the flow of water through the
discontinuities rather than the intact rock.
seismic The measurement of the velocity of generated waves which result from the application of an
energy source.
seismic velocity The velocity of seismic waves in geological materials.
sensitivity The ratio between the undisturbed and the remoulded shear strength of a soil.
Separation Characteristics The physical and dimensIonal aspects of the joint aperture and filling.
Separation The attributes of the joint separation.
Shear Shear occurs where a stress is directed parallel to the surface element across which it acts.
shear modulus The ratio between a given shear stress change and the corresponding shear strain change.
shear strength The maximum strength along a failure surface where the stress is directed parallel to the
surface element across which it acts.
Shearing Characteristics The behavioural characteristics of joints under shear and normal stresses; joints
axe assumed to have no tensile strength.
SITE Parameters which depend on the specific location of the engineering project; the influence of these
can vary during construction and they tend to be boundary conditions or loading factors.
slake durability index A percentage of the dry mass of a sample after a SD.T cycle to the dry mass of
the sample before the first test cycle. An estimate of the resistance of rock material to cycles of wetting
& drying, hence weathering.
solid core recovery The sum of the lengths of pieces of intact rock core of full diameter expressed as
a percentage of the total core run.
solubility The ability of a material to dissolve in water.
specific gravity Ratio between the mass of material and mass of an equal volume of water at a
temperature of 4 degrees C.
specific heat capacity The amount of energy needed to raise the temperature of a unit of rock by one
degree C.
specific storage The volume of water a unit volume of saturated aquifer releases from storage for a unit
decline in hydraulic head.
storativity The volume of water that an aquifer releases from or intakes into storage per unit surface area
of aquifer per unit change in the component of head normal to that surface.
strain hardening Synonymous with post-peak strength ductile behaviour.
strain softening Synonymous with post-peak strength brittle type behaviour.
STRENGTH The stress state at which a rock specimen ruptures.
STRESS STATE The stress as defined by the components of the tensor characterizing the 3-D stresses
at a point.
Surface Properties Directly relevant to the surface state of the intact rock or discontinuity.
surface energy The surface are per unit area of the crack surfaces is associated with the rupturing of
atomic bonds when a crack is formed.
surface roughness Surface expression caused by the mineralogy of the rock; possibly also due to
excavation technique; not due to discontinuities.
surface texture The general physical appearance of the joint surface.
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Swelling Potential A qualitative grading of the potential that a cohesive, fine grained, sample will expand
or shrink with changes in water content; related to clay content, mineralogy and plasticity index.
swelling pressure in dcx The stress required to prevent expansion of a rock specimen when water is
introduced.
swelling strain index The maximum expansion of a completely unconfined rock specimen when
submerged in water, usually expressed as a percentage.
Tensile Resistance to fracture under tension.
thermal conductivity A measure of the quantity of heat transmitted across a unit cross section in a unit
time for a unit temperature gradient.
thermal diffusion The interpenetration of heat into rock by natural movement of their particles.
TIME DEPENDENT Strength properties indicating the behaviour of the rock with time.
total core recovery The sum of the lengths of pieces of rock core expressed as a percentage of the total
core run.
trace length The measurable length of the linear trace produced by the intersection of a planar
discontinuity with a planar rock face.
transmisslvlty The rate at which water of prevailing kinematic viscosity is transmitted through a unit
width of aquifer under a unit hydraulic gradient.
triaxial Three principal stress states applied to fail the rock; they may be independent but more
commonly used for one independent stress state and two equal stress states which are non zero. i.e. not
uniaxial.
triaxial creep rate As for uniaxial creep rate except with the application of a confining stress.
ultrasonic wave velocity The velocity of compression and shear waves to give an indication of the
soundness of rock or dynamic rock properties.
uniaxial Failure that occurs when two principal stresses are zero.
uniaxial creep rate The strain as a function of time determined from the application of uniaxial stress.
unit weight Ratio of the weight to the volume; also dry unit weight, unit weight (solids) & buoyant unit
weight.
viscosity The resistance to a change in the arrangement of the molecules; applicable to weak rocks and
rocks under high stresses and temperatures where time dependent behaviour can occur.
void ratio Ratio of the volume of voids to the volume of solids.
volumetric joint frequency The average number of joints per unit area or unit volume of the rock mass.
volumetric RQD The summation of intact blocks bigger than O.001m 3, expressed as a percentage of the
total rock mass volume.
water content The mass of water contained in a rock specimen, expressed as a percentage of the dry
mass.
waviness Large scale surface roughness.
weathering state A description for the state of decomposition of rock due to the influence of the
atmosphere and hydrosphere.
yield strength The stress level at which rock ceases to behave elastically.
Young's modulus The ratio between the normal stress in a given direction & the elastic strain in that
direction
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APPENDIX 4

Sub-References for Parameter Data

A4-1 Main Parameter Identification References
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APPENDIX 5: A-7 Autopiste Rock Slope Data & Results

AS-i Terminology and Data

Data Collection

Geotechnical data selected in the A-i Autopiste rock slope study presented in Chapter

7 was obtained from existing information and by a site survey. The existing information

comprised design and construction reports held at the AUMAR offices in Valencia

together with several published technical papers. (Intecsa 1972, 1976: Romana & Roman

1976, 1977: Romana 1988). This information yielded geological lithological data and

discontinuity orientation data for some, but not all, slopes. Existing information was used

to enhance and confirm the collected site data.

The site survey of the 14 rock slopes was performed in June 1991 during a dry hot

period. Due to time constraints only a rapid data collection investigation was performed

to identify the most pertinent geological, structural and engineering features of each

slope. This information was used and compared with the existing information held in the

AUMAR offices to produce a data sheet for each rock slope. The information sheets are

shown in the following pages.

The terminology used to characterize the rock slopes is discussed below.

1. Location

The rock slopes are referred to their position within the numerical system allocated by

AUMAR such that PK412+500 refers to the rock slope at a position 500m from

kilometric road position 412. The kilometric road position increases from north to south

along the highway. In some cases, the nearest town to the rock slope is also used.

2. Slope Engineering

This information comprises the general engineering parameters of the rock slope. The

slopes are referred to as either mountain side or sea side slopes. The mountain side

slopes generally face the east whilst the sea side slopes face the west. When the slopes

are the access slopes and portals to the tunnels, the slopes are termed either the north
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or south portal and/or the mountainside or seaside slope.

Orientation: The dip direction and dip of the rock face for the section studied.

Height: The maximum height of the rock slope for the section studied.

Length: The horizontal distance across the slope face for the section studied. In some

cases, the actual length of the rock slope was far greater than the section studied.

Excavation Method: The type of excavation method used: either bulk blasting, smooth

blasting or pre-split blasting.

Excavation Quality: A subjective assessment of the excavation quality based on extent

of excessive damage to rock slope during blasting.

Evidence suggested by the presence of fresh fractures in

i) The half barrels of the blast holes.

ii) Many new fractures, closely spaced, impersistent, randomly orientated; creating

small block size.

The excavation quality has been characterized as either:

Good	 Blast holes without excessive internal fracturing into rock face. No
evidence of newly created small fractures.

Poor	 Numerous fresh, clean small fractures stemming from blast boles or in
rock face.

Support & Reinforcement: A description and location of any direct stabilization measures

applied to the rock slope in the section studied.

3. Structurally Controlled Instability Condition

Previous Instabilities. Comments regarding the location and type of previous structurally

controlled instabilities observed in the rock face. Where possible the instability planes

that contributed to the defined block instability are mentioned.
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Potential Instabilities: Three types of structurally controlled instabilities were analyzed

using stereographic projections for plane, wedge and toppling modes of failure. The

failure planes on which failure can occur are presented. A friction angle relating to the

recorded degree of roughness of the shearing plane(s) was used. Typically a value of 35°

was considered representative to the general rough conditions of many of the joint

surfaces. Where lower friction angles could create the potential instability, these have

been provided.

This analysis provides a first pass assessment as to potentially kinematic structural

failures. See "discontinuity orientation" for how the discontinuity orientation data was

analyzed.

4. Geological Details

Intact Rock Description: The principal rock types in the rock slope section studied are

described in accordance with BS5930: 1981 Code of Practice of Site Investigations.

Inhomogeneity Degree: Inhomogeneity degree is assessed by the ratio of weathered to

unweathered material exposed on the rock face. This indicates the degree of differential

weathering. For the rock types encounter, this degree generally assesses the ratio of marl

to limestone exposed on the rock face.

Solution Features: The presence and location of solution features is noted.

Weathering Rate: As no detailed mineralogical examination of the rock was possible,

the future potential for weathering has been determined by the post construction

weathering by study of the remnants of blast holes exposed on the rock face.

None	 Clearly visible, sharp edged, half barrels of blast holes observed over
all of the rock slope.

Low	 Clearly visible, rounded edges to half barrels observed over most of
___________ the rock slope.

Moderate	 Faint evidence of half barrels observed over most of the face.

High	 No evidence of half barrels. Weathering has completely removed
blast holes.
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Discontinuity Details

Number: The discontinuities and the number of joint sets are labelled Dl to D6 and are

used to define potentially structural failure planes (see above).

Type: This distinguishes between joints and bedding planes.

Orientation: The orientation of the discontinuities is based on those fractures which were

actually recorded at the slope face in addition to the data provided by AUMAR reports.

As the data collected from the slopes was based on the most prominent discontinues

observed, this overrides any potential errors resulting from the blind use of existing data

especially as the methods and location of the surveys previously undertaken were not

known.

Spacing: The spacing of the joint sets is based on site observations. No statistical

analysis was performed.

Persistence: The description of the discontinuity persistence is based on the ISRM

Suggested Methods for Rock Characterization and Testing (Brown ed. 1981) where:

very low	 <im
low	 1-3m
moderate	 3-lOm
high	 10-20m
very high	 >20m

Roughness: A qualitative assessment of roughness has been obtained by inspection of

the discontinuity surfaces. A number of JRC profiles were used to calibrate the surfaces

and the following descriptive terms appear to be related to the following joint roughness

coefficients.

Description

smooth
moderately rough
rough
very rough

Equivalent
JRC
0-6
6-12
2-16
16-20

Filling: A brief comment is given as to the filling typical of the joint set. The type of

filling is provided together with its predicted strength.
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Aperture: The aperture has been described according to the coarser descriptive terms of

the ISRM Suggested Methods for Rock Characterization and Testing (Brown ed. 1981).

Closed	 <0.1mm - 0.5mm
Gapped	 0.5mm - 10mm
Open	 lcm->lm

Water: The presence of any groundwater seepages is commented.

4. Stereographic Projections:

Contoured stereographic data piots are presented for the pole vectors of the

discontinuities and a plot of the major planes is given. In some cases where the data was

insufficient for contoured plots, only the major planes are shown. These plots were

generated using Dips 2.2 copyright of the Rock Engineering Group, Dept of Civil

Engineering, University of Toronto. These are lower hemispherical Schmidt equal angle

equatorial nets using a contouring area of 1% of total and a counting grid spacing of 4%

of the radius. The grouping and contouring of joint sets from orientation data is biased

to the technique applied and the accessibility in obtaining the data. The joint orientation

was established primarily from the site survey and this information used to confirm the

information reported in the slope design reports (Intesca 1976, 1972).

Hydraulic Conditions: (not on data sheets)

As no water seepage was observed in any of the rock slopes and no hydrogeological

data was available, an assessment of the rainfall intensity was used as an indicator of

potential hydraulic conditions effecting the slopes. The author was informed by Romana

(1991) that the southern part of the study area receives less rainfall than in the northern

part. This information was confirmed by data provided from the Michelin tourist map

for the area (No. 445 Central and Eastern Spain) on the maximum monthly rainfall

intensities at three locations near the study region. The places are located near the north,

middle and south of the study area. As the hydraulic conditions for the purposes of the

analysis only required division into three classes (ratings of 0,1 and 2 being applied to

the coded matrix) this crude data source was sufficient for the subsequent analysis.

Furthermore, the lowest and peak monthly temperatures at these three localities

suggested that the potential for evaporation increases from the south to the north of the

study area, thereby reducing the relative water storage further.
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D3

joint

186/59

I to 2m

low

V .rou gh

gapped

calcite

none

D4	 D5

joint	 joint

135/69	 067/67

2m	 lto2m

v.high	 low

m.rough	 rough

closed -	 closed
bc. open

none	 none

none	 none

D6

U

S
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LOCATION	 PK412^500 OROPESA

SLOPE ENGINEERING	 SEA SIDE No.1	 MOUNTAIN SIDE No.2

Orientation	 015/50	 195/54
Height	 34m	 21m
Length	 300m	 300m
Excavation Method	 smooth blasting	 smooth blasting
Excavation Quality	 good	 good
Support & Reinforcement	 none	 none

STRUCTURALLY CONTROLLED INSTABILITY CONDiTION

Previous Instabilities	 none	 none

Potential Instabilities
potential wedge along D5/D 1	 none

GEOLOGICAL DETAILS

Intact Rock Description

Inhomogeneity Degree

Solution Features

Weathering Rate 	 -

Discontinuity Details

Parameter	 D I
	

D2

Type	 bedding	 joint

Orientation	 333/39
	

045/87

Spacing	 0.5 to Im
	

3 to Sm

Persistence	 v.high	 v.high

Roughness	 rough
	

v.rough

Aperture	 gapped Ms	 closed-
closed Ss
	

bc. open

Filling	 none	 calcite

Water	 none	 none

Cretaceous, medium to thickly bedded, grey, fine grained shelly,
discoloured LIMESTONE, (very strong 120 MPa)

Localised solution weathering along sub-vertical discontinuities

low to moderate	 I	 low to moderate

STEREOGRAPHIC PROJECTIONS
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LOCATION	 PK414 BENICASIM

SLOPE ENGINEERING	 SEA SIDE No.3	 MOUNTAIN SIDE No.4
Orientation	 348/66	 168/47
Height	 40m	 lOm
Length	 300m	 300m
Excavation Method	 smooth blasting	 smooth blasting
Excavation Quality 	 good	 good
Support & Reinforcement 	 none	 shotcreie top Im

STRUCTURALLY CONTROLLED INSTABILITY CONDITION

Previous Instabilities 	 plane failure of top blocks	 none

Potential Instabilities	 plane failure along bedding	 none
planes

GEOLOGICAL DETAILS

Intact Rock Description

Inhomoegeneity Degre
Solution Features
Weathering Rate
Discontinuity Details
Parameter	 D 1

Type	 bedding

Orientation	 344130

Spacing	 1 m

Persistence	 v.high

Roughness	 rough to
m . rough

Aperture	 closed

taceous, thickly bedded, grey, discoloured LIMESTONE (very
ng), inteitedded with two discrete thin weak, marly layers some
0.2m thick. Rock Mass Structure: large open folded anticline

0%	 0%(20%*)
none	 none
low	 moderate to high*

*fl rock face exposed along national roai

D2	 D3	 D4	 D5	 D6

joint	 joint	 joint	 joint

223/57	 137/75	 114/82	 005/84

2m	 4to5ni	 5m	 0.5to2m

v.high	 v.high	 v.high	 v.high

v.rough	 v.rough	 v.rough	 mrough -
slickenside

closed	 closed -	 closed -	 closed
bc. open bc. open ____

calcite	 none	 none

none	 none	 I	 none

Filling	 many	 calcite
scams

Water	 none	 none

STEREOGRAPHIC PROJECTIONS
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D3

joint

113/84

2m

low

m .rough

closed -
(cc. open

sandy

none

D4

joint

242/79

Im

v.high

rough

closed

none

none

DS

joint

19 0/70

3 to Sm

v.high

m • rough

open

sandy

none

D6

LOCATION	 PK 463 ALMENARA

SLOPE ENGINEERING	 SEA SIDE No.5

Orientation 272170 	 _______________________

Height 20m 	 _______________________
Length	 150m
ExcavationMethod	 bulk blasting	 ________________________
ExcavationQuality	 poor	 _______________________
Support & Reinforcement	 wire mesh

STRUCTURALLY CONTROLLED INSTABILITY CONDITION

Previous Instabilities	 Large planar I wedge type failure on D4 and in part D5. Large
___________________________ tension crack at top of slope. Blocks topping and released by D3.
Potential Instabilities	 None analyzed but many fractures open causing block rotation and

change in discontinuity orientations

GEOLOGICAL DETAILS

Intact Rock Description

Weathering Rate	 I

Discontinuity Details

Parameter	 D I	 D 2

Type	 bedding	 joint

Orientation	 036/20	 058/77

Spacing	 0.2 to 0.5m	 0.5m

Persistence	 v.high	 low

Roughness	 smooth to	 rough
___________ rough	 ___________

Aperture	 closed	 closed

Filling	 none	 none

Water	 none	 none

STEREOGRAPHIC PROJECTIONS

N

brown, fine grained, discoloured, calareous SANE
(moderately strong), with thin clayey laminations.

5%

none
moderate

p

€	 V

S
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D3

joint

12 6/67

4m

v.high

rough

closed

none

Dl

jolat

169/59

4m

v.high

rough

closed

D5

joint

221173

Sm

v.high

V .ro ugh

closed -
bc. open

calcitenone	 i	 none

none	 I	 none

D6

U

LOCATION

SLOPE ENGINEERING

PK 477 SAGUNTO

SEA SIDE No.6	 MOUNTAIN SIDE No.7

270/63	 091/70
50m	 50m
150m	 150m

pre-split	 pre-spht
Ixcavation Quality 	 good	 good
Support & Reinforcement	 none	 none

STRUCTURALLY CONTROLLED INSTABILITY CONDITION

Previous Instabilities 	 none	 none

Potential Instabilities none	 none

GEOLOGICAL DETAILS Thickly bedded sequence of grey and brown, fine grained discol-
oured many, calcareous and dcIomitic LIMESTONES (moderately

Intact Rock Descnption	 strong). Overlying grey, fine grained thickly laminated, disinte-
____________________	 grated clayey SILTSTONE (weak).

Inhomogeneity Degree	 10%	 10%

Solution Features	 none	 large collapsed teature in
________________________ 	 northern part of slope

Weathering Rate	 _____	 Low in Limestones, high in Siltstones.
Discontinuity Details 	 __________
Parameter	 D I	 D 2

Type	 bedding	 joint

Orientation	 325/30	 086/87

Spacing	 2 to 5m	 4m

Persistence	 v.high	 v.high

Roughness	 rough	 m.rough

Aperture	 closed	 closed

Filling	 calcite	 none

Water	 none	 none

STEREOGRAPHIC PROJECTIONS

II

I
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LOCATION	 JERESA NORTH PORTAL

SLOPE ENGINEERING	 SOUTH SIDE SLOPE No.8

Orientation	 344/iC)
Height	 25-30m	 __________
Length 50m 	 __________
Excavation Method	 smooth blasting	 _________
Excavation Quality	 good	 __________
Support & Reinforcement	 wire mesh

STRUCFURALLY CONTROLLED INSTABILITY CONDITION

Previous Instabilities	 I1__none

Potential Instabilities
none

GEOLOGICAL DETAILS

Intact Rock Description

	

	 Tertiary, thickly bedded, grey, fine grained, discoloured
LIMESTONE and DOLOMITIC LIMESTONE (strong)

Inhomogeneity Degree	 _____	 5%

Solution Features 	 arge col
	

SoLution teature in
er of slope

Weathering Rate	 ______	 low

Discontinuit Details	 _________
Parameter	 Dl	 D2

	
D3
	

D4	 I	 DS	 I	 D6

Type	 bedding	 joint	 Joint

Orientation	 194/54	 088/74
	

354/89

Spacing	 0.5m	 L5m
	

2m

Persistence	 v.high	 v.high	 v.high

Roughness	 rough	 rough
	

rough

Aperture	 closed	 closed
	

closed

Filling	 none	 none	 none

Water	 none	 none	 none

STEREOGRAPHIC PROJECTIONS

I
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D2

joint

263/89

0.2 to im

modetate

v.ro ugh

gapped

none

D3

joint

292/76

0.6m

moderate

v.rough

tight

none

D4

joint

35 4/8 9

im

v.high

v.ro ugh

gapped

none

D5	 I	 D6

none	 I	 none	 I	 none

U

LOCATION

SLOPE ENGINEERING

JERESA SOUTH PORTAL

SEA SIDE No.9

245/55
lOm
50m

Support & Reintorcement I	 none	 I
STRUCTURALLY CONTROLLED INSTABILITY CONDITION

Previous Instabilities	 none

Potential Instabilities	 wedge on DI and D4

GEOLOGICAL DETAILS

Intact Rock Description

Inhomogeneity Degree
Solution Features

Weathering Rate
Discontinuit 'Details
Parameter	 Dl

Type	 bedding

Orientation	 194/54

Spacing	 Im

Persistence	 v.high

Roughness	 v.rough

Aperture	 gapped

Filling	 none

Water	 none

STEREOGRAPHIC PROJECFIONS

medium bedded, grey/brown, brecciated, discoloured to
disintegrated, karst LIMESTONE (weak)

40%	 I

U

I
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D4

faults

006/6 5

20m

v. high

m. rough

open

medium
grained
breccia

none

D5	 I	 D6

I

LOCATION
	

PK618

SLOPE ENGINEERING
	

SEA SIDE No.10	 MOUNTAIN SIDE No.!!

248/64	 065/72

200m	 75m
smooth blasting	 smooth blasting

support oc Keinrorcement 
I	

none	
I	

none

STRUCTURALLY CONTROLLED INSTABILiTY CONDiTION

Previous Instabilities 	 I	 none	 (plane failure on D3 in north part.

Potential Instabilities	 potential wedge	 biliUc	 slope corresponding to change

	

onD1,D3&D4if<25	 inslopeorentaion.
none

GEOLOGICAL DETAILS

Intact Rock Description

Inhomogeneity Degree
Solution Features

Weathering Rate

Discontinuit Details
Parameter	 D 1

	
D2

Type	 bedding
	

joint

Orientation	 303/24
	

276/88

Spacing	 1 m
	

2m

Persistence	 v.high
	

v. high

Roughness	 rough
	

rough

Aperture	 closed
	

closed

Filling	 none	 none

Cretaceous, thickly bedded, grey, bioclastic, discoloured
LIMESTONE (moderately strong)

5%	 10%

none	 none

low	 low

D3

joint

03 5/84

2m

v.high

rough

closed

none

noneWater	 none	 none

STEREOGRAPHIC PROJECTIONS
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D2	 D3

joint	 joint

055/67*	 205/57*

	D4 	 D5

	

joint	 joint

159/52*	 093/83*

D6

joint

282/74*

*€	 V

LOCATION
	

PK619

SLOPE ENGINEERING
	

SEA SIDE No.12
	

MOUNTAIN SIDE No.13

268/68
	

088/63
58m

70m

smooth blasting	 smooth
I	 good

Support & Reinforcement 	 none	 I	 none

STRUCTURALLY CONTROLLED INSTABILITY CONDITION

Previous Instabilities	 tOl))lifl IntO weathered voids	 toppling into weathered voids

Potential Instabilities 	 none directly Out of slope but extensive weathering of many layers
is resulting in blocks toppling into weathered void

GEOLOGICAL DETAILS Extensively folded, thickly bedded, Cretaceous, brown fine grained
and nodular, fossiliferous, discoloured LIMESTONE (strong)

Intact Rock Descnption	 interbedded with grey, decomposed MARL (weak).
Highly weathered beds of marl creating large interbed voids.

Inhomogeneity Degree	 100%	 100%
Solution Features 	 none	 none

Weathering Rate 	 Low in Limestone, high in Marl

Discontinuity Details

Parameter	 D I

Type	 bedding

Orientation 015/5260*

Spacing	 0.7m

Persistence	 v.high

Roughness

Aperture

Filling

Water

I	 I	 Irough
_________ * Information from AUMAR reports. Folding results in
closed to highly variable joint dips and directions. Rock mass

open	 structure dominated by the bedding and the interbed
none	 weathering particularly pronounced in the marl beds.

__________No other discontinuity information obtained.
none

STEREOGRAPHIC PROJECTIONS
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D3

joint

34 4/8 5

im

moderate

smooth

D4

Joint

070/35

2m

moderate

v.rough

D5	 I	 D6

closed	 closed

none	 none

none	 none

I I

LOCATION
	

MASCARAT NORTH PORTAL

SLOPE ENGINEERING
	

MOUNTAIN SIDE No.14 I

t
	

35-40m

iSOm

pre-split
Excavation Quality	 good
Support & Reinforcement	 none

STRUCTURALLY CONTROLLED INSTABILITY CONDITION

Previous Instabilities	 none

Potential Instabilities 	 potential wedge on D5 and D4 if
$ < 35 degrees

GEOLOGICAL DETAILS

Intact Rock Description

Inhomogeneity Di
Solution Features

Teriary, thickly bedded, grey, fine grained occasionall
discoloured LIMESTONE (strong) Bedding not strongly

and appears as thin traces.

0%

none

Discontinuity Details	 __________

Parameter	 D I	 D 2

Type	 bedding	 joint

Orientation	 015/35	 219/72

Spacing	 3m	 5m

Persistence	 v.high	 v.high

Roughness	 smooth to	 rough
moderate

Aperture	 closed -	 closed
bc.gapped ____________

Filling	 clay in	 none
___________ gapped ____________

Water	 none	 none

STEREOGRAPHIC PROJECTIONS

I
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A5.3 Sensitivity Analysis of Cause and Effect Method

To assess the sensitivity of the Cause and Effect classification system presented in

Chapter 7, random numbers were applied to the:

i) Weighting system

ii) Rating system

m) Weight and Rating system

The weighting system is the generic coded matrix using the 0 to 4 method. The product

of the weighting and rating determined the relative fmal rating for the interaction. In the

interaction matrix, the sum of the parameter columns is the Effect and the sum of the

parameter rows is the Cause. Parameter constellations are plotted in Cause and Effect

space.

The following figures show three typical snap-shots as the random numbers (within the

original weighting and rating ranges) were applied for each of the conditions mentioned

above. In the diagrams on the following pages a parameter constellation for one slope

is shown along with the distribution in the average system intensity (P-bar) across the

slope sequence. For comparison, the results of the A-7 Autopiste C,E, analysis is shown

below.
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