
































































































































































































































































































































who are knowledgeable about several knowledge-based system frameworks so that 
they can:

- choose an appropriate representation

- guide the domain practitioners in developing the relevant knowledge base

- implement the domain knowledge in the selected framework.

Increasingly, however, knowledge-based systems are being developed by appli­
cation programmers, educated in their respective application domains, and able to 

incorporate substantial amounts of domain knowledge into the knowledge-based 
system, based on their personal experience (Fenves, 1986a). The reason for this 
is that there are so few knowledge engineers and explaining domain knowledge is 
probably harder than explaining it to a program (Fenves, 1986a). Some of the is­
sues concerned with the implementation of knowledge-based systems are discussed 

below.

5.4.2 Task Selection

Careful selection of the task to be encapsulated in the knowledge-based system is 
essential for the success of the system. The task must be clearly defined, fairly 
narrow in scope, and be a task that a practitioner performs reasonably often and 
within a reasonable period of time. A ‘reasonable’ length of time is hard to define, 
but it is generally understood that the task should only take a few hours, rather 

than weeks. However this is too simplistic, as some tasks take weeks but contain 

a lot of repetitive work and still can be successfully modelled using a knowledge- 
based system.

The main criteria is the complexity of the task and the degree to which it 
involves creative thought. If a task requires days or weeks of creative thought by a 

practitioner, then it is likely that it is not suitable for a knowledge-based system. 
The task should also be rich in reasoning, otherwise an algorithmic solution is 
probably more appropriate. In order to test the system there should be a substan­

tial library of case studies or test cases. From a management point of view the 

task area must have a clear, and economic value for the organisation building the 

knowledge-based system, as they are expensive and time consuming to build.
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5.4.3 Knowledge Acquisition

Hayes-Roth et al. (1983) listed five stages in the production of a knowledge-based 

system; problem identification, conceptualisation, formalisation, implementation 
and testing (Figure 5.7). The first three stages of system building -  identification, 
conceptualisation and formalisation -  are part of knowledge acquisition.

Problem identification usually involves a single domain expert and a knowl­
edge engineer. The domain expert tells the knowledge engineer about their domain 
and their knowledge, and the knowledge engineer restates what they have under­
stood about the problem. Then the knowledge engineer must try to define the 
problem that is to be solved, and to try to characterise the supporting knowledge 
structures. The domain expert will go through some typical problems, verbalising, 
their reasoning process, and the knowledge engineer tries to identify the key ele­
ments of the problem. However, description of case studies is often not enough, as 
most experts are unable to give clear, reliable accounts of how they solve a design 
problem (Hayes-Roth et al., 1983). Watching experts, as well as listening, often 

leads to a greater understanding.

The concepts and relations identified in the identification stage are made 
explicit during conceptualisation. Then key concepts and goals need to be written 

down and appropriate strategies for different problems determined. At this stage 
the knowledge engineer should start to have some ideas about the representation 
of the knowledge, and the software tools that would be most appropriate.

However, it is not until the formalisation stage that the concepts, subproblems 

and information flow characteristics need to be represented in a form amenable to 

a software tool. At this stage understanding the nature of the data is important; 

is the data sparse or plentiful, is there uncertainty in the data, how is the data 

acquired, is the data reliable and complete? Knowledge is gathered from many 

sources; textbooks, research reports, etc., as well as experts. By the end of the 
formalisation stage the structure of the knowledge-based system should be deter­
mined and the knowledge engineer should be ready to produce rules to embody 

the knowledge.
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Identification Conceptualisation Formalisation Implementation Testing

Figure 5.7 Stages of knowledge-based system development (after Hayes-Roth et 
al., 1983).



5.4.4 System  Implementation

Once knowledge has been elicited, the programming can begin using the chosen 

representation scheme. The most important thing with a representation scheme 
is that it ought to allow the most natural representation of the knowledge and 

have control strategies that most closely match those of experts. Efficiency of a 
program is not a prime constraint on the selection.

There are three general types of development environment. The first is a 

general purpose programming language, such as FORTRAN, PASCAL, C, LISP 
and PROLOG. To date LISP and PROLOG have been the favoured programming 
languages, although it is entirely possible to build a knowledge-based system using 

most programming languages.

The second approach is to use expert system shells. An expert system shell 
is a program that contains two of the three components of a knowledge-based 

system. The program has a working memory and an inference engine but lacks 
knowledge. The user develops knowledge bases using an editor, which is usually 

built into the system, in a language that is usually a subset of natural language. 
There are usually other development aids available also, such as debugging tools, 
user interface development facilities and explanation system tools, but all at a 

low level of sophistication. Originally, shells were developed for specialist LISP 
workstations and were very expensive and complicated to use. More recently, 
shells for micro-computers have become available, which are much simpler to use, 
yet retain many of the features of the more expensive programs. Table 5.1 gives a 

comparison between some of the more widely used shells available..

The advantage of using a shell is that the level of effort that must be applied 

to the development of support structures is greatly reduced, as they are built into 

the system. This allows the user to concentrate on gathering the domain knowl­
edge and producing a complete program. However, as the size of the developed 

program increases, the restrictive nature of the representation schemes and infer­
ence mechanisms available may become excessive. At this point, if the general 
concept of the system has been proven, then it is best to move to a more complex 
development environment.

The third approach is to use a complex development environment, which can 

do all that a shell can do, but also contains additional facilities. A development
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Small System Medium System Large System

Attribute Expert ease Insight 2+ Ml Rulemaster Rosie SI

Approx. Cost $695
(IBM-PQ

$495
(IBM-PC)

$5000
(IBM-PC)

$10,000
(IBM-PG)

$200
(VAX)

$50,000
(VAX)

Ability to 
handle maths No

Yes
(directly)

Yes
(indirectly)

Yes
(indirectly) No

Yes
(indirectly)

Ability to 
interface with 
other software

No Yes
(directly)

Yes
(indirectly)

Yes
(indirectly)

No Yes
(indirectly)

Explanation
facility None Extensive Limited Extensive Very

limited
Extensive

Overall
friendliness

Good
friend

Good
friend A friend A friend

Fair-weather
friend

Very good 
friend

Documentation Outstanding Outstanding Sufficient Meagre Sufficient Sufficient

User support Limited Available Available Available None Available

Table 5.1 Knowledge-based system tool (shell) comparison (after Ludvigsen et al.,
1986).
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environment usually allows multiple knowledge representation and control strate­
gies, plus integrated editors, maintenance tools, debugging tools, user interface and 

explanation system development tools. These tools are expensive and restricted 
to specialist hardware like workstations, and can be seen as second generation 

versions of the original expert system shells. They also require trained users or 
knowledge engineers to operate them.

Once a prototype system works, it needs to be tested with a wide variety of 
examples to determine weaknesses in the knowledge base and inference structure. 
An experienced knowledge engineer will find out from the domain expert the type 

of problems that are likely to challenge the systems performance and reveal serious 
weaknesses or errors.

In the course of building a knowledge-based system there is almost constant 
revision, which may involve reformulation of concepts, redesign of the represen­
tation scheme or refinement of the final system. This refinement stage involves 
recycling through the implementation and testing stages. More drastic modifica­
tions may be needed, due to the fact that often it is not until a system is built 
that the knowledge engineer really understands the problem.

5.4.5 Conclusions

The development process outlined above is based on the philosophy as stated 

by Hayes-Roth et al. (1983). Fenves (1986a) argued that this will not be the 

predominant mode of knowledge-based system development in the future. Fenves 

(1986a) argued that explaining specialised domain knowledge to someone with no 

background in the domain is probably harder than developing a program oneself. 
With the quality of the expert system shells available today, it is likely that future 

knowledge-based systems will be developed by application programmers, educated 

in their respective application domains. The development process, however, will 
probably be similar to that outlined above with the program developers asking 

themselves the questions that a knowledge engineer would ask an expert previously.
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5.5 A pplication Areas

5.5.1 Interpretation

Interpretation systems infer situation descriptions from various observations (Fy- 
tas et al., 1988). Many engineering disciplines, including mining and geotechnical 
engineering, gather and interpret existing conditions as a first step in design. In 

geotechnical engineering much effort is devoted to the interpretation of field con­
ditions measured by various instruments. In mining, data exists from diamond 
drill cores and consists not only of mineral grades but also of material properties 
of the rock such as the intact uniaxial compressive strength. In the following, dis­
cussion of interpretation systems, the emphasis is placed on systems developed or 
proposed in the field of geotechnical engineering.

PROSPECTOR (Duda et al., 1979)

PROSPECTOR is a computerised geological consultant system that is intended to 
aid trained geologists in evaluating sites for particular ore deposit types. PROS­
PECTOR was one of the earliest knowledge-based systems and was developed 
as a research tool. PROSPECTOR originally contained rules on only five ore 

deposit models; Kuroko-type massive sulphide, Mississippf-Valley-type carbon­

ate lead/zinc, near-continental-margin porphyry copper, Komatiitic nickel sul­
phide, Western-States sandstone uranium. PROSPECTOR has subsequently been 

expanded to include more ore deposit types. An example of a dialogue with 

PROSPECTOR is given in Figure 5.8 with an accompanying commentary.

Knowledge in PROSPECTOR is encoded using semantic networks, which 

connect field evidence to geological hypotheses. PROSPECTOR has a plausible 

reasoning scheme based on Bayesian decision theory and exploits Bayes rule. There 

are three quantities involving an evidence assertion, E , and a hypothesis assertion, 

H. These are the prior odds 0(H ) on the hypothesis, the posterior odds 0(H \E) 

on the hypothesis (given that E is observed to be present), and a measure of 
sufficiency, LS. Bayes rule can then be stated as:

0(H \E) =  LS x O(H)
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All underlined statements are those entered by the user. When the user has finished entering data, they type 
DONE. Numbers in brackets are the certainty of the assertion.

1. There are carbonates 
(carbonates) (4)

2. There is dolomite
(dolomite) (4)

3. There is galena
(galena) (4)

4. There might be sphalerite
(sphalerite) (2)

5. Done

[ The computer acknowledges 
the first volunteered evidence 
- the certainty is taken as 4 ]

[ The user is finished 
volunteering evidence and 
PROSPECTOR takes the 
initiative. The data matches 
the Mississippi-valley model 
best. The computer then 
starts systematic 
consideration of that model.

( The computer reminds the 
user of volunteered evidence]

6 - To what degree do you believe that:
(•Prospective orebody lies in Carbonate sediments)? 3

You told me about Carbonates 
- Carbonates (4)

12 - To what degree do you believe that:
(•Evidence of metamorphism)? WHY [ The user is interested in the

reasoning behind the question]

• The evidence of high-temperature mineralisation is discouraging for the prospective orebody to be 
Mississippi-valley type. However, if the high temperatures were due to subsequent metamorphism, then this 
discouraging evidence should be discounted or ignored.

Do you want to continue? NO 

[Prospector then offers a summary]

On a scale from -5 to +5
My certainty for Mississippi-valley type deposit is 0.8995 

[ 0.8995 would be interpreted as mildly encouraging]

Figure 5.8 Sample of dialogue with the PROSPECTOR knowledge-based system 
(after Hart et a/., 1978).
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There is a complimentary equation describing the case where E  is known to be 
absent, that is when ~ E  is true.

0 (H | ~ E )  =  LN x 0(H ) 

where LN is the necessity measure.

The rules in PROSPECTOR are of the IF...THEN type but associated with 
each hypothesis is a value for LS and LN. Figure 5.9 shows a portion of a 
PROSPECTOR model, for a porphyry copper deposit, that describes the regional 
environment. There is a top-to-bottom development in terms of successive levels 
of assertions.

In use, the geologist enters into a dialogue with the program, which asks 
questions about the existence of various kinds of evidence. Answers are given 

as numbers, ranging from +5 for definitely present, to —5 for definitely absent. 
Entering 0 indicates that you have no opinion either way. Further details on the 

Bayesian reasoning process can be found in Duda et al. (1979).

PROSPECTOR demonstrated that it was of practical use when it was able 
to recognise a hidden mineral deposit (Campbell et al., 1982). Mount Tolman, in 
Washington state, U.S.A., was a known porphyry molybdenum deposit whose ex­
tent was not fully understood. PROSPECTOR utilised the geological, geophysical 

and geochemical information supplied by the group that had finished exploration 

in 1978. PROSPECTOR delineated a much larger reserve than had been previ­

ously recognised, which was later proved by subsequent drilling.

CONE (Mullarkey and Fenves, 1986)

CONE is a knowledge-based system for the interpretation of data from a cone 

penetrometer. CONE has two main objectives: to classify soils based on cone 

penetrometer data and to infer soil shear strengths from the same data. A cone 

penetrometer is a conically-tipped penetration device that is either electronically 

or hydraulically pushed into a soil profile. As the cone penetrates the soil, the tip 

resistance and the frictional resistance along the side are measured continuously 
with depth.
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g t r  FRE 0.001

Figure 5.9 Portion of a PROSPECTOR model for porphyry copper deposits (after 
Duda et al., 1979).
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CONE begins by collecting preliminary information concerning the site and 
the raw input data. The raw data is then checked for validity and reasonableness. 
The system then classifies the soil and infers its shear strength. The system was 
developed using the OPS5 programming language, which utilises production rules, 
with both backward and forward chaining control mechanisms -  backward chaining 
for the information gathering and forward chaining for the soil classification and 
shear strength estimation.

CONE uses fuzzy logic to combine the analytical results of multiple knowledge 
sources, to represent confidence, and to provide a common representation for natu­
ral language attributes. There are several ways of handling uncertainty; Bayesian 
probability theory (e.g. PROSPECTOR), certainty theory (e.g. MYCIN), and 
fuzzy logic. Fuzzy logic is a type of logic that uses graded or qualified statements 
rather than ones that are strictly true or false. The basic unit in fuzzy logic is the 

linguistic variable. An example of a linguistic variable, SOILTYPE, is given in 

Mullarkey and Fenves (1986). SOILTYPE could be represented as a three element 
fuzzy set with a characteristic function:

SO ILTYPE  =  {iiaan.d\Sand,iisu t\Silt,iiciay\Clay}

Values of this linguistic variable would be of the form:

CLAY  = {0\Sand,0\Silt,l\C lay}

SILTY -  SAN D  = {O.S\Sand,QA\Silt,0\Clay}

With these variables, fuzzy set theory allows union and intersection of sets.

The use of fuzzy logic is becoming increasingly popular in geotechnical and 

civil engineering (Mullarkey and Fenves, 1986). Nguyen (1983) described the use 

of fuzzy sets for a hazard index to mining excavations, and to evaluate RM R  rock 

mass classification ratings, with the incorporation of expert knowledge. Yun and 

Huang (1987) described a fuzzy set algorithm for selecting the optimum mining 

method for a mine, based on the geotechnical properties of the rocks present.
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Dipmeter Advisor (Smith and Baker, 1983)

Dipmeter Advisor is a commercial knowledge-based system for well-log interpre­

tation. The dipmeter is a logging tool that measures the conductivity of rock 
in a number of directions around a borehole. Variations in conductivity can be 

correlated and combined with the measurements of the inclination and orientation 
of the tool, to estimate the dip and dip direction of various formation layers in­
tersected by the the borehole. The system uses dipmeter patterns together with 

geological knowledge and data from other logs, emulating an expert in dipmeter 

interpretation.

Hyperspectral Image Analysis (Chiou, 1985)

NASA developed an image-based geological knowledge-based system for the hyper- 
spectral analysis of remotely sensed satellite images. The purpose of the program 

was to identify directly from these images the surface mineral contents. The sys­
tem relies on the fact that different mineral types absorb different parts of the 

spectral curve. The original system had ten radical groups for the minerals and 

rocks (e.gr., silicates, carbonates, intermediate igneous rocks).

5.5.2 Intelligent Modelling Tools

Another type of interpretation program are intelligent modelling tools. These can 
assist in generating the appropriate analytical model, in result interpretation, and 
in evaluating analytical results for appropriateness. With proper facilities, these 

tools can be integrated directly with analysis programs to become intelligent pre- 

and post-processors

The knowledge-based system for crown pillar design, described in Chapter 

6, is an example of such a system. Intelligent modelling tools are becoming ex­
tremely popular in engineering, as there already exists a large base of knowledge 

(in the form of algorithms, subroutines and programs) that have been written in 

procedural languages such as FORTRAN and BASIC. To rewrite such programs 

in the same language as the knowledge-based system would involve considerable 

time and expense. By using knowledge-based system programming techniques to 

build intelligent pre- and post-processors the existing programs can be utilised for 

design.
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General purpose finite element programs are now commonly used in engi­
neering. They are characterised by their complexity and comprehensiveness of 

modelling capabilities. These programs take many years to master and it is un­
likely that a practitioner will ever use all of the available options. Fenves (1986b) 
argued that the role of the finite element analyst has now changed, such that their 

primary functions are now:

- modelling, i.e., translating a physical problem into an appropriate computa­
tional mechanics tool, and

- interpreting the results obtained from the mathematical model in terms of 
physical performance.

Knowledge-based systems offer a means of capturing such expertise and hence 

produce an intelligent pre-processor to a finite element program. Pre- and post­
processors have already been built for large finite element programs and have 
aided design by making the preparation and input of data, and interpretation of 
the results, relatively simple. The major problem that still exists is to ensure 
that the analysis reflects the true physical problem, as inexpert users can waste 
valuable computing time, and produce very misleading output. Two types of 
knowledge-based system can help to overcome this problem of misusing programs.

1. Intelligent Front-End System

This type of system guides the user to the most appropriate facility, data en­
try method and solution method, and helps with the preparation of input data. 

SACON (Bennet et al., 1978) was the first finite element knowledge-based system, 
and this dealt with the problem of method selection. NASCON (Corlett et al.,
1984) addressed the wider issues of intelligent front-ends.

Vaxious methodologies have been employed in building these front-ends. 
Rivlin et al. (1980) wrote a rule-based, backward chaining front-end in FOR­
TRAN, so that it could directly connect with their finite element program MARC. 
Kissil and Kamel (1986) used a forward chaining rule-based system, using breadth 

first searching in a frame-type structure. Allwood (1986) used an expert system 

shell, ExpertEase, to develop a program for error analysis in data input to a 
structural analysis program.

172



2. Specification and Modelling Aids

This type of knowledge-based system is aimed at the person who is reasonably 

expert in using the finite element program. The knowledge-based system identifies 
the important features of the real-world problem and guides the user in how to 

represent these in modelling terms. FEASA (Taig, 1986) was the first finite element 
knowledge-based system of this type. Taig (1986) used the expert system shell 
SAVOIR , which has a rule based structure. The system contained over 2000 rules 
and performed the following functions:

- elicits a description of the problem, its loading conditions, material properties 

and geometry,

- recommends representation methods for structures,

- advises and records decisions on finite element modelling of the structure, and

- negotiates, interactively, the problem size and mesh size, in order to keep the 

analysis within resource limitations.

These front-ends and modelling aids are closely related to interpretation and di­
agnosis systems (see Section 5.5.3), in that they are generally data-driven, and 

their task is to select the appropriate analysis model and to correctly interpret the 

analysis results. These systems are not planning or design systems because they 
classify a given modelling problem from a class of known models that are repre­
sented in its knowledge base, rather than having general design knowledge. More 

advanced concepts using frame-based structures and a blackboard architecture 

have been described by Fenves (1986b). Such a system would contain knowledge 

from many sources. There would be declarative knowledge, representing either 

empirical or heuristic knowledge, and procedural knowledge, representing those 

components of the domain knowledge where the problem solving strategy is well 

established.

Emphasis here has been placed on intelligent front-ends to stress analysis 
programs, and in particular to finite element programs. There are front-ends to 

other types of engineering analysis programs but a complete description of these 

is beyond the scope of this thesis. In the field of geotechnical engineering there are 
many such programs, e.g., RETWALL. RETWALL (Siller, 1987) is a system for 

choosing the appropriate retaining wall for a particular structure. The wall that is
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appropriate depends on several factors, including wall height, soil conditions, and 
the location of the wall. The system also has the ability of performing the actual 

design calculations.

5.5.3 Diagnosis

Diagnosis systems infer system malfunctions from various observations. In en­
gineering there are many applications for such knowledge-based systems, with 
equipment troubleshooting being one of the most obvious. This is especially true 
for mining engineering, in that mines are often remote and maintenance of large, 
complicated equipment can be expensive. It is also true that there are few experts 
available in the field for such work. To date no commercial systems of this kind 

have been developed for mining equipment, although General Electric developed 

the DELTA system to help railroad maintenance (Harmon and King, 1985).

Other types of diagnostic programs, however, have been developed in many 
fields. One of the main areas for diagnostic programs has been in medicine, where 
the program MYCIN (Shortliffe, 1976) was one of the earliest and most famous 
knowledge-based systems to have been built. MYCIN is a consultation system 
designed to diagnose bacterial infections and recommend antibiotic treatment. 
The program is a rule-based system, that links the patient data to the infection 

hypotheses (Figure 5.2 shows a typical rule from MYCIN). The system is modular 
in nature which allowed it to grow incrementally over a period of time.

Drilling Advisor (Courteille et al., 1986) is a knowledge-based system for the 

diagnosis and possible treatment of problems encountered during the drilling of oil 
wells. The system begins by gathering preliminary data in a consultation, asking 

for information such as the nature of the formation, description of the situation, 

and a list of symptoms. A preliminary diagnosis excludes the least probable causes 

and orders the rest into a suspected-cause list. The system then asks more detailed 

questions, evaluating and eliminating options as it goes along, to provide a final 
list of possible causes, along with the appropriate treatment to be undertaken.

Scheck et al. (1987) developed a surface mine blast design and consultant 

system. The system is comprised of two modules: one to design a blast given the 

geological data, whilst the other module analyses blast vibration problems and 

recommends methods to solve the problems. At present this system is undergoing 

field trials.
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5.5.4 Planning and Design

In engineering, the problem to be addressed is often concerned with planning and 

design, t.e., problems that are normally thought to require human intelligence to 
solve (Duda and Shortliffe, 1983). Gero and Coyne (1986) developed one of the 

earliest design synthesis systems, for the design of kitchen layouts. In one mode, 
the knowledge-based system checked a designers layout for compliance with rules 
of good practice. In another mode the system checked the design as it progressed 
and completed any detail. In a third mode, the system made decisions on the 
basis of a dialogue with the designer, and employed its rules of good practice to 

produce prototypical solutions.

The field of civil engineering has been active in developing many planning and • 
design knowledge-based systems. Rouhani and Kangari (1987) produced a landfill 
site selection program which acted as an assistant to a waste disposal manager in 

the preliminary stages of site selection. The system took many conflicting factors 
into consideration and evaluated the advantages and disadvantages of various sites, 
using rules in its knowledge base, to determine the optimum site. Structural design 

programs, such as those developed by Burgoyne and Shan (1987), are based on the 

availability of guidelines in civil engineering about design practice. Burgoyne and 
Shan (1987) developed a prestressed concrete bridge knowledge-based system, with 
rules governing the selection of different types of bridge deck, choice of prestressing 
methods, cross section shapes and construction methods. These guidelines are 

often written in large manuals and are difficult to understand and know fully, 
even for experienced engineers. These systems codify this knowledge in a form 
that does not diminish the role of the engineer but, and are intended merely to 

act as intelligent assistants to the engineer.

Another feature of planning and design, is that traditional rule-based rep­

resentation schemes are often inadequate and that frame-based representation is 
often preferred. MacRandal (1987) developed an intelligent front-end to a large 

and complex building appraisal package in the field of dynamic energy modelling. 
The system transformed the users ideas into a form that was usable by the design 

package. A blackboard approach was taken (Nii, 1986) as a means of communi­
cating between independent modules (Figure 5.10 shows the system architecture). 

The advantage of this approach is that once the blackboard is specified, the inde­

pendent modules can be developed separately.
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Figure 5.10 Outline of the system architecture of a complex knowledge-based sys­
tem for design, utilising frame-based representation and a blackboard 
approach (after MacRandal, 1987).



In the field of mining engineering, few planning programs have been reported, 
exceptions being CHOOZ (Britton, 1987) and a decision support system developed 

by Nenonen et al. (1988). CHOOZ automatically searches through a central 
database of mine manpower characteristics, to produce work crews, premium work 

lists, and can also suggest strategies for deploying the workforce for maximum 
productive effort. The user simply has to enter the boundary variables (e.gr., jobs 
to be filled, skill level needed), plus any workers who have already been assigned to 
jobs. Nenonen et al. (1988) described a knowledge-based system for surface mine 
planning. The system consists of existing conventional software (e.g., simulation 
software) for which intelligent front-ends were developed. Allied to these were 
other modules for equipment selection (based on geotechnical properties of the 

rock to be excavated) and for evaluating the performance of various load/haul- 
combinations. The system was intended to be used as an aid to mine planners, 
who would try their ideas out, whilst receiving intelligent advice online.

Ghosh et al. (1987) developed a knowledge-based system for the design of rock 

bolt layouts in underground coal mines. The system enters into a dialogue with 
the user and produces a suggested bolting layout. The system was tested against 
various case studies in the literature and appeared to agree quite closely. Sinha 
and Sengupta (1989) developed a slope stability knowledge-based system. The 

program acts in a similar way to that of Ghosh et al. (1987) in that preliminary 
geotechnical data is gathered in. order to try to identify failure mechanisms. The 
slope stability program can then give advice about remedial action that could be 

taken, based on the mechanics of each type of landslide. The program is envisaged 

to be further expanded by linking it to numerical models for quantitative slope 

stability calculations.

5.6 Conclusions

Developing knowledge-based systems is not a simple task, and can be both expen­

sive and time consuming. In many situations, especially in planning and design 

work, knowledge is difficult to elicit, as few methodologies have been written. 

However, there are benefits to be gained from attempting to develop knowledge- 
based systems. The systems can perform routine tasks with a high reliability 

and consistency and do not tire. The process of eliciting the knowledge leads to 

a deepening of understanding in the subject by the practitioner, and provides a
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means of sharing and propagating knowledge within an organisation, even after 
a practitioner has left. The main benefit to the user is that it frees them from 

routine, time-consuming tasks, and allows them to concentrate on more creative 
tasks, or to consider the tasks that occur rarely, in more detail. Even if a success­
ful knowledge-based system is not developed, an organisation will probably have 
gained benefit, because facts, rules, methodologies that have not been explicitly 

stated before, will now have been.

This chapter has described many of the applications for which knowledge- 
based systems have been used. There are potentially many areas where knowledge- 
based systems could be of use in engineering rock mechanics (Dershowitz ‘and 
Einstein, 1984; Ramani and Prasad, 1987), but this thesis concentrates on one 
area in particular, that of intelligent tools for numerical modelling. Knowledge- 
based system techniques afford a means of collecting the available expertise in rock 

mechanics numerical modelling, and encoding it into a computer program. The 

knowledge-based system that is described in Chapter 6 draws from all aspects of 
knowledge-based system technology, but is essentially an intelligent modelling aid 

and front-end to a suite of boundary element programs.
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CHAPTER 6 
DEVELOPMENT OF A 

KNOWLEDGE-BASED SYSTEM 
FOR CROWN PILLAR DESIGN

6.1 Introduction
Numerical modelling has become an integral part of engineering rock mechanics. 
There exists thousands of numerical programs (Plischke, 1988), all with a variety 

of modes of use, and all with their own particular assumptions and limitations. 
To date, these programs have not been used routinely in mine design, but they 

are increasingly being incorporated into mine design methodologies. There are 
many reasons why these programs have not been more widely used, but the main 
problems have been that there were no formalised design methodologies, and that 

the numerical programs available were only operable by highly skilled users, and 

commonly only by the program writer.

The research described in this thesis has attempted to address these prob­

lems within the context of open stope mine design. Chapter 2 described the range 
and applicability of the different numerical methods available, and concluded that 
the boundary element method was the most suitable method for open stope and 

pillar design. A suite of boundary element programs were selected and tested, to 

assess their suitability for open stope design problems, concentrating specifically 

on design in narrow, steeply dipping, tabular orebodies. Chapters 3 and 4 criti­
cally reviewed the existing design methodologies for open stope and pillar design, 

respectively. In each of these chapters, a new advanced design methodology was 

developed that incorporated the use of simple boundary element programs. These 

methodologies were specifically developed for open stopes and pillars in narrow, 
steeply dipping, tabular orebodies, but are to some degree applicable to any open 

stope.

For these design methodologies to be of use to mining engineers, the problem 

of using the boundary element programs (the fact that they require expertise to 

use) has to be considered. The task of modelling an open stope and pillar layout
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for a mine requires judgement by a modeller, based on accumulated experience, 
that is largely heuristic in nature. In Chapter 5, the new technology of knowledge- 
based systems was discussed and was shown to provide a framework, whereby 

expert modelling heuristics and compiled domain-specific knowledge could be im­
plemented in a computer program, that could then be combined with numerical 
analysis programs.

The problem that is to be addressed, using a knowledge-based systems ap­
proach, is first defined, and then conceptualised in Section 6.2. There follows a 
discussion about the selection of the most appropriate development system. In 

Section 6.3 the knowledge and logic, contained in the developed crown pillar* de­
sign knowledge-based system, is described. Tentative conceptual models, for the 
behaviour of rock around open stopes, are developed, to which are linked appro­
priate numerical analysis techniques. Attention is then focused on the design of 
crown pillars in narrow, steeply dipping, tabular orebodies. The boundary ele­
ment programs, that were identified in Section 2.3.5 as being of most use in crown 
pillar design, are further investigated. The specific circumstances under which 
each program should be used are determined. Intelligent front-ends to two two- 
dimensional boundary element programs are developed, that enable the datafile 
for a numerical analysis to be written by the system itself.

Finally, in Section 6.4 conclusions about the developed knowledge-based sys­
tem are given. The system is viewed as being only a prototype, designed to 

prove the potential and use of knowledge-based system technology, for stope de­

sign methodologies that incorporate numerical analysis. Some ideas are given 

about possible future developments of the system, as well as to the possibility of 
incorporating such a system into a knowledge-based system for underground mine 
design.

6.2 Problem Definition

6.2.1 Problem Identification

It is important to evaluate fully the suitability of a problem for solution using a 

knowledge-based systems approach. The aim should not to be to convert algorith­

mically solvable problems into a form that could be solved using knowledge-based 

system techniques. Rather, the algorithmic part of a problem should be separated
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out and only those areas that require large amounts of knowledge and expertise 

should be part of a knowledge-based system. Boundary element modelling of open 

stope layouts meets all the criteria usually presented for a good knowledge-based 
system application. These were defined by Fenves (1986b) to be:

- Algorithmic solution patently inapplicable or would be too cumbersome or 
restrictive,

- There are recognisable experts, with notable better performance than novices,

- Experts can be debriefed, or major elements of expertise are available from 

publications,

- The basic components of knowledge axe known, but the task domain is not. 
formalised, and

- There is great potential utility.

It is also important to select a narrow specialised domain, often that is a subset 
of a much larger problem. Developing a knowledge-based system for all aspects of 
open stope design would be a large scale task and would take many years. Prob­
lems also exist if such a system were to incorporate elements of spatial reasoning, 

whereby a program can reason about points in space and their relation to other 
points. Spatial reasoning is used in robotics but is beginning to find use in other 
application areas. Akiner (1985) attempted to develop a knowledge-based com­
puter aided design (CAD) system that incorporated object and space modelling 

and Buisson (1987) developed a knowledge-based system for avalanche analysis 

that incorporated elements of spatial reasoning. However, research into incorpo­
rating spatial reasoning into engineering knowledge-based systems is still at a very 

early stage.

For these reasons it was decided to demonstrate the applicability of knowledge- 
based system techniques in open stope design by selecting a narrow domain, 
namely crown pillar design in narrow, steeply dipping, tabular orebodies. The 

concepts contained within this system, together with the modularity of its design, 

ensure that the system could be enlarged subsequently, by increasing the knowl­
edge in the knowledge base to cover crown pillar design in all orebody types, as 

well as other aspects of open stope layout, such as rib pillar design, hangingwall 
design, stope dimensioning, stope sequencing, etc.
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6.2.2 Problem Conceptualisation

The main problem mining engineers would encounter when using the developed 
open stope and pillar design methodologies, described in Sections 3.5 and 4.4, 
respectively, was identified to be in the use of the numerical programs. More 

specifically, mine engineers, who were non-expert numerical modellers, would en­
counter difficulties in:

- determining the type of analysis required,

- producing a model of the rock mass,

- preparing input data for the numerical analysis, and

- interpreting the output from the program in terms of rock mass response.

Earlier work in the development of knowledge-based systems for finite element 
programs addressed one of the above problems. Bennet et al. (1978), Rivlin et 
al. (1980) and Corlett et al. (1984) all developed intelligent front-end systems 

(Section 5.5.2). These intelligent front-end systems were knowledge-based systems 
designed for someone who knew how to represent a physical problem in the ap­
propriate finite element terms, but who was not an expert user of the particular 

finite element package. The systems guided the user to the appropriate modelling 

facilities (e.g., the correct element type to use) and helped in writing the data file 
for the programs. Taig (1986) developed a specification and modelling aid (Sec­
tion 5.5.2) that was designed for someone who was not an expert modeller. The 

system helped the user to identify important features of a real world problem and 

gave advice in recasting the problem in terms that a finite element program could 

understand.

Mine planning engineers are commonly neither expert modellers nor expert 
users of numerical analysis programs. Thus, a developed knowledge-based system 

for crown pillar design would have to contain both an intelligent front-end to a 

suite of boundary element programs, as well as a modelling aid for engineers. The 
intelligent front-end to the boundary element programs would consist of knowledge 

from manuals as well as judgmental knowledge, gained from personal use of the 

programs. The modelling aid would be given the material properties of a rock 

mass, together with a stope layout design, and using these would determine the 

correct type of analysis to use. This assessment would be based not only on the
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rock mass conditions, but also on the geometry of the stopes. This knowledge is 
rarely mentioned in program manuals and is only sketchily treated in the literature. 
This modelling knowledge was obtained from experts in rock mechanics modelling 
at Imperial College, London. In order to model a rock mass, conceptual modelling 
(Section 3.3.3) was chosen as the best approach to encapsulate the important 
features of the rock mass. No conceptual models for rock around open stopes 

existed, so a series of models had to be developed. These required basic information 

about stope size and rock mass conditions. Modelling should then take place'within 
the context of the conceptual model. For each model, the appropriate numerical 
analysis techniques had to be determined, together with the defining of exceptions 
and limitations, and how these should be treated.

Thus, the program that was to be developed was aimed at both the pre­
analysis and analysis stage of numerical modelling of crown pillars. By combining a 

modelling aid, with intelligent front-ends to a suite of boundary element programs, 
mining engineers, who were non-expert numerical modellers, should then be able 
to perform analyses that were numerically correct, as well as truly reflecting the 
rock mass conditions present, and should then be able to use the results to enhance 
the mine design. The knowledge-based system that was developed was designed to 
prevent unrealistic analyses, and hence prevent potentially misleading solutions.

6.3 The Development of a Knowledge-Based System 
for Crown Pillar Design

6.3.1 Development System Selection

As was discussed in Section 5.4.4 there are several possible approaches to the de­

velopment of a knowledge-based system. The system can be developed using a 

general purpose programming language (e.g. FORTRAN, PASCAL, LISP, PRO­

LOG), using a simple expert system shell or using a complex development envi­
ronment program. The aim of the research was to develop methodologies for open 

stope and pillar design, concentrating specifically on design for narrow, steeply 

dipping, tabular orebodies. The developed methodologies utilised numerical mod­
elling as an integral part of the design, but for these methodologies to be used 

effectively in practice a means had to be found whereby the inherent difficulty in 

using the numerical programs could be overcome.
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The form of the problem, and the availability of a large source of knowledge on 
numerical modelling, suggested that it might be possible to develop a knowledge- 

based system. In order to investigate the possibility of building a system, a tool 
was required that would allow rapid prototyping of programs, and which would 
involve the least amount of programming. Developing a system using a general 
purpose programming language allows the system builder to handcraft a program 
to meet their particular needs, but it requires that all the elements of a knowledge- 

based system -  knowledge base, inference engine and working memory (Section
5.2) -  have to be programmed. The advantage of an expert system shell is that it 
already contains the knowledge base structure and reasoning strategy and requires 
only the knowledge to be inputted. A complex development environment program 

was ruled out as being both difficult and time consuming to learn how to use 
properly, as well as being prohibitively expensive. Hence, it was decided to use a 
simple expert system shell to develop the knowledge-based system.

There are literally hundreds of shells available and they vary in size, com­
plexity and price. The aim when developing a knowledge-based system with a 
shell is to define the criteria that a shell should possess for the particular prob­
lem. Different shells have different reasoning strategies -  some only have forward 
chaining, some backward chaining (Section 5.2.3), whilst others allow a mixture. 

For engineering purposes, the reasoning strategy should not be restricted to one 

type, as this tends to force the programmer into restructuring the problem in a 

manner that fits the shell. Shells that allow a mixture of reasoning strategies are 

more flexible, and reflect more closely the nature of a problem.

A shell should provide facilities that make the programming easier, such as 
built-in editor, debugger and transparency in the rule structure, such that the logic 

of the rules can be checked. The ability to use probabilities to express uncertainty 

in answers to questions is useful in many applications, where answers are not 

always true or false. This is especially true in rock mechanics, where there is often 

great uncertainty in data, due to the difficulty and expense in collecting large 

amounts of data, and the problem of how representative the data actually are.

In engineering, the ability to handle complex mathematics as part of the rules 
is a useful feature, as it removes the need to write separate algorithms that are 

external to the knowledge-based system. The main criterion when choosing a 

shell is whether the shell allows information to be incorporated in the system in a
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manner that is as close as possible to the way an expert would express themselves 
when training an assistant, t.e., in as natural a way as possible.

The shell INSIGHT 2-f- (later renamed LEVEL5) was selected as the most 
appropriate tool. It met all the criteria stated above, as well as having good di­
rect interfaces to databases (dBase 2 and dBase 3 files) and procedural programs 
(PASCAL, FORTRAN). Further description of the shell, which is available for IBM 
Personal Computers, Apple Macintoshs and DEC VAX machines, is given in Adeli
(1987). The ability to access external procedural programs directly was of partic­
ular use, as the boundary element programs were all written in FORTRAN. This 

is a common situation in engineering, where large numerical analysis programs 
written in FORTRAN or other high level languages exist. The cost of rewriting 

these programs so that they can be an integral part of a knowledge-based system, 
written in a language like PROLOG, is prohibitive and counter-productive. De­
veloping intelligent front-ends to numerical programs requires no rewriting, and 

allows knowledge-based systems to be directly linked to these external programs. 
The knowledge base and algorithms are kept totally separate, which makes the 
understanding of the logic contained in the knowledge-based system much easier.

6.3.2 Conceptual Models for Crown Pillar Design

As was identified in Section 6.2.2, numerical modelling of a rock mass presents 

problems for non-expert modellers. In order to ensure that the essential features 
of a rock mass were taken into account in the modelling, and that the appropriate 

numerical analysis program was selected, it was necessary to develop a set of 
conceptual models of rock masses, for use in open stope design in hard rock mines.

The behaviour of a rock mass surrounding an excavation can best be deter­
mined by comparing the size and shape of the rock blocks formed by persistent 

joint sets, relative to the size of the excavation. Barton et al. (1974) proposed 

that the effect of block size could be quantified by the ratio R Q D /Jn.

RQD  is commonly assessed from drillcores. However, underground disconti­
nuity mapping in all three dimensions, as described in Brady and Brown (1985), is 
recommended in order to obtain a fuller description of the orientation and spacing 

of all discontinuity sets. The RQD  can then be determined using the correlation
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between RQD  and the volumetric joint count, J„, of the form:

RQD =  115 -  3.3 Jv (6 .1)

where RQD =  100, for Jv < 4.5, and RQD =  0 for Jv > 33 

Palmstrom (1985) defined the volumetric joint count, Jv, as:

J v (6.2)

where Si, S2, S3 are the spacing of joint sets 1, 2, 3 etc. Palmstrom (1985) 

recommended that where foliation, slatey cleavage or bedding occurred, then these 
joints should be considered not as a joint set but as random fractures, except 
where these joints were strongly developed, where they should then be counted as 
a complete joint set. The parameter Jn is part of the NGI classification system 
(Section 3.4.1) and is related to the number of discontinuity sets present in the 

rock mass.

The hydraulic radius (Section 3.4.1), which was defined as the ratio of the 
surface area to the perimeter of a plane, is a means of taking into account the 

effect of both the size and shape of a stope surface. As the length to width ratio 

of a plane increases beyond 4 : 1 the hydraulic radius remains relatively constant. 
This corresponds to the best shape (long and narrow) for a stope plane of given 

area, from a stability point of view.

Potvin (1988a) studied the failure mechanisms around a series of open stopes 

and for each stope determined the ratio of the block size parameter, RQD/ Jn, to 

the hydraulic radius of each open stope surface being considered. Potvin (1988a) 

was able to show that different failure mechanisms had quite different ratios of 
R Q D /Jn to hydraulic radius, and so could be used els a guide to determining 

likely failure mechanisms around open stopes.

Using this ratio, three basic conceptual models of rock mass behaviour around 

open stopes have been developed -  intact rock mass, jointed rock mass, and discrete 

rock mass behaviour. In the intact rock mass model, the rock was assumed to
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exhibit continuum behaviour, and could be modelled using linear-elastic analysis. 
In the jointed rock mass model, the rock was assumed to exhibit pseudo-continuum 

behaviour (Section 1.2.3), and could be approximately modelled using linear-elastic 
analysis. In the discrete rock mass model, the rock mass was assumed to exhibit 
discontinuum behaviour, and should be modelled as such, e.g., using the distinct 
element method (Section 2.4).

Linked to each conceptual model is an appropriate numerical method. For the 
discrete model, the distinct element method is recommended, but in the actual 
developed system, boundary element analysis can be used in such a situation 

if the user wishes to. This is because a distinct element program for use on 

a micro-computer was not available. In the next section, the selection of the 
most appropriate analysis method for the intact and jointed conceptual models is 
discussed.

6.3.3 Crown Pillar Numerical Analysis Selection

Given that the crown pillar is amenable to continuum or pseudo-continuum analy­
sis, then the actual numerical programs have to be determined. As was described 
in Section 2.3.5, six two-dimensional and a three dimensional boundary element 
program have been adapted for use on an IBM personal computer. These pro­
grams were selected for applicability to narrow, steeply dipping, tabular orebodies 
and were able to address most aspects of numerical analysis of open stopes. In 

the description of each program in Section 2.3.5 their suitability for use in pillar 

design was discussed, together with their individual numerical features. It was con­
cluded that the program TWOFS was suitable for conventional two-dimensional 
plane strain analysis, BEM ll for complete plane strain analysis, and MINTAB for 

three-dimensional analysis.

The dimensions of the stopes above and below the crown pillar are used to 

determine whether plane strain conditions exist in the crown pillar. If plane strain 

conditions do exist (as occurs in the central section of long, thin pillars) then two- 
dimensional analysis is possible. If plane strain conditions do not exist, e.g., in 

an orebody where small isolated pillars are used for support, a three-dimensional 
program is recommended. For narrow, tabular stopes MINTAB is recommended, 
but because it is a displacement discontinuity program it cannot give the stress 

distribution within the pillar, as the pillar is assumed to have zero thickness in
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the method. The methodology given in Section 3.5 described how MINTAB can 
be used to optimise pillar size and location. For open stopes that are more cubic 

in shape a true three-dimensional program, such as the one described by Watson 
and Cowling (1985), is recommended. This program is not part of the suite of 
boundary element programs, as it is a large complex program that cannot be run 

on a micro-computer.

Where plane strain conditions exist and two-dimensional analysis is possible 
then there are two possible programs to use -  TWOFS and BEM11. Brady (1979) 
showed that when the long axis of an orebody was inclined at an angle greater 

than 20° to an in situ stress then complete plane strain ajialysis, using a program 
such as BEM ll was necessary. Where the long axis of an orebody was inclined at 
an angle less than 20° to an in situ stress then a program such as TWOFS could 
be used. The reason that the more general program, BEM ll, is not always used 

is that it is considerably slower than TWOFS. A flowchart of the modelling aid 

for crown pillar analysis, containing the conceptual model selection and numerical 
analysis selection is given in Figure 6.1.

6.3.4 Intelligent Front-Ends to Numerical Analysis Programs

Two similar intelligent front-ends to two-dimensional boundary element programs 
were developed, one for TWOFS and the other for BEMll. These front-ends were 
designed to act as intelligent user manuals, that would enter into a dialogue with 

the user and obtain the necessary information to conduct a numerical analysis. 

The intelligent front-ends would then write the analysis datafile, ensuring that 
no errors in the coding of the data had been made. However, the systems could 

not eliminate all errors, as they are reliant on the data that are given to them, 

but the systems do contain internal checks and the inputted values are displayed. 
This allows the user the opportunity to check and possibly correct the input data. 
The front-ends to both TWOFS and BEM ll are similar to each other in their 

approach to knowledge elicitation, and for this reason, only the intelligent front- 

end to TWOFS is discussed.

The front-end first attempts to determine whether the design problem pos­
sesses any geometrical symmetry with respect to the chosen co-ordinate system, 
as TWOFS has the ability to take symmetry into account and so model only a 

half or quarter of the problem, depending on whether there are one or two planes
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RQD /  Jn /  Hydraulic Radius

INTACT JOINTED DISCRETE
CONCEPTUAL 
MODELLING 
OF ROCK MASS

CONTINUUM PSEUDO- DISCONTINUUM

NUMERICAL
ANALYSIS

SELECTION

Figure 6.1 Flowchart of the developed modelling aid for crown pillar design. The 
rock mass is first conceptualised and then the appropriate numerical 

analysis program is selected.
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of symmetry parallel to the x and/or y axes, respectively. For most open stope 
applications there will be no symmetry, as stopes are rarely symmetrical (Figure 

6 .2 ).

The front-end then attempts to define a failure criterion for the crown pillar. 

The front-end requests the pillar rock properties -  uniaxial compressive strength, 
Young’s modulus and Poisson’s ratio. The front-end then tries to determine the 
rock mass rating (RM R ') for the crown pillar (Section 3.5 -  Rock Mass Properties, 
in order to determine the m and s constants for the Hoek-Brown failure criterion. 
Thus, a failure criterion for the crown pillar can be developed, which when used 

with the stresses determined from the numerical analysis, can be used to predict 
the stability of the crown pillar.

The front-end then asks the user to discretise the boundaries of the stopes 

above and below the crown pillar. For this, the user requires a vertical cross- 
section of the orebody, together with the co-ordinates of the corners of the stopes 
(Figure 6.3 shows the data that are required to discretise a hypothetical stope). 
The boundaries of each stope are divided into segments and along each segment 
a number of boundary elements are defined. Due to the limitations on the size 
of program that can be run using the disk operating system (DOS) of an IBM 

personal computer, only 100 elements are allowed in any one problem. Thus, the 
user has to decide in advance the best way to discretise the stope boundaries. 

Explanations are available online to the user describing the best approaches to 

boundary discretisation, and on the density of elements required. The user enters 
the number of elements along a segment and the start and end co-ordinates of the 
segment. Again there are explanations available online, about how a segment is 
divided into elements, and the co-ordinate system employed in the program.

Once the user has entered the boundary discretisation data, the user states 

where stresses and displacements are to be calculated. The stress and displace­
ments are calculated at the intersection points of a grid that the user defines. 

Stresses and displacements can also be determined along extra internal lines if de­

sired (Figure 6.4 shows the data that are required to delineate a grid and internal 
lines).

For crown pillar design the main area of interest is the area in the immediate 

vicinity of the crown pillar. However, sometimes data is required throughout the 

whole rock mass and the grid can be extended to cover a larger region. The use
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Stope has a  line of symmetry parallel to x axis

Stope has line of symmetry parallel to y axis

Stope has no line of symmetry parallel to x or y axis.

Figure 6.2 Definition of the symmetry condition in the developed intelligent front- 

ends.

191



Figure 6.3 Example of the data required to discretise the stope boundaries in the 
developed intelligent front-ends.

Figure 6.4 Example of the data required to delineate the grid and internal lines, 
where stresses and displacements are to be calculated, in the developed 
intelligent front-ends.
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of extra internal points gives finer detail in areas where this is required. One 
example of this is in the centre of the pillar, where the average factor of safety 

against failure, as determined using the calculated stress distribution and the given 

failure criterion, can be used to predict the overall stability of the pillar (Section
4.4.2).

Finally, the front-end presents a short summary of the input data, giving the 
approximate length of time that the numerical analysis will take, and writes the 
input data to a datafile. The user can then run the numerical analysis using the 
datafile that they have just created. Alternatively, they can save the datafile for 

use at a later date. Details on running the numerical analysis program and saving 
th& data file are given in online explanations. Unfortunately, due to the size of 
the numerical programs and the limitations of DOS, the user has to leave the 
INSIGHT 2+ environment in order to run the numerical analysis. A flowchart of 
the developed intelligent front-end is given in Figure 6.5.

6.3.5 The Design of the Developed Knowledge-based System

As was described in Section 6.3.3, the first part of the developed knowledge-based 
system for crown pillar design consists of a modelling aid for. the numerical anal­
ysis of crown pillars. This modelling aid used the conceptual models that were 
developed in Section 6.3.2, together with compiled knowledge and heuristics about 
the selected boundary element programs. Figure 6.1 gives a flowchart of the mod­

elling aid structure. The second part of the developed knowledge-based system 

consists of intelligent front-ends to the selected boundary element programs. The 

logic and structure of these front-ends were described in detail in Section 6.3.4 and 
schematically shown in Figure 6.5.

The user of the knowledge-based system is assumed to be a mining engineer, 
who is conversant with the terminology employed at metal mines. The user is 

assumed to wish to design a crown pillar in a narrow, steeply dipping tabular 

orebody. The user also requires a two-dimensional vertical cross-section and a 

longitudinal section, together with the co-ordinates of the orebody in space. Figure 

6.6 is an example of the basic geometric information that a user must possess to 
use the system.

The knowledge-based system begins by entering into a dialogue with the user, 

in which initial geotechnical and geometrical data of the problem being considered,
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Figure 6.5 Flowchart of the intelligent front-end to the two-dimensional bound­
ary element program TWOFS. The front-end to BEM11 has a similar 

structure.
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Figure 6.6 Basic geometric data required to use the developed knowledge-based 

system for crown pillar design.

195



are requested. These data are then used to determine a conceptual model of the 
rock mass (Section 6.3.2). These data include the number of joint sets present, the 

joint set spacings, the orebody thickness, the strike span of the hangingwalls of 
the stopes above and below the pillar, the true dip lengths of these hangingwalls 
and the depth below ground surface of the centre of the crown pillar. Figures 6.7 
and 6.8 show examples of two of these questions and Figure 6.9 shows an example 
conclusion.

At this point the knowledge-based system has defined whether the rock mass 
can be considered to exhibit intact, jointed or discrete behaviour, and whether 

the problem is two or three-dimensional in nature (Figure 6.10). The system then 
asks for the in situ stress field in the vicinity of the crown pillar in an attempt 
to determine whether a complete or simple plane strain program should be used 
(Section 6.3.3). The data can be entered manually or can be accessed from a 
database directly. The in situ stress data are stored on a dBase 3 database file, 
which is an industry standard micro-computer database program. The database 
is searched using two location identifiers, only one of which has to be given, and 
the data are returned in the form of equations for the variation of magnitude of 
the three principal stresses with depth, together with their orientations. Using 

the depth of the centre of the crown pillar, which was previously elicited from 

the user, the actual in situ stress magnitudes at the crown pillar horizon can be 

determined. Figures 6.11, 6.12, 6.13 and 6.14 show screens of the in situ stress 
retrieval process.

The dip and bearing of the long axis of the open stopes are then requested by 

the system. This orientation is compared to the orientation of the in situ stresses, 

using a developed external PASCAL program, in order to determine whether the 

long axis of the excavation lies at an angle greater than 20° to an in situ stress 

direction. Thus, the system can determine whether complete or plane strain anal­
ysis is necessary (Section 2.3.2). Once the most suitable type of analysis has 

been determined, then the modelling aid part of the knowledge-based system is 
complete.

The rest of the system is comprised of the intelligent front-ends to the pro­

grams BEM11 and TWOFS, the structure of which were described in Section 6.3.4. 
The intelligent front-ends first enter into a dialogue with the user in order to de­

termine a failure criterion for the crown pillar. The Hoek-Brown failure criterion

196



C r o w r .  f i l l e r  tbsigT: JrtKjrar 
rvr.sts ive roe.1.. nc* or f t*u .jo in t sett 
1 .b : r t  set 

1 .H in t set 4 randor- 
1 .i:.;n t se tt

1 .b in t sets 4 randon

j  nt sets

? .b in t sets 4 randon

4 or »wrc .jo in t se ts , randem, heav ily  .jo inted e tc . 
on.choc rocV, e a rth lih e

Figure 6.7 The user is asked to describe the number of joint sets present. The 

user moves the cursor (indicated by the arrow) to the description of 
the jointing that matches that of the rock mass, and presses the enter 
key.

troun  P i l l a r  l ^ i g n  Prograr

In te r  th e  average .jo in t spacing fo r jo in t  se t  1 

E nter th e  spacing in METRES

Figure 6.8 For each joint set the user is asked to enter the joint set spacing.



Crown l i l i a r  i'esign Prograr.

T>tr vo lu n ex ri: jo in t  count, ju  - 1.74 jo in t:- ' cubic metr:

If you fe e l  th a t  th e  data  you have en tered  
i t  c o r re c t  then  e n te r  TRUE.

If you th in k  you have nade a n is ta k e  en te r 
FALSI and r e n te r  the d a ta .
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Figure 6.9 The system summarises the joint data that have been entered, and asks 
the user whether they are correct. If the data are not correct, the user 

presses FALSE, and all the joint data can be re-entered.

Crown P i l l a r  bcsign  Prograr 

CONCLUSIOH

The rock  mass can he nodelled  using  a two-dim ensional 
e l a s t i c  boundary e le n e n t program. The a n a ly s is  now 
a tte m p ts  t o  de term ine  which progran  to  u se .

PRESS F2 to  con tinue  w ith  a n a ly s is .

Figure 6.10 The system has evaluated the rock mass and conceptualised its be­

haviour, and together with the geometry data has decided that two- 
dimensional boundary element analysis is appropriate.
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Crour I 'i l i a r  K*sitm fTo^r^r.

In d ic a te  whether th e  in s i t u  s t r e s s  date  
re s id e s  on a da tabase  or uhether th e  data  
u i l l  be n an u a lly  input.

=♦■ r t r e s s e s  a re  con ta ined  in th e  database  HIME.DBF 

it  s i tu  s t r e s s e s  are to  be nam ially  input 

l

Figure 6.11 To determine the specific numerical analysis program required the in 

situ stresses for the problem are required. The stresses can be entered 

manually or retrieved from a database. The user moves the cursor 
and selects the required entry method.

Figure 6.12 For the database retrieval of in situ stresses two search location de­
scriptors are required, one for the region and the other for the site 

of the measurements. Only one of the search descriptors has to be 

given, and the user can press Function Key 2 if they are not sure of a 

descriptor. An explanation about the search descriptors is available 

by pressing Function Key 5 (see Figure 6.13).
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Explanatory laTaNKtlan

In th e  in s i t u  s t r e s s  d a tab ase , the d a ta  fo r  r a c l  
a rea  of t)>e n in e  has 2 id en tify in g  lo c a tio n  d n c r ip l o r :
- th e  re g io n a l lo c a tio n  d e sc r ip to r  and th e  s i t e  lo c a l io r  
d e s c r ip to r .  The p rogran  use* th ese  lo c a tio n  d e s c r ip to r s  
to  f in d  t)»e re le v a n t  d a ta  in  th e  in s i t u  s t r e s s  datahar* 
and p a ss  t h i s  in fo rm a tio n  hack to  th e  p ro g ran .

If you a re  su re  about on ly  1 of th e  d e s c r ip to r s ,  then 
p re ss  F2 f o r  th e  d e s c r ip to r  you a re  no t su re  about 
and th e  p ro g ran  w il l  o n ly  use  th e  d e s c r ip to r  you a r e  sure  
about in i t s  se a rc h .

If th e  lo c a t io n  d e s c r ip to r s  cannot be found in  th e  
d a tab ase  th en  you a re  o ffe re d  th e  o p p o rtu n ity  to  
se a rc h  a g a in  u sin g  d i f f e r e n t  d e sc r ip to rs  o r  in p u t the  
d a ta  by hand. T his d a ta  can th en , i f  you w ish , he saved 
in th e  in  s i t u  s t r e s s  da tab ase .

P ress  F8 to  continue

Figure 6.13 Explanation about the location descriptors for the in situ stress data­

base. Pressing Function Key 8 returns the user to where they were in 
the program.

Crown P i l l a r  Design Progran 
The fo llow ing  d a ta  were r e tr ie v e d

Region : CORNWALL 
S i t e  : NO.8  S0U1H CROFTY

o r ie n ta t io n

S igna-1  : 138.B-'' 5 .8

S igna-2  : 347.8415.8

S igna-3  : 2 2 1 .8 / 3 .8

Record 1 of 19

magnitude 

-0 .0 2 7  y ♦ 15.8  

•4 .8 2 6  y ♦ 0 .0  

-4.812 y * 6.8

If t h i s  is  th e  d a ta  th a t  you w anted, e n te r  TRUE

If i t  i s  HOT the  da ta  th a t  you wanted, e n te r  FALSE, 
and th e  progran w ill  continue search ing  using the 
sea rch  param eters th a t  you s p e c if ie d .

•*U; FALSE

Figure 6.14 A data record from the in situ stress database. If these are the correct 

data then the user presses TRUE. Otherwise, by pressing FALSE, the 
system will search the database for further matches with the search 

descriptors. If there are no matches, then the system prompts the 
user to use different search descriptors, and also gives the user the 

option of inputting the data manually.
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is used, and the program conducts a CSIR rock mass classification to determine 
the m and s constants of the criterion. Rock mass properties of the crown pillar 

are then either entered manually or retrieved from a database, using two search 
parameters -  one for rock type, the other for rock location -  in a similar way to 
that described above for the retrieval of the in situ stresses. Figure 6.15 shows an 
example of some material properties retrieved from the database.

The knowledge-based system then asks the user to discretise the boundaries 
of the stopes, with explanations available online about how a segment is divided 
into elements, and the co-ordinate system employed in the program (Figure 6.16). 
When the stopes have been fully discretised, then the points where stresses‘and 

displacements are to be calculated are inputted. This is in the form of a grid, 
whereby the bottom left-hand and top right-hand co-ordinates of the grid, and 

the grid spacings in the x and y directions, are specified (Figure 6.17 and 6.18). 
Other points of interest can also be specified along extra lines if desired. Finally, 
a summary of the grid information is given (Figure 6.19) and if it is correct then 
the crown pillar analysis data are summarised (Figure 6.20). Otherwise, all the 
internal points data can be re-entered.

6.3.6 Conclusions

In this section the underlying principles, knowledge and heuristics contained in the 
developed knowledge-based system were described. The prototype system contains 

sufficient knowledge to enable a mining engineer, who is a non-expert numerical 
modeller and user of numerical programs, to conduct numerical analysis of a crown 

pillar, that is correct from a modelling viewpoint, as well a5 being accurate in 

relating site conditions to those contained in the model. The system as it stands 

is by no means complete, and future work should be directed towards enlarging 

the knowledge base to incorporate subdivisions of the conceptual models, as well 
as other front-ends to numerical modelling programs.

The aim when building the system was to incorporate crown pillar design 
methodology into a modelling aid computer program, and hence to demonstrate 
the potential use of knowledge-based systems as a means of encoding design 

methodology for engineering rock mechanics. A small task domain was chosen for 

the system to be developed, so that the system could be built relatively quickly, 

but which at the same time could be investigated in detail. However, the basic
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TIk: Col lowing d a ta  was re tr ie v e d

Rock nane TIN ORE Record 17 of 24
Rock lo c a t io n  : NO.8  LODE S.CROFM

U n iax ia l c o n p ress iv u  s t re n g th  : IBB.8  MPa

Voting Mud u lu s  : 74 .68  GPa

P oissons R a tio  : 8 .2 1

If  t h i s  i s  th e  d a ta  th a t  you wanted, e n te r  TRUE

If i t  i s  NOT th e  d a ta  th a t  you w anted, e n te r  FALSE, 
and th e  prog ran  w il l  con tinue  search in g  using  the  
sea rch  p a ra n e te rs  th a t  you sp e c if ie d .

FALSE

Crown P il la r  Design Program

Figure 6.15 An example d a ta  record from the m aterial properties database. The 

search mechanism for the material properties database is identical to 

th a t for the in situ  stress database (see Figure 6.14).

-i'-oun Pi l l ar  f e ’iig n  Program

•lo.trtr the  V co o rd in a te  fo r  the START of 
■..•it? segment.

tt'HENBER

v ian d a ry  t r a v e r s a l  n u st he a n ti - c lo c k u is e  
:o o rd in a te  sy s te n  is  l ik e  th is."

Figure 6.16 The boundaries of the stopes above and below the crown pillar have to 

be discretised -  th a t is, divided into segments, which are themselves 

subdivided into boundary elements. The s ta rt and end x  and y  co­

ordinates of each boundary segment are inputted, together w ith the 

num ber of elements along each segment.
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l i a r  Jesiqn P rc-jrin

•'.ite r the .< coord inate fo r  the START of 
•:-f -;r !v i.

i axis '*veJ
---- !------------

< i t a r t

Figure 6.17 The internal points, where stresses and displacements are to  be cal­

culated, ace determ ined by the intersections of a grid. The x  and y 

co-ordinates of the bo ttom  left-hand and top right-hand corners of 

the grid have to be entered. A diagram of the program co-ordinate 

system  is given.

.r,-ut iiv-i actween the q rid  lines  aiong the X axes.

2 1 *  a x is  (* w )
1-----5-------

i a x i s  
- vo J

w an v ie  : g r id  syncing every l  u n i t  along X a x is

Figure 6.18 The spacing of the grid in the x  and y direction is requested by the 

system. An example grid layout is given.
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Vou have inpu t th e  fo llow ing  inform ation

Cruun P il la r  Design Progr#*

" t a r t  x c o o rd in a te  of g rid  = -3 0 .8
S ta r t  y c o o rd in a te  of g r id  = -7 6 0 .8

End x c o o rd in a te  of g r id  = 3 0 .8
End y c o o rd in a te  of g r id  = -7 1 0 .8

Spacing in x d i r e c t io n  = 1 .80
Spacing in y d i r e c t io n  = 1 .80

If t h i s  is  c o r re c t  e n te r  TRUE 

If t h i s  is  wrong e n te r  FALSE 

£ 7 3  FALSE

Figure 6.19 A sum m ary of the internal grid point da ta  th a t the user has inputted 

are given. The user presses TRUE if the d a ta  are correct. The user 

presses FALSE if the da ta  are incorrect, and all the internal point 

d a ta  can be re-entered.

.r«jU(v f i u a r  ju stg n  fro y ra n  
This is  the d a ta  you input

. ,’ro n len  t i t l e  n o .8  lode so u th  c ro f ty  380 t o  420 f a  thew s

.. Munber of segm ents in  p roh len  = 10

dunher of e te n o n ts  in p roh len  = 188 

Yunlicr of in te rn a l  p o in ts  -  3111

THE PROGRAM WILL TAKE APPROXIHATELV 54 MINUTES TO ft*  

PRESS FZ OR ENTER TO CONTINUE

Figure 6.20 A short summary of the given crown pillar design problem is displayed, 

detailing the number of boundary elements used, and the num ber of 

internal points defined. The approxim ate length of time th a t the 

stress analysis will take is also given.
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structure of the system was designed in such a way that it could be expanded to 
incorporate more task domains, and different types of analysis, without altering 

the original structure.

6.4 Conclusions and Future Improvements
The knowledge-based system that has been developed is only a prototype at 
present and requires further development if it is to be used in practice. In ad­
dition, a wider range of intelligent front-ends and associated numerical programs 
are needed, in order that most encountered situations accounted for. Furthermore, 
these intelligent front-ends need to become more automated, especially with re­
gard to stope discretisation and internal point location, which are still relatively' 
slow and prone to typing errors (although these can be identified in the summaries 
and the data re-entered). Incorporating a digitiser interface so that data could be 

taken directly from vertical cross-sections and longitudinal sections would be a 
solution to this problem.

For the future, if the developed modelling aid for numerical analysis is to be 
incorporated into mine design knowledge-based systems, as was envisaged in the 
systems described in Section 1.3.2, then the simple rule-based approach adopted 

for the research would be too restrictive. Frame-based representation schemes 

(Section 5.2.2) allow the representation of complex objects and their associations, 
and at the same time can incorporate rule-like structures. A blackboard approach 

(Nii, 1986), for the communication between independent modules, can then be 

used in which, once the blackboard has been specified, the independent modules 

can be developed separately.
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CHAPTER 7 
CASE STUDY OF 

NO.8 OREBODY SOUTH CROFTY

7.1 Introduction
This chapter presents a case study of open stope and pillar design in a narrow, 
steeply dipping, tabular orebody, using the implemented boundary element pro­
grams (Section 2.3.5), the developed open stope and pillar design methodologies 
(Sections 3.5 and 4.4, respectively) and the prototype knowledge-based system for 
crown pillar design (Section 6.3).

The No. 8 orebody at South Crofty tin mine, Cornwall, U.K. was selected 

as the site for the design exercise. The rock mass properties (Randall, 1987) and 
the in situ stress field (Pine et al., 1983 a,b; Batchelor and Pine, 1986) had been 
previously determined. An investigation of the rock structure in the vicinity of 
the No. 8 orebody was conducted in order to determine the orientations of the 
main joint sets present, and their spacings. Using these rock property data and 

the Hoek-Brown empirical strength criterion, a rock mass strength criterion for 
the No. 8 orebody was determined.

In Section 7.2, a full description of South Crofty mine is given and a summary 

of the geology, rock mass properties, rock structure and in situ stresses present, is 
given. In Section 7.3, the design problem for the No. 8 orebody is defined and then, 

using the stope and pillar design methodologies developed in Sections 3.5 and 4.4 

respectively, a series of two and three-dimensional stress analyses are conducted. 

The developed knowledge-based system for crown pillar design (Section 6.3) is 
also shown to be of use, in determining the correct type of numerical program 

to use and in speeding up, simplifying, and eradicating unnecessary mistakes in 

their data input. The results from these analyses are presented in Section 7.4 and 

finally, in Section 7.5, the conclusions and practical implications are discussed.
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7.2 South Crofty Mine

7.2.1 Mine Description

South Crofty mine is situated at Pool, between Camborne and Redruth, in Corn­
wall, U.K. (Figure 7.1). South Crofty is probably the oldest tin mine still at work 
in the U.K., although for several centuries its shallow workings exploited copper, 

rather than the deeper tin mineralisation. South Crofty is an amalgamation of 
twelve old mines, with orebodies (locally referred to as lodes) totalling approxi­
mately 4.5 km on strike.

The two main shafts, about 430 m apart, are Robinson’s (683 m deep) and 
New Cook’s Kitchen (732 m deep), each being timbered, and rectangular (4.6 m x .
1.8 m) in cross-section. Two cages, for men and materials, are used in Robinson’s 
shaft, whilst Cook’s, the main ore raising shaft, has balanced 7.0 tonne capacity 

skips. Both these shafts are downcast (clean air entering the mine down them), and 
used air is exhausted via two refurbished shafts in adjoining old mines: Taylor’s 
shaft to the East, and Roskear shaft to the West (Figure 7.2).

Robinson’s and Cook’s shaft give access to levels down to the 380 fathom 
level. From each level crosscuts are driven NNW or SSE, linking in to on-lode 
development which generally run ENE or WSW. Typically these drives are 2.4 m 
x 2.4 m in cross-section. Below the 380 fathom level, access is gained by a sub­
decline shaft, which serves the 400 fathom level (730 m below surface), the 420 
fathom level (770 m below surface), and is being extended down to the 445 fathom 

level (820 m below surface). This sub-decline shaft dips at 1 in 4, is 4 m x 3 m in 

cross-section, and is equipped with conveyor belt haulage.

7.2.2 Mining Methods

The mining methods at South Crofty are influenced by the erratic nature of the ore 

distribution, the kaolinisation of the wall rocks, and the orebody width. In wide 

(+2 m) lodes the main method used is sublevel longhole open stoping. In narrower 

lodes, overhand shrinkage stoping is usually employed. Until recently, longhole and 

shrinkage stoping each accounted for about 40% of the ore production, the remain­
ing 20% of ore production arising from stope development. Longhole stoping now 

accounts for 55% of the ore production, due to refinements in the longhole tech­
nique, and the application of longhole stoping to narrower lodes (—2 m). Longhole

207



208

Figure 7.1 Location of South Crofty mine.
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Figure 7.2 Location of shafts at South Crofty mine-.



stoping has been found to be both safer and physically easier for the miner, than  

shrinkage stoping, whilst at the same tim e longhole stoping has been found to have 

a higher productivity and lower costs.

In Figure 7.3 the sublevel longhole open stoping m ethod used at South Crofty 

is given. Longhole stoping proceeds by developing a lode drive and footwall haulage 

drive, w ith connecting drawpoints. Raises axe then driven on-lode for ore grade 

sampling purposes. When an economic mining block has been delineated then a 

sublevel is driven in-between the two main levels which define the top and bottom  

of the mining block. Main levels are positioned at approximately 37 m  vertical 

intervals. Longhole drilling is then conducted in the lode drives and sublevels. In 

the lower level lode drive, drilling is upwards w ithin the orebody. In the upper 

level lode drive, drilling is downwards w ithin the orebody if no crown pillar is to 

be left below this lode drive, otherwise drilling is not conducted. In the sublevel, 

drilling is both upwards and downwards w ithin the orebody. At South Crofty fan 

drilling is employed. A stope is begun by widening a raise to produce a cut-off slot 

and the orebody is undercut, by blasting first the ore that was drilled from the 

lode drive on the lower level. Mining proceeds by retreating, w ith  blasting from 

the sublevel and upper level being staggered, to utilise the two free faces created 

by the undercut, and the cut-off slot.

Traditionally, haulage drives were on-lode, w ith ore drawn from stopes by 

‘Cousin Jack’ chutes. Chutes are now being replaced by drawpoints, at approxi­

m ately 7 m centres, with the haulage drive being driven in the footwall, approxi­

m ately 7 m from the stope. Drawpoints have proved to be far more efficient than 

chutes as a means of removing ore from stopes.

7.2.3 Geology

The South Crofty workings lie mainly in the Carn Brae granite which is the north­

ern ridge of the Carnmenellis granite boss. The granite outcrops to the south of 

the mine as a prominent N E -SW  trending ridge called Carn Brae (Figure 7.1). 

M etamorphosed sediments and volcanics, known locally as killas, also lie within 

the metamorphic aureole of the granite and exhibit varying degrees of alteration. 

Both the granite and the killas are cut by later quartz-feldspar biotite porphyry 

dykes. These are characteristically steeply north dipping, strike approximately 

ENE, and are known locally as elvans.
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Figure 7.3 Longhole open stoping m ethod used at South Crofty.
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The present South Crofty workings are almost exclusively in granite. The 

mineralisation is associated with two sets of structures intersecting almost at right 

angles.

S e t  1

An ENE striking series. There are over 30 such lodes in the ore reserve and they 

contain the majority of the economic mineralisation present at South Crofty. These 

lodes dip North and South at angles greater than 50° to the horizontal. The lodes 

are hydrothermal in nature and contain minerals such as cassiterite, wolframite and 

chalcopyrite. Gangue minerals include chlorite, quartz, tourmaline, haem atite and 

arsenopyrite. The proportion of all minerals varies from lode to  lode, and within  

lodes. The area is regarded as classical in demonstrating the zoning of minerals, 

many of the mines in the area having started life as copper mines and then changed 

to tin mines at depth, when cassiterite become the dominant ore mineral.

S e t  2

The NNW  striking series. At South Crofty these lodes are economically barren. 

They dip steeply in both directions and cut and fault the ENE striking lodes, 

and are known locally as crosscourses. The crosscourse infilling is predominantly 

quartz w ith some fluorites, haem atite, pyrite and chalcopyrite.

Both sets of lodes are filled fault fissures with varying degrees of wallrock alteration 

and/or replacement. In addition, a third mineralisation set exists. Swarms of 

early sub-horizontal quartz-feldspar veins w ith minor quantities of wolframite and 

arsenopyrite host a later phase of pervasive cassiterite replacement mineralisation.

The majority of the workings lie to the North of Robinson’s and New Cook’s 

Kitchen shafts and these lodes are normally narrow (0.5 m  -  1.5 m  wide) and 

conform to the description of Set 1 above. Tin distribution at South Crofty, unlike 

other mines in Cornwall, is erratic. Tin values occur in lenses, some of which may 

be quite large and extend over several levels for hundreds of metres on strike, 

whilst others may be as small as 20 metres square. Average values in ore reserve 

blocks can run as high as 4.00% Sn (tin metal) or as low as 0.7% Sn (minimum  

stoping block cut-off grade). The cut-off between payable ore and unpayable ore 

is normally quite sharp.
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The most important lodes east of the Great Crosscourse (Figures 7.4, 7.5 and 

7.6) are the No. 2, 4, 8 , and potentially, Providence lodes. The very high payability 

of the No. 2 , 4, and 8 lodes over an approximately 400 metre strike length, results 

in them  accounting for approximately 21% of the current demonstrated ore reserve 

by tonnage. The No. 8 lode is the widest of these lodes (averaging 2.5 m) w ith an 

average ore grade of 2.4% Sn. The No. 8 lode dips around 70° South above the 

380 fathom  level, but around the 420 fathom  level it flattens out to around 55° 

and narrows to around 1.7 m  true width. The No. 8 orebody can be seen to be 

one of the major ore production centres of the mine, and will continue to be so 

for som e tim e. Consequently, great importance is attached to the planning and 

design of new stopes in this orebody below the present mining level (400 fathom  

level), and to the maximisation of ore recovery.

7.2.4 Geotechnical Data  

I n  S i t u  S t r e s s

The i n  s i t u  stress field in the Carnmenellis granite has been fully investigated (Pine 

e t  a l ., 1983a,b; Batchelor and Pine, 1986). The accumulated data has enabled the 

orientation of the i n  s i t u  stresses to be determined (Table 7.1), as well as the 

variation of the magnitude of the i n  s i t u  stresses with depth to be determined 

(equation 7.1).

<7! =  15 +  0.0275 ( M P a )

(t2 =  0.026H  ( M P a )  (7.1)

a3 =  6 +  0.011877 ( M P a )

where H =  depth below surface in metres.

R o c k  M a s s  P r o p e r t i e s

The main lithologies in the vicinity of the No. 8 lode are the granite of the hanging- 

wall and footwall, and the orebody rock. Both the orebody and adjacent granite 

and generally competent but there are some localised zones of kaolinisation within  

the granite. No in  s i t u  rock mass properties have been measured but laboratory 

tests on the hangingwall, footwall, and orebody rock have been conducted (Ran-
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Figure 7.4 Geological transverse section of South Crofty.
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Figure 7.5 380 fathom level plan at South Crofty. •
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Figure 7.6 400 fathom level plan at South Crofty.



Stress Orientation Dip
<?i 130° 5°

347° 00 o

&3 221° 3°

Table 7.1 Orientation of the in  s i t u  stresses at South Crofty. Orientations are 

bearings from True North and all dips are positive below the horizontal.

Rock U C S  ( M P a ) E  ( G P a ) V
Hangingwall Granite 190 (190) 65 (65) 0.21  (0 .2 1 )
No. 8 Orebody Rock 180 (190) 70 (65) 0.21  (0 .21 )
Footwall Granite 190 (190) 65 (65) 0.21  (0 .21 )

Table 7.2 Material properties of the rocks in the vicinity of the No. 8 orebody. 

Values in brackets are those used in the numerical analyses.

Joint Set Strike (°) Dip H Spacing (m)
1 060 -  240 65° South 7
2 030 -  210 65° North 3
3 060 -  240 90° 5
4 150 -  330 90° 4

Table 7.3 Joint set data in the vicinity of the N o .8 orebody.
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dall, 1987). The mean uniaxial compressive strength for the footwall and hang- 

ingwall granite is around 190 M P a  w ith a standard deviation of 30 M P a .  These 

strengths are higher than those reported for Carnmenellis granite from quarries, 

where the range of strength is typically 100 to 150 M P a .  However, Carnmenellis 

granite cores from depths of 1400 to 2000  m from the tests of Batchelor and Pine

(1986), had a uniaxial compressive strength of 190 M P a .

There have been relatively few compression tests conducted on the ore, but 

Randall (1987) reported that cores from the No. 8 orebody had a uniaxial com­

pressive strength of 180 M P a  (with a standard deviation of 45 M P a ) .  Due to 

the limited number of tests conducted on orebody rock,, the No. 8 orebody -and 

adjacent granite hangingwall and footwall are assumed to have the same uniaxial 

compressive strength for design purposes.

The Young’s modulus for the granite and the No. 8 orebody are also approx­

im ately equal, w ith the orebody being slightly stiffer. Randall (1987) measured 

the Young’s modulus of the hangingwall and footwall granite to be approximately 

65 G P a , which is the same value as that determined for Carnmenellis granite by 

Pine e t  al. (1983). The Young’s modulus of the No. 8 orebody was measured 

to be approximately 70 G P a .  For design purposes it is assumed that the intact 

Young’s moduli for both the granite and the No. 8 orebody are 65 G P a .  The 

measured Poisson’s ratios of the granite and the No. 8 orebody were similar at 

approximately 0 .2 1 . The material properties of rocks in the vicinity of the No. 8 

orebody are summarised in Table 7.2.

The local geological structure at South Crofty has been reported elsewhere 

(Pine e t  a l ., 1983), but this has in general been restricted to exposures away 

from the orebodies. A scanline survey was therefore conducted in the vicinity of 

the No. 4 and No. 8 orebodies (Figures 7.5 and 7.6) on the 380 fathom and 400 

fathom  levels. In total 1.2 k m  of scanline were mapped in lode drives, footwall 

drives, crosscuts and drawpoints.

It was found that there were four distinct joint sets and in Table 7.3 the 

dip, strike directions and spacings of these joint sets are summarised. The two 

main sub-vertical joint sets, sets 3 and 4, strike parallel and perpendicular to the 

orebody, respectively. It was found that the spacing of these joint sets in the 

vicinity of the No. 4 orebody was similar to that in the vicinity of the No. 8 

orebody, and similar to that reported by Pine e t  al. (1983). These joint sets

218



were in general closed, although occasionally a thin coating of kaolinite is present. 

Few sub-horizontal joints were found, although a scanline of New Cook’s Kitchen  

shaft gave a sub-horizontal joint set spacing of approximately 10 m .  In the No. 8 

orebody footwall drive an early sub-horizontal, quartz-feldspar vein is apparent.

Joint set 1 has a strike parallel to the No. 8 orebody, dips 65° to the South, 

and generally has tourmaline infilling. It was found that the spacing of this joint 

set became appreciably smaller (approximately 4 m compared to an average of 

7 m) in the vicinity of the No. 4 hangingwall.

Joint set 2 is frequently seen along the No. 8 orebody footwall drive on the 400 

fathom level and is generally closed. However, kaolinisation of rock adjacent to  this 

joint set occurs, occasionally, and this results in a very low cohesive strength rock 

w ith the occurrence of running ground in some areas. Joint set 2 has a spacing of 

around 3 m  in the vicinity of the No. 8 orebody, whereas near the No. 4 orebody  

the spacing increases to around 6 m.

R o c k  M a s s  C l a s s i f i c a t i o n

The CSIR rock mass classification system  due to Bieniawski (1976), as described by 

Hoek (1988) and given in Section 3.5.2, was used to develop a rock mass strength  

model for the No. 8 orebody. Hoek (1988) modified the original classification  

scheme slightly, for use in determining the m  and s  constants for the Hoek-Brown 

failure criterion (equation 3.6). In addition to the CSIR classification, an NGI clas­

sification, due to Barton e t  al .  (1974), was undertaken on the No. 8 orebody, but 

with the last two factors of this classification (effect of water and effect of stress) 

ignored. This is in line with the description of the use of the NGI classification  

for stope stability studies given in Section 3.4.1. A summary of the application of 

these two classifications to the No. 8 orebody is given in Table 7.4. Since there 

were few exposures of the orebody, the rock mass classification for the hangingwall 

granite has been used for the orebody, since they appear to be be very similar.

The two rock mass classification system s can be compared using the equation:

R M R '  =  9 l n Q'  + 4 4  (7.2)

Inserting the determined value of Q '  (17-33) in equation 7.2 gives a com puted  

value of R M R 1 of 69-75 , which is close to the determined value for R M R ' of 82.
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C SIR  c la ss ifica tio n

Parameter Description Value

Strength 190 MPa 12

RQD (Joints / m*) 5 Joints / m3 = 100 % 20

Joint spacing 0.6-1.0 m 20

Joint condition Continuous
Hard joint wall rock
Hard Impervious filling,

20

Groundwater Completely dry 10

Total -  82

N G I c la ss ifica tio n

Parameter Description Value

RQD (Joints / ms) 5 Joints / mJ —100% 100 %

Jn (Number of joint sets) 3 Joint sets 9

Jr (Joint Roughness) Rough planar to irregular 1.5-3.0

Ja (Joint alteration) Surface staining only 1.0

Jw (Presence of water) ~  Dry 1.0

SRF (Stress condition) Not applicable -  set to 1.0 1.0

Q'=
R Q D

Jn Ja
•1*u

S R F
=  1 7 - 3 3

Table 7.4 CSIR and NGI rock mass classifications of the N o .8 orebody.
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The rock mass ratings given in Table 7.4 are considered representative of average 

conditions. Strengths in kaolinised areas will be lower.

Using the range of R M R '  values determined ( R M R 1 =  69 ,75 ,82) and the 

equations relating R M R 1 w ith the Hoek-Brown parameters for undisturbed rock 

(equations 3.9 and 3.10), a range of m  and s values for the failure criterion for the 

No. 8 orebody were determined (Table 7.5). Using the determined values of s , the 

associated uniaxial compressive strengths of the rock mass were calculated using 

equation (3.6b). Together with the m  and s values for each value of R M R ', the 

range of the Hoek-Brown failure criterion for the No. 8 orebody was determined 

(Table 7.5).

7.3 Numerical Modelling of the No. 8 Orebody

7.3.1 Problem Definition

The objective of the management at South Crofty is to optim ise the efficient ex­

traction of the ore reserves of the No. 8 orebody. At present the ore reserves of 

the No. 8 orebody lie between the 360 fathom  level and the 420 fathom level (665 

to 765 metres below the surface), although ore reserves in the No. 8 orebody are 

inferred down to 850 metres below the surface. The intention at South Crofty is 

to aim for 100% extraction, with no backfilling, but to leave pillars if it is deemed 

necessary. In order to determine whether and where pillars were required, a case 

study of the No. 8 orebody between the 360 fathom level and the 420 fathom level 

was conducted. The resulting stope design was intended to maximise the extrac­

tion of ore, whilst at the same tim e maintaining the stability of the surrounding 

rock mass. The open stopes created by ore extraction can be considered as tem po­

rary excavations but the haulage drive in the footwall of the N o .8 orebody on the 

400 fathom level is an important drive, both for tramming ore from the stopes, 

and for access to other parts of the mine. For this reason the No. 8 footwall drive 

on the 400 fathom  level was required to remain open, and can be classed as a 

permanent excavation.

At the commencement of the author’s research, stoping of the No .8 orebody 

between the 380 and 400 fathom levels had just begun. By May 1989 almost all 

of this ore had been removed, and the development of the orebody and footwall 

drives on the 420 fathom level was nearing completion (Figure 7.7). Thus, the
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RMR’ = 82 m  = 13.1 s = 0.135

RMR’ = 75 m  = 10.2 s = 0.062

RMR’ = 69 m  = 8.3 5 = 0.032

Table 7.5 The range of CSIR rock mass rating and corresponding m  and s 

parameters, for the Hoek-Brown failure criterion, that are used in the 

numerical analyses.
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Figure 7.7 Longitudinal section of the No. 8 orebody.



milling plan to be devised for the No. 8 orebody would only affect stopes in this 

orebody between the 400 and 420 fathom levels, although the effect of these stopes 

and stopes on higher levels would have to be taken into consideration in any 

design. Several options for the mining plan became apparent, after discussions 

w ith South Crofty personnel, from a scheduling and ore grade view point, and 

these are discussed below.

O p t i o n  1

The first option was to mine com pletely the area, from just above the 380 fathom  

level down to the 420 fathom  level, and to leave no crown pillar below the 400 

fathom  level lode drive (Figure 7.8).

O p t i o n  2

The second option was to leave a substantial crown pillar below the 400 fathom  

lode drive (Figure 7.9). This crown pillar would have several roles. The crown 

pillar would be of a sufficient size, such that it would not fail, and would be able 

to transmit the high induced stresses. The crown pillar would also prevent waste 

rock, that might fall from the walls of the stopes above the 40.0 fathom level, going 

down into the stopes below the 400 fathom level, and hence leading to ore dilution.

O p t i o n  3

The third option was to leave a small crown pillar below the 400 fathom level lode 

drive, and a number of vertical rib pillars between the 400 fathom and 420 fathom  

levels (Figure 7.10). The role of the crown pillar would be merely to prevent the 

ore dilution that would occur if waste rock from higher stopes was allowed to fall 

freely down to the 420 fathom  level. The crown pillar would be designed to fail 

non-violently, such that it would carry little stress, but would remain relatively 

intact. The rib pillars would be intended not to fail and to transmit the stresses 

induced by the removal of the supporting effect of ore.

7.3.2 Numerical Idealisation

The modelling aid part of the developed knowledge-based system  for crown pillar 

design (Section 6.3) was used to conceptualise the behaviour of the rock mass and
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Figure 7.8 Schematic diagram of option 1: complete mining between above 380 

fathom level and 400 fathom level.
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Figure 7.9 Schematic diagram of option 2 : substantial crown pillar left below 400 

fathom level.
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Figure 7.10 Schematic diagram of option 3: 3 m  crown pillar below 400 fathom  

level and two rib pillars between 400 fathom and 420 fathom  levels.



to determine which type of analysis was necessary for each of the three design 

options. The knowledge-based system  concluded that the rock mass could be 

approximated as an elastic continuum and that linear elastic boundary element 

stress analysis was appropriate. A two-dimensional analysis was recommended for 

options 1 and 2 , but a three-dimensional analysis was recommended for option

3. The reason for this was that plane strain conditions could be approximately  

assumed for a vertical cross-section through the middle of the No. 8 orebody, 

around 550W , in the case of options 1 and 2 . For option 3, however, plane strain  

conditions would not exist in the rib pillars and so three-dimensional modelling 

of the stope and pillar layout would be required. In addition, the knowledge- 

based system  concluded that conventional plane strain analysis was applicable for 

options 1 and 2 and suggested that the program TW OFS be used. For option  

3, the system  suggested using the three-dimensional displacement discontinuity 

program, M INTAB.

As part of the rock mass conceptualisation, the rock mass rating (R M R ') 

and the rock quality index (Q ') were calculated. These were found to agree closely 

w ith those given in Table 7.4 and so it was decided to model the No. 8 orebody 

using the range of Hoek-Brown failure criteria given in Table 7.5. The criterion 

for R M R 1 — 82 was viewed as being representative of the rock mass in general, 

but the value of R M R ' is likely to vary along the strike length of the orebody.

7.4 Numerical Modelling Results

7.4.1 M odelling of Option 1

Option 1 was the complete excavation of all ore in the area, from just above 

the 380 fathom  level down to the 420 fathom level, leaving no crown pillar below  

the 400 fathom  level (Figure 7.8). This stope and pillar layout was analysed using 

TW OFS and the resulting tensor plot of the principal stresses cq and <73, is given 

in Figure 7.11. The true dip length of the stope is around 120m and from Figure

(7.11) it can be seen that a very large tensile region develops in the hangingwall 

and footwall of the stope, especially in the hangingwall above the 400 fathom  level. 

This large size of this tensile zone is due to the change in dip of the orebody around 

the 400 fathom  level and also to the above average width of the stope above the 

400 fathom  level. In the model the tensile zone extends up to 25 metres into the
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Figure 7.11 Tensor plot of principal stress distribution for option 1.
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hangingwall and it is clear that this hangingwall will be unstable. The result would 

be considerable hangingwall collapse and dilution of ore.

Another consideration for the design was the stability of the 400 fathom  level 

footwall drive, as this is a major haulageway and access route to other orebodies. 

For this reason it was required to remain stable, with only local failure being 

tolerated. Prior to mining below the 400 fathom  level, the 400 fathom  level footwall 

drive was in a compressive stress regime. After the stope is mined down to the 420 

fathom  level, the stresses would be redistributed and the 400 fathom  footwall drive 

would be located in a zone of tension, in the stress shadow of the stope. This would 

lead to a change in failure mechanism in the footwall drive. Previously, only siiiall 

amounts of stress spalling were evident and this was mainly due to the footwall 

drive having a square cross-section, w ith resulting stress concentrations in the 

drive corners. After mining below the 400 fathom  level, the rock would be under 

a low compressive or tensile stress regime, which would allow movement of rock 

blocks by gravity. The footwall drive would require support, in the form of rock 

bolts, in both the walls and roof.

Option 1 would maximise the recovery of the ore extraction between the 

400 and 420 fathom  levels, but the subsequent increase in stope dilution and the 

necessary extra support that would be required for the 400 fathom  level footwall 

drive, make the design option unattractive.

7.4.2 Modelling of Option 2

Option 2 was to leave a substantial crown pillar below the 400 fathom level, such 

that the pillar remained stable and transm itted the high induced stresses. This 

pillar would also prevent waste rock, from the hangingwall of the stope above the 

400 fathom  level, falling into the stope below. The design problem was to define 

the size that the pillar should be.

A series of stope layouts, each w ith a different pillar size, were modelled using 

the two-dimensional boundary element program TW OFS. For each stope layout 

the three different failure criterion given in Table 7.5 were used, to account for 

the variability in the quality of the rock mass along the length of the crown pillar. 

Figures 7.12 to 7.16 show tensor plots of the principal stresses Oi  and cr3 for each 

stope layout. It is clear that the tensile zone for the upper stope is relatively 

constant in size, irrespective of the size of the crown pillar between the upper and
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lower stopes, extending up to around 17 metres into the hangingwall. The tensile 

zone for the lower stope is affected by the crown pillar size, but it is quite sm all and 

generally localised. For the largest pillar modelled (Figure 7.12), the tensile zone 

extends about 4 metes into the hangingwall, whilst for the sm allest pillar modelled  

(Figure 7.16), the tensile zone extends about 10 metres into the hangingwall.

In the crown pillar the stress distributions are very different, for the different 

pillar thicknesses. Using the Hoek-Brown failure criterion, the average fqetor of 

safety was calculated for each pillar, along a line from the roof of the lower stope 

to the floor of the upper stope. Figure 7.17 shows the variation of factor of safety 

w ith pillar thickness, and also shows the effect that the variation in R M R 1 has on 

the factor of safety.

The crown pillar for option 2 was required to remain stable. As mentioned in 

section 4.4.2, an average factor of safety below 1 is interpreted as failure, between 

1 and 1.3 as temporarily stable, between 1.3 and 1.6 as stable and greater than 1.6 

as suitable for permanent structures. Since the crown pillar is required to prevent 

waste rock from above the 400 fathom level falling onto and diluting ore in the 

stope below, then the crown pillar must remain relatively intact. The pillar must 

also be able to transmit the high induced stresses and not yield. For these reasons 

the crown pillar should be classed as a permanent structure and the average factor 

of the pillar should exceed 1 .6 . From Figure 7.17 it can be seen that an 8 metre 

crown pillar would have a factor of safety greater than 1.6 for the intermediate 

R M R 1 value (R M R ' =  75)  and has a factor of safety of around 1.4 for the lower 

band of R M R f (R M R ‘ =  69). Thus, taking into account the natural variation 

in the rock mass condition along the crown pillar, an 8 metre pillar should be 

generally very stable and be large enough to perform the desired role.

As a check to the two-dimensional analysis, a three-dimensional analysis using 

MINTAB was conducted, for the extraction of the lower stope. Figure 7.18 shows 

the stress distribution normal to the orebody when only the upper stope has been  

mined and Figure 7.19 shows the stress distribution after the lower stope has been 

mined. It is clear from Figure 7.19, that plane strain conditions exist in the crown 

pillar at 550W (where the vertical cross-section for the two-dimensional analysis 

was taken), as the stress distribution is uniform along strike in the vicinity of 

550W . It is also clear that the centre of the pillar is not very highly stressed, 

w ith the stress normal to the centre of the pillar predicted to be around 75 M P a .
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Figure 7.18 MINTAB modelling of option 2 -  initial state.
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The edges of the pillar are more highly stressed and some local spalling would be 

expected, but the core of the pillar would remain stable.

The condition in the 400 fathom  level footwall drive, as can be seen in Figures

7.12 to 7.16, would be affected by the size of the crown pillar. For an 8 m etre crown 

pillar the footwall drive would be in a zone of medium compressive stress, as the 

high stresses tend to be transm itted below the footwall drive due to the dip of 

the stope and the position of the drive relative the floor of the upper stope. An 

increase in stress spalling would be expected and support, in the form of rock 

bolts, would be necessary.

7.4.3 M odelling of Option 3

Option 3 was to leave a small crown pillar below the 400 fathom level and two rib 

pillars between the 400 fathom  and 420 fathom  levels (Figure 7.10). The crown 

pillar was designed, in this case, merely to prevent dilution of ore in the lower 

stope from waste rock falling from the hangingwall of the upper stope. The role of 

the rib pillars, was to remain intact and to provide support for the hangingwalls 

of the two stopes.

The three-dimensional displacement discontinuity program M INTAB was 

used to model the progressive excavation of the lower stope. Four mining steps 

were modelled:

(1) Excavation of the upper stope (Figure 7.20)

(2) Excavation of the central portion of the lower stope (Figure 7.21)

(3) Excavation in the Western portion of the lower stope (Figure 7.22)

(4) Excavation in the Eastern part of the lower stope (Figure 7.23).

The rib pillars were each 20 metres wide and were designed to remain stable. As 

can be seen from Figures 7.20 to 7.23, the stress in the abutments of all the stopes 

increased as ore was removed. However, the unmined ore would not be so highly 

stressed as to make subsequent stoping too difficult, and the ore would be in a good  

condition when mined. The direction of mining within these blocks will also have 

an influence on the condition of unmined ore, and as a general rule ore should be 

mined in a direction towards the abutments. For the central portion of the lower 

stope, mining can be in either direction. For the Western portion of the lower
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Figure 7.20 MINTAB modelling of option 3 -  initial state.
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Figure 7.22 M INTAB modelling of option 3 -  mining of lower Western stope:
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stope, mining should progress from the rib pillar towards the Western abutment. 
For the Eastern portion of the lower stope mining, should progress from the rib 

pillar towards the Eastern abutment.

The main stress changes, due to mining, are noticed around the 420 fathom 

level lode drive and in the rib and crown pillars. In Figure 7.23 the final stope 
position is seen to result in a very variable stress distribution along the length of 
the 420 fathom level lode drive. This is due to rib pillars which attract stress and 

reduce stress levels in their vicinity. This variation in stress will have an effect on 
the condition of the 420 fathom level footwall drive. Spalling, due to over-stressing, 
will be worse in the footwall drive near the middle of the central stope (Figure 
7.23).

The rib pillars, although highly stressed, should remain relatively intact, with 

the normal stress in the core around 70 M Pa. At 20 metres wide these pillars 
are large enough such that they will remain relatively stable and amenable to 
later mining, while also having a positive influence on hangingwall stability. From 
the modelling, it is clear that the 3 metre wide crown pillar will become very 

highly stressed, such that it will begin to yield. The pillar, though, should remain 
relatively intact, but it would no longer be able to transmit stress. In this state, 
however, the pillar is still fulfilling its role, as a means of preventing waste rock 
from the upper stope from falling into the lower stope.

7.5 Conclusions and Practical Im plications

The modelling aid part of the developed knowledge-based system for crown pillar 

design was of use in determining the most appropriate type of analysis for the 

three design options. For options 1 and 2, where two-dimensional analysis using 

the boundary element program TWOFS was recommended, then the intelligent 
front-end part of the developed knowledge-based system was used for determining 
the correct input parameters for the analysis and for writing the datafile for the 

numerical analysis.

The analysis was conducted using the developed open stope pillar design 

methodology, that was described in Section 4.4.2. The analysis represents only 

an initial analysis, as no monitoring of the No. 8 orebody was available in order
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to compare predicted behaviour with monitored behaviour. Visual observation of 
mining in the upper stope (between above the 380 fathom level to the 400 fathom 

level) compared well with the predicted behaviour of the hangingwall and the 400 
fathom level footwall drive. However, the development of the 420 fathom stope is 
unknown territory for the mine, in that there are no comparable stope layouts in 
the No. 8 or any other orebody at South Crofty. There are no stopes that have 

a true hangingwall dip length of 120 metres as option 1 would produce and there 

are no large, fairly wide (+2 m), open stopes with large crown or rib pillars as 
options 2 and 3 would produce, respectively.

For the design loop in the developed methodology to be completed (Figure 
4.13) stress and displacement monitoring of the crown and rib pillars are necessary, 
as are closure measurements in the 400 and 420 fathom level footwall drives. Using 
these monitoring data, the predicted and actual rock behaviour can be compared, 
to determine whether the failure mechanisms are as predicted, and to calibrate 

the numerical model to the site conditions, so that it may be used as a predictive 
tool for further excavations in the same orebody. For crown pillar design, the 
understanding of the pillar failure mechanism is of vital importance. If monitoring 
of the pillar shows that the pillar does not behave approximately as an elastic 
continuum but allows slip along planes to occur, then boundary element programs 
like TWOFS are inadequate. In such cases, it is important to model the failure 
mechanism using a program like. MINAP (Section 2.3.5). If the pillar is shown to 
behave elastically, then monitoring of changes in stress and displacement can be 

used to modify the m and s parameters for the Hoek-Brown failure criterion, so 

that the failure criterion more accurately predicts the rock mass behaviour.

Using the developed open stope and pillar design methodologies, it is possible 
to optimise ore extraction. Future stopes at South Crofty should be designed using 

this methodology, with emphasis placed on good initial design. Initial design is 

very important in open stope mining, as the method precludes major changes to the 

design, once decided. One problem connected with this, is that little information is 
available for lower areas of an orebody, except for a few diamond drill cores. Thus, 
level and sublevels are usually at set depth intervals, and design is directed towards 

the layout of stopes and pillars. The developed stope and pillar methodologies can, 
however, accommodate changes in layout and hence, as more information becomes 

available about the ore to be extracted, the orebody model can be recalibrated.
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The critical areas of the No. 8 orebody design are the 400 fathom and 420 
fathom footwall drives’ support, pillar stresses and hangingwall stability. Future 

stope and pillar design in the No. 8 orebody requires instrumentation and monitor­
ing, to allow the comparison of predicted and actual stresses and displacements, 
so that the orebody model can be calibrated to site conditions. The following 

recommendations are made:

Footwall Drives

Convergence arrays should be installed in both the 400 fathom and 420 fathom 
footwall drives, preferably adjacent to the rib pillaxs and equidistant between them 

and the abutments. Between 5 and 7 arrays should be adequate. Measurements 

should be taken on a regular basis. If large movement is detected (> 20 mm) 
then instability may be occurring and the support of the footwall drives should be 
further assessed. The rate of convergence as well as absolute measurements is also 
an important factor, as a rapid increase can indicate the onset of major instability.

Pillar Stresses

The optimisation of pillar dimensions, in advance of stoping taking place, is of 
great importance in open stope mining, as subsequent mining of pillars is often 

difficult and expensive. Initial under-dimensioning of pillars, however, can lead to 

bad ground conditions, making mining slow and difficult (and hence more expen­
sive) and also increasing dilution, with the added risk of regional instability. The 

developed pillar methodology was shown to be of use in the optimisation of the 

thickness of the crown pillar below 400 fathoms in the No. 8 orebody. This was for 

an initial design layout, with the failure criterion for the rock mass derived from 

rock mass classifications of the orebody.

The use of CSIR stress cells would allow pillar design to be calibrated to site 

conditions, and enable TWOFS and MINTAB to predict induced stresses due to 

mining. Between 4 and 5 pairs of stress cells should be located within the crown 

pillar or the rib pillars, depending on whether design option 2 or 3 is selected. For 

option 2, where a substantial crown pillar is to be left, 4 stress cell pairs should be 

located at regular intervals along the strike length of the crown pillar. For option 

3, where a small crown pillar and two large rib pillars are left, then two pairs of 

stress cells should be located in the bottom and middle of the rib pillars.
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Once mining of the 400-420 fathom stope begins, stress changes can be com­
pared to those predicted by the numerical model, in order to determine whether 

the general trends predicted by the numerical modelling match those measured 

in the rock. The stress data can also be used to calibrate the orebody model to 

site conditions, by modifying the parameters for the failure criterion, so that the 

calibrated model can be used as a predictive tool.

Hangingwall Stability

For future stope layouts, the size of stope hangingwalls is an area that needs careful 
consideration, especially in the initial layout. In the No. 8. orebody, above the 400 
fathom level, the hangingwall is very extensive along strike and a well developed 

tensile zone exists which has resulted in problems with dilution. The stability of 
the hangingwall cannot be measured directly using extensometers, as there is no 

access for their installation. Special hangingwall drives, to allow installation of 
these extensometers down into the hangingwall, would be prohibitively expensive.

At present, there is no systematic recording of dilution levels, merely general 
feelings about dilution levels. Dilution is a good measure of the success of an open 

stope design, providing that blasting is of sufficient quality. Where blasting is 
poor then the effect of stope design on dilution is masked by the blast induced 

dilution. Regular visual observation of dilution for each drawpoint, combined 
with regular assays of drawpoint grab samples, provides a reliable measure of 
the degree of dilution observed. These dilution values can then be linked with 

the Stability Graph method (Section 3.4.1), as a means of attaching quantitative 

measures to the qualitative descriptions of stope plane stability. If enough data 

from an orebody can be recorded, then the stability graph can be calibrated. This 
calibrated stability graph can then be used as a means of determining optimum 

stope hangingwall areas.
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CHAPTER 8
SUMMARY AND CONCLUSIONS

A Brief Summary

Numerical modelling is now firmly established in engineering rock mechanics, as 
a means of determining the stresses and displacements around excavations. The 
available numerical methods were critically assessed in terms of their applicability 
to open stope and pillar design in hard rock mines, concentrating specifically 

on design in narrow, steeply dipping, tabular orebodies. The boundary element 
method was shown to have clear advantages over the other methods and a suite of 
boundary element programs were adapted for use in this research. Each program 
was then assessed in order to determine under which circumstances each could be 

applied, and what their individual strengths and weaknesses were.

The practical design of open stopes was investigated and three modes of de­
sign were identified. A modelling methodology using simple numerical programs, 
combined with an observational approach was selected as the most appropriate 
for open stope design. The issue of modelling philosophy was addressed and the 

use of conceptual models as a means of unambiguously describing a rock mass was 
proposed. Finally, a new advanced design methodology for open stope design was 
developed.

In order to understand pillar performance, the mechanisms involved in pillar 

failure were investigated. A review of open stope pillar design demonstrated that 
historically, pillar design had been by precedent practice, with little regard as 

to the mechanics involved. Numerical modelling of pillars was identified as an 

effective means of optimising pillar dimensions. An advanced design methodology 

that was based on numerical modelling, coupled with an observational approach, 

was developed.

The new technology of knowledge-based systems was discussed in detail, and 

the various application modes were described. The development of intelligent 
modelling aids and intelligent front-ends to algorithmic programs were identified
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to be areas where knowledge-based systems could have an important impact on 

engineering rock mechanics design. Utilising the design methodology developed 

for pillar design, together with compiled knowledge on numerical modelling, a 
prototype knowledge-based system for crown pillar design was developed and its 

use was described.

The practical application of the research was demonstrated by analysing an 
open stope layout in the No. 8 orebody at South Crofty mine. The deyeloped 
methodologies for open stopes and pillars, together with the knowledge-based sys­
tem, were used to optimise the dimensions of a crown pillar.

Main Conclusions

As conclusions were given in each chapter, only the main conclusions of the research 
are presented below.

(a) Numerical modelling has been used with some success in all areas of stope 

design but in many cases the full potential of numerical analysis has not been 
realised. This is because all numerical models have specific strengths and 
weaknesses and these have to be fully understood if the numerical model is to 
be correctly applied. The design problem that this research is concerned with 
is that of stope and pillar design in hard rock mines, and specifically design in 
narrow, steeply dipping, tabular orebodies, which are a common and impor­
tant mineral source. Such orebodies can often be considered as behaving as an 

elastic continuum and simple elastic analysis is often acceptable. The bound­

ary element method is shown to have clear advantages over other numerical 
methods for such analysis, in its ability to model infinite problems, in its small 

data set required, and in its computational simplicity. However, this does not 
mean that the boundary element method is always the correct method. The 

features of the rock mass and the design problem itself, determine which is 
the most appropriate numerical method.

(b) Modelling methodologies for rock mechanics have developed out of method­

ologies developed in other branches of engineering. However, a rock mass is 

not directly analogous to other engineering materials, whose properties are 

generally well understood. Rock is a natural material and its properties have
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to be measured rather than specified, as in many other branches of engineer­
ing. Conceptual models provide a framework for the unambiguous description 

of a rock mass. Conceptual models also force modellers to associate in situ 
conditions with those of the geological model, and emphasise the mechanics 
of failure. Using a conceptual modelling approach, field data can be used to 

select the appropriate conceptual model. Then, analysis and design work can 
take place within the context of the selected model, and design alternatives 

appropriate to the model can be identified.

(c) Open stope and pillar design has in the past relied heavily on past experi­

ence. If numerical modelling is to be used effectively in practice, then it ifrust 
be part of a methodology developed specifically for open stope design. Sim­
ple conceptual modelling uses relatively simple numerical techniques, but its 
strength comes from the fact that it is designed specifically for rock mechan­
ics design, and recognises the basic problems that arise in open stope design. 
These problems include the difficulty in determining the material properties 
and boundary loading conditions for the numerical analysis, together with the 

quality and quantity of such data, which are often low.

(d) The design of hangingwall dimensions is one area where numerical analysis 
has had little success. The lack of access to hangingwalls has prevented the 
failure mechanisms from being fully investigated, and incorporated into nu­
merical programs. The stability graph method is an empirical design method 

that takes account of the main rock mass properties, together with the stress 
conditions present and the relative dimensions of the excavation face. The 

stability graph method offers mining engineers a tool for assessing hanging- 

wall stability, and for predicting the maximum safe span. The incorporation 

of the effect due to cable bolting of stope faces, allows the mine operator 

to determine the necessary bolting required to stabilise the face. When case 

histories of stope dilution are linked to the design methodology, then the ex­
pected dilution for any stope can be predicted in advance. The predicted level 
of dilution for various densities of cable bolting can be determined, and the 

economics of stope support can be optimised.

(e) The nature of the open stoping mining method is such that once pillar di­

mensions have been selected, then it is relatively difficult and expensive to 

change the design. Under-dimensioning of pillars can lead to pillar failure and
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excessive dilution, as well as endangering regional stability. Over- 
dimensioning of pillars results in a loss of ore reserves, with the subsequent 

added expense if the pillar is later mined. Thus, crown pillar optimisation 
is seen to be a major concern in the mining industry. Pillar failure mecha­
nisms are understood but pillar design is still predominantly conducted using 
empirical techniques, which take no account of the mechanisms involved.

The methodology that was developed for pillar design is similar to that de­
veloped for open stope design, in that a conceptual model of the rock mass 

is first developed that incorporates the important features of the rock mass. 
Using the conceptual model the most appropriate numerical analysis program 
can be selected. Back analysis of actual conditions to those predicted by the 
model, and the varying of input parameters until actual and model conditions 

are similar, results in a calibrated model, that can be used as a predictive tool 
for pillar dimensioning and pillar layout design. This observational approach 

is very important because of the complex behaviour of pillars and the inability 
to accurately model the stress distributions within them.

(f) Numerical modelling has not been used routinely in mine design but it is 
increasingly being incorporated into mine design methodologies. There are 

many reasons why numerical modelling has not been more widely used, but 
the main problems have been that there were no formalised design method­
ologies and that the numerical programs require skill to use effectively. The 

second of these problems was identified as being especially important if nu­
merical analysis was to be used as a part of practical stope and pillar design 

methodologies. In particular, problems were identified in the selection of the 

most appropriate numerical analysis program, in the determination of the in­
put parameters to a program, and in the transformation of the actual design 

problem into a form that could be understood by a numerical program.

The task of modelling an open stope and pillar layout for a mine, like many 

problems in engineering rock mechanics, requires judgement by a modeller, 
based on accumulated experience, that is largely heuristic in nature. Mine 

planning engineers are commonly neither expert modellers nor expert users of 
numerical analysis programs. Traditional formalised methods and algorithmic 

programming techniques have not been successful in encoding numerical anal­

ysis design knowledge in a way that allows non-experts to undertake correct
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and effective numerical modelling. Knowledge-based systems provide a frame­
work whereby expertise and state-of-the-art techniques can be incorporated 

into a single system.

(g) Due to the large number of design problems that exist in open stope and 

pillar layout, attention was focused on a single issue, that of crown pillax 
design. This is perceived by many mines as being one of the most important 
design tasks. A knowledge-based system approach was thus adopted in order 
to encode the crown pillar design and analysis knowledge.

As the aim was only to demonstrate the applicability of knowledge-based 
system techniques to open stope and pillar design, the system needed to be 
rapidly prototyped. An expert system development environment (shell) was. 
chosen as the most appropriate development tool because all the elements of 
a knowledge-based system were provided, and only the knowledge had to be 
coded in. This reduced the amount of time spent actually programming, and 
allowed more time to be spent conceptualising the problem, and formalising 

the knowledge structure.

The knowledge-based system application modes of intelligent, modelling tools 
and intelligent front-ends to numerical programs were identified as being the 

most suitable for the specific problem. Rock mass classification was identified 
as being ideally suited to being incorporated in the knowledge-based system, 
as it involves a blend of geological knowledge, intact rock data and field data, 
much of which are highly subjective in nature. Using elements of rock mass 
classification, together with data on geometry, conceptual models of crown 

pillar behaviour were developed, that formed the core of the intelligent mod­

elling tool. When the intelligent modelling tool was combined with knowledge 

about numerical modelling techniques and their applications, then the most 

appropriate numerical program, for the particular design problem and rock 

mass condition, could be selected.

Intelligent front-ends to the two-dimensional boundary element programs were 
developed, which led the user through the input of the required data for the 

numerical programs, and which then wrote the actual datafile for the program. 

The intelligent modelling tool and the intelligent front-ends together consti­
tuted the complete knowledge-based system for rock mechanics modelling of 

crown pillars in narrow, steeply dipping, tabular orebodies. However, the
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structure of the developed knowledge-based system was such that it could be 

expanded to incorporate other open stope mine design issues.

(h) The developed methodologies for open stope and pillar design were used in 
the case study, as was the knowledge-based system for crown pillar design. 
The case study demonstrated the ease with which such design analysis can be 
conducted in practice. If knowledge-based systems are to become accepted 
by the mining industry, however, they will have to be perceived as reliable 
and accurate. The only way for this to occur is if sufficient case histories and 
expert knowledge are incorporated, such that the systems are able to deal 
effectively with most situations.

Suggestions For Further Research

The developed knowledge-based system demonstrated the use and applicability of 
knowledge-based system techniques in open stope mine design, and also indicated 
that such techniques could be applied in all areas of engineering rock mechanics 

design, as a means of encoding knowledge in a more natural way than that allowed 
by conventional programming techniques. Limitations of the developed knowledge- 
based system are discussed in previous chapters, and further investigations are 

required. The following suggestions are made to improve the accuracy, reliability, 
and generality of the program.

(1) In open stope design, further work is required to understand the mechanisms 

of failure around stopes, especially hangingwall failure. Visual inspection of 

hangingwalls using borehole television cameras is one way of determining the 

extent of stress relaxation in hangingwalls, as well as assessing the effect joint 
orientation, joint spacing, and joint condition have on the failure process. 
The interaction between stope support, particularly cable bolting, and a rock 

mass also needs to be more fully understood, if stope support is to be more 

effective, and if it is to be more correctly incorporated into numerical models.

(2) In pillar design, further research is required to understand the mechanics of 

failure, especially the post-peak performance of hard rock mine pillars, where 

little research has been conducted to date. Full scale mine pillars in hard 

rock should be instrumented and adjacent excavations progressively mined
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to induce pillar failure. The results from such tests could then be used to 
determine the appropriate analysis techniques, and to identify the important 
features of the pillar rock that ought to be considered in any model. The use 

of hybrid numerical programs in pillar design should be investigated, to see 
whether they can efficiently model the complex rock behaviour in a pillar, 
within a rock mass that behaves essentially as an elastic continuum.

(3) Design methodology will become an important area of engineering rock me­
chanics research, and knowledge-based system techniques provide a means for 
expressing and implementing methodology. In rock mechanics design work, 
the conflict between different objectives needs to be investigated, and the-log­
ical methodology that rock mechanics engineers use must be further studied. 
Open stope and pillar design is such a large subject area that no one person 
can be an expert in all aspects. Interviews with recognised experts in rock 

mechanics numerical modelling, stope and pillar design, and mine planners 

will allow their experiential and heuristic knowledge, as well as their technical 
expertise to be recorded. Using this knowledge it should be possible to record 
the logical inter-connections and resolutions between conflicting design issues.

(4) The developed prototype knowledge-based system for crown pillar design 
utilises simple concepts, and requires further development if it is to be used 
in practice. Future work should be directed towards enlarging the knowledge 
base to incorporate subdivisions of the developed conceptual models of rock 

masses, so that the rock behaviour can be defined more precisely. Linked to 

these new conceptual models could be a greater diversity of numerical pro­
grams, each with its own intelligent front-end. Programs that permit the 

modelling of non-homogeneity, anisotropy and joints could be included. In 

addition, work could be directed towards automating much of the input to 

the intelligent front-ends, especially with regard to stope discretisation and 

internal point location.

If the system were to be enlarged to incorporate a wider range of design 

issues (e.g., stope dimensioning, stope layout, stope sequencing), then the 

rule-based representation scheme adopted in this research would become too 
restrictive. The use of a frame-based representation scheme would allow the 

complex interactions and associations in the design knowledge to be repre­

sented. If the system were then to be incorporated into a general mine design
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knowledge-based system, then a blackboard approach could be adopted for the 

communication between individual system modules. The advantage of such 

an approach would be that once the blackboard had been specified, then the 
individual design modules, that make up the total system, could be developed 
independently.
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GLOSSARY

Below is a glossary of terms used in the knowledge-based system literature.

A rtificial Intelligence (AI)

The sub-field of computer science concerned with understanding human reasoning 
and thought processes, and the application of this understanding to the devel­
opment of computer technologies. Branches of this discipline include (amongst 
others) robotics, vision, speech recognition and knowledge-based systems.

Backward Chaining (consequent or goal driven)

A reasoning strategy which uses the conclusions (THEN parts) of rules to guide 
the search for rules to execute. The rules that can satisfy a particular goal are 
collected and the IF parts of these rules are examined. If all the IF parts cannot 
be satisfied then a search is made for a rule that has any of these IF parts as a 
conclusion. Thus a tree-like rule structure is developed until the original goal can 

be satisfied.

Blackboard M odel

The blackboard model was developed to provide a mechanism for reasoning about 
problems with multiple sources, or levels, of knowledge. In the blackboard model 

the knowledge base is separated into knowledge sources, and the blackboard is the 

place where messages between knowledge sources, as well as the current state of 
the problem, reside.

D om ain K now ledge

The term domain refers to the specific area of application, such as geology, mining, 

rock mechanics. Domain knowledge is that knowledge which is specific to the 

domain.

276



E xpert System s (ES)

Computer programs that perform specialised tasks requiring knowledge, experi­
ence, or expertise in some field. Other terms for expert systems are knowledge- 
based expert systems (KBES) and intelligent knowledge-based systems (IKBS). A 

more descriptive term is knowledge-based systems (KBS).

E xpert System  Shell

A program that contains two of the three components that comprise a knowledge- 
based system -  the working memory and reasoning strategy (also called the in­
ference engine) -  but lacks knowledge. In addition expert system shells usually 
contain an editor, that allows the knowledge to be coded, together with devel­
opment aids such as debugging tools, user interface development facilities and 
explanation system tools.

Forward Chaining (antecedent or data driven)

A reasoning strategy in which the IF parts of all the rules are checked against the 
database of known facts and conclusions, to determine all the rules that have all 
their IF parts satisfied. If there is more than one rule that has all its IF parts 
satisfied, then one rule is selected by a conflict resolution strategy (usually the 
order of the rules). All the actions associated with that rule are then performed 
and the database updated. The same process is then repeated.

Frames

A knowledge representation scheme in which a collection of slots describe aspects 
of an object. These slots may contain values, default values, or pointers to other 

frames describing other objects.

H euristics

Expert ‘rules-of-thumb’ that are usually empirical in nature, based on experience 

and intuition, with no mathematical or scientific proof.
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Inference Engine

The software which controls the reasoning operations of a knowledge-based system. 
This is the part of the program that deals with making assertions, hypotheses and 
conclusions. It is through the inference mechanism that the reasoning strategy (or 

method of solution) is controlled.

Inheritance

A property of the frame representation scheme, whereby attributes from other 
frames are said to be inherited via pointers that relate one attribute in one frame 
to an attribute in another frame.

K now ledge B ase

That part of a knowledge-based system in which all the domain knowledge is 
stored, in the form of facts and heuristics.

K now ledge Engineer

A person who works with the expert(s) in order to provide the transition from hu­
man knowledge to the appropriate computer representation. Knowledge engineers 
provide the artificial intelligence (AI) expertise, and play a major role in designing 

a system.

R ules

Rules consist of a set of conditions, and a set of actions, generally in the form of 
IF...THEN...ELSE. The conditions are contained in the IF part of the rule, and 

the actions in the THEN part.

Sem antic N etw orks

A knowledge representation scheme in which information is represented as a set 
of nodes connected to each other by arcs which represent relations between the 

nodes.
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