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ABSTRACT

Backfill design is a multi-Ievel, data/information/expertise intensive procedure involving

various professional fields. During the life cycle of mining design and operation, a series of

decisions are made based on the knowledge and persona1 experience. The success of

mining design depends largely on knowledge available, and how knowledge is managed

and processed. This thesis presents a conceptual backfill design rationa1e in a systematic

approach in terms of basic information needs and data flow. Based on this representatior.,

an integrated decision support ~ystem for backfill design is introduced. The underlying

system is based on the integration of traditional databases, expert systems, hypermedia,

and logica1 programming concepts consisting of the following components: 1). user

interface, which creates the model of tasks and the application enviromnent; 2).

hypermedia-based reference manual, which supports non-1inear access to backlill design

reference manllal ofvarious formats; 3). expert systems which solve certain tasks based on

heuristic rules; and finally, 4). knowledge base management system which provides an

efficient approach to manage and manipulate massive data of previous backlill operations.

The integration of these components is achieved through a blackboard architecture. ';'he

early test of the prototype system shows that the basic objectives have been achieved to

provide fast information access and certain decision makings.
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RÉSUMÉ

La conception des remblais est un procédé intensif de plusieurs niveaux,

données/information/expertise, impliquant divers domaines professionels. Durant le cycle

de vie de la conception et de l'opération d'une mine, des décisions sont prises en se basant

sur la connaissance et l'expérience personnelle. Le succés de la conception des mines

dépend largement de la connaissance disponible et comment cette connaissance est traitée

et gérée. Ce mémoire présente, d'une manière systématique, la logique derrière la

conception de remblais dans les termes des besoins de l'information fondamentalle et de la

propagation des données. En se basant sur cette représentation, un système intégré de

support de décisions pour la conception des remblais est introduit. Le système mentioné

est basé sur l'intégration des bases de données traditionelles, des systèmes experts,

hypermedia et les concepts de la programmation logique. Il est composé des élèments

suivants: 1) L'interface avec l'utilisateur, qui crée un modèle des tâches et de

l'environnement de l'application; 2) Un manuel de référence, basé sur la technologie

hypermedia, qui supporte un accés non-lineaire aux manuels de référence de conception

des remblais en différents formats; 3) Un système expert qui résoud certaines tâches en se

basant sur des règles heuristiques; et finallement, <1) Un système de gestion des

connaissances qui fournit une approche efficace pour gérer et manipuler les données sur les

opérations antérieures. L'intégration de ces composants est accomplie à travers

l'architecture d'un tableau. Les premiers tests du prototype prouvent que les objectifs

élémentaires ont été atteints dans le but de fournir un accés rapide à l'information et la

prise des décisions.
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CHAPTERl

INTRODUCTION

1.0. INTRODUCTION

Waste rock from mining operations has been used to fill openings for hundreds of years.

However, the use of waste rock or other materials in order to fill openings for support
purposes is a relatively recent development necessitated by large scale mining methods,

and facilitated by modern milling practices. The development of the flotation process late

in the 19th century and early in the 20th century had monumental implications for both
mining and milling practices[ll. During the past twenty-five years, or so, three factors:

• Cement addition to fill,

• Environmental pressures, and

• Resource conservation pressures

have had a direct impact on the development of backfill technology. The following

professional fields are related to the technology of mine fill in underground mines[2]:

• Mining engineering • Mineral processing

• Rock mechanics • Soil mechanics

• Environmemal engineering • Cement technology

• Pozzolan chen'istry • Mineral chemistry

• Industrial engineering • Geology

As a relatively new mining technique, the approach to backfill design and evaluation in

practical mining operation is still not beyond the trial and error stage, although sorne mies

and rationales have been established through recent research. The traditional backfill

design is a multi-Ievel data/information/knowledge intensive procedure involving various

professional fields. During the life cycle of mining design and operation, a series of

decisions are made based on the knowledge and personal experience. The success of

rnining design depends largely on knowledge available and how knowledge is managed and

processed. Basically, knowledge exists either explicitly in various sources such as

reference rnanual, literature, research reports etc., or implicitly in sorne successful designed

rnining operation and experience. Mining designers need to refer to those standard design
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manual or other explicitly stated knowledge source, of course. But more often, decisioas

are made by drawing the analogy from case to case, and personal judgment. Successfully
designed mining operations are usually used as strong arguments to support other mining

projects. Therefore, mining conditions are never identical in the reat world. New problems

arise with new mining project starts. Mining designers often found themselves oscillating

between design principles and personal Judgment when facing crucial decision makings.

For instance, conclusions reached by anal}1ical or numerical method are not trusted until

certain safety margins are heuristically adjusted. When inconsistency occurs from various

knowledge sources, compromised decisions have to be made to respect the influences of

each knowledge source.

In the traditional mining design, a large amount of time and money is spent to bring
various information together. Even though the information is available, the manual process

and access to information base is also very time consuming and inefficient. To simulate this

kind ofdecision making process, this thesis proposes a computer-based integrated decision

supporting system for mining design in the context of object-oriented programming, expert

system, knowledge base management system, and hypermedia based system. The main

efforts are given to backfill design and evaluation. In this framework, explicit knowledge

and implicit knowledge are distinguished and processed using different technologies. The

cooperation among different knowledge sources is achieved by a blackboard architecture.

1.1. OBJECTIVES AND CONTRIBUTIONS

The aim ofthis research is to systematically investigate the basic information requirements

and process of backfill design based on a profound understanding of backfill operation.

From the backfill engineering point of view, this research presents a backfill design

rationale at conceptual level, which defines basic scope and stepwise backfill design

procedure in pre-feasibility study level. From computer system analysis point of view, this

research proposes an automated or semi-automated approach to the information storage

and process, and therefore provides basic knowledge and information service to backfill
designer for various decision makings, and hence improves the efficiency and accuracy of

decision making involved in backfill design.

Accordingly, the research objectives ofthis thesis are:

I. Define the information scope and requirement ofbackfill design;

2. Investigate the feasible model and related technologies to meet with the requirement

based on a computer system;

To achieve these objectives, the following goals have to be met:
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1. IdentifY the application scope by defining standard backfill design rationale at
conceptual level and the basic specifications of the system requirements;

2. Investigate feasible models and architecture of a computer system to integrate expert

system, knowledge base management system, and hypermedia system as decision

support tools for backfill design;

3. Conduct the conceptual modeling of the application environment;

4. Implement the prototype of the designed system.

This research program opened a new area to apply computer technology to mining design.

Data intensive application of computer technology is no longer restricted within the

traditional business management, employment information management, air flight

scheduling etc.. On the other hand, the massive transfer of merging computer technologies

mentioned in this thesis to minerai industry provides more efficient tools to solve

engineering problems like backfill design. Applications of the proposed technology is not

Iimited to backfill design alone. Other similar data intensive engineering problems are also

considered as potential application areas. The research also demonstrates the potential

need for further development of computer ability to meet with more complex data

intensive engineering applications.

1.2. THE8I8 ORGANIZATION

This thesis is divided into twelve chapters. Chapter 1 states the problems of backfill design

and its data intensive feature. Based on the statement, this chapter defines the objectives of

the research program and ilIustrates contributions of the thesis to solve the problems.

Chapter 2 presents an overview of backfill design and its recent development. A complete

backfill design rationale is outlined with the effort to present the basic information needs

involved in backfill design within the framework ofcontext diagram. The analysis follows a

top-down approach starting from high level information requirements. Chapters 3 to 7

discus the main techniques of backfill design. At lower level, information requirement and

process are represented by data flow diagrams. Chapter 3 defines the following backfill

material properties and the main factors that affect these properties along with a brief
review ofbasic techniques:

• Mechanical property;

• Hydraulic property;

• Environmental property;

Chapter 4 iIIustrates the techniques related to backfill material preparation, which inc1udes
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various equipment for dewatering operation and sorne typical applications. Chapter 5
presents basic concepts of fill transportation. The main etrorts are given to hydraulic

transportation system and the main concerns of design issue. Chapter 6 discusses the

backfill placement problem, which includes the stope preparation, backfill placement,
bulkhead design and monitoring.

Chapter 7 presents the main results of Quebec backfill operation survey. Based to the

survey, the notion ofcapital cost and operation cost is defined and subclassified to various
cost items. In addition, a simple regional cost estimation model is established. The data

collected through the survey are compiled and input to the database.

Chapter 8 defines the basic components of integrated decision supporting system backlill

design. Basically, the integrated decision supporting system consists of four models:

1) User interface,

2) Expert systems,

3) Knowledge base management system,

4) Hypermedia base system.

Functions of each component are defined at conceptuallevel. A blackboard architecture to

integrate various technologies into a single environment is presented. Also in this chapter,

techniques ofconceptual modeling are presented.
Chapter 9 demonstrates the application of experts system to mining method selection. A

rule-based expert system is implemented using CLIPS expert system development shell,

which can either work as a stand alone tool for mining method selection, or support

dynamic links within hypermedia base system. A decision tree approach is discussed in

details followed by a concrete example.

Chapter 10 demonstrates the hypermedia based system to implement a reference manual

for backfill design. The hypermedia system provides a non-linear access to database of

various formats. This feature meets with most information needs ofbackfill design.

Chapter Il introduces the knowledge base management system and its application to

hydraulic transportation system. A concrete example is given to iIlustrate the basic

techniques and how it helps to solve the pump selection problem.

Chapter 12 summarizes important conclusions and discusses future developments.
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CHAPTER2

BACKFILL DESIGN RATIONALE

2.0. INTRODUCTION

Waste rock from mining operation has been used to provide unit support and to fill

openings for hundreds of years. PilIars constructed of rock (sometimes quarriodl, or

concrete, or timber, have been used continuously in mining up to present timesl'l. [41.

During the twenty-five years, or so, three factors

1. Cement addition to fill;

2. Environmental pressures; and

3. Resource conservation pressures;

have a direct impact on the development of backfill technology. In general when

contemplating backfill design, the following aspects should be investigated:

1) Geology ofore deposit, dimensions ofore body, dip, ore grade...;

2) Physical and mechanical properties ofore and surrounding rock mass;

3) Environmental requirements;

4) Fill material resources;

5) Mining method, production capacity and operation schedule;

6) Fill strength requirement analysis;

7) Determination of quantity of fill constituents;

8) FilI preparation system and facilities;

9) Fill placement system and re1ated equipment;

10) Overall economic analysis;

To define an appropriate backfilling method, the following criteria are proposed:

1) Backfill technology should be reliable and guarantee safety and continuity in

mining operations.

2) Backfill capacity should be optimized based on technical and economic anaiysis.

3) FilI preparation and the placement system should be simple, efficient and s;JeciaI

attention must be given to the aspects of quality and quantity control.

4) Stope preparation should be minimized. and fill facilities utilized efficient1:-".
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5) The backfill operation must be economic, i.e. the benefit produced by using

backfill should be higher than that gained \\;th other mining systems.

ln bulk mining with backfill, inter-charnber pillar recovery operation is closely related 10

stability of surrounding fill, which is governed by stope size and mechanical properties of

the host rock. Cemented fill of various solid composition has been employed as an

artificial support with considerable popularity in recent years. The mosl widely used

cemented fill consists of classified lailing, or rock, sand and cement. Results of practical

studies show that cement content in a fill and its slurry density are essential faclors

affecting fill stability and economy of backfilling. The uncertainty in fill design, based

solely on the theoretical or numerical modeling techniques, wilhout experimental or

practical input, may result in fill block failure or excessive consumption of cementing

material. In cyclic backfilling, Ihe filled orebody is utilized rnainly as a working platforrn

and so, the cement content required of this platforrn is generally higher than thal in

delayed backfill. Hence, the fill strength must be properly designed nol only for pillar

recovery in subsequent rnining operations, but also for heavy equipment.

In order to quantify the factors affecting fill stability and to optimize economic effect, it

is essential to consider a rationale and practical design approach upon which Ihe operators

can effectively manage backfill technology. Basical1y, the design should consist of

deterrnining fill composition and the water needed for fil1 preparation to produce an

acceptable mix having certain physical and mechanical properties i.e. strength and

backfil1 cost estimation. The following sections describe the backfill operation design

process starting from backfill mining methods and stope geornetry considerations to

backfil1 economy from both the backfill engineering and computerization point of view.

The main goal of this rationalization is aimed to develop a conceptuaI model for a

decision supporting system of backfill design based on the detailed analysis on the

backfill technology available and practical operation. The ultimate results of the research

will establish a solid understanding and frarnework of backfill design to cooperate

various technologies available in computer engineering such as expert system, knowledge

base management system, hyperrnedia system and object orientation etc. At the higher

level, context diagrarn approach is used to specify the basic functions and data flow of

underlying system.

2.1. THE GENERAL SCENARIO OF BACKFILL DESIGN

ln 1989, Scoble, M. et al, presented a backfill design rationale from engineering point of

view[5l, which defines, in detail, every design step and the related engineering problems.
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Based on this designation, the backfill operation design procedure generally proceeds

through the following steps:

I. Mining method specification based on geological and environmental conditions.

2. The backfill purpose specification to satis!)' the basic criteria of the mining

operation induced by certain mining method.

3. Defining of the target properties of fill materials based on the backfill purpose.

4. Defining the operation system to make the backfill material available to meet

with the target properties and finally pour to the mining voids, which includes:

1). backfill material preparation;

2). backfill material transportation;

3). backfill material placement;

4).backfill operation quality control and environmental monitoring. (Information

monitored in this step will be feedback to modify the backfill system.

5. Economical evaluation ofbackfill system.

6. The documentation and implementation of backfill mining operation.

As a backfill engineer and evaluator, the following aspects have to be taken into account

as long as the backfill operation is involved:

I. The geological condition of the mine site;

2. The backfill techniques available currently in operation;

3. The historical experiences and commonly accepted rules of backfill design

parameters applicable in similar mining conditions;

A large amount of data, information, and options are involved in these considerations.

Meanwhile the access to the information is rarely sequential and non-linear cross­

reference is common. Therefore a complete storage of the information and efficient

access to the information source is the key to the success of the backfill operations design

and hence, the economical profit as wel)[6]· [21

The backfill design rationale is the approach of representing the knowledge of design

procedure ITom both the designer and computer point of view, by which the fundarnental

design procedure is outlined. Precise and concise representation of design function

hierarchy will lead to an efficient communication between computer and mining

designer. The backfill design rationale from designer point of view could be summarized

as following six steps (Shown in Figure 2-\) .
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Figure 2-\ The BIF Design Procedure Rationale

From computer system point of view, this procedure can be viewed as an operation on a
computer program which consists of an information system combining with various

supporting tools and user's interfaces to guide the user to fulfill th<:se six steps on
computer. The basic functions related to backfill design are ilIustrated in Figure 2-2:
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Figure 2-2 Basic functions of the backfill operation
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The rationale presented by Scoble, M. focuses on basic tasks ofbackfill design in general.

Less attention has been paid to address the issues of task solving, infonnation needs and

data flow during the process. Having recognized backfill design is a datalknowledge

intensive process, we now need to further define the design rationale to reflect the basic

information needs, data flow and task solving approaches. To be able to have a profound

understanding of the system, certain tools are needed to decompose each unit for a

systematic specification and rationalization.

2.2. TOOLS OF SYSTEM ANALYSIS

To be able to identif» the functions and data flow of backfill design in tenns of

computerization, the system analysis is essential. From the system analysis point of view,

it is the application of a system approach to problem solving using computers. The

ingredients are system elements, processes and technology. This means that to do system

work, one needs to understand the system concepts and how these elements are related

and operated as a system, and then design appropriate computer-base systems that will

meet the system requirements. Il is actually a customized approach to the use of the

computer for problem solving. To be able to achieve the goal, the following objectives
have to be met:

1. Define outline of the design procedure;

2. Identif» the infonnation flow during design process;

3. Define the process description;

Over the past 20 years, a set of tools has been developed to assist the system analyst in

understanding how current information systems work and to design new, improved

systems. In the following discussion, the specifie tools: context diagram, various data flow

diagrams and three process descriptions[8] (1. decision tree, 2. decision table and, 3.

structured English) will be used to analyze the backfill design system. The selected tools

for backfill design system analysis are listed in table 2-1:

Table 2-0 Selected systems analysis tools

l. Context diagram - outside users computer system

II. Data flow diagrams

A Level 0 data flow diagram

B Level 1 data flow diagram

C. Level 2 data flow diagram

Ill. Process descriotion: A. Decision trees; B. Decision tables, C. Structured English
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The~e steps form the main conceptual parts of the analysis and general design phase.

The analysis and general design phase consists, first, of a graphical model illustrating the

flow of data and information between the components of the overall system, including

users and any other parties involved. This representation is referred to as the context

diagram. Each part of the context diagram is further subdivided by utilizing data f10w
diagrams. The graphic representation using data f10w diagrams hr.\ps visualize the f10w and

processing representing the functions of the system that simulates real backfill design

process. Each process is treated at a general level, level zero, and subsequently divided

into detailed level processes, levels 1 to N. This representation is in hierarchical format. At
the lowest level, the processes are described using one or a combination of techniques

known as decision trees, decision table, and structured English. The data f10w diagrams

show the processes involved in solving a problem. ln the subsequent sections, each

component of the analysis and general design phase, shown in Table 2-1, is described in

more detail along with the rationalization of the backfill design system. These tools

provide the systematic methods to represent the knowledge and basic requirement of the

application domain. Understanding of the application domain and basic requirement of the

backfill design are fundamental for system analysis and rationalization. In these thesis, the

main resear"h related to the understanding of backfill design is conducted through

literature search and mining survey. The literature review provides us with a good

understanding of the backfill design and basic backfill technology. The mining survey, in

the other hand, give us the practical understanding in terms of real world operation. Based

on the survey, certain globe and regional model can be achieved for computerization to

sorne substantial level. The full report of the literature will be given in the later chapter.

For the time being, simply assume that the application domain is weil understood.

2.J. THE CONTEXT DIAGRAM OF BACKFILL DESIGN

The rationalization process starts from the context diagram representation of the backfill

design system, which deals with mainly the basic requirement and operations involved. The

context diagram is a useful tool to tie the user domain to the computer system. The

interaction between the user and the computer system is a dialog by various links to

different tools. One can interpret this stage as a communication protocol between the user

needing information and advice, and the computer system as the decision-making medium.

The context diagram is a more explicit representation of the functions involved (see Figure

2-3).
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Figure 2-3 General model for a context diagram

The context diagram defines the context, or scope, of the system. Figure 2-3 shows a

general model for a context diagram. The diagram shows the flow of data information

between the computer-based system and the external entities, in this case the requests

posed by the user engaged in a consultation with the system. The convention used in the

systems analysis methodology is to depict the system to be designed as single circle in the

center of the diagram, and the interacting external entities depicted as squares. The

information flow connecting the entities to the system, and vice-versa, must be labeled to

show the data content and direction of flow. At this point, the user requests are

representative of the general purpose expected from the system. Similarly, information and

responses are ch:.racteristic of the consultation-advice nature of the system. The data flow

labels should maintain a general meaning, only descriptive of the general information

required by the system and the expected responses from the system. In this manner, the

context diagram establishes, in a global nature, the scope of the system being analyzed and

designed. According to this representation, the basic scope and requirement of backfill

design process can be represented as the Figure 2-4a:
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In this representation, four basic requirements are defined for the system, among which

the operation system cao be further defined as the following subsystem (Figure 2-4b):

Transportollon
s)'St.m

Figure 2-4b The context diagram of backfill operation system
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2.3.1. The mining method

The specification of mining method is the first decision encountered in the backfill

design, which is largely depended on the geological information of the ore deposit and

the productivity. In the practical rnining activity, most of mining methods related to

backfill design are inherited frorn the previous mining operation and o\'erall rrlining

developing system. Through the literature review, the rnining methods related to backfill

operation can be c1assified as table 2-2

Table 2-1 The classification of mining rnethods (9);

Delaved hackfill Cvclic Backfill

Vertical Crater Retreat Overhand Cut and Fill

Sublevel Stoping Underhand Cut and Fill

Shrinkage AVOCA

Blasthole Stoping Cut and Fill with Post Pillar

Room and Pillar

2-9

a e - e m ormatlOn re ate to t e se ection 0 mmmgrnet 0 :

Mining obiect Stope or Pillar

Geological condition 1) Rock type 2) Unit weight of rock
3) Mineralogy 4) Grade of rnineralogy
5) Oip of rock 6) Rock mass quality
7) Uniaxial strength 8) Tensile strength
9) Elastic modulus 10) Cohesive
1i) InternaI friction angle

Mining operation productivity • Efficiency
• Productivity
• Market price

Prirnary Stress • Major principal stress,
• Intermediate principal stress,
• Minor principal stress;

Each of these mining method has ils application conditions attached. In general, the

delayed backfill is applied to the situation where the rock conditions are relative stable,

and the mass high-efficient production is required. Stope recovery is normall)" fulfilled by

delayed backfill except that rock conditions are not favorable. On the other hand, the

cyclic backfill technique is usual1y applied to the situation where rock conditions are

relatively poor and the low ore loss operation is required. Examples of using cyclic

backfill can be easily found in pillar recovery. Information needed to select certain

rnining technique are Iisted in the table 2-3.
T bl 2 2 Th . fi 1 d h 1 f' . h d
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Once the certain mining method is selected, the dimension of the mining object ISlope or

piIlar) can also be determined by various approaches deve10ped through rock me.:hanics

researches. Following is the methods that have been used to predict the optimum the

dimension of certain mining objects: finite element, boundary element, and other

empirical formulas for specific mining cases. Il is important to indicate that, in the real

mining practice, there is hardly solid consensus on the selection of mining methods and

dimension of mining object among the mining experts. Therefore, the previous

experience and personal expertise plays important roles. Most decisions made in this

process were based simply on experience and analogy drawn from case to case. So a

knowledge base system to manage and simulate this featur;: of decision making is in the

center of the decision supporting system which provides the general information of the

previous mining experience with a backfill designer.

2.3.2. Backfill~

Backfill type is classified according to its constituent and properties. In the practical

mining operation, the main backfill materials are waste rock, natural sand, and miIl

tailings or the mixture. The addition of other binding agents and hydraulic properties will

lead to the further classification. Shown on Figure 2-5 is the tree structure of the

classification of fill types:

Ccmcnlcd rocktiU 1

Uncc:meuted Rockfdt

Cancnlcd gnd nn

~lfydtaulic uiling IiDI
Cancntcd b.iliD

Uncemcn1cd saDdfi !

Rock fill

~ ~ Consoliœ&cd rockfilr

~ Hirl> dcllIily ron

•
"UncClttmttd sandfiD

.-----,
Mixture

Figure 2-5 The classification of fi Il types
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The parameters influencing the selection of the backfill type are listed in table 2-4:

Table 2-3 The parameters related to backfill type:

1. Backfill material availablp. Rock, sand, tailin~s

2. Backfill purpose 1). Pillar recovery

2). Sill pillar recovery

3).Working platform

4). Ground support

5). Waste disposai

3. Stren~h reauirement Hil!h, medium, no requirernent

4. Hydraulic orooerties of fill Permeabilitv, size distribution etc.

5. Economical consideration high cement cost for high strength reauirement

6. Transportation system Hydraulic, pneumatic, truck or conveyer

1). Fill material available for backfill operation: The fill material utilized is c1assified into

three groups: inert material (which is the major part of the fill), the billding agent, and

chemical additives. The inert materials commonly used are mill plant tailings, sand or

grave!, waste rock, and slag. Binding agents, such as Portland cement or flyash are

applied in backfill technology to improve the mechanical properties of fill, i.e. strength.

Chemical additives such as flocculent, accelerator, retarder are employed to impro\'e the

fill permeability, flowability, and consolidation. Sand from surface alluvial basins is

widely used in mine backfill, and its particle size is generally less than 2 mm. Waste rock

from mine development or quarry must be crushed to meet transport requirements. The

maximum size for pipeline transportation is less than 1/4 the pipe diameter. In the case of

hydraulic transportation, this means about 60 mm, whilst aggregates up to 30 cm can be

transported by truck or conveyor.

2). The backfill purpose: From the technological point of view, there is a number of

possible reasons that backfill operation is used in underground mining. The backfill type

is largely dependent on the backfill purpose. In order to optimize the backfill system, it is

important to identify the main backfill purpose to be served by the backfill material. The

purpose identified will determine what material properties have to be considered in

design procedure. These properties are termed as the target properties. The target

properties include hydraulic, mechanical and environmental properties. The target

properties may be predicted on a site-specifie basis such as required mechanieal strength

to avoid failure of a particular backfill face, or based on commonly accepted standard

values such as a required hydraulie percolation rate to permit effective drainage.
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3). The strength requirement: In the case of ground support, the strength requirement of

the fill materiaI may decide whether cement or other additives should be added to meet
the target property.

4). HydrauIic properties: The hydraulic property of fill material influence the hydraulic

behavior of fill slurry. The penneability of slurry depends on the size distribution of the

fill material, which will in tum determine whether or not fulltailings or classified tailings

should be used as the fill material, or whether or not paste fill can be employed.

5). The economical consideration: Cemented fill always costs more money than

uncemented fill, while waste rockfill costs more than tailing. The principle is always

select one which serves the purpose with less cost.

6). The transportation system: The transportation system selected or adopted also plays a

role in the determination of the backfiUtype.

The following is the general characters suggested for hydraulic backfill, paste backfill

and rockfill.

A. Hydraulic Backfill

Conventional hvdraulic fill includes tailing, sand and/or rock, mixed with a binding agent

(optional but commonly used) and water. Preparation can take place on surface or

underground, and placement is at a pulp density of less than 70% by weight.

Technical Advantal,les

1) Relatively simple to install, operate, maintain and requires minimum technical

supervision.

2) All constituents are controlled at fill station which secures the fill quality and

mixture density.

3) Desliming technology to increase the percolation rate to 100 mm/hr. can be

achieved simply by hydrocyclones.

4) Pumping can normaUy be avoided by optimizing the pipeline lay-out.

5) Tailing, as mill waste, is readily available in most mines and its utilization can

reduce surface waste disposaI.
Technical Disadvantal,les

1) Excess water needs to be dewatered from stope and pumped to surface; the

permeability is a critical design criteria.

2) Strength of filled body in stope can be reduced by cement marbling (the segregation

of cement from the inert fiU due to the excess water).

3) Slime from stope drainage requires time (and cost) consuming c1ean up.

4) Bulkhead dewatering facilities construction and fill curing process can interrupt the

mining operation (this is particularly evident with eut and fill mining).
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B. Rockfill

Waste rock from underground developments or surface quarry is dumped into raise then

distrihuted hy truck or conveyor to the stopes. When cemented rockfill is needed, the

cement slurry is introduced hy separate pipelines and mixed with waste rock prior to

placement.

Technical Advantages

1) Waste rock is used to hackfill underground openings, reducing waste disposaI on

surface, especially if there is an open pit associated with the mine.

2) Simple preparation system.

3) Relatively high strengths can he attained when waste rock is cemented.

4) Stope dewatering can he avoided.

Technical Disadvantages

1) When rock is used as a hydraulic fill, it must be crushed, screened and prepared in

the form of a sIurry which greatly increases the capital cost.

2) Quarried rock will require crushing, and its transportation and surface production

and haulage costs can be significant.

3) The voids in rockfill must he filled by introducing fine materiaI and cementing

agent to ensure the rockfill competence.

4) Coning ofplaced rockfill results in the segregation of coarser material to stope sides

and reduces the ability to tight fill stopes.

5) Any tailings produced are only partially utilized and surface disposai must be

considered.

C. Paste fin

Paste fill has an appearance akin to "toothpaste" and possesses different f10w behavior

compared to hydraulic fill. Such fills have a higher pulp density, between 75 and 85% by

weight, depending on the grain size distribution. They contain total tailings and perbaps

include sand or waste rock. The material can be transported from surface and does not

require in-situ dewatering. Cement may he added at preparation or immediately prior to

placement.

Technical Advantages

1) Contains less cementing agent than hydraulic fill under the same strength pre­

requisites.

2) Tailings can he almost fully utilized as hackfill, so surface disposaI can he

remarkahly reduced..

3) There is little or :Où excess \Vater to drain off when placed in a stope, hence no need

for bulkhead.
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Technical Disadnntages

1) Requires positive displacement pumps for transportation and the associated high
pressure in the pipeline system.

2) Superior dewatering facilities are needed to enable the concentrations required for

paste flow to be obtained without loss of fines.

3) Higher level of technology requires more skilied supervision and accurate quality

control.

4) Liquefaction studies may be required to ensure safety.

5) Technology is new and unproved in the Canadian Mining industry.

From the economical point of view, the fol1owing remarks can be drawn:

1. Rockfill has significant advantages in mines, especially when development waste is

utilized as rockfill since il is virtually cost ITee. Mines with an open pit on site or nearby

consider rockfill as an excellent method of waste disposaI. Hydraulic fill or paste can be

used to fill voids and tight fill within a stope.

2. Hydraulic fill technology has been widely used in mining operations but its application

should be limited in modem backfill design. There are opportunities to improve existing

hydraulic filI operations by optimizing the solids concentration which can lead to

substantial savings in cement consumption, a large proportion of operating costs.

3. Paste fill is the state-of-the-art fill technology and holds tremendous long-term

potential in mining. The application of paste fil1 could significantly reduce the cyclical

nature of mining, improve ground conditions, speed up the production and greatly reduce

environmental costs. Research and practice have shown the significant advantages of

paste fill, although it is still in its infancy. A comprehensive study is necessary to design a

proper fill system. Presently, a major Joop test facility is required to enable mine backfill

to be carefully tested to determine the pressure gradient.

2.3.3. Operation system

The backfill operating system is a series of mechanical procedures to make the original

material available for backfill to meet with the specifie fill properties, fill supply and

dem:llld ITom the mine and finally placement into the mining spaces. It covers the

following aspects:

1. Backfill Material Preparation

2. Backfill Transportation Systems

3. Backfill Placement
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• 2.3.3.1 Backfillpreparatiiln specification

Before being poured into open stopes, the solid material selected for backfill has to be

prepared in a lill station to meet with the operating requirements, which include the

fol1owing aspects:

1. Fill should be prepared in accordance with the mechanical property requirements

generated from underground operations, and the cost has to be optimized;

2. Solid concentration of slurry must be optimized for transportation and favorable

for backfill performance. The commonly used concentration of slurry range

between 70-75% of solid by weight;

3. The content of fine particle in tailing or sand must be adequate to render the

resultant fill inherently safe with regard to possible Iiquefaction and to reach the

optimum drainage time after placement;

Fill sources are generally mill tailing, natural sand and waste rock. In addition, sorne

binder agent, such as Portland cement, slag, flyash etc. are a1so used to modify the

performance of the fill to satisfy the designed material requirement. Shown in Figure 2-6
is the general flow sheet of the preparation station:

.Monitoring; .

WasterRock

WaterTank .

Mill Tailing

•
Go for Transportation

Figure 2-6 The flow sheet of preparation station[IO]

ln case of the backfill without binder or additive, the related de\'ices enclosed in the dash

line are discarded.
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Mill tailings used for backfill are usually classified or full tailings which might be mixed

latter with binder depending on the backfill purpose. The backfill preparation designation

for tailing fill covers the follo\\ing aspects as shown in table 2-5:

Table 2-5 The specification of mill tailings preparation:

1) Dewatering and desliming a. Hydrocyclone classification

b. Mechanical classifier

c. Scinner centrifuge

2) Tailing slorage a. The type of storage silo

b. Volume of storage silo

c. Repumping system of storage silo

3) Mixin!! oceration Mixer selection

The sand preparation goes through the similar procedure as tailings except that, instead of

being deslimed, the sand are normally screened to eliminate the coarse particle.

The specification for rock preparation includes the following (Table 2-6).

Table 2-6 specification for rockfill preparation:

1) Rock crushing design a) Water tank type

b) Tank volume

c) Water supplving machinerv

2) Rock screening design a) Maximum particie size

b) Machinerv selection

3) Rock stora!!e desil!n Same as tailin!! storage

4) Mixing operation a) Mixing tank volume

b) Mixing type

c) Mixing machinery

Once backfill materials are mixed with binding agent and additive, the operation proceeds

ta the transportation operation.

2.3.3.2 Backfill transportation system specificatio!l

The selection of transportation system is crucial to the overall system, which determine

how fill material is prepared and placed. Following transport systems have been reported:

1). Hydraulic transportation system;

2). Pneumatic transportation system:

3). Truck transportation system;

4J. Conveyor transponation;
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So far the hydraulic transportation system has been widely used in backfill operation and

large numbers of researches have been conducted and the related resulls have been

published. Il is obvious that the rules established for hydraulic transportation system have

made it possible that the design procedure can be computerized for feasibility study and

economical evaluation. Unfortunately, the researches and publications dealing with other

transportation systems are not likely to enable the computerization to any substantiallevel

for feasibility study and economical evaluation. So in this thesis, the main efforts are put

on the hydraulic transportation system. More researches and experiments are needed to

complete specification for the other transportation system.

The determination of transportation system depends C'~ the following:

• Backfill material;

• Position of ore deposit;

• Topography of mining site;

• Equipment available;

• Economical consideration;

As stated earlier that this rationalization discusses the hydraulic system only. so once the

transportation system is selected. the next question to answer is: does it need pump to

balance the energy loss, if yeso what kind of pump should il be? The selection of pump

depends on the following factors:

• Geometry of ore deposit: Deep of shanow;

• Pipe diameter;

• Size distribution of fill material: coarse or fine;

• Viscosity ofmaterial: flowability or not;

• Gravity: heavy or Iight;

• Flow velocity;

• Concentration of slurry: low, high or paste;

The selection of pump for certain transportation system counts on the energy balance

between gravity and resistance pressure loss for certain flow velocity. When potential

gravity can not overcome the resistance. pump is needed. The specification of pump

includes at least the following aspects:

1). Type of pump: reciprocating pump or centrifugal pump;

2). Capacity of pump: cubic meter per hour;

3). Head: PSI;

4). Cost
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2.3.3.3 Backfill placement operation

The backfill placement is the last step towards the completion of entire backfill operation.

The literature survey indicates that the approaches used for placement have strong effect

on the strength and stiffness of the backfill stowed and play an important role in backfill

behaviors. So the placement methods available for each indh'idual mine are carefully

tested and compared with each other to reach the best possible benefit both from the

economical and technological point of view. The backfill placement design includes the
following aspects:

• Pre-placement Operation

• Placement Operation

• Post-placement Operation

1. The designations included in the pre-placement operation vary with the type of stope,

which can be broadly classified as follows:

1) Preparation in cyclic stope production prior to backfilling, which requires an

initial or basic preparation followed by cyclic adjustments and maintenance.

2) Preparation in non-cyclic or open stopes prior to backfilling, in which the

preparation activity is de1ayed until the stope depletion. Il is then commenced as

one continuous operation to completely backfillthe stope.

ln general, stope preparation can be divided into 3-steps, as follows:

a. Installation of stope and backfill dewatl)ring systems

b.lnstallation of monitoring systems

c. Installation of bulkhead

The drainage system design deals mostly with the hydraulic transportation system with

water as f1uid.

2. The designations included in the placement operation are the followings:

1) Placement Machinery Specification

2) Densification Method Specification

3) Placement Operating Specification

In many cases, the placement uses the same equipment as in transportation systems, such

as the pneumatic transport systems. But still lots of operating systems use different

equipment and systems for transportation operation and placement operation respectively.

ln this case, the placement machinery should be specified specifical1y. The densification
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may be involved in placement operation if it is considered as a feasible approach to reach

better backfill quality. The followings are possible approaches publishf cl so far in

literature:

a. Stope Dewatering Prior to Placement

b. Vibrating Compaction

c. Explosive Charge Compaction

The placement operating specification CODcems the sequence of placement. The recent

development of backfill techniques increasingly implies that there are great potential

benefils in the mixture of different type of fill pouring by a specific sequence, which

makes the backfill operation more flexible and easier to meet with the backfill material

requirement in term of fill resources. For instance, if tailing itself is not sufficient for the

total backfill requirement, the crushed rock or alluvial sand may be used as part of

backfill materia!. ln this case, the alternatives are either mixing the tailing, cement, sand,

or crushed rock together as the fill, or pouring the different fill separately. The

specification of the placement sequence includes the following aspects:

a. Steps of Placement

b. Sequence of Placement

c. Fill Amount of Each Steps

3. Finally, the post-placement operation deals mainly with:

1). Backfilling Water DisposaI

2). Post-backfill Monitoring

The approaches used to handle the backfill water are normally to incorporate the backfill

water system with the ground water disposaI system as a whole, and take into account the

backfill water in the pump station design.

The post-backfill monitoring includes the followings:

a. Bulkhead identification, type and location.

b. Date, dimensions and details of construction.

c. Dimensions of the stope and bu1khead drift.

d. Degree of saturation of fill in each stope.

e. Height of fill in each stope.

f. Rate of fill placement and its density.

g. Water input and output by stope.

h. Any unusual or abnormal beha\;or of the bulkhead system.
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ShO\\11 in Figure 2-7 is the structure of placement operation design.
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Figure 2-7 The Structure of the Placement Operation

2.3.4. Cost estimation

Backfill cost is defined as the direct cost related to backfill operation which includes

capital cost and operation cost. Theoretically, the capital costs are the total cost of ail

installation, equipment and labors and the operation cost are total cost of labor, material

and maintenance. But at the feasibility study level, it is impossible to predict every aspect

of the capital cost and operation cost in details. Therefore, certain statistic model can be

established for cost estimation. One interesting model uses nomogram to iIIustrate the

relationship of different backfill systems. But these nomograms are still too general, sorne

regional models are needed to predict more specifie case. The cost model used in this

thesis is based on the mining survey conducted within Quebec area. A detailed discussion

is presented in the following chapter.

2.4. DATA FLOW DIAGRAMS

The data flow diagrams are structured models one step further in detail than the context

diagram. The diagrams simplify the logical understanding of the complex system being

designed. Each of the extemal entities shown in Figure 2-Error! Bookmark not

defined. provides input information and, in tum, receives responses from the system.

Through modeling, subsequent changes to the system can be realized without major
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modifications to the scope of the system.

ln applying these models to the design of a computer-based system, the extemal entity is

represented by type of user request. The data flow diagrams mark the interchange of

information between the user and the system and. at a lower level, between processes and

data stores. Each process indicates the function or operation performed by the system on

the incoming data flow. Data stores hold information for later use by processes. Data

collectors and routers collect and disperse common information, respectively, to facilitate

the information interchange among processes. These simple modeling conventions permit

uniformity in understanding the system logic. The Figure 2-4 is expanded into the data

flow diagram shown in Figure 2-8a and Figure 2-8b:

Mlnlng method
Selection

Economie
evaluatlon

General
information
related to mlning
operation

Cost model and
market
InformaUon

Recommended
MinJng method

Bacldill matoriat
and backfill Backfill type
purpose

Recommended
backfil type

Recommended
operation system

BackfiD matarial
property, cost and
operaUon roqulremenl

Operation
system

•

Figure 2-8a The Level-Zero data flow diagram for backfill design system
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Figure 2-3b Level-Zero data flow diagram for backfill operation subsystem
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This diagram is. referred to as level zero dial,'Tam because of the higher level nature of

representation. Subsequent lower levels are further descriptions of functions performed

by the system. The user's requests are processed according to the actions specified by

each process. Ail actions or functions are interconnected among the processes

representing the system logic. In backfill design, the process 1 requests information about

general geological information related to mining operation and hclps the user to select a

suitable mining method. The process 2 requests information about backfill materials

available and backfill purpose, and then response with the fill type. Process 3 deals with

the specification of operation system which includes: 1). material preparation operation;

2). transportation system operation; and 3). placement operation. In this analysis, the

efforts focus on the transportation system in term of system functionality. However,

information flow of material preparation operation and placement operation is

investigated in terms of data storage and retrieval. To select certain transportation system,

the process requests material properties, operation requirements, equipment available etc.

and then response with the recommended transportation system. Process 3.2 requests the

information related to the transportation system, hydraulic properties of fill slurry, size

distribution etc. either from the user or from other processes and responsc with the
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answer whether pump is needed and what is the proper pump for the system. Finally,

process 4 asks the cost model to estimate the overall cost for backfill system and the

feasibility conclusion. The incoming information is processed, and a recommendation is

de1ivered back to the user and to other internaI processes. The diagrarn illustrates logical

functions rather than the manner in which the system would be \\TÏtten to implement each

function. Through this process, five basic processes have been defined as stated above.

The further decomposition of processes to lower leve1 models will be based on this
framework. A complete system design requires lower leve1 representations for each of the

processes, which will be presented after a integrated architecture is discussed.
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CHAPTER3

FILL MATERIAL PROPERTY AND SPECIFICATI01'l

3.0. INTRODUCTION

As identified earlier, the backfill design proceeds through six steps, each of which

involves certain technologies and expertise. In review of Iiterature and inàustrial reports,

the specification of backfill system deals with the following aspects:

1. Mining Technique Specification;

2. Backfill Material Specification;

3. Backfill Operation System Specification;

4. Cost estimation;

Corresponding to the context diagram figure 2-4, the mining technique specification is

related to the mining method selection; backfill material specification to fill type
selection and the backfill operation system specification to the transportation system

selection and pump selection. The cost estimation will be generated by system as a

independent function. This chapter discusses basic principles with regard to backfill

material selection and the main factors affecting the behaviors of fill slurry. This

information has to be captured sorne way to serve as knowledge bases for backfill

designer, which will be presented as a hypermedia referenc<~ manual system later.

3.1. BACKFILL MATERIAL SPECIFICATION

The specification ofbackfill material includes the following aspects:

1. Backfill material resource specification

2. Backtill material constituent specification

3. Backfill material property specification

4. Backtill material cost specification

The backfill material resource specification inc1udes the following aspects:

1). Backfill type

2). Backfill material resource
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3). Backfill material production requirement

4). Backfill material potential production

The material constituent specification include the following aspects:

1). Constituent of fill material
2). Percentage of each constituent

3). Size distribution ofbackfill material

4). Unit weight backfill material

IIlustrated in figure 3-1 is the level-I representation ofprocess 2 (see figure 2-8a):

e.clcm~I.""1

avllllbll.
ptOCIuc1HIy,-_..,"

trlntportillon
l)'It.m prefmed

ComonI llIJo..-,

~1~terIIl

ntCOll'illlld«l
wlh taro-­.-

•

Figure 3-1 The level-I data flow diagram of process 2

The process requests the information of the object dimension generated from process 1

and asks the backfill purpose identified from backfill designer to define the fill strength

requirement. The material target properties depend on the purpose of backfilling in

mining operation.
The following are the main parameters and the basic models with regard to the fill type

specification. The complete discussion offill properties and the main factors affecting the

fill properties will be described later.

U.L. Elll Streneth Requirement

1. Delayed Backfill

If the backfill purpose is for ground control or pillar recovery. then the uniaxial

compressive strength of fill material is the major parameter. The basic requirement is that

the fill must be stable, as a free standing wall during pillar recovery. In general, the

compressive strength required is up to 5 Mpa, even 7 Mpa depending on stope size and

host rock conditions. The higher strength requirement will be considered to be

unreasonable and sorne modification of stope size or mining method are demanded to
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ease the strength requirement. A three-dimensional analysis used to deterrnine necessary

unconfined compressive strength, which assumes the fill block failure mode, is shown in

Figure 3-2. This approach is developed on the basis of model tests and described in
details by Mitchell et a([l1]·, Nantel, Lecuyer[12] and Arioglu[13]. The unconfined
compressive strength of the fin (crc) is computed as fonows:

3-1
(yL(H -~W sin2a)(F tana - tan+»

(Jc 1
2M(L tana + (F tana - tan4» )(H - ïW tana)sin2a)

Where:crc ~ compressive strength offin after28 days ofcuring, MPa.

cp = angle of internaI friction, 30 - 45 degree

a = angle oHailure plane in fin black, 45 + (cj>/2) degrees.

y = unit weight of fin, tonnes/m3.

M = a constant relating to the ratio of cohesion/compressive strength
(i.e. M = Sc:!crc>. For cemented rock fin, M = 0.18. For cemented

tailing fin and sandfin, M =0.35[14].

W = width of fin block, m.

L = length of exposed fin, m.

H = height of exposed fill, m.
HE = H - Y.W tan a , the effective heighl of fill block, m.

F = 3 to 5, the safety factor for stability of the backfill. It depends on
ground conditions, blasting technique, heighl of exposed fin and

pillar recovery technique.

•

Ore or Previus RU

CorJsla1 wall
Slae Fèsislanœ

WxTanCl

11=45" + +/2

Figure 3-2 Schematic of failure model for a confined fill block
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Other numerical models have also been used to predict the fin strength requirement,

among them are the finite element, boundary element and other empirical equations.

Once the strength requirement is calculated, the process asks for the information of

bacldill material available, fill productivity, basic properties of source fin material and

transportation system preferred to determine the fill type. This process is iIIustrated as

process 2.2. in figure 3-J. The process 2.3 evaluates the material available and try to

match the fin with strength requirement generated earlier, permeability requirement and

bacldill purpose to determine whether binding agent Iike cement is needed. If yes, the

process asks for the cement ratio prediction model to calculate the cement ratio of fin

material, and finany recommends the bacldin type and cement ratio.

2. Cyelie Baekfdl

In cyclic backfilling systems, fin in cach operation cycle, worlcs as a platform for mining

equipment. The major factors determining traffic stresses are: load transmitted by the

wheel, area of load influence, number of load repetitions, speed of vehicle, contact area

of the tire, number of tires in the assembly, spacing between axles (sec Figure 3-3). The

general bearing capacity for fin is dcfined as fonows[lS].

~ 'tl "-Rear Axle Front Axle Backfill
bearing pressure lJearing pressure

Figure 3-3 Bearing Capacity Design Criteria
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Q = (1.3 C Ne ) +( 0.4 'Y B Ny) 3-2

Where:Q = surface bearing capacity

c = cohesive strength ofbackfill
y = bulk density of backfill

B = width of square footing at surface contact position

Ne = cohesion component bearing capacity factor
Ny = bulk density bearing capacity factor

Ne and Nyare the bearing capacity factors of Terzaghi's theory, they depend only on the
angle of internai friction , of the backfill and are non-dimensional coefficients which

characterize the bearing capacity of the till. The values of Ne and Ny are available from

experimental nomograrn. As a general rule, in cut and fill mining, the 28 day compressive

strength required is lower than 1 Mpa.

u..t. Mathematical Model for Fill Streneth

A number cf tests with various fill constituents has been carried out to determine the

parameters affecting fill strength. The effects of the compositional variables on the

material strength have been analyzed and incorporated into an empirical model. The

unconfined compressive strength (in Mpa) of a desired composition can be estimated

according to the following relationship[16J.

where: PI = -2.15 P2 = 5.65 P3 = 0.67 P4 = 1.60

P5 = -0.07 P6 = -0.34 P7 = 0.21

OPC = Ordinary Portland Cement

PFA = Pulverized Fuel Ash

W=Water

CT = Classified Tailings

CW = Comminuted Waste
NCS = Non-cement Solids (ail material masses in same unit)

PBFC = Portland Blast Fumace Cement

•
Limiting ranges: Water/Cement: 2-10

Total solids/water: 2-5

3-5



•
Within the given Iimits, this mode! allows the estimation of the 28 day compressive

strengths of cemented backfills, cured at 30'C and 100% humidity. It must be

remembered that such a design equation is not intended as a definitive strength predictor,

but rather as a general guide to the strengths which may be expected from materials of

certain composition. Laboralory testing should not be omined.

3.1.3. Fill Ouantity

The quantity of fill is determined by using the following equation:

G=Kx'YxV 3-4

where: G = quantity of fill needed per year, tonneslyear.

V = volume of stopes to be filled per year, m'/year.

K = coefficient conceming with fill 10ss = 1.02.
Y = unit weight of fiIl, tonne/m' = y, +C,

Yt = weight of fill (tailing) in m' of cemented backfiIl, tonne/m'.

Co = weight of cement in m' of cemented fiIl, tonne/m'.

An alternative is the replacement factors determined from the Quebec Mines Survey.

Two factors NR and NT' for rockfill and tailings (and sandfiIl) respectively were

calculated and are shown below:

Rockfill;

N = (SOLID WASTE ROCK DENSITY) x (0.71)
R (ORE DENSITY)

TalIines (or Sand);

3·5

•

N - (SOLID TAILIJIOGS OR SAND DENSITY) x (0.64) 3.6
T - (ORE DENSITY)

The backfilling rate is closely re!ated to the mining system and production rate and

should be designed to meet operation requirements.

3.1.4. Water Demand

1. TaiIing Fill

Water requirement for cernented tailing fill (W) is estimated from the following

expressions:

W=W1+W2+W3 3·7

where: W,: weight of water for repulping saturated tailing in storage tank,

tonne/year.
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• W =( 1• Cl _1 - C. )G
1 CC,, .

W,: weight of water for mixing tailing wilh cement, tonnelyear.

W, = (1 c~')G -ec~')G. + 0.23.G,

W,: weight ofwater for pipeline flushing, tonnelyear.

3-8

3-9

W, = K•. Q.

G: weight of fill, tonnelyear.

G=G.+G,

3·10

3-11

G.: weighl oftailing (or rock or sand), tonnelyear.

G, : weight of cement, tonne!year.

C.: solid concentration of saturated tailing = 82%.

Cr: solid concentration of slurry discharged from silo =72%.

C,: solid concentration of slurry placed underground = 65 - 85%.

K.: volumetrie ratio of flushing water to slurry = 0.04.

Q..: volume of slurry placed underground, m'!year.

Hence:

W, ~ 1 C~l- 1c~· )G. + (1 c~,). G -ec~JG., 0.23.G, + K•• Q. 3-12

The ratio of water to fill is expressed as follows:

W ~ 1 - Cl 1 - C.)Q.. (1 - C.) _(1 • Cl) Q. 0 23 Q.. + K J.. 13
G C· C G + C C 'G"'G 'C

'1 .' •

where: %=ratio of tailing to cement fill by weight.

2. RockfiU and SandfJ1l
The water needed for cemented rockfill or sandfill can be estimated by using the

following expressions:

•
W=eC~')G + 0.23.G, +K.g.

3-7
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•
ln equalion (15), Ihe ralio ofwaler 10 rocklill or sandli11 is expressed as fo11ows:

w_(1- C,) + 023 g,.+ K 1.. 3-15
G - C. .. G • C.

When rocklill or sandli11 is nol transported by pipeline, Ihe ratio of water 10 solid li11 is

expressed by the fo11owing equalion:

w = (1 -c.) 023 g,.G C +. . G
•

3-16

•

J,J.5 Fill Ouality

There is little data regarding the quality control of the in-situ hackfi11 with respect to its

physical and mechanical properties and this is certainly an area that requires further

investigation. In most cases optimization of the preparation and transportation of the

existing backfi11 will result in a higher pulp density, higher strength, and a reduction in

the backli11 cost.

~ The permeability

From hydraulic point of view, the permeability is an important measurable property. The
general accepted percolation rate is 100 mmIh. To reach this, the fraction of 10 llJIl or less

particles in classified tailings is usua11y less than 20% oftolal mass by weight.

3.2. PHYSICAL - MECHANICAL PROPERTIES OF FILL

Mechanical properties of fi11 placed underground change remarkably depending on its

composition and preparation procedure. Factors affecting mechanical properties of fi11

have been analyzed and their relationships, determined by laboratory research and in-situ

monitoring, are as the fo11owing:

1. Specifie gravity of fi11 solids

2. Void ratio and porosity

3. Moisture content

4. Particle size
5. Consolidation characteristics

6. Compressive strength

7. InternaI friction angle and cohesion

8. Percolation rate, permeability.
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3.2.1 Specifie eravity of fill solid

Specifie gravity of fill solid, y, is defined as the weight of solid in an unit volume, and

varies in a wide range depending on fill material. Practice indicates, most cement applied
fill possesses specifie gravity, y, from 2.6 to 4.0 t/ml .

3.2.2 Void ratio. porosity and relative density

Void ratio, e, of a fill material is defined as the ratio of the volume of voids, V" to the

volume of fill solids, V"

V
e=V:

Porosity, n, of a fill is defined as the ratio of volume of voids, V, to volume of total fill

mass V:

V
n="

Backfill practice indicates typical void ratios as 0.25 to 0.75 for hydraulic sandal and 0.50

to 0.85 for rock fills. The relationship between n and e is expressed as follows:

n=_e- 3-19
l+e

The porosity, n, is in the range of 0.42 - 0.48 for hydraulic fill, 0.35 - 0.42 for high

densified backfill.

Relative density, Dd is a useful parameter to define the status of a backfill between

maximwn and minimum void ratio states, expressed by the following equation:

D.(%) 3-20

•

Where: e = void ratio in loosest state

e = void ratio in densest state

e = in situ void ratio

3.2.3 l\Ioisture content

Moisture content can be defined on either a dry - weight basis or a total - wcight basis.

Dry fill placed by car or conveyer generally has much less moisture than hydraulic fill.

Since IDOst fill is prepared and placed in forro of a slurry, the moisture content is a certain

fraction of the total weight of slurry, and expressed by percent of weightl l7), (18):

3-9



• M . t moist mass - dry mass 01 3-21
OIS ure content = moist mass 10

For hydraulic fill and high density fill, after being placed, the moisture content Ï5 in the

range 15 • 22% depending on the permeability of the lilled body and local underground

conditions.

3.2.4. Particie size

3.2.4.1 Tailing!!UI.~ fil1

An accurately determined particle size analysis is probably the most useful information

available on any lill material, especially for comparison with similar fills to aid

preliminary design parameters.

Tailings and deslimed tailings fill size analyses presented in Figures 3-4 and 3-6 are

broadly representative of practice covering a range of countries and ore types. Size

analyses of a series of natural sands either used as fills or considered for such use are
presented in Figure 3-7

In order to qualify the distribution characteristics, a number of indices has been used to

summarize the graphical representation, the most widely used index is the coefficient of

uniformity, Cu:

c =!!...
• DIO

The second index is the coefficient ofcurvature Cc'

3·22

3·23

Where:

ID,,)'
C. [D.. - DIOl

D" =diameter of 10% passing size

DlO = diameter of30% passing size

D.. = diameter of 60% passing size

Weil graded material contains equal representations of ail size fractions with C. values of

4 to 6, and Cc values of 1 to 3[191. For paste backfi11 a broad size distribution is often
desired; since there are aggregates and slimes together the coefficient of uniformity can

be very high, 2-500.
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Figure 3-5 Deslimed Tailing Si'7.e Analyses [Thomas, 1979]
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Figure 3-7 Natural Sands Size Distributions [Thomas, 1979]

3,2.4.2 Rockfill

The main types of rockfill are waste rock, gravel, smelter slag or ore processing reject.

The maximum grain size is generally Iimited in accordance with transport means, for

pipeline transportation rock must be crushed to smaller than 113 diameter of pipe, in case

of transportation by conveyor, maximum grain size can be much bigger, at Kidd Creek,

rockfill size is up to 15 cm, and at Mount lsa, the top size reaches 30 cm.
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~ Consolidation characteristics

Consolidation characteristics are detennined in an oedometer, with a cylindrical sample

typically 18 mm thick and 76 mm diameter. Loading is usually through a dead-weighted

lever arm, though a more recent development employing fluid pressure is proving very

suitable for use with fills. The tenn "consolidation" is in strict application confined to

compression where rate is controlled by water movement from the sample.

3.2.6 Compressive strength

Compressive strength is usually of application only for cemented fills since these are

usually the only fills exposed in such a way as to allow a fill failure related to fil!

compressive strength to occur.

l.U Percolation Rate. Permeability

Penneability is the most important measurable property of fills. The procedure used is

based upon the constant-head penneability test and invariably features a sample held in a

glass or perspex tube with a porous base; hydraulic gradient of near unity is used. Test

equipment and test procedure are not standardized from mine to mine, or country to

country. The only standard factor is the answer required, a percolation rate of 100 mm/h,

(for hydraulic fill). The definition of penneability is derived from Darcy's law, as:

K Q.L.!J
h.A •.,

where: K = penneability of porous medium, m'.

Q= rate of flow of fluid through porous medium, N/sec.

L = length of porous medium, in direction of flow, m.

h = staric pressure differential across porous medium, m.

A= cross-sectional area ofporous medium, nonnal to flow direction, m'.

11 = absolute viscosity of fluid flowing, N sec/m', and

y= unit weight of fluid flowing, N/m'.

This expression for penneability is valid only while Darcy's law is valid, though this is

usually the case during testing and dewatering of fill materials. Also, Darcy's Law

inherently improves in range of validity as fill fineness increases. Percolation rate and

penneability are in fact directly relat-::d, as described below. If the rate of flow Q be

expressed in m'/sec instead of N/sec.

q • L .!J. _ 3.25
K h. A . Ysmce Q- q . y
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For a unique solution at constant temperature, Tl/Y is constant and the equation becomes:

K =!l..:...h
h. A

where the units (rn/sec) of k (permeability coefficient) is the same as those of percolation

rate. Percolation rate is defined by the equation:

v =.!I.• A
where: V, =percolation velocity, rn/sec.

q =rate of flow, m'/sec , and

A =cross-sectional area of sample normal to flow direction, In'.

Paste backfill has an advantage over hydraulic fill since the permeability is expected to be

very low. A distinct cost benefit is the elimination of bulkheads. The paste should carry

enough water to enable flowability but drainage water should he minimal.

3.3. FACTORS AFFECTING PROPERTIES OF FILL

~ Streneth characteristics m: uncemented fill

3,3.1.1 S1!m streneth

Strength of uncemented fills has two components:

1) An apparent cohesion which results from surface tension forces in capillary water

and disappears at dryness and saturation, and

2) Interlocking of grains, the extent of which is independent of moisture content

except insofar as pore pressures within fill water can reduce effective confining

pressures.

Apparent cohesion is an extremely important property of uncemented fills, which is
dependent upon:

• particIe size,

• particle shape,
• overall particle grading, and

• packing density,

The importance of grain interlocking and hence the magnitude of the internai friction

angle also depend upon grain shape, overall particle size and packing density's shown in

Table 3-1.
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Table 3-1 Effect of particie angularity and grading and packing density on friction angle.

Shape and eradine Loose Dense

Rounded, unifonn 30' 37'

Rounded, welll!Taded 34' 40'

Ammlar. unifonn 35' 43'

Angular, welll!Taded 39' 45'

3.3.1.2 Compressibllity AllilIM.!t bear1ng capaclty

1. Compresslbillty of tailing fil!

Nicholson and Busch reported the compressibility of backfill under the low-confinement

and the high-confinement conditions (Figure 3-8). Curve 3 represents the triaxiaI stress

conditions frequently employed in testing of fills. Curve 2 represents earth pressure at

rest condition where lateral strain is not allowed and lateraI stress development and axiaI

stress development are related through the coefficient of earth pressure at rest. Most

practical fill situations lie between Curves 2 and 3, some lateraI strain being possible and
lateraI stress not remaining constant but increasing with increasing axial stress.

t>
O"a

•
li) f1jIII
III
Il:

Iii..c
;C
c

Figure 3-8 Axial Stress·strain Curves for Granular Material Subjected to Various

Confining Stress (after Hendron, 1963).
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The stress-strain characteristics are presented in Figure 3_9[201, which very clearly

indicates the substantialload bearing advantage that milled waste then has over the other

uncemented filis.

200

POTENTW. IlISltII
MlNIMUM 'ORORSI" 'OROS/TY.

ISO

1 100

i UCll!ND

10 ' 1."ml...d ••m""
a Ct_hll.,"d IIln"".
4 Dull...d ,.111_81
1 Milio' ...,.

0
0 tO

Figure 3-9 Stress·strain Curves for Various Fills Tested at their Observed Underground

ln-situ Porosity and at their Potential Minimum Porosity as Defined by the Placement
Properties Test.

EfTect of cement: The addition of cement to a backfill such as dewatered tailings cause
the fill to develop a significantly stifTer stress-strain response in the low strain region.
This is iIlustrated in Figure 3-10 in which stress-strain curves are given for cemented and

uncemented tailings prepared to the same porosity. The very substantial increase in early

loading stifTness is weil demonstrated by curve 2 in Figure 3·11.
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Figure 3-\0 Stress-strain Curves for Cemented and Uncemented Tailings Prepared to the
same Porosity. [Stewart \986]
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Figure 3-11 Stress-strain Curves, in the Low Stress Region, for Various Backfills

•

."

f
Figure 3-12 Compression Curves ofTailings with Different Particle Diametersl21]
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Key to Figure 3-12 Solid line - dry tailings, Dotled line • saturated tailings• 1. d, = 0.455mm (d = average particle size)

3. d, = O.lI3mm

5. d, =0.061mm

2. d, =0.203mm

4. d. =0.086mm

6. d. =0.045mm

Effeet of particle size. The compression tests carried out with different tailing fi Il,

indicate, that particle size affects the compressibility remarkably. The loading and

unloading curves are iIIustrated in Figure 3-12. The solid line indicates the dry tailings

and dotted line saturated tailings.
Effeet Qf mojsture content. From Figure 3-12 it is obvious that for the same particle size

of tailing there is a clear difference in compression curves between dry and saturated

sand. The modulus of saturated sand, E, is between 85-115 kg/cm'. but of dry sand is
130-170 kg/cm', that means deformation of dry sand is smaller than saluI1\led and

explains the need for good dewatering to ensure that the optimum strength is obtained.

2. Compressibilitv of rockfil!

P 21

10

1.

Kra
Zl

L
o
A
D

The same rule govems the compressibility of crushed rock, it closely relates to grain size

composition, porosity. water content and confinement. Curves in Figure 3-13 show the

compression characteristics of crushed dolomite with porosity ranging 32-43%. The

compression rate varies between 22-29% under a pressure of IS MPa.
3D

•
U

Figure 3-13 Compression Curves of Dolomite (crushed)122)
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~ Streneth Characteristiçs!lf Cemented Fill.

3.3.2.1 Compressive Streneth !If Cemented Tailine Fill.

The main factors afTecting compressive strength are summarized as follows.

Effect of cement content Portland cement is the most universally used, the :nost

predictable, reHable, convenient, and the most expensive fill additive. Aft..-r a

comprehensive study on compressive strength of cemented tailing, the experimen,tal data

are plotted in Figure 3-14, which summarizes the relationship between compressive

strength and cement content, curing rime and grain size composirion[231.

J~
FF .. F1NE FI1L
MF .. MEDIUM FI1L
CF = COARSE FI1L

l
:s 1.0

1
~z 0.8
lU

~
lU 0.6;
SU
o J"ŒNEKTIlU 0.

1 t~~~~E:=:;=:CF~J" em.œ:NT1
~ O.og 7 " 21 21

CURING TlME - CAYS

•
Figure 3-14 Panconrinental Ltd., Tests-curing Curves to 28 days for Three Fill Graœs

(coarse, medium and fine) and Range of Portland Cement Addition Level [Thomas,

1981]
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•
Figure 3-15 shows the maximum compressive strengths of compositions comprising full

tailing with increasing amounts of cement, the water/solids ratio of sampIes were kept

constant at 0.39, after 90 days this increase is no longer significant.

Effect of backfill type Figure 3-16 shows a test of three compositions of fill ail

containing 10% cement. The difference in strength between cemented backfills derived

from belt- filtered tailings or cyclone - c1assified tailings is a function of their ultra - fine

(-10 micron) particle fraction. Considerably higher strt:ngths can be achieved if cement is

added to well-graded comminuted waste (coefficient of uniforrnity, C. = O.jD" = 35),
which has a lower placement porosity than tailing-based backfills.

Effect ofwater/solid ratio Ideally the water/solids ratio in cemented backfill should be as

low as possible. A low water content of the backfill material enhances the intrinsic

bonding strength of the cement in addition to minimizing the place porosity and reducing

segregation of the fines. Figure 3-17 clearly demonstrates the advantage of operating at a

high slurry density, as the strength increases more than threefold over the test range.

80
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•
Figure 3-15 Maximum Compressive Strengths of Compositions with a Range ofeement

Contents. [Lamos, Clark, 1989]
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Figure 3-16 Maximum Compressive Strengths of Compositions Comprising Different

Backfill Types. [Lamos, Clark 1989]
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Figure 3-17 Maximum Compressive Strengths of Samp1es Prepared to a Range of

Waterlsolid Ratios. [Lamos, Clark 1989]
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Effect of cement type. Test involving different binders have been reported. The results

are shown in Figure 3-18. Backfill containing ordinary Portland Cement (OPC) is

stronger than that containing a blend of OPC and pulverized fuel ash (PFA), and as the

proportion of PFA increases so the strength of the cemented backfill decreases. At the

same concentration, Portland Blast fumace cement (PBFC) produces a much stronger fill

materialthan oPC.

BeU-IUtere4 taI1Inp
10% Tot&! bID4er
"a1<./..,1I4. nU. O.~O
:w'C

28

PBFC

OP
CIPFA 1:1

OPC/PFA 1:2

Curînc Time (dl 90

Figure 3-18 Maximum compressive strengths of compositions using different binders(24)

3.3.2.2 Qm!J!ressive streneth !!!: çemented roçkfill CeRFl

The factors that affect the strength and behavior ofCRF are summarized below:

Cement content: The cement content greatly affects the strength of CRF mixtures. CRF

can be considered similar to a weak concrete mixture. Arioglu!2S] investigated the

variation of CRF strength properties dth cement content and concluded that the

compressive slrength, indirect tensile strength, cohesion and elasticity increascs with

increased cement content. The relationship connecting the IWo parameter~ was derived
from a statistical assessment ofexperimental values [Arioglu, 1983]:

•
Gç=A. (a)n

where: a = water/cement ratio by weight = Wft,
W, = content of cement. Kg/m'
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W. = content of water. Kg/m'

A = constant = 80.268

n = constant = -\.536

Yu[26] also repon.::d that the compressive strength of CRF at 28 days cure from a Kidd

Creek fill sample showed a relationship to the cement content by:

Q. = I.S e°.2$< for 5<c<2S

where: Qu = uniaxial compressive strength (MPa)

c = Ponland Cement content by weight % of-4 cm aggregate

Waterlcement ratio (% mixinl: waterl. The water/cement ratio is of the greatest

importance in strength considerations of CRF. K"1issel and HeIms[21] has shown that for

the same size, age and cement content, CRF have different compressive S'aength which

vary with the moisture content. This is iIIustrated in Figure 3-19. A cloSl'.1' look at Figure

3-20 shows that the optimum compressive strength can only be obtained at one moisture

content (the optimum moisture content).

WATEM:EMENT RATIO L2S -::
1.0

IF 1.5..-V
f L---'" L15 ~-r ~-..,.
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snu:NG'Ili
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o 5101520
AGE OF SPECIMEN

2S d 30

•
Figure 3-19 Uniaxial compression strength of mixtures with different w/c - ratios versus

age of specimens (Cylindrica1 specimens, h=IOO mm, hld=2).
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Figure 3-20 Variation ofcompressive strength with moisture content for the same size,
age and cement content (Knissel & Helms, 1983)

3) Coarse aggregate!tine. aggregate!cement ratio. The strength properties can be
optimized if the right properties of coarse aggregate, fine aggregate and cement are
combined. At Kidd Creek Mines, sand was addOO to CRF to act as a void tiller and
reduce segregation. The increase in sand content, however, 100 to a decrease in the till

strength (sec Figure 3-21). Also at the Cannon Mine (Wash., U.s.A.), the testing
program proved that the strength of the fill depended on the proportion of coarse
aggregate to cement. Figure 3-22 iIIustrates results of the tests and shows that coarse

aggregateJtine aggregateJcement ratio of 65% 1 29% 1 6% by weight gave the highest

uniaxial strength. The strength of CRF also varies with the size of aggregate (Jeremic,

1987). Figure 3-23 iIlustrates the variation of strength with aggregate size for model rock

aggregate piIlars.
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Figure 3-21 Compressive Strength vs. Sand Content
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Figure 3-22 Effect of coarse aggregate content on backfill strength (Brechtel. Hardy,

Baz·Dresch & Knowlson. 1989)
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Figure 3-23 Variation of fin strength with size of aggregates (Jeremic, 1987)

•

U.J. Binder Alternatives

Cemented fins introduce a new f1exibility into mine planning and design; however, cost
considerations limit potential applications. The operating cost can he reduced by

replacing Portland cement with a Jess expensive binder alternative. Iron blast fumace
slag, power station fly ash and various natural slags and ashes have long becn known for

their pozzolanic properties. E. Douglas et aJ!28l reported the experiments with slags from
different sources. In a recent study, made by P. Hopkins and M. Beaudry in 1988, five
binder alternatives were tested[29l; Strength developments of cemented rockfill were
tested using f1yash at different proportions with cement. The experiments were performed
for Kidd Creek, Bousquet and Page-Williams mines[30l. In addition, Anhydrite (CaS04)

Anhydrite has also been used as a monolithic packing material in coal mines but they
have potential, as research at McGiII University has shown[3 Il, for hard rock mining.
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J.M Permeability (Percolation Ratel

Penneability (percolation rate) is an extremely important fill property. The universally

accepted percolation rate value is 100mmlh and this is probably valid since most authors

quote the percolation rate close to (preferably slightly above) 100mmlh. Percolation rate

is closely related to grain size composition, particularly fine particles and cement content

in the fill.

3.3.4.1 Effect of~ composition Q.!!. percolation rate

Bates and Wayment[32] conducted sorne 135 routine percolation rate tests on actual mine

fill materials from seven different mines. Their test resuIts indicated that they could

satisfactorily calculate percolation rates using the empirical muIti-variable equation.

Lo (PlO x 25.40)= 11.39147+ 2.85342210 (e x D,J+ 0.1747436 e x C.- 3-30

178.8039 D.. x D..+ 311.7034 (D..)'

Where: (PlO x 25.40) =percolation rate at 20·c, mm/h

Ln = natural logarithm,

e = void ratio

DIO' D..= 10 per cent. finer, 50 per cent. finer grain size, mm

C. = coefficient of unifonnity (D.,fD" particle sizes)

Provided test samples satisfied the follo\\ing conditions, (ranges expanded by Thomas,

1965)

I)e: between 0.430 and \'080,

2)D,,: between 0.003 and O.\OSmm,

3)D..: between 0.0053 and 0.240mm,

4)C.: between \.77 and 22.0

Based on test resuIts, Mitchell proposed an empirical equation to calculate percolation
rate oftailing fill. Which is given as [33]

•
P = 5000 <E:? Cm/h

e( ....1
Where:D" - effective grain size, mm.

n - porosity of tailing fil!.
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3,3,4,2 Errect Q.[ cement!!.!! percolation~

Addition of Portland cement greatly reduces permeability of hydraulic fill. ~fitchell

reported !hat the addition of small quantities of cement to c1assified hydraulic backfill
will not alter the initial porosity significantly. Cementation will, however, decrease the

percolation rate due to the formation of cement gel in the void space. The data in figure

3-24 shows typica! limits of this effect for IWo backfills with similar uncanented

percolation rates. Herget[34] reported that the effect of cement on the drainage behavior

of a material where a material which had a percolation rate of 3.7 cmlhr showed a

percolation rate ofless than Icm/hr after IWo days with a cement addition betwecn 3-12%

(Figure 3-25).
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Figure 3-24 Percolation in cemented tailings. [Mitchell 1979]
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Figure 3-25 Change of percolation rate with time at 100% saturation. [Herget 1981]

3,3,4.3 Effeet !!f fine particles

The percolation rate has a very close relation with the content of fine particles in tailings.
With the increllse in content of fine particles, the percolation rate drops quickly. The
factors infiuencing the percolation rate would be concluded into three parts: Porosity

(particie shape included), constituent of particles, and composition of mineraI. The
relationship among percolation rate, the content of fines, and porosity has been analyzed

by data from laboratory tests using the tailings from four gold mines which is shown in
Figure 3-26.
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• Figure 3-27 Relalionship between percentage slimes and percolation rate. [Herget, 1981]
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Il is clear that the permeability is reduced as the percentage of fines increases. Slimes

are generally called the size fraction of -400 mesh or grains with a size less than .038 mm

[Herget. 1981 J. Figure 3-27 shows a plot of percentage slimes against percolation rate

from various standard percolation rate tests. The percolation rate drops significantly as

the slime portion increases above 10%.

~ Liquefaction Potential of Paste Backfill

Liquefaction is a phenomenon wherein the shear resistance of a mass of soil (backfill)

decreases when subjected to monatomic, cyclic or dynamic loading at constant mass. It

can occur in saturated tailings, sand, silts and quick clays. When Iiquefaction occurs, the

body will behave as a fluid with a mass twice as that of water, resulting in very high

hydrostatic pressures on retaining walls and great potential danger should the soil be able

to 'flow'.

3.3,5.1 Evaluation !lI Liquefaction Potential

a) An evaluation procedure based on the concept of "steady state of defonnation" \Vas

proposed by C.SJ. Poulos et a)[36]. On Iiquefaction the mass undergoes very large

unidirectional shear strain - it appears to flow - until the shear stresses are as low or lower

than the reduced shear resistan~e.

b) A second procedure is based on the cyclic stress or strain conditions Iikely to be

developed in the field by a proposed design earthquake. These stresses and strains are

then compared to those observed to cause Iiquefaction in representative samples in

laboratory tests. Such results can provide results permitting an assessment of the soil

behavior under field conditions [37].

The first procedure suggested by Poulos[38] et al has been widely employed; where a fill

mass sustaining static shear stress greater than the steady state undrained shear strength is

susceptible to Iiquefaction. If paste backfill is potentially unstable, it is also necessary to

consider those possible seismic events that could cause Iiquefaction.

3,3,5,2 Liquefaction Eyaluation Analyses

According to the suggested method from Polous et al, (1985), a series of consolidated

undrained triaxial tests was conducted on reconstituted and undisturbed samp1es at

various void ratios. Typica1 results of tests on reconstituted samples are presented in

Figure 3-28139].

These tests were carried out on saturated samples \\ith void ratios ranging from 0.68 ­

0.98 and different cement:tailings ratios, (1 :30, 1:40, 1:50).
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Figure 3-28 Paste backfill sample at 30% water content and 69kPa pressure.

3.4. CONCLUSIONS

•

Physical mechanical properties of fill inherently relate to type of fill, its grain size

composition and additives blended in fill mixture. A number of laboratory tests and in­

situ investigations h".e been devoted to determine the inter-relations of basic parameters
affecting of backfill and as a result of those activities, some empirical correlations
interpreting quantitative relationship between factors and property indexes have been

developed. As investigations and experiments indicate tbat the extremely important
factors are, grain size and size distribution, type and amount of cementing agent, water
content and curing time. Variation of any of those mentioned factors would result in

significant change of mechanical properties of backfill. Since the potential material for

backfill is of great variety, 50 the measurement of fill properties has become necessary to

prove a real suitable fill.
The results obtained in experiments and investigations presented in this chapter are good
references but not concrete solution for a given condition. To improve properties of fill

mixture and backfill economy, further study with specified material is always

encouraged.
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• CHAPTER4

PREPARAnON OF BACKFILL

4.0. INTRODUCTION

The fill preparation process is the first part of operation system specification which

generally comprises fill composition and mixing solids with water to form a slurry hefore

heing transported and then placed in stopes. Solid materials selected for hackfill must he
prepared in fill stations according to the target properties of the fill and operation

requirements.

Following the discussion of context diagram analysis, figure 4-1 illu~trates the level-I

data f10w diagram of process 3.1 (shown in figure 4a):
Fine particle percentage.

reeovery raie, cul point end
rnaxilT'lJm partiele sile

Backfllllype and FIII
'a",rQO:::,,,,,,,ope=r=.,

T~ih;.gs ..
and

sandfll

-----./,/

Rockl\11

Preparation
"'--t~ ayslom

specification

cement ratio. solld
concenlrallon

Maxiroom particle slze. pipe
slze equipment

•
Figure 4-1 The level-I data f10w diagram of process 3.1

The process requests the information of hackfill types and target properties of fill

material specified in process 2 to determine the preparation system (shown in figure 4-1
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as the process 3.1.1). The proce!;s ma)' result in IWO possible conclusions: 1). rockfill

preparation; and, 2). sandfill or tailings preparation, each of which requests different

processes. For ...ilings Oi sandfill, process 3.1.2(a) requests information about fine

parlicle percentage, recovery rate, cut point and maximum particle size to determine the

desliming op,-ltion and screen operation. For rockfill, the process 3.1.2(b) requests

information about maximum particle size, possible pipe diameter and handling equipment

to determine the crushing process. Finall)', the process 3.1.3 requests information about

cement ratio and preferred solid concentration to determine the mixing operation. The

overall process will producll the basic specification of backfill preparation operation. In

the following sectio'n, the details of technology involved in the process presented in

figure 4-1 will be presented.

4.1. CONSTITUENT AND SOURCES OF BACKFILL

FiJI materials are generally mill tailings, sand, waste rock and binding agent, such as

ordinary Portland cement, slag and flyash. Mill tailing cornes from ore processing plants

and then is c1assified before being stored in surge bunker.

Sand and waste rock can also be uzed for backfill, especially in the case of inadequate

tailings, or deficiency in its required mechanical properties. Sandfill usually cornes from

surface alluvial sand basin by truck or railway. Rockfill is commonly provided from

underground development, or nearby open pit or quarry. Smelter slag and flyash from

either smelter or coal buming plants have also been widely utilized in backfill in recent

years. This has brought an effective environmental control of the latter materials.

Sorne additives, such as flocculent, acce1erator, retarder, are used in small amounts to

perfect the fill mechanical properties. These additives are supplied by a chemical plant as

chemical products. They are relatively expensive and therefore their use is limited at the

present time.

4.2. PREPARATION OF BACKFILL

4.2.1. Preparation of taiIin2 fill

Mill plant tailing is a fine solid material with average particle size about 100 llm. lt can

be used as a deslimed tailing or full tailing depending on percolation requirement. Tailing
fill can be divided into six categories based on fine partic1e content (-10 llm) as

follows[40l:
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Table 4-1 Tailing fill Properties

Mass fraction (%) Category

(minus 10 llm)

0- 10 Very coarse

10 - 20 Coarse

20 - 30 Medium

30 - 40 Fine

40 - 50 Very fine

>50 Extremelv fine

Classified tailing containing fines of 10 llm less than 20% by weight is commonly

applied in backfill which has a percolation rate above 10 cmlh. The fine tailing is used

only for paste fill, where its density reaches above 80% of solid by weight.

4.2.1,1. Centrifugai Methods of Dewatering and Desliming of Tailings:

Tailings from ore processing gen"rally contains 30 - 40% by total weight fine particles of

size 10 microns. This reduces the efficiency of stope drainage for hydraulic fill and

results in possible liq1lefaction. Therefore it must be deslimed to reduce the presence of

fine solids in tailings to less than 20% by weight. Desliming is usually performed using

hydrocyclones, which may 01- erate in various circuit eombinations, or by a classifier

(thickener) depending on size limitation and requirements oftailing recovery.

A. Hydrocyclone

Hydrocyclones were introdueed in the 1950's as a popular classifying device and is now

probably the most popular mechanical classifying method used in mining today (see

figure 4-2). The hydroeyclone is physically small and mechanically simple with relatively

low capital and operating costs. Tailings are pumped directly from a mill plant or

disposaI pond to hydroeyclones in a slurry with density of between 30 - 40% solids by

weight. Solids are thrown to the outside of the cyclone and as the primary vortex travels

down the conieal shaped cyclone it is throttled and solids escape through the bottom, a

secondary vortex carries the clarified f10w in a tighter and faster f10w up through the

center of the cyclone. This aets as a second filtering system which increases the particIe

recovery. The fine partieles are rejected as overflow to a disposaI pond and the coarser

particles are discharged as underflow with a density of above 50% by weight.

The final 'cut point' is generally defined by the aeeeleration of the secondary vortex. The

'eut point' is delermined by means of a Tromp Curve, (Figure 4-3). Tc, the eut point, is
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defined as the point at which partic1es have an equal chance of going either with the
overflow or the underflow is also shown in Figure 4-3.

~--.,p~
OVERFLOW

----

APEX VALVE----..:~r

... UNDERFLDW

Figure 4-2 Hydrocyclone [411(LinatexThl)

The cut-point can be shown to be theoretically dependent on the square root of the

diameter.

_-~ _Œ:JQ
d, - \{i(i>;:i>3 .'\j i.. . VH

4-1

•
Note that the cut point is proportional to the fourth root of the pressure drop across the

cyclone. Hence fine separation requires small hydrocyc1ones and il is found that in

commercial applications the capacity dictates that many cyclones must be connected in

parallel.
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Figure 4·3 Tromp Curve (Linatex lM)

Grain size distribution of tailings classified by various cyclones may he different

depending on the desliming process. For example. at Mount lsa, the IWo - stage cycloning
of tailings at wet fill station produces hydraulic fill with a pulp density ranging from 68
to 72% solids by weight. depending on characteristics of the concentrator tailings[42l.
The relevant size distribution is shown in Figure 4-4. This is suitable for both bydraulic

and cemented fill. The specification for a backtill product meeting the requirements of

support, drainage and fines retention is not unique, and a change in emphasis on each of
these requirements results in a different specification of 2% to 7% is considered to

provide acceptable backfill by various mines.
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To optimize preparation of c1assified tailings in backfill, comprehensive research work on

classification of mill tailings has been carried out at the South African Chamber oo.lines
Research Organization[431.
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Figure 4-4 Grain s?7.e distribution of Mount lsa deslimed tailings

Test-work on small diameter hydrocyclones (100-150mm diameter) was performed. The

performance of these small cyclones have becn extensively studied and a computer model
developed to describe the performance of these cyclones in various circuit combinations

and under difTerent operating conditions. The results showed much less variation in

bacldill recovery with respect to feed density and spigot diameter for the two-stage

operation compared with the single-stage operation. The circuits used are shown in

Figure 4-5.
Their principal disadvantage is that they are relatively ineflicient in terms of accurate

particle sizing, particularly in allowing fine slimes to be misplaced into coarse underflow

stream. For fill preparation, where high throughput desliming with a sharp separation is

required, this leads to the nr';~ssity of using large numbers of very small cyclones

operating in parallel from a common feed manifold. Consequently it causes the problem
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of supervising and ensuring each cyclone in the cluster receives the same feed in terms of

pulp density and size distribution.

ONE STAGE DISCARD PRODUcr
CIRCUIT+•••••

~ ~ • ..

SLURIW .-,
FEED ... 1

r ,
~rl.. , 2

ADDmO~AL \J
WATER

~ TWO
BACKFILL PRODUcr STAGE

CIRCY.IT,

Figure 4-5 Single-and Two-Stage Hydrocyclone Circuits

B. ClassifierfThickener
Although cyclones are widely Ilsed for fill preparation, alternative methods of classifying

mill tailing, suc!: as various forro: of rnechanical c1assifiers, may be worth considering.
Their advantages are in: (a) de.lirning application (particularly for coarse to very coarse

tailing), (b) solids recovery to underilow (with fewer misplaced fines) leading to higher
classification efliciency, and (c)lower operating costs compared with a multiple
cyclonelfeed pump arrangement, eSjlecially where very abrasive material is being
classiried. The principal disadvantages are: (a) higher capital cost, (b) larger floor area
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requirement, and (c) inability to achi,:ve very fine cutpoint of small diameter cyclone

req'Jired to deslime medium to extremely fine tailing. Feed to mechanical classifiers is

around 30% by weight solids, and the deslimed underflow can be up to 80% by weight

solids.

C. Separator

The Linatex Separator (Figure 4-6) di ffers from the normal cyclones in that the overflow

is siphoned from the cyclone case allowing extra suction. The overf1ow is discharged

through a rubber diaphragm which is kept pinched by the suction effect. The effect is to

improve the separation and, more important in commercial applications, provide a

uniform underf10w density with varying feed rates.

!
;
1
f

OlJTPUT
UNDERFLOW

SIPHON
GULATO

OVERFLOW

. Figurp. 4..6 LinatexT>l Separator (Linatex)

•
D. Centrifuges
The basic centrifuge is a horizontal hydroc:'clone that mechanically rotales to ind\!::e the

separation of solids and Iiquid. Th~ rapid centrifugai acceleration is 5000-8000 times

4-8



•
greater than the acce1eration provided by gravity aJone. There are two basic types of
centrifuge applicable te the mining industry; 1). solid bowl centrifuge (counter current
and concurrent design), and 2). screen bowl centrifuge. For the purpose of high
concentration fill preparation, continuous solid bowl counter current models offer the

maximum seltling distances and quiescent unhindered sedimentation. (Shown in figure 4­

7)

( ] !
UNDERFLOW

•

Fil(lll"e 4-7 Continuous Sedimentation Centrifuge

E. Tailspinner centrifuge

Designed by Joy in the 70s, the tailspinner is basically a centrifuge which has been
specifically manufactured for use in underground mines. The tailspinner enables
hydraulic fill to be dewatered at the stope entrance to a very high concentration, i.e. a

paste, (76 - 84 % by weight) where it is mixed with cement before final placement thus

avoiding in-situ dewatering. The general arrangement for processing the fill, under both
&urface and underground conditions, is iIIustrated ili Figure 4·8.
Slime is supplied from the rotary drum fi1ters and is repulped to the required density
between 1.65 and \.70 gr.lml. The waste product containing particles of less than 44
microns is pumped to a waste disposaI dam. With most of water and fine fraction now

removed, the undernow material emerges as backfill consisting of 78% solids by weight
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and 58% +44 micron at a relative density between 1.9 and 1.98. The placement pump is ~

double acting hydraulic driven concrete placer type pwnp. Il is rated at 8m'!hour at a

pressure of 100 bars and has a maximwn o~rating distance of 3('') m.

According to Dome Mines Ltd. report, there are five tailspinners in operation on backfill

production. Advanlages are the mobility and sturdiness of the design. Disadvantages are
the low capacity, low solids recovery with certain feed and a pror maintenance record.

SURFACE

Po.lUve Dl.ptlclment Pumpl
o..fSMr I_~

_Ia ...J

Ion nn.twa Il...
UNDERGROUND

•

Figure 4-8 Schematic of a Dewatering Slime System [Close & Klokow, 1985].

4.2.1.2. fUter Metbods of Dewaterinl: ll.!!!I Desllmlnl: Talllnl:'

Filter methods involve either mcchanical or vacuum methods to separate 'lOlids and water

via a fi1ter cloth of sorne sort. Their use in backfill is uncommon due to t1~e large capital

costs involved. Filters are normally used in final dewateling of a cash product, Le. cire

concentrate. Recently, advances in the design of disk filter have made feasible

underground filtration for backfill preparation more especially in paste production where

(:oncentration must be high and controilable. Il is preferable to dewater a product beyond

the paste design requirements to enable storing of material as a dry product and reliquefy

to arrive at the correct concentration.
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A. Pressure Filters and 8eIt Filters.

Pressure filters are large expensive items of machinery that are able to dewater most

slurries up to concentration of 90 per cent by weight (shown in Figure 4-9). Various

companies supply pressure fiIters involving hydraulic and mechanical pressure over filter

cloth enabling c1ear filtrate and \'ery high solids recovery.

The first continuous horizontal beIt filter was the Landskrona fiIter installed at SUPRA,
Swedc;:. This unit is still in operation and mod~m day belt filters are direct descendants

of this fir~t machine. The beIt fiIter concept allows the cake formation and dewatering

zones to vary in size as required l'cr different requirements. More importanily it allows

the separation of filtration zones and multiple cake washing with separate discharge of

mother and wash filtrates which was the initial application of the BeIt FiIter. Performance

in terms of solids recovery for bath types of filter is excellent with sorne able to extract a

clear filtrate from a 15 micron slurry. However, the capacity of ail these machines is low,

generally up to 15 tones per hour. The machines are also often large, cumbersome, and
involve complicated mechanisms, and are expensive.

H1

• Figure 4-9 BeIt FiIter [44]
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B. Disk Filters.

ln the late 19805 a disk filter specifically for the production of "high density backfill" was

developed[45l. The desisn is similar to the Dorr-Oliver disk filter shown in Figure 4-10.

There is mini..1a1 maintenance required with cloths being the only consumable with

nominal costs. The control and sealing disk should last two years with normal

maintenance of 112 hour per day. There are 16 IMS disk filters currently in operation in

South Africa. A very general guide to capacity is approximately three tons slurry

dewatered peT hour per square metre of filter clotho Surfaces filters offer up to 84m2 and

underground filters, 12m2•

AUl1l"'nc
IAl

./
ILTlAn
llUIllI

llISC
ÇIlIIUAlBlrAl_

• DISOWlGI_lII.l

•

Figure 4-10 Disk Filter (Dorr Oliver)

C . Drum Filters

There are two types of rotary drum filter, vacuum and pressurized. The former is more

common and offeTs a wide variety of solid-Iiquid separation requirements. A vacuum

drum filter is used at Lucky Friday mine in Ida110 to effer',ively dewater tailings prior to

paste production. The filter is an old machine and represents the capacity Iimit for the

paste system; as such theiT compatibility in paste production is proven and should be

attractive to a paste system df,signer.
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4,2,1.3. Storan I.!l.lt Repulplng Qf Talling

Tailing is generally prepared prior to backfilling in double the quantity required for

backfilling. It is stored either in a silo constructed on surface or underground (Figure 4­

Il) or simply in raises.

Most storage silos are made of reinforced concrete or steel and have a hemispherical or

conical shaped boltom. A favorable ratio of height to diameter for tailing discharge from
a silo is 2:1[461. Altematively a disposai pond can be used for storage oftailings.
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Figure 4-11 Schematic of an underground fill Slation in the Mufulira Mine, Zambia(47)
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The tailings discharged from cyclones settle down in the silo and are compressed by its
own w~ight. To make the tailings flowable and dischargeable under the action of gravity,

a fluidization device such as a Marconaflo water jet is generally fixed inside the silo. The

water jet disperses the thickened tailings, suspending particles in a slurry which is then

discharged to mixing facilities. Such pulp has a density of above 70% solids by weight.

The density of the discharged pulp is controlled by adjusting water flow via the discharge

valve. The volume of pulp discharged can reach hundreds of cubic metres per hour,

depending 0;\ the discharge hole size, water injected and silo geometry.

4.2.1.4. Mixine cement with tailine

Repulped tailings flow down to a mix tank, where it is mixed with cement (binding agent

or additives) from the cement silo. Silo storage of cement is generally temporary and in

small quantities ranging from 50 to 200 tonnes, il is delivered by a screw feeder or

conveyer to the mixing tank. The cement supply is measured by a weigher and controlled

mechanically or automatically by changing speed of discharging device installed at the

boltom of the silo.
To produce the uniforrn slurry required for backfill, a specifie quantity of water is a1so

added to the mixer. When additives are applied, a special container should be installed at

the fill station which consistently supplies additives at a pre-set rate. If there are

insufficient tailings, a combination of tailings with sand or crushed waste is applied. An

example is the fill station at Strathcona Mine (Figure 4-12). It is designed to deliver 150

T/h of deslimed mill tailings and alluvial sand, with a ratio by weight of sand:cement at

30:1.
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Figure 4-12 Backfill Preparation Plant Flowsheet[48]

•

~ Preparation ~ sandfill

The size of the sand used in backfill ranges from 0.05 to 4.76 mm, after screeniug. Il is

taken from an alluvial basin, transported by truck, railway or belt conveyor and stored
temporarily in a bunker. The sand is then screened and passed through statiooary or

vibrating screer.s, before being directed toward a mixing chamber, where it is mixed with

cement (if required). Il is then transported by pipeline or truck to stopes. In practice,

sandfill preparation can be carried out in difTerent ways and the preparation stacvn may

be constructed on surface or underground or partly underground.
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• 4.2.2.1. Preparation of uncemenled sandfill

The preparation station can be of various types. Depending on the operating requirements

il may consists of the following parts:

• Bunker for sand
• Unloading equipment

• Equipmenl for pulping

• Water tank

Figure 4-13 shows a simple surface preparation station. Sand slurry is produced by a jet

of water under pressure (>200 kPa). The nozzle diarneter ranges from 15 to 30mm. Sand

slurry prepared with a voiume ratio ofwater 10 solids ranging from 2: 110 1:1 is generally

placed by 15010185 mm diameter pipeline.

• Figure 4-\3 Simple surface sandfill preparation stalion[49]
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4.2.2.2. Preparation ID: ççmented sandon

In this case, cement is added at either a surface fill preparation station or an underground

mixing station, or even near the stope to be filled. Cement may be added as dry solid or

slurry. At Kidd Creek Mine sand from a ISO-tonne bin (screened to -3 cm) is fed into a

SOO-tonne mixing silo. A Marconajet mixing system slurries the alluvial sand in the

bottom of the tank at a rate of 200 tph at a 65% pulp density. The sand is sent

underground via boreholes and 15 cm diameter A.B.S. plastic pipe. The pipe network

follows the drifts and raises, in a manner similar to the cement slurry line. Near the

opening to he filled, the sand line and the 10-cm diameter pipe containing the cement

slurry pump join, and the mixed hydraulic fill is sent into the stope through a 2oo-mm

borehole. Figure 4-14 features a mechanized surface station.

Figure 4-14 Mechanized Surface Sandfill Preparation Station 147)
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2. chute

4. pipe

6. conveyer delivery system

8. water tank

10. feeder

12. discharge hopper

1. screen

3. vibration screen

Key:

5. hopper

7. sand storage silo

9. weigher

11. belt-conveyer

13. feeder

The volume of bunker for sand (V) is defined as follows:

•

V=a.Q, 4-2

where: a =proportionality coefficient.

Q, =maximum daily sand requirement, (m').

The coefficient a depends on maximum daily sand requirement (Qd)' transport distance

(L) and average rate ofbackfill system. 1t is given in Table 4-2.

Table 4-2 Determination of the proportionality constant (a) to be utilized for calculation

of the bunker volume [Adamek, 1980].

Qa b Qd,m3

m3/h

600 1000 2000 3000 4000 5000 7500

a

100 10 10 070 0,45 0.20 020 o16 0.107

330 1,0 10 1 0 080 0.67 0.55 0.55 044

500 1.0 1.0 10 1.0 0.73 0.69 0.65 055

Key: Qa = Average rate of backfilling, m'/hr.

b = Coefficient dependent upon the fill delivery distance between the

preparation station and the stope (L).

For L<lO, km. : b = 1.0

For \O<L<20, km. : b = 1.15

For L>20, km. : b = 1.25

•
4.2.3. Preparation of rockfil1

Waste rock from underground development is usually dumped into empty stopes and, as

such, constitutes the cheapest backfill method. In mast cases, rockfill consists of a

conglomerate of various partic1es with wide size ranges. The porosity of rockfill is
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largely dependent on the size distribution which affects drainage and support

effectiveness.

To improve support capability, and meet delivery requirements, waste rock must be

crushed to an optimized grain composition. As a general mie, the major portion of a

rockfill consists of medium grains and only minor parts are left for large and small grain

sizes. If the waste rock from underground operations is not adequate for the required

rockfill, the rest must be taken from the nearby surface mines or quarries. The rockfill

preparation alternatives can be numerous depending on local rock sources and ore body

geology.

At Mt. Isa Mines, tests showed that Kennedy Siltstone was suitable for ccmented rockfill.

An outcrop was located to the north of the mine and a quarry was developed for the

production of backfill. Figure 4-15 shows how the quarry was integrated into the mine.

After choked draw through the rockfill pass, the siltstone is degraded to 20 per cent.

passing 25mrn. The rockfill and cemented hydraulic fill are usually introduced into the

same pass and placed concurrently at ratios ranging from 1:2 to 3.5: 1 rockfillto cemented

fil!; depending on pass location, shape of stope and position of adjacent pillar mining.

Pours of up to 48 hours duration have been experienced, but 18 to 24 hours are more

typicaI. The system permits change of fill placement location at short notice.

At Kidd Creek Mines, approximately 80% of the fill placed has been consolidated

material, consisting of cementing agent and aggregate crushed to a maximum size of 15

cm. Alluvial sand has been added in seiected fills to increase the fine fraction, thereby

acting as a void filler. The remaining 20% of the placed fill was unconsolidated rockfill

or sandfill. Waste rock from the open-pit phase is the primary source of fill material.

Two methods of filling a stope with rockfill are: 1) to fill the stope with unconsolidated

fill materials and then consolidate the outer edges with cement sand slurry for future

pillar recovery, and 2) to pour the cement slurry on the rockfill material in a mixing

culvert as it leaves the conveyor belt before entering the stope. The first method is

suitable when a high degree of segregation has occurred, and where by consolidating the

coarse particles at the walls .of the stope, ore dilution can be minimized. The second

method results in a much more competent and uniformly distributed backfill.
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Figure 4-15 Rocldill system in Mount lsa Mine [Neidorf, 1983].

The key for producing a competent consolidated fill is ta thoroughly coat ail the
aggregate with the supplied amount of cement slurry. If the material is not coated with
slurry during the mixing process, it may never be properly coated since: 1) it is
impossible to control the flow of slurry in the stope, 2) the slurry does not flow uniformly
over the entire bacldill cone, 3) the percolation rate of the slurry is variable due to
differential settling and 4) slurry which is not actually used to coat the aggregate acts as a
void filler. Since there is insufficient cement to fill ail voids, sorne portion of the fill may
remain unconsolidated.

4.3. ECONOMICS OF BACKFILL PREPARATION

There is a large variation in the design of fill preparation station. In general, the total
cost for fill preparation station, constructed on the surface of an underground mine,
consists of capital and operating costs. The salvage value is negligible. For rocldill the
material is cheap but preparation costs and surface transport costs can be high. There is a
large capital investment required to instail a distribution system but the operaring costs
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can be reduced by using conveyors underground rather than trucks. Hydraulic fill using

classified tailings results in less preparation costs (if sandfill is used it would depend on

the distance from source to preparation plant). High operating costs are incurred from
cement usage and bulkhead construction. The distribution system is not expensive. Paste

fill incurs the least operating costs with less cement consumption and no bulkheads

required. Capital costs, however, can be high due to efficient dewatering and pumping.

~ Capital costs

This accounts for 75% (on average) of the total fil1 preparation cost over the life of the

mine. Itemized capital costs breakdown and their estimation is given in Table 4-3.

Table 4-3 Estimation ofCapital Cost per Item used in Backfill Operation

Purcb••e Installation

ITEM (r.o.b) DIrKl ~:o~ COaUIll!KV

'.' M.,.rI.llbl L.bourl., '''' 1,1

/0.15 x (a)\ W.15 x (a)\ /O.3x!b+c)\ /O.\x!b+c\

HVdrocvcloae IVstem 75,000 Il,250 11250 6750 2.250

Screw Coav~vor 2.500 375 375 225 75

Mller CODvevor 40000 6,000 6,000 3,600 1,200

Miser 9000 1350 1350 810 270

Wilertaak 9000 1,350 1,350 810 270

1'tDeJ. borehol.. 100-200000 22.500 22,500 13,500 4.500

Cemeatlback·RU ,UOI 150-200.000 26,250 26,250 15,750 5,250

W'lOr Dumo/drlve 8-15,000 1,725 1,725 1,035 345

EJec.111l, Eqp '" 40-150,000 14,250 14,250 8,550 2,850

Mo.lIorl••

Blcldll1 Plut 350-900000 93.750 93,750 56.250 18,750

~ Operation~

This accounts for approximately 25% (on average) of the total fill preparation cost over

the life of the mine. The direct operating expenses for fill preparation comprise the

following items: electric power, services, maintenance, parts (or rnaterial) and laOOr.

Electric power

The electric power cost (C,,) in terrns of S/tonne of dry fill prepared in the fil1 station is

expressed as fol1ows:
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n

Lr,·T,,~
j=l

where: N, = motor power consumed al the operation section i, W.

T, = work time in operating section i per year hly

C. = cost of e1ectricity

QI = dry fill processed per year tly

n = number of operating sections.

Matenal costs for service. maintenance. repairs and spare parts:

This is generally estimated as between 2 and 3 % of the capital cost p.a.

Labour cost = direct labor cost + indirect labor cost.

(A) Direct labor cost for fill preparation (CDJ in S/tonne of dry fill cao be estimated by

the following equation:

C n.C,.t!.~
DL Q,

4-4

•

where: n = number of the fill preparation attendants.

C, = hourly salary paid to each fill preparation attendant, S/hr.

tr = duration of fill preparation operation, hr/day.

D. = number of working days in a year, day/year.

Q, = dry fill prepared in a year, tonne/year.

(B) Indirect labor zost for fill preparation. (C,J = labor fringe benefits + bonus +
incidentals = 30 to 50% of the direct labor cost.
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CHAPTER5

TRANSPORTATION SYSTEM FOR HYDRAULIC FILL

5.0. INTRODUCTION

As one of the most important procedure in backfill operating system, the transportation

approaches commonly employed in the practical mining operation are listed as below:

1. Hydraulic transportation system

2. Pneumatic transportation system
3. Conveyor transportation system
4. Truck transportation system

So far, a large amount of researches dea1ing with the hydraulic transportation system has

been conducted and the related results have been published. Il is obvious that the rules

established for hydraulic transportation system have made it possible that the design

procedure can be computerized for feasibility studies and economica1 evaluation.

Unfortunately, the researches and publications dealing with other transportation systems

are not Iikely to enable the computerization to any substantial level for feasibility studies

and the economical evaluation. So they are just principally discussed in this section, and

the main efforts are given to the hydraulic transportation system. Hydraulic transportation

has been widely applied to backfill distribution in underb'TOund mines since the early

sixties. Its main advantages over other delivery systems in backfill are 10"'" delivery cost

and energy consumption; relatively high transport capacity and continuity in operation;

high packing density after placement, which is in favor of ground control. In most mines

utilizing backfill, the fill is distributed as an aqueous slurry through pipeline

incorporating both horizontal and vertical components. The flow is maintained either

under the action of gravity or with the aid of pumps. Shown in figure 5-1 is the level-l

data flow diagram of process 3.2.
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Figure 5-1 The leveI·1 data flow diagram ofprocess 3.2 of figure 4a

The process requests the information of the backfill type and target properties of fill

material specified in process 2 (see figure 2-8) to determine the type of transportation

system which is shown in figure 5-1 as the process 3.2. I. In this analysis. level-I data

flow diagram of process 3.2 present only the information related to hydraulic

transportation system. The process 3.2.2 requests the information related to fill size

distribution, mechanical properties. pipe diameter and productivity requirement of the

system to determine the solid concentration of the system. The process 3.2.3 requests the

pressure loss prediction model or loop test results of the system to calculate the energy

balance and determine the pump. if needed, for hydraulic transportation system. The

whole process provide the overall specification of the hydraulic transportation system.

1. Three Basic Confieurations

There are three possible configurations for moving the fill material from a point on the

surface to the stope underground as shown in Figure 5-2 (2) •
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Figure 5-2 Basic Configurations for Fill Placement Systems

The first configuration has the advantage of being totally contained underground, thus

causing no disruption to surface activities. Furthermore, the ratio of the vertical to
horizontal distance is usually 50 favorable that Httle or no pumping energy is required.
The disadvantages of sucb a circuit become ~pparent when the ratio of the vertical to
horizontal distance is relatively large or small. The first case is encountered in deep mines

where the stope to be filled is close to the vertical drop section of the pipeline. This
results in very bigh pressure at lake-off point, and a burst line may disrupt the shaft level

or main level operations. In the second case, a pump may be needed to convey the fill in

the horizontal section of the pipeline with the incurred additional energy and maintenance
costs.

The second configuration bas the advantage of making the conversion from vertical head
to horizontal pressure progressive, thus shorter and Iighter pipes can be used. The
pressure at lake-off points are moderate and line failures, if any, do not disrupt the main
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shaft or main level of operation. The circuit can be developed progressively as the mine

expands. The disadvantages of this configuration are in tenns of increased maintenance

costs resulting ITom the stepwise pipeline paths.

The third configuration has the advantage of easy installation, inspection and

maintenance, v.;th no special underground level and no disruption of the main shaft.

However, such a system makes the filling operation dependent upon a pumping operation

and requires a long borehole to place fill underground which results in high pressure take­

off point. Furthennore sorne disruption to surface activilies is possible, and in very cold

weather, ITeezing may be a problem.

b Energv Equation

The Bernoulli equation for the conservation of energy

incompressible fill flow in pipeline may be stated as follows:

p v' p V'
~+~+ZI+HA-HL=-'+-'+Zp g 2g Pg 2g ,

as applied to continuous

5-1
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Where:L = static headpg
V,
2g = velocity head

ZI = elevation head

H. = head added by pump

HL = head lost to ftiction

The assumption of the incompressibility of the fluid is usually valid; however, the

continuity condition may not always be satisfied, especially in the free fall sections of the

vertical pipes or boreholes. Free fall should be avoided as it can cause inlet static pressure

below atmospheric and hence draw air into the fill line. Furthennore, 'pipe hammer'

resulting from impact, as the flow joins the full flow section of the pipe, may cause

accelerated wear of the pipeline.

5.1. BASIC DESIGN PRINCIPLES

When designing an hydraulic fill system, it is recommended to use as high solids

concentration as possible in order to minimize the volume of water for fill transportation.

The operating flow velocity should be as low as possible to minimize pipe wear, but high

enough to keep coarser particles in suspension.
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Critical velocity is usually introdnced as a lower bound fOl the operating ve10city below

which deposition of solid particles forms a stationary bed indicating imminent plugging

of the pipeline. As the solids concentration increases, critical ve10city becomes less

relevant due to the hindered settling tendency of the p:uticles.

In order to reduce the effect of free fall on the Ilov.' behavior of the slurry, pipe diameter

in the free fall region may be reduced or sorne method of restricting the f10w should be

devised. Reducing pipe diameter l':ay offer a suitable and economical solution.

5.1.1. Flow Reeimes in Horizontal Hydraulic Transport

Commonly, four f10w regimes are recognized in the transport of solid-liquid mixtures.

They are:

• Homogeneous (or pseudo-homogeneous) f10w

• Heterogeneous f10w
• Saltation

• Movingbed

ln practice, a state of mixed regime f10w is usually established where two or more f10w

regimes occur simultaneously at different zones of the pipe cross-section.

The prevalent f10w regime depends mainly on the solids concentration, the operating

f10w velocity, and the particle size distribution. The pressure gradient along the pipeline

is significantly affected by these parameters as il1ustrated in Figure 5-3 for a given pipe

diameter and particle size of the solids.

Empirical equations which involve drag coefficient or free settling ve10city are not

considered reliable enough when uscd in connection with the high density fill. Instead,

when treating the hydraulic fill sIurry as a pseudo-homogeneous suspension, a simpler

equation based on the friction factor at the pipe wall may be used. Thus, the head loss (in

meter of slurry) due to friction is given by the Darcy-Weisbacl: <:quation given by:

•

fL V'H=-­
d 2g

Where: f =friction factor

L =pipe length (m)

V =f10w velocity (m/sec)

d =pipe diameter (m)

g =acceleration of gravity (m/s')
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Figure 5-3 Pressure Loss vs. Mixture Ve1ocity[S2]

To determine the friction factor (t) from the Moody diagram given in Figure 5-5, the
apparent viscosity (11) of suspension has to be dttermined since it enters in computing the

Reynolds' number at which the friction factor is determined. Apparent viscosity can be

determined from a plot of the pressure loss term, ~~, versus the nominal rate of shear

term, 8~. In laminar flow, apparent viscosity may be taken as the slope of the above­

mentioned curve in accordance with the expression:

PD 8V
4L =11"0 5-3

•

Tube or rotational viscometers may be used for such measurements. The viscosity is a

very difficuIt property to measure and is extremely site specifie; dependent on the
specifie gravity, grain size distribution and particle shape to name just a few. Figure S-4

shows an example of increasing viscosity with increasing concentration, the specifie

gravity of the tailings used was 2.8.
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•

This approach is very approximate given the uncertainties with which the friction faclor

is determined. Such uncertainties may be traced back to the difficuIty in characterizing

the rheological behavior of a suspension by a single apparent viscosity, which varies with

different flow velocity (shearing strain).

Instead of using the Moody diagram, other similar diagrams have becn developed for

slunies with weil defined rheological behavior such as Bingham plastic or pseudo-plastic.

For slurries characterized as Bingham plastics, the shear stress-shear strain cquation is

given by:
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dU

t=t +m -, ,1 dy

Where: t =shear stress

t, = yield stress

m" =plastic viscosity
The corresponding re1ationship between the pressure gradient and the f10w ve10city is

given by the Buckingham equation expressed by:

PD V( 4( 4L) I( 4LfJI4L = Slip! 0 1-'3 t'PD +'3 t'PD)
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The friction factor for Bingharn plastic suspensions as a funclion of the Bingham

Reynolds' number and the Hedstrom number is given by:

1 f H. H.'-=-.--+--
R.B 16 6R.B 3f'R'B

5-6

He

Where:ReB = DVp
Il,,

_..!..P....
- D'" ,

""The friction factor design chart for laminar flow of Bingham plastic fluids is found from

Figure 5-6.

For slurries with a pseudo-plastic behavior (power law fluids), the shear stress versus

shearing strain relation is given by:

dU
't = K' (-),'• dy

With the corresponding engineering equivalent given by:

5-7

5-8
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Where K is the fluid consistency index and n is the flow index. The corresponding

friction factor is a function of the generalized Reynolds' number defined by:

])0' V'"" PRe=---'-
y

y =K'S'"
The friction factor design char! for laminar flow of Power Law fluids is found from

Figure 5-7.

Sorne fil1 material, at very high solids concel1tration, may exhibit dilatant behavior which

is described by the sarne equation as the pseudo·plastic fluid except that the flow index

(n) is larger than unity. Such flow characteristics would be so energy intensive to

maintain that they are usually discounted as unpractical. When proper flocculents are

added to such slurries, their flow behavior may be altered without changing their solid

concentration, but this benetit has to be balanced against the added cost of such

flocculent. Only a thorough economic analysis may deterrnine the viability of such an

approach.
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• 5.1.2. The DesieD Approach ll!~ Korompay

The theory iDtroduced earlier is far from practical application in terms of backfill design.

An alternative approach to the design of fill placement system is described by de

Korompayl54] in his comprehensive review of hydraulic transportation system for mine

backtill. Though mostly empirical, this approach is of practical value in the day to day

operation of a mine filling system. The following is a critical review of this approach.

In his report, de Korompay analyzed the effect of solids concentration, critical velocity,

corrosion and erosion on the transportation system. Formulas to calculate the friction
head loss in horizontal and vertical pipes and boreholes were presented. Equations to

determine the f10w capacity of the vertical pipe and borehole in the free fall and full flow

section were also proposed. The f10w conditions in the horizontal and vertical pipeline

were analyzed separately, then as a connected unit. The results of the study recommend

using vertical f10w lines with different pipe diarneters. Substantial saving in pipe

installation cost are claimed when following this approach.

De Korompay also introduced the concept of "specifie pipe cost" which is used with the

critical velocity to evaluate the economics of the delivery system. The selection of the
most economical delivery system was discussed in relation to pipe characteristics (size,

strength and thickness).

5.1.2.1. Basic Parameters

The two basic pararneters for the design ofa fill transportation system are:
• The average daily fill requirement ,A (Tons Per Day of dried solids, TPD)

• The fill delivery rate, T (Tons Per Hour, TPH)

The fill delivery rate is given by:

5-8
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Where:A = average fill delivery rate, TPH of dry solids

t = operating hoUTs of fill plant, hours per day

Q = Discharge rate (USGPM)

PID = density of slurry ( Ib/ft3)

C. = solid concentration of slurry by weight (decimal fraction)

d = internaI diarneter of pipe ( in. )

The flow velocity V (ft/sec) is given by:
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• V=0.409~ 5-9

5.1.2.2. S2lliI Concentration 2f~ Sium

Solids concentration is either defined on a volume or weight basis. Most equations
include the solids concentration by volume as it is the Iimiting factor for the maximum

solid concentration selection. The following simple nomogram can be used to detennine
the relevant parameters.

As a general rule, it is suggested that a slorry concentration of 49.5 percent. by volume

(approx. 73% by weight for an average tailings) be taken as the optimum for

conventional hydraulic transportation ofbacldill, i.e. a settling slurry. Having defined this
upper Iimit for solid concentration, a new parameter may be introduced which compares
the selected solid concentration to the optimum value. This parameter is called the
"relative solid concentration" and is given by:

B Cw (actual) Cv (actual)
Cw (max) 0.495

5-10

A nomogram for calculating the slorry concentration or specifie gravity of the mixture is
shown iD Figure 5-8.
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Figure 5-8 Nomogram for Calculating the Siurry Concentration[SS]
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s.u. Crltigl Veloclty Q.[ the Slurry

Most suspensions exhibit sorne degree of seltling which depends on the relative density of

the suspended solid partic!es with respect to the carrying fluid as weil as on their size and

shape. Critical velocity may be defined as the velocity at or below which the solids start

to form a sliding bed. This velocity usually falls close to the minimum point in the

pressure - velocity curve for single sized partic!es. For multi-sized partic!es, this

minimum point is much less pronounced . In practice, this flow regime is usually detected

by visual inspection of a transparent section of the pipeline.

Although no single formula c!aims to predict the critical velocity for ail slurries, the

equation developed by Durand!S6] is usually used as a first approximation for slurries of

low solids concentration. This equations is given by:

5-11
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Where:D = pipe diameter

S. = specific gravity ofsolids

FL = coefficient depending on particle size and volumetric concentration.

For uniformly sized particles the factor FL may be read from Figure 5-9 for

concentrations up to 15% by volume.

Z -r--r- ..,

~ ..JLDI

7= ~~
~

> ~ '/"""
H 1 H~+++-+-+-+----l~~I-t-t-i-+-t>

•
~

o~ """- -'.
OZ)

Portici' Size, d. mm

Figure 5-9 Durands correlation for Minimum Transport Velocity
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Ourand's equation has been moditied by Wasp[57] to include the effect of relative

particle size with respect to pipe diameter. The moditied equation is given by :

F' - V, (,4,)-017
L - " 2 g 0 (S. - 1) 0 .

5-12

This equation relates the critical velocity Vc to the pipe diameter with an exponent of

0.33 which is in agreement with experimental results for a variety of slurries. The

modification increases the applicable concentration to 30% by volume (54% by weight).

For practical purposes the critical velocity calculated this way is relevant for tirst

approximations only. The scale-up fonnula is given by:

5-13
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Where:Vc2 = critical velocity of pipe (2)

Vcl = critical velocity ofpipe (1)

01 = diameter of pipe (1)

02 = diameter of pipe (2)

n = 0.5 according to de Korompay

= 0.33 according to Sellgren

Once the critical velocity is detennined, a safety margin is usually added to obtain the

operating velocity. In practice :

a)lf critical velodty. Vcrit < 4 ft/sec Vop = V... +1

b)If critical velocity. Vcrit > 4 ft/sec Vop = 1.25 V...

Where Vop is the operating velocity in (ft/sec)

5.2. HYDRAULICS OF SLURRY TRANSPORTATION

In order to analyze the connected vertical-horizontal slurry delivery system, it is

necessary to have sorne basic understanding of the mechanism of fluid flow in the

vertic?! ii.'1d horizontal sections independently. Oe Korompay suggests the following

topics for investigation:

• Oetennination of the Hazen-Williams friction factor for vertical boreholes.

• Evaluation of the friction head loss and flow capacity of the full-flow section of

the vertical borehole or pipe.
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• Analysis of the flow conditions in the free-fall section of the vertical pipe.

• Analysis of the friction loss in the horizontal transportation pipe caused by the

slurry flow.

• Development of a simple calculation formula and the presentation of a testing

procedure to evaluate the friction head loss of horizontal pipe for slurry

transportation.

5.2.1. Siurry Transportation in Vertical Borehole m:~

The Hazen-Williams friction factor for boreholes in hard rocks was determined from

flow tests run in Elliot Lake laboratory, which indicated that C•• =mn 130-140. For a

different type of rock mass, it is suggested to run in-situ tests with water to obtain the

friction coefficient. It is reported that the presence of solid particles in a water-so\id

mixture does not alter the turbulent friction head loss of water during vertical

transportation. This result makes the Hazen-Williams equation for water applicable to

the calculation of the friction head losses of vertical boreholes or pipes for slurry

transportation. These equations are given by:

H 0.2083 (100 Q)1.1l5 _ 5645 (100 T ) 5-14
v d4 8655 C - d4.8655 C S C• hw IrwIDW

Where: Hv = friction head loss of vertical pipe or borehole for water or slurry

transportation in ft ofwater head per 100 ft ofpipe.

The transportation capacity of vertical borehole or pipe by gravity is given by the

following equations (assuming a Hazen-Williams friction factor ofChw= 140):

• Discharge rate Q, [USGPMl

Q= 39.4 S~" d'"

• Delivery rate, T [ TPH of dry solids 1

T = 0.\58 S~ d'" C. P.

• Flow velocity [ ft/sec 1

V= 16.1 S~ d""

5-15
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S:1.1. Free FaU in Vertical f!Pî

It is common in practice for the fill to flow in a free-fall mode through considerable

length in the vertical transportation \ine . The Bernoulli equation is no longer valid for

this condition because of the discontinuity in the flow. It was determined that the slurry

terminal velocity may reach V" =45 ft/sec after a vertical drop of about 32 ft. This
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infonnation leads to the conclusion that it is necessary to restrict the slurry flow in the

free-fall sections in order to prevent excessive pipe wear.
The transportation capacity of the vertical pipe or borehole by free-fall can be estimated

by the following equation.

5-18

Where: V· = tenninal fall velocity of slurry (4S ft/sec)
J.1 = pipe cross-section utilization factor (e.g. 0.7)

~ Slurry Transport in Horizontal Pipeline

The factors known to affect the head 1055 in the horizontal hydraulic transport are:

• Flow velocily
• Solids concentration ofslurry
• Specific gravity of slurry and of suspended solids
• Viscosity of slurry ( for viscosity-controlled suspensions)

• Size and distribution of solid particles

• Characteristics of the carrier fluid
Equations frequently used for predicting head 1055 in solid-liquid mixtures often take the

fonn given by:

(U)_ ( V' CP y/2
C. J. - K g D(S.-I))

5-19

•

Where: K = empirical parameters detennined from data collected by loop tests;

J = head 1055 for slurry flow;

J. = head 1055 for water flow;

C. = Solids concentration by volume;

V = mean flow velocity;

Cd = drag coefficient;

D = pipe diameter;

S, = specific gravily of solids;
This type ofequation is suitable for coarse particles ofrelatively low concentration (up to

30% by volume) slurries flowing in the turbulent mode; a1though they may be used in

other cases by suitably adjusting the empirical parameters. The rheology of the

suspensions is not taken explicitly into account in these equations, which makes

rheologically-based approaches preferable when dealing \\ith high concentration slurries.
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Altemative1y, de Korompay (54J proposes a simple empirical equation for the prediction

ofhead 10ss in the horizontal transport ofbackfill slurries as given by:

il
R.. =Sm S. +C, ( S, - 1) V 5-20

. _ 0.2083 (lQQ..Q) 1.85
Where.S. - d'''''' c..~

R.. = friction head loss for horizontal pipe for slurry transportation --ft of

water head per 100 ft of pipe

S. = friction head loss of horizontal pipe which would exist if water

flowed alone in the same pipe with the same velocity 'lS the slurry -ft

of water head per \00 ft ofpipe

Sm = specifie gravity of slurry

S. = specifie gravity of solid partic1es
il = settling velocity factor (obtained from Figure 5·\0)

C..~= Hazen-Williams friction factor for horizontal pipe
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• Figure 5-\0 Determination of the settling velocity factor il
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• No.orCurve n
1 13
2 18
3 23
4 30
5 40
6 56

7 80
8 100

Compare actual grain size distribution with the master curves and select the closest and
readn.

S.M.. Slurrv Transport in Vertical Section (connected to~ horizontal JiliW

Vertical flow in pipe or borehole is characterized by !wo f10w regimes: free fal1 and ful1

f1ow. Only the ful1 flow section of the pipe provide the necessary pressure for the

horizontal transportation of the slurry. The hydraulic resistance of the vertical pipe

depends on the fol1owing factors:

• Pipe Diameter

• Length of ful1-flow section in pipe

• Hazen-William friction factor of pipe

• Flow rate

Two hydrostatic heads are recognized in the vertical pipe connected to the horizontal one:

(1) Hydrostatic head for the horizontal transportation of slurry, H..,

(2) Hydrostatic head which is necessary to deliver slurry through the ful1-flow length in

the vertical pipe, hw

The sum of (1) and (2) yields the total hydrostatic head Ht-w , as given by:

•
Where:H..w

~.., = H..., + h.,

5-18
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Sv

-S .B...+S·.B...+S,.B...
- • Hl' .. 10' • 10'

= 0.2083 (100 Q ) 1.85
d4.8655 Chw_v

Chw_v = Hazen-Williams friction factor for vertical pipe

The total hydrostatic head in the vertical pipe. Ht-s in feet of slurry, corresponds to the

length of the full-flow section in the pipe, and is given by:

J-r _.B... +S R. +S' R. +S,.JL....
'''1. - S'" • S..' 10' • 8",' 10' • 8",'10'

5-22

The relation between the total vertical height for gravity feed HI' the full-flow length H,••

and the free-falliength H,., is given by:

HI = H,. + H,., 5-23

5-24

•

5.2.5. Utilization of the Vertical Heieht for Gravity~

The 'vertical height utilization' factor is defined as the ratio of the slurry height in the
pipe to the available height for gravity feed as given by:

t =Ht_s or t =!:!waL
5 Hg w Hg

Where Is = vertical height utilization factor for slurry -decimal fraction

tw = vertical height utilization factor for water -decimal fraction

Hg = total vertical height for gravity feed

Ht-s =total hydrostatic head in the vertical pipe -ft of water head

Ht-w = total hydrostatic head in the vertical pipe -ft of slurry head

It is suggested that a maximum height utilization factor of tw = 0.65 for slurry

transportation is recommended to compensate for any error in the deterrnination of the

friction head 1055 of the horizontal pipe. It is also noted that a vertical to horizontallength

ratio in the range of 1:3 to 1: 19 is common in practice.
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• ~ Flow Pressure in the n-v System

Tlle maximum flow line pressure can be calculated as:

Pm = 0.433 Rs-w-m 5-25

Where: Pm = maximum flo\\' Hne pressure, psi

Rs-w-m=hydraulic resistance of the horizontal pipe at maximum flow rate
of the slurry

In practice, the maximum flow line pressure can be measured directly with a gauge
installed at the junction point of the H-V system.

~ Selection of Transportation~

5.2.7.1. ~QIHorizontal Pipes

Pipe diameter depends on the volume of slurry to be handled and the critical velocity of

the slurry. The optimum pipe diameter corresponds to the maximum service Iife of the

pipe which is related to the optimum operating velocity. Hence:

V",,=V<ri!+1 if

V"" = 1.25 V<ri! if

d =.y0.409 Q
"" V""

Vau < 4 ft

V... > 4 ft

5-26

5.2.7,2.~ QI Vertical Pipe

Since there is no critical velocity for vertical transport, both discharge rate and flow

velocity can be selected, hence pipe diameter can be calculated from:

d _.y0.409Q
- V

5-27
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The technical feasibility of the installation can be deterrnined by checking that the

required hydrostatic head Ht-s in the pipe is smaller than the available height for gravity

feed.

:;.2.7,3. Variable~ Diameter

The incentive for using variable pipe diameter in the vertical section of the fill transport

system is that pipe cost is proportional to pipe diameter, therefore the smaller the
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diameter, the lower the cost. Furthermore, a higher utilization of the cross section area of

the pipe, which is associated with a smaller pipe cross section, reduces the free-fall
velocity in the vertical pipe due to wall friction.

A
A "pipe cross section utilization" factor defined as m = f may be introduced as a

d~~ign parameter,

where: As = cross section area of pipe occupied by the slurry

A = cross section area of pipe

For practical applications 11=0.8 or h·; . recommended. The diameter of the free fall

section is obtained From:

d _~0.409Q
ff- Vff

5-28

where: dff = pipe diameter for the free-fall section, in.

Vff = terminal fall-velocity of the slury, ft/sec

~ Selection of the~ of the Vertical Borehole

The smaller the borehole diameter, the lower the corresponding cost. The optimum

borehole size is the smallest one which satisfies the required operating conditions. Il is

given by:

(
R + h ).21 ( ,,)0.38d = 1.62 s-w-q w_a -..::l.-

op hw-a Chw
5-29

Where:dop = optimum diameter of the vertical borehole, in

Rs-w-q = hydraulic resistance of the horizontal pipe at Q flow rate, ft of

water head

hw-a = allowable friction head loss in the borehole at Q flow rate, ft of

water head

S.2.9. Selection of Wall Thickness of Pipeline

The minimum wall thickness required must be selected to resist the effect of line pressure

and that ofcorrosion and erosion, as given by:

•
Wi=Wp+We_c

5-21
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Where: Wi = initial wall thickness

Wp = wallthickness to control the line pressure, in

We-c= wall thickness to account for the wear by erosion and corrosion, in

The wall thickness to controlline pressure may be expressed by:

W =K Pmdx
p 2 E

5-31
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where: dx =Outside diameter of pipe, in

E =Ultimate tensile strength of material, psi

K =safety factor

5.2.] Q. General Observations

There has been a great deal of work on the hydraulic transportation of slurries and

numerous empirical equations exist. It is suggested that, especially for high concentration

slurries (Cv> 40%) and definitely for 'pastes' (Cv >50%), loop tests be carried out to

verify pressure 1055 predictions and optimize the backfill system design.

The design rationale, assuming that the proportions of the backfill ingredients are Irnown

to provide adequate flow properties, can be summarized as:

1) The geometry of the backfill placement system must be available.

2) The static head available can be calculated from the total vertical drop and the

specific gravity of the slurry.

3) The pressure losses must be deterrnined and must not exceed the static head

available, including allowances for the vertical drop and bends.

4) If the static head is not sufficient then a pump will be required. Such infollDation

regarding pump suitability can be found in any pump manuaJ.

5) From the velocity required (from Vc calculations) the capacity of the system can be

found.

6) Care must be taken at the bottom of large vertical drops where the pressure can be

high. This can lead to stress and possible pipe bursts. Introducing 'steps' to the

vertical drop reduce the pressure build up. Such measures must be accounted for in

the static head calculation.
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5.3. TRANSPORTATION OF PASTE BACKFILL

The transportation of highly viscous substances has become routine in the food

processing and sewage industries, but the transportation of paste backfill owes more to

the concrete industry for its technology. Concrete has a similar broad grain size

distribution as sorne paste fills and the plug flow associated with concrete transportation

has become the most likely model for describing paste fill.

When attempting to analyze the flow of paste by comparison with concrete a few

distinctions must be drawn.

1) The abrasive characteristics of the paste fill particles are likely to be far higher

than with concrete.

2) Far less cement is added. The majority of the fines in paste fill is made up of

tailings, this results in higher cohesion hence higher resistance to flow.

3) Paste fill is often transported over greater distances.

4) Preparation is far more complex.

These factors result in higher pressure losses and larger ranges in estimates. Il is not

prudent to design a paste backfill system without loop test results to aid in pressure loss

prediction. There are large capital costs involved but the cost of a plugged line is

potentially crippling for a backfill operation.

~ Ouality Control

The quality control of paste backfill is of paramount importance. If the concentration

varies by one or Iwo percent. the pressure losses can double, (at ID ml/h the pressure

losses increase from 14 to 38 kPa/m when the concentration of gold slimes slurry

increases from 76 to 77 percent by weight[59l). To ensure good Q. C, accurate

determination of original paste ingredients is required.

Depending on the dewatering method used one will have to add either cement (and

aggregates, if available) or more water to reach the desired paste concentration.

1) Centrifugai dewatering

2) Filter dewatering

2S - 40% moisture

12 - 30% moisture

•

Other quality control method include having a small test loop on surface where the flow

of the paste can be checked before being sent into the backfill system. Although there is

added cost involved in such methods, their value is immeasurable. Paste backfill can only

benefit from increased awareness and development of quality control melhods.

The design rationale of a paste backfill transportation system is not yet completely

understood but must include the following salient points:

5-23



•

•

1) The pressure 1055 range must be weil known.

2) Long vertical drops will cause high pressure and must be avoided or minimized.

3) At the end of a fill pour, flushing is required to ensure the material is cleared from

the line; this is especially important for cemented paste. High pressure water and/or

air is often used. Lucky Friday utilizes slugs of water propelled by air pressure.

5.4. PUMPS

The transportation of mine waste in slurry form often requires pumps. The type of pump

required will depend on the concentration, weight, and chemical properties of the slurry

in question. There are Iwo types of pumps used in slurry transportation; centrifugaI and

positive displacement pumps.

S&l.. Centrifull&1 Pumps

Concentration by volume of 50 per cent is the upper Iimit for a standard heavy duty

centrifugaI pump, (approx. 73% concentration by weight for s.g = 2.7g1cm3). CentrifugaI

pumps can handle a very large variety of materials with maximum particIe sizes up to 9"

in diameter. For hydraulic fill placed at 65-70% concentration by weight, centrifugai .

pumps are sufficient. Care must always be taken to ensure that any pumping system can

lose a pump for maintenance or repair without losing capacity. Shown in Figure 5-11 is

the pumping station used to transport sandfill at Inco's Thompson Mine in Manitoba. This

setup allows a pump to be bypassed via the Iiquid end for simple maintenance and the

rubber hoses enable the whole pump to be Iifted from the line for full servicing or

replacement.

~ Positive Displacement Pumps

With the recent increased interest in paste backfill, a few companies have emerged as

experienced suppliers of high pressure, high capacity positive disp!acement pumps.

Putzmeister bas developed their successful concrete pumps and now supplies pumps

actively transporting high density fill in Germany, USA and South Africa. GEHO is a

company from Holland with a long history of powerful pumps, sorne of their pumps can

transport highly viscous abrasive materials through pressures of up to 165 Bar. Schwing

is among many companies who are able to apply their experience in pumping large

volumes of heavy sludge to the problems associated with paste backfill.

The cost of positive displacement pumps are many times greater than those of centrifugaI,

up to SCDN 250,000. As with ail pumps, maintenance is a very important factor in

choosing a pump.
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The costs involved in repair and replacement parts can be prohibitive, and a warranty
protecting purchases is recommended.

Figure 5-11 The Pumping statIon at the Tl mine in Thompson, Manitoba

M.J. f.I!mJl Seledion

After the initial selection between centrifugai or positive displacement pumps, the
hydraulic profiles over the proposed transportation route must be calculated. This
requires knowledge of the pressure loss through any pipeline, including corners, bends,
inclines, etc.. Once the pressure (or head) and capacity required are determined, the

relevant pump size can he found. The material from which the pump is manufactured is
dependent on the corrosiveness and abrasivity of the slurry being pumped. So, a simple

rationale for pump selection could be:

5-25



•

•

Concentration 0 <Cv <= 50% = Centrifugai pump
100 >Cv => 50% = Positive Displacement pump

Abrasivity High, >7 (on the original Mohs scale) - chrome plated steel

Medium, 5 - 7 (Mohs) • rubber Iined mild steel

Low, <5 (Mohs) - unlined miId steel

A high pressure positive displacement pump will require superior pipeline connections

and overall higher quality, including more maintenance and supervision. Post sales

service is very important when choosing a positive displacement pump since spare parts

and repairs can be costly. Such machines are precisely engineered, and when working in

a harsh environment, such engineering can be expensive to maintain.

Figure 5-12 shows a GEHO positive displacement pump.

DHT

•

, TnnsI_tIAlt
ZDeMry_sw... _._cyrdor
Ic.nrd"'_1_"*

Figure 5-12 GEHO paste piston pump
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• CHAPTER6

BACKFILL PLACEMENT OPERATION

6.0. INTRODUCTION

The preparation of a stope prior to backfilling varies with the type of stopes, which in
turn is affected by mining methods. This can be broadly classified as follows:

i) Preparation in cyclic stope production prior to backfilling, which requires an initial

or basic preparation followed by cyclic adjustments and maintenance.

ii) Preparation in non-cyclic or open stopes prior to backfilling, in which the

preparation activity is delayed until the stope depletion. It is then commenced as one
continuous operation to completely backfill the stope.

In general, stope preparation involves the following:

a) Installation ofstope and backfill dewatering systems

b) Installation of bulkhead

IIIustrated in figure 6-1 is the level-I data flow diagram of process 3.3.

-- ........-

•

Figure 6-1 The level-I data flow diagram ofprocess 3.3.

The process 3.3.1 request the mining method specified in proccss 1 and the information

related to the specific gravity of slurry, water content and height of the stope to determine

the maximum pressure imposed on the bulkhead. The process 3.3.2 requests the

information about equipment and construct available to match with the maximum

pressure derived from process 3.3.1 to determine the type of the bulkhead and drainage

system. Finally, the process 3.3.3 requests the information about hydraulic properties and

fill material to determine the densificaton process. The overall process provides the
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complete specification of the placement operation of the backfill system. The following
section discuss in detail the application of various techniques related to placement

operation which can be used as the quick reference for placement design.

6.1. STOPE DEWATERING SYSTEM

The following is a typical installation of stope dewatering system from Ashby, I.R &

Hunter, G.W[60l, which covers most of specifications related to dewatering system.

Once a stope has been mined, slotted 75-150 mm diameter galvanized or polythene
agticultural pipe is laid along the footwall of the stope. Hessian or a coarse cotton sleeve

is then wrapped around either type of pipe.

Drain towers are built on brick and concrete foundations at either end of the excavation,

or at the filling Iimit for each section being filled in larger excavations. The tower

consists of tightly rolled lengths of 150 mm square wire mesh and are wrapped with 4

layers of hessian to act as a fiIter.

Four towers approximately 3.2 m in height are built close to each drain raise which is

located at strategie points along each orebody (see Figure 6-2).
Drain raises are kept open by bolting pre-eut and drilled crib timbers together. The raise

is then wrapped with chicken wire, hessian and polythene. Fill water can then only escape

through the drain raises via the drainage towers and connecting 100 mm diameter drain

pipes. The water is directed to sumps located on lower levels.

Prior to filling ail ore passes, access and crosscuts are closed off with 0.4 - 0.9 m thick

brick bulkheads constructed on concrete pads and secured at the walls 2.5 - 3.5 m from

the stope edge. For ore passes two 0.4 - O.Sm thick brick bulkheads are built

approximately 1.5m apart. Wire mesh is placed in the void between the bulkheads and
concrete is then blown in. This is done to prevent fill from collapsing into the ore pass

during future lifts.
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Figure 6-2 Hydraulic Fill Placement

ln the longer orebodies sandfill, rarnps and barricades are built to separate cyclic
production activities, and plastic sheeting is laid down the inner slope to prevent
excessive seepage. Hydraulic fill placement commences at this barricade with 6m long x
)00 mm diarneter pipe being suspended from existing rockbolts and supported by wire
rope. Tee pieces are installed in sections of the line to allow for backfilling as the pipe is
extended a10ng strike and the fill builds up to a height of2.6 to 2.8 m from the back.
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Two percolation pipes are installed through each bulkhead. They consist of slotted 90 to
110 mm galvanized or polythene agricultural pipe wrapped in hessian and fixed to valves

outside the bulkhead, Figure 6-3. Percolation water is either pumped into the sublevel

drainage system or allowed to gravitate via dram holes to the main drainage level.

FU. to.E

STOPE

....

•
Figure 6-3 Percolation Pipes in Open Stope
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6.2. BULKHEAD

There are many types of standard bulkhead. The most common one will be described

briefly below. Costs are very site specific and can vary tremendously depending on the

mining and backfill method.

A bulkhead is defined as a structure which contains fill materials in a stop.:. Bulkheads

are installed in the drawpoints of the stopes or on rernnants of sub-levels. Bulkheads to

retain dry fill, do not require any special consideration unless water flows into or onto the

fill. Rockfill containing appreciably large amounts of fines, when saturated, could

generate mud flow into adjacent working areas, hence a bulkhead is required. Bulkhead

to retain hydraulic fill, requires special considerations such as drainage system, solids

retaining devices, etc.

6.2.1. Main~ of Bulkhead Materials

6.2.1.1. Pressure treated wood

These are used :nost commonly in the drawpoint. This type of bulkhead can resist fill

pressure of up te 207 kPa (30 psi). Wooden bulkhead is relatively easier and faster to

install, easily available in most mining operations, has a higher ratio of deflection to load

than does concrete or steel, and is less costly than the other types. However, wood is

combustible in high-heat areas and deteriorates f&:. For bulkheads, timber is sometimes

used in various forms such as: post, crib, tie, cap piece, wedge, crossbar and plank of

various sizes, gi\'en in Table 6·1.

Table 6-1 Typica1 bulkhead timber form and sizes[61]

Dimensions Smaller Diameter Width Length (L)

Form CD) or thickness (cm) Ccm) (cm)
Post 10 - 30 - varies but usually

UD< 15
Crib Block 10 - 15 10- 20 75 -400

Tle 10·15 15 - 20 150·200
Cap Pieu 3 -10 10- 20 30 - 50

Wedee 0.2 - 1 10- \5 25 - 45
Crossbar 7 -20 10- 20 200- 480

Plank 3-6 \5 - 25 45 - 400

The type of timber can be hardwood such as maple, oak and aspen, or softwood such as

fir, and spruce. The mechanical properties of which are given in Table 6·2. The

bulkheads are generally made from hardwoods.
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Table 6-2 Mechanical properties of commonly used bulkhead timber[62j
Propcrhes Spccilic Modulus Compressive Shear strenl:th

strenr'hgraVll}' UI ruplure \OC Ile .10 \'t lUW". lU

Tvoe ra kN/m3 ) lE MPa) the I!rain MPal the I!rain MPa)

Manie. I!rccn wood 4.3-4.5 39.5-40.5 17.0-17.5 7.3-7.7
.. 12% moisture 6.0-6.5 108.0-109.5 53.5-54.5 15.7-16.0

Red oak. I!rcco wood 5.0-5.4 50.S-51.5 21.2·21.5 6.3 - 6.5
.. .. 12% moisture 6.6-7.1 105.1-106.4 59.5-60.2 14.1-14.4

White oak. I!rcco wood 5.5-6.0 49.3·50.0 22.6-22.9 8.2-8.5
..

Il • 120/0 moisture 7.0-7.4 126.5-127.0 61.3-61.5 18.1-18.4

Asoen. I!rccn wood 3.5-3.8 35.1-35.3 14.4-14.6 4.0-4.2

... 12% moisture 3.6-4.0 62.5-62.9 36.4-36.7 7.3·7.5

Fir. I!rccn wood 3.2-3.5 33.7-34.0 16.3-16.6 4.1-4.3

ft 120/0 moisture 4.2-4.5 73.6-73.9 44.7-44.9 7.4-7.6

Pine. I!rcco wood 3.3-3.5 32.3-32.6 16.7-16.9 4.6-4.9

... 12% moisture 5.7-6.2 99.5-10\.0 51.852.1 10.3-10.5

Soruee. I!rccn Wood 3.1-3.5 32.2-32.6 14.9-15.1 4.2-4.5
.. 12% moisture 3.8-4.2 70.1-70.5 40.5-40.8 8.1-8.4

(*Ilel =parallel)

Preservative treatment can increase the service life of the wooden bulkhead. The wood is

heated slightly to decrease its moisture content to 19% or less, prior to treatment. This is

to provide good penetration of the preservative solution into the wood. It is then soaked

in a mixture of: - 12 to 16 pcf creosote, and - 0.6 to \.5 pcf chromated copper arsenate.

This mixture preserves the wood for 20 to 50 years, dependent on the site condition.

6.2.1.2. Concrete~ lU: I!!:kk and cement

Concrete block, or brick and cement bulkhead can be used to resist backfill pressure of up

to 2758 kPa (400 psi). They are more expensive than the wooden bulkheads and have 28
days curing period before withstanding the fill pressure.

6.2.1.3. Relnforced concrete, lU:~~ !illl mm
Reinforced concrete, or steel frame and plate are used to resist higher fill pressures. They

are the most expensive bulkheads. A combination of the Aboye noted types provides

advantages of each. Such combinations are also more expensive than the wooden

bulkheads.
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Considering a vertical bulkhead, installed sorne distance from a stope face, as shown in
Figure 6r-4...:..:-... .....,

ALL PLACEMENT

FILL HEIGHT (h)

~~:s;~==--- SUB·LEVEL,
l'

COARSE SAND OR
GRAVEL DRAINAGE
PLUG

HAULAGE
~_--L_..-JDRIFT

BULKHEAD

Figure 6-4 Schematic ofa stope being filled.

The general equation is:

P=~a +a -F=U+P-Fkil. • raI 6-1

6-7

Total max. pressure on bulkhead, kPa.
horizontal fill pressure, kPa.

vertical pressure due to the fin and water, kPa. a, ='"jh

average weight per unit volume of the fill, \eN/m].

fill height, m.
Fr = frictionalresistance of the fill material, kPa; Fr=0.1 P to 0.4 P.
U = hydrostatic water pressure in the fill =y•.h, kPa

p. = active fill pressur-: acting horizonta1ly on bulkhead, kPa.

where: P =
a. =

a, =
y =
h =

•
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9 = internai friction angle of the fill, degree.

6.2.2.1.~ filled with water

The total pressure on the bulkhead in this C":P. is: (P) = hydrostatic pressure exerted by a

colurnn of water h metres high (U) + active fill pressure (Pa> - Fractional resistance (Fr).

So,

P=yw.h +0-0

where: h = fill or waler height

'Y. = weight per unit volume of water = 9.8, kN/m'

For h= 30m then P= 294 kPa

6-3

6.2.2.2.~ with saturated fiIl and .lm drainage

This situation occurs when the drainage system (mousetraps, pipes, etc.) becomes

inoperative.

The total pressure on the bulkhead:

6-4

•

6.2.2.3.~ with 50% saturated fill and gQQ!l drainage

This situation prevails during good fiIling practice. Ideally this condition exists when the

fill grain size is 2 to 200 mm, with zero to 2 mm sieve sizes removed. This involves

considerable expense to prepare. Poor quality waste such as clay, chlorite, mica, or

sericite schist (which would produce abundant fines, or readily decompose) should be

avoided.

The total pressure on the bulkhead (P) = U + P - F,

The hydrostatic water pressure (U) at a free draining bulkhead is zero. However, it exisls

at the plug side of the bulkhead to force water to be drr.ined. This pressure acts 10

dislodge the bulkhead. The magnitude of this pressure can be reduced by providing a

c1ean pervious drift plug coarse sand, gravel or inside drainage boxes. Hydrostatic water

pressure can be estimated as follows:
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Q= (':!L.). [i!:Y.lJ _[n(l-s.)]
t y. p.(I-n)

6-5

6-6

where: Q = maximum quantity of drainage water, tonnes/lu or m'lhr.

1. = length ofdrift plug
Y.= weight per unit volume of water

1\.=percolation rate of drift plug material
A = cross sectional area of drainage drift

W..= weight of dry solids in the fill per days

t = fill placement times
y. = pulp density as a decimal

S. = water saturation as a decimal

n = porosity of settled fill
P. = specifie gravity of fill solids relative to water in the fill

Y..,= weight per unit volume of 50% saturated fill (\eN/ml)

6.2.2.4.~ with~ water~ weieht saturated fill and (ully drained

This condition exists after completion of filling a stope.

The total pressure on the bulkhead (P) =V + Pa - Fr; V = O. for fully drained stope

_ 2[!a-]p.- y,.h.tan 45- 2 6-7

•

where: y,= weight per unit volume of 15% by weight water saturated fill (\eN/m3)

9. = internaI friction angle of the 15% saturated fill (degrees)

6,2,2,5,~ with Iiquefied fi!I

Liquefaction involves a reduction to zero of the effective horizontal stress within the

mass of granular fill. This situation exists if energy is imparted to the mass by

occurrences such as rockburst, blasting, earthquakes etc. Under such conditions, the fill

behaves as a Iiquid with a density nearly double that of .....ater. The result is a sudden

pressure increase on the bulkhead equivalent to the hydrostatic head of a fill slurry.

Therefore:
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The total pressure on the bulkhead (P) =U + Pa - Fr
u = 0v = 'Y Ir. h, and Pa =0

Therefore:
P = 'Y If . h + 0 - 0 (kPa, Psi)
where: 'Y If =weight per unit volume of the Iiquefied fill material

6.2.3. Bulkhead Design

Design of bulkheads for mine backfill requires more experience than theoretical

calculation. There are three main designs for bulkheads under mining conditions. These

are discussed below.

6.2.3.1. Design !!ffree draining timber bulkheads

This consists of vertical timbers spaced about 1.3 cm. apart for drainage and bearing on

laminated beams which are bolted to the drift floor and back (Figure 6-5). Burlap or
synthetic filter fabric is usually fastened to the stope side of the timbers and sealed to the

perimeter with quick setting cement.

Timber members in bulkheads will generally behave as uniformly loaded beams. Sorne

members could behave as concentrate loaded beams at mid-span. Sorne braces will

behave as a short column. Size of the timbers is determined generally by the allowable

working stresses in shear, bending or deflection. For bulkhead construction, deflection

should not exceed 1/240 of the timber length (or span). Therefore, for a 3m. span the
permissible maximum deflection is 1.25 cm[631. In short, heavily loaded beams, the

horizontal shear is Iikely to control the beam size. In long beams, deflection may control

the size determination.

Design specifications for timber bulkheads modified from Smith and Mitchell[64] are as

follows:

A" = End bearing area of the timber bulkhead, cm'

=FS. P. W•. !1z 0,

where: FS = factor of safety for the bulkhead =3 to 5

P = maximum pressure on the bulkhead, kPa.

W. = load width of the timber, cm = timber width, (t.) + spacing
between timbers, (5).

hd = height of the excavation where the bulkhead is to be erected, cm.
a, = compressive strength of the timber perpendicular to its grain, kPa.

L, =bearing length of the timber (cm) =~
•
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The timbers should be bolted spaced at either:

d = 40 cm. centres using > 19 mm. dia. rockbolts, or

d = 30 cm. centres using > 19 mm. dia. rockbolts.

Pins can be placed behind these timbers to increase the support capacity; but pinning

without rockbolting is not recommended because of lack of resistance to timber rotation.

The bolts should be tightened sufficiently to develop friction between the timber and rock

surface to prevent rotation.
"ta = max. shear stress across laminated timber beams between bolts, kPa.

=P.h./2"t,.L3

where: L = timber length, cm.
"tl = max. longitudinal shear stress along the timber, kPa.

= 1.5 P . W. Ch; E,) . L
"t.

Ei = end bearing influence of the timber = 65 to 85, cm.

At drawpoint or drift openings higher than about 4.3m, the max. fibre stress for timbers

would be high. This can occur where bulkheads must be built close to the brow of a

drawpoint. Under such conditions, the length of the drift plug is reduced or eliminated.

Therefore, to reduce bending of the timber under the fil! pressure, extemal bracing is

required. Steel beams are better than timber for this purpose. The beams should be

notched into the drift wal!s at mid - height of the opening with sufficient bearing area to

carry 50% of the design loading (P). The depth of the bearing notches depends on the

rock quality, and rock bolts may also be necessary if the rock is fractured or contains

bedding planes.
This part of the design is site specific and each location must be examined byan engineer

with ground control experience. When the setback of the bulkhead from the drawpoint is
zero, the design pressure (P) = 0.5 y.h. In cases where strong arching is provided by good

quality rock fin in dra'Ypoint cones, above the drift opening, the actual P-value may be
less than 0.5 y.h.

A central bracing system can often be considered temporarily for the purpose of resisting

seepage water pressures in the fil! during pouring operations. The bracing can be

removed for use elsewhere after a fil! pour has drained. Recharge of a drained fin can be

avoided by pouring an impervious layer or a thin cemented tailings layer on top of each

fin pour. After completion of the fil! drainage, i.e. monitored fil! water pressure behind

the bulkhead approaches zero, the central bracing system can be dismantled for use

e1sewhere.
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Figure 6-5 Timber bulkhead design

Removing and reusing timber bracing is time-eonsuming and results in damage to

timbers. However, temporary metal braces could be designed for easy removal and
reinstallation, where required. The metal braces should be Iight enough for handling. It
comprises adequate numbers of 1 to 1.5 m length telescopic steel pipes. A horizontal
beam on the timber bulkhead serves as a co,!nector between the telescopic braces and the
timber bulkhead. Il is screwed and bolted as required. Variations in the types of bulkhead
bracing and sleel bearing plaie syslems is shown in Figures 6-6 to 6-9.
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Figure 6-9 Use of steel cables as bracing for wooden bulkheads in the Home mine.

FILL SIDEL -10'

BACK

FLOOR

."a 8"TIMBER-..J+

• 6-14



•

•

6.2.3.2. Design of concrete and reinforced concrele bulkheads

A conservalive alternalive 10 free draining lirnber bulkheads is a massive concrele

bulkhead structure capable of wilhslanding Ihe fully Iiquefied hydroslalic fill pressure.

The following condilions may occur:

(a) If mouselrap drains behind a concrele bulkhead perform adequalely, Ihe bulkhead

will experience very !iule pressure.

(b) Iflhe drains do nol perform adequalely, or become blocked, Ihe hydrostatic pressure

can build up to Ihe full fill height because the drainage water has no altemalive escape

roule.

(c) If the fill is waler saluraled, il is subjecllo blaslliquefaction. This worsl condilion

must be considered in the design of impervious concrele bulkheads. In Ihis case,

moniloring (e.g. piezomeler installations) is 10 be carried ouI 10 establish a conlrol on Ihe

hydrostalic prp.ssure, and to Iimit (or disconlinue) the waler saturaled fill pouring raIe

according 10 the piezometrie levels.

Considering the worst condition (case c) and Figure 6-10.

P = the design pressure on the bulkhead, kPa.

=FS·1· h

where: FS = factor of safety for the bulkhead = 3 to 5.
1 = weight per unit volume of saluraled fill = 20 10 30. kN/m3

•

h =height of the fill, m.

Following is examples of possible design parameters:

1) Anchorage distance of T/2 is based on anchorage in sound rock wilh an

allowable bearing pressure of 3.8 MPa. If rock is fractured or allowable bearing

is less than 3.8 MPa, Ihen appropriale adjuslment to anchorage deplh is required.

2) Concrele caver = 7S mm, ± S mm.

3) For rectangular bulkheads, place reinforcement parallel to shortest dimension on

oulside.

4) Bulkheads which may be loaded from eilher side, place reinforcemenl, as

indicaled in tables, on bolh sides.
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Figure 6-10 Cross section ofa typical concrete bulkhead

The concrete bulkheads should be provided with internai mousetrap drains and outlet

pipes to provide pore drainage. If the drains work satisfactorily, only a small proportion

(about 2 to 10%) of the design pressure will be attained. If they beeome plugged, the

design pressure may be attained but the fill will not drain adequately and transport water
will pond on the fill surface.

6.2.3.3, Deslen lf:A!:rJo -1 çonçrete~ Bulkheads

This type of bulkhead has been used successfully in Australia. Construction is fast, and
rnaterials are readily available. Usually a pad is poured at the bulkhead location, and

sometimes hitches are made in the drift walls. Since concrete block construction is weak

in shear and tension, an arch design is required for a mortared block bulkhead.
Dimensions of the concrete blocks are 20 x 20 x 40 cm] with 3 holes. Two holes blocks
are suitable, but would not provide as much concrete area. These blocks would he

mortared in place with the holes horizontally oriented to provide drainage ports, as shown

in Figure 6-10. A20 cm arch depth is sufficient for drifts up to 4.3 m. wide. For openings
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wider than 4.3 m., a double row of blocks or buttress walls could be constructed. Blocks

would be mortared in place to fonn the arch. Filter screens are to be placed on the stope

side and sealed with mortar on ail edges. The screens are wire mesh covered with burlap.

T = the required thickness ofarched concrete bulkhead, m= R . ...t
(Jc

where: R = radius of the bulkhead arch, m.

P = pressure on the bulkhead, kPa.

(J,= compressive strength of concrete block, = 2 x 103
- 3 X 103

, kPa.

This type of bulkhead construction allows placement of the bulkhead filter sereen, drift

plug, sand and gravel as the height of the arch are raised. Tight filling between the

bulkhead and the waste rock drainage blanket is essential to the stability of bulkhead.

~ Bulkhead Pressure Measurement

Total pressure cells are commercially available but would not generally be used for

underground bulkhead pressure measurement. This is due to their high capital cost, the

fragility of the cells and highly teehnieal nature of the measurement techniques. A

simple, but meaningful, direct bulkhead pressure measurement can he made by careful

rneasurement of bulkhead defections, using a dial gauge loeated at the mid span of the

bulkhead beam.

The measuring deviee consists of a pole with fixed location points and a dial gauge with

± 0.025 mm. aeeuraey. The measuring device can be moved on to various bulkheads.

P = pressure on the bulkhead, kPa.

384 E. I. â
= 5xl4L4

where: E = average defleetion modulus, = 7 x 106 to 9 x 106
, kPa for spruee timber.

1 =moment of inertia of the beam, m'.

L =free span or length of the beam, m.
â =rnid - length timber defleetion, m.

At a design load of P = 96.5 kPa (14 psi ) on the spruce timber bulkhead, the timber
deflection (â) would be 7 to 8 mm. If the difference between the zero dia! gauge reading

(after the bulkhead construction) and the current reading at any location exceeds 8 mm,

the timber bulkhead pressure has reached its maximum design value of 96.5 kPa. An

alternative measurement technique would replace the movable measurement pole and dial

gauge with a fixed taunt wire stretching between the upper and lower lag screw locations.

On initial installation, the allowable deflection (8 mm) can be se! as a spacing between

the wire and the central reference point.
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Visual inspection and measurement of the distance between the wire and the central

reference point on a regular basis, will establish if that reference bulkhead pressure would

be considered to have attained the allowable limit. In addition to these measurements,

bulkheads should be inspected by a supervising engineer during and after construction to

ensure that spedfications have been met. Inspection should also be continued during the

stope backfilling, noting whether the bulkheads appear to be stressed and ascertaining
that there is no adverse deformation such as cracking of bulkhead, tilting or rotation.

~ Records m: Bulkhead S)'Stem

The mine operators should keep adequate records of ail phases of the bulkhead system in
a log book. The following information is suggested to be recorded:

• Bulkhead identification, type and location.

• Date, dimensions and details of construction.

• Dimensions of the stope and bulkhead drift.

• Degree of saturation of fill in each stope.

• Height of fill in each stope.

• Rate of fill placement and its density.

• Water input and output by stope.

• Any unusual or abnormal behavior of the bulkhead system.

~~m: Bulkheads

Bulkhead construction can be expensive and account for 45% of the total operating costs

in a cut and fill operation. For long hole mining with hydraulic and waste rock fill the

costs are 2 - 7% of the total operating costs. Bulkhead construction is very labor intensive

and can take many shifts to complete. Table 6-3 shows results from the Quebec Mines

Survey related to bulkhead costs.
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Table 6-3 Cost data on Bulkheads used in Quebec Mines
MINE TOTAL """,.... .....LL lU' .... "U ut" .'LL .CI< tsLI\I1U tsLI\I1U

OREBKF MElllOO MAT. FILl BLKHDS BLKHO COSTS COSTS COSTS
(mll (ml) (mll mliBLK (1) Ihnl FILl IhnlORE

11 169000 C&F T 95100 333 286 2862 110.02 $5.64
1 195000 C&F T 117000 144 813 2375 12.92 11.75
12 49500 C&F T 34320 98 3SO 3065 $8.75 $607
3 397000 CaF T 231570 315 735 1870 12.54 Il.48
10 116000 C&F S 86000 NIA NIA NIA NIA NIA
16 700000 LH. T 337600 0 - 0 $0.00 $0.00
15 363533 LH. T+R 242355 0 - 0 $0.00 $0.00
13 450000 L.H. R 225000 0 - 0 $0.00 $0.00
2 334310 LH. R+S 217325 44 4939 1254 $0.25 $0.17
14 272357 LH. R 248202 18 13789 7500 $0.54 $0.50
6 426000 L.H. T 203857 14 14561 3396 $0.23 $0.11
9 385500 L.H. R 281415 19 14811 2386 $O.l11 $0.12
7 255000 LH. T+R 134110 8 16764 7975 $0.48 $0.25
17 700000 LH. S 250500 12 20875 5000 $0.24 $0.09
18 700000 L.H. R 304000 12 25333 5000 $0.20 $0.09
8 900000 LH. T+R 900000 18 50000 6000 $0.12 $0.12

(0)· DELAYED SACKFILL T· TAILINGS

(C) • CYCLING SACKFILL R· ROCK
(0)' • PROJECTED S· SAND

For reference purposes the average cost of bulkheads per metric tonne of fill for rockfill,

hydraulic fill and cut & fill mining are SO.30, SO.24 and S6.06 respectively.

6-19



•

•

CHAPTER 7

THE ECONOMICAL EVALUÀnON

7.0. INTRODUCTION

Cost-related aspects of backfill design have been examined by different authors in recent

years. It is generally agreed that variations in cost analysis are due to different site

selection criteria, as weil as physical and chemical characteristics of fill materia][6SJ.

Moreover, general agreement on the backfill-related costs identification can hardly he

reached in the practical backfill operation. Il is even impossible to predict the backfill

related cost by sum of ail the cost items because cost items recognized by one mine may

not be recognized by other mines. The site specific nature of each operation prevents any

formulation of a general cost distribution model for the industry. Therefore, the cost

model can still be established under statistica! base for regional application on the

feasibility study level, provided certain definitions of backfill related cost are clarified.

The following sections of the chapter present the results of a survey of backfill operation

conducted within Quebec mining industry. Based on the survey, oackfill-related costs are

clearly defined and statistical models for regional cost estimation are presented. The

following discussion is not intended to standardize the cost prediction model in any

general purpose, but rather as an allempt to reach a simple regional cost model in

principle, and use it only for the purpose of feasibility study. Further studies are needed

to fully address ail aspects of backfill-related cost. As claimed at the very beginning, the

purpose of this research is to build a computer-based system for backfill. The

specification so far is to cover various aspects of backfill design. Some of the aspects

discussed will be implemented in a prototyping system for backfill design, which opens

an architecture to integrate different tools to support some decision makings involved.

In this survey. the capital cost and operation cost are based on the assumptions described

in the following .

1. Operation~

The operation costs are based on 7 cost items that can be compared from site to site:

1. Material: This item refers to the direct costs involved in the production of the

backfill material required for the operation;
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2. Haulage(S): This item refers to any kind of direct transport cost involved at
surface;

3. Slurry: This item refers to any direct cost related to the surface cement slurry ,
hydraulic fill, high density fill etc.;

4. Haulage(U): This item refers to any direct cost related to underground

transportation of hackfill material to the appropriate stope. It means placement

cost in the case ofhydraulic fill or high density fill;

S. Bulkheads: This item refers to any direct cost related to the hulkheads

construction;

6. Binding: This item refers to the cost of any hinding agent (Portland cement, Fly

ash, Accelerator, etc.);

7. Other: This item refers to all others direct costs related to the hackfill operation.
Those included monitoring, dewatering, and c1eaning cost.

1.. Capitalization~

The capital costs are hased on 8 cost items that can he compared from site to site:

1. Fill plant: This item refers to all the surface installations needed for the cement

slurry, the hydraulic fill or the high density fill preparation. This does not include

cyanide treatment when required;

2. Boreholes: This item refers to any frill holes needed for the cement slurry,

hydraulic fill or high density fill placement;

3. Piping: This item refers to any piping material needed for the cement slurry,

hydraulic fill or high density fill placement;

4. Material pass: This item refers to raise construction;

S. Loading station: This item refers to all construction and equipment needed

underground to prepare fill material for transportation;

6. Transportation unit (U/G): This item refers to the total costs of scooptrams and

trucks needed for underground transportation. This does not apply for rail

transportation;

7. Transport unit(S): This item refers to the total costs of truck loader needed for

surface transportation of the fill material;

8. Other: This refers to ail other unspecified material needed for hackfill operation.

Environmental assessment and impact studies represent an additional cost to any mining

activity. These are lengthy procedures, which might have to continue well after the actual

mining operation has started[661. The cost of an environmental study is directly related to
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the compJexity and variations associated with the type of investigation that is ne-.:essary.

As far as this survey is concerned, the cost of environmental assessment is not included in

either capital or operation cost, even though it is indeed an important aspect to œtaken

into account.

7.1. QUEBEC MINES SURVEY CASE DESCRIPTION

The aim of this survey is to monitor the practical mining industry and build tools needed

to evaluate the economic and technical feasibility of backfilling projects. One of the

essential steps in the process was to gather and collate data relating to the experience and

practice of backfilling in Quebec.

At the beginning of this project, a questionnaire was sent to 26 underground operations.

The responses from mining fields showed that 18 mine operations have used, are using,

or project to use backfill. Sixteen mines responded, and the documented information is

presented in the report 'Economical and technical feasibility evaluation for backfill design

in underground mines. Based on this report, a Quebec regional cost model of backfill

operation is integrated as part of the framework of computer assistant backfill design and

evaluation system. The reported mining operations include:

• 5 cases of Rockfill;

• 4 cases of cut & fill;

• 3 cases of hydraulic fill;

• 3 cases of rock and hydraulic fill;

• 1 case of high density fill;

From the previous mentioned data, the total backfill production cost and the total backfill

capitalization were divided into 7 and 8 cost elements respectively, that can be compared

from site to site. Backfill production and capitalization cost models have been elaborated

for: 1. Rockfill, 2. Tailings and Rockfill, 3. Tailings or Sandfill for cut and fill operation.

The cost models presented here should be considered as conceptual models where the

user will find an estimation of the total backfill operation cost at +/- 20"10 and

capitalization cost at +/- 30 in $ of 1990. This level of precision represents the first cost

evaluation stage of any engineering project. So, these cost models should he use<! as an

estimation for comparison of alternatives. The information gathered is served to establish

the design procedures and practical criteria lor the evaluation of the technical and

economic feasibility of backfilling projects.
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7.2. SURVEY ANALYSIS

Lbh Minine methods

Il has been observed that :

• 74% of total ore is excavated by using the long holes method;

• 21 % of total ore production by using the Cut and Fill method;

• 5% of total production by using other mining method;

7.2.2. The preparation Q.[ cement slurry.Bn.!l hydraulic fill

The survey results indicated that the main material used in Quebec is waste rock, tailings

and sand. Shown in figure 7-1 is the distribution of material used for backfill. The

hydraulic fill is prepared directly in the mill and the cement slurry is most onen preparcd

in a specifie backfill plant. llIustrated in table 7-1 and 7-2 are the statistical data
concemed.

Backflll Materlal

Figure 7-1 The Distribution ofmaterial used for backfill

Table 7-1 The summary ofmaterial:

Hvdraulic fill
Unit 1 mt 1% solid 1Oensitv
Averaee 1 295518 163 11.70

Cement Slurrv
Unit 1mt 1% solid 1Oensitv
Averaee 1 12399 160 11.66

Table 7-2 The summary of the material preparation costs in terms of hydraulic fill:

Oesel iotion MinSImt Average Simt Max Simt Std Simt
Hvdraulie fill SO.46 SO.87 SI.09 SO.22
Cement slurrv SO.14 SO.3 SO.44 SO.I\

7-4



•

•

LbJ., .E:ill transportation

The hydraulic backfill transportation system is usually implementcd through pipes of 10

to 15 cm in diameter by gravity effect or with pump. As a general mIe, the horizontal

distance should be no Jess than 10 times of the vertical height. Pipe length varies widely.

The transportation cost, in most cases is equal to pipe maintenance cost. The rockfill

transportation is carried out by trucks and rail cars. Presented in table 7·3 is the data

related to transportation:

Table 7-3 The summary ofrockfill transportation observed:

Transport observation

D(m) $/mt mtlhr/unit

Minel3 110 2.80 63

Mine02 250 2.39 36

Mine07 215 2.41

Mine02B 250 75

Minel5 300 2.54

Mine06 330 2.50

Mine09 400 3.38 35

Minel4 2000 5.00 18

Minell 2400 4.75 Il

UA. Bulkheads

According to the survey, bulkheads used are sufficiently safe, and the present design is

adequate, despite of variations in terms of materials used and construction costs.

Bulkheads are made of wood, or cement blocks, or steel rods covered with impermeable

material. Presented in table 7-4 and 7-5 are the basic results with regard to the cost of

bulkhead design.

Table 7-4: The summary ofbulkheads cost for cut and fill stopes

Mine #01 Mine #11 Mine #03 Mine#12

Bulkhead($/mt1 2.92 10.11 2.54 8.75

Total bkffmt1 117000 95100 231570 34320

ToT. blk 150 358 348 97

mTIBLK 778 266 666 354 516

Bulkhead($) 2272 2686 1693 3096 2436
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Table 7-5: The summary of bulkhead cost for long holes Slopes

Mine #02 Mine #06 Mine #07 Mine #09
Bulkhead($/mt) 0.25 0.18 0.48 0.16 0.27
Total bktTmt\ 217325 203857 134110 281000
ToT. blk 44 14 8 19
mT/BLK 4939 14561 16764 14789 12763
Bu1khead($) \2355 2621 8047 2366 3567

~ Dewaterine

The survey conducted indicates that pumping the backfill water represented only a very

small fraction of total pumping and consequently, of total pumping cost. Very few special

dispositions are taken for evacuating backfill water. Il is estimated that backfill water

represents less than 8% of total water pumped on surface. No problems of liquefaction
were noted.

7.3. CaST ANALYSIS

IIlustrated in table 7-6, 7-7, 7·8, 7·9, 7-10 and the corresponding figures are average

production cost distribution for various backfill type according to the survey in terrns of

percentage of total backfill production cost.

Table 7-6: The average operation cost distribution for rockfill:

# Descrintion Min $/mt Averal'e S/mt Max S/mt Std S/mt "n)

1 Material 4.00 5.03 6.87 1.10 4

2 Haulal'e (s) 0.08 0.49 1.04 0.37 7

3 Slurrv 0.14 0.30 0.44 0.11 5

4 Haulal'e(u) 0.99 2.82 3.38 1.20 10

5 Dther 0.22 0.35 0.64 0.18 5

6 Bulkhead 0.16 0.28 0.54 0.15 6

7 Bindin" 0.81 2.11 3.73 1.01 8

8 Total cost (MT) 4.66 7.44 10.03 2.06 5

9 Total cost M3) 9.69 14.87 18.93 4.14 5
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Figure 7-2 The operation cost distribution ofrockfill

Table 7-7: The average operation cost distribution for tailings and rockfill:

# Description Min Slmt Averalle S/mt Max S/mt Std Slmt i'n)

1 Material 4.00 5.03 6.87 1.10 4

2 Haulal!e (s) 0.08 0.49 \.04 0.37 7

3 Slurrv 0.46 0.83 \.09 0.25 5

4 Haulalle(u) 0.99 2.82 3.38 1.20 10

5 Other 0.22 0.30 0.64 0.19 6

6 Bulkhead 0.16 0.31 0.54 0.15 6

7 Bindinl! 0.81 2.11 3.73 1.01 8

8 Total cast (MT) 5.31 7.02 9.24 1.64 3

9 Total cast M3) 12.63 14.44 19.27 3.45 3

7-7



• .j

l
a

'a']
.i
'li
~

T~lings DIld rockfil operl!lïon cost distribution ~
6

0tII HaJIge(~ Il'

Coat pel illlm ($Ant 01 blld"ill]

•

Figure 7-3 Tailings and rockfill operation cast

Table 7-8: The average operation cost distribution for tailings or sandfill operation:

# Description Min S/mt Average S/mt Max S/mt Std S/mt ln)

1 Material 3.00 3.00 3.00 0.00 2

2 Haulage (s) 1.15 1.15 1.15 1.15 2

3 Slurrv 0.05 0.83 1.09 0.25 5

4 Haulage(u) 0.08 0.29 0.50 0.20 3

5 Other 0.10 0.10 0.10 0.00 1

6 Bulkhead 0.16 0.31 0.54 0.15 6

7 Binding 3.27 4.34 5.40 1.07 2

8 Total cost (MT) 4.67 7.82 10.97 3.15 2

9 Total cost M3) 8.11 13.10 15.40 4.99 2
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Figure 7-4 Tailings or sandfil1 operation cost distribution

Table 7·9: The average operation cost distribution for eut and fil1:

# DescriPtion Min S/ml Average Slmt Max Slmt Std Slmt Ifn)

1 Material 0.00 0.00 0.00 0.00 4

2 Haulage (s) 0.00 0.00 0.00 0.00 4

3 S\urrv 0.72 0.93 1.04 0.15 3

4 Haulage{u) 1.20 5.90 8.89 3.80 4

5 Olher 0.55 0.55 0.55 0.00 8

6 Bulkhead 2.54 6.08 11.32 3.39 4

7 Binding 0.57 1.68 4.43 1.61 4

8 Total cost (MT) 7.66 14.89 21.47 6.67 4

9 Total cost M3) 13.12 26.87 40.11 12.62 4
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Cut and fil open.ion cast distribution

Figure 7-5 Cut and Fill cost operation cost distribution

Table 7-10: The average operation cost distribution for high density fill:

No DescriDtion Slmt

1 Material 0.00

2 Haulage(s) 0.00

3 Slurrv 2.27

4 Placement 1.26

5 Bulkhead 0.00

6 Other 0.00

7 Binding 2.70

8 Total cost(mt) 6.23

9 Total Cost(M3
) \3.85
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Figure 7-6 High density fill operation cost distribution

Presented in table 7-11 is the typical capitalization cost distribution of overall backfill

operation in Quebec regional area.

Table 7-11: The average backfill capitalization cost distribution:

No Min(S) Avera2e(S) Max(S) Std(S)

1 Fill olant(R) 25000 437625 701500 167959

1 Fill olant(H) 317000 919250 1360000 384059
2 Boreholes 0 99537 168000 64054

3 Pioing 7300 44935 109250 37600
4 Rock pass 225000 493595 934375 327953

5 Loading station 109250 225862 375000 145985
6 U1G transoort 292000 577250 1050000 254498

7 surf transoort 188678 234400 280000 4600

8 other 39750 51583 115000 47688

9 total caoilaUR) 1900000 2214818 2544375 263271

9 Total Caoital (H) 1295000 1559750 1824500 264750
9 Total Capital (H+R) 1295000 1888159 2544375 405869
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Figure 7-7 Average backfill capitalization cost distribution

IIlustrated on the figure 7-8 is a typical capitalization cost distribution for a rockfill,
figure 7-9 is the average capitalization cost distribution for tailings or sandfill.
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Figure 7-8 Average Rockfill capitalization cost distribution
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Figure 7-9 Average tailings or sandfill capitalization cost distribution

7.4. COST ESTIMATION MODEL

As stated earlier, the total backfil1 costs are divided to operation cost and capitalization

cost. Because the operations required differ greatly according to fil1 type and mining
method, cost models should be considered in line with the backfil1 type. In this section,
four cost models are discussed; they are:

1). Rockfil1 operation costs model;
2). Tailings fill operation costs model;
3). sandfil1 operation costs model;
4). Cut and fil1 operation costs mode\.

MJ... Operation~ modellne

7.4.1.1. Backfil( igaterial~

The backfil1 material cost is the function of source. From the survey condueted, the

material cost for different rock sources are:

• Surface pit waster rock = S3.S/MT (Drilling, blasting and mucking)

• U1G waste rock stope =S7.S/MT

• Development waste rock =SO.O/MT
• Surface stockpile waste rock =SO.O/MT
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The choice of a specific type of waste rock source is mainiy based on:

• The amount of waste rock needed;

• The availability of the waste rock from different sources;
• The Iife expectancy of the operation.

Tailings matetial cornes directly from the mill. The cost is included in the surface
preparation cost.

Sand generally cornes from an alluvial deposit sorne distance from the mill. The average
cost of sand matetial = $2.75 per MT.

7.4.1.2. Surface transportation~

Based on transportation distance, the following results can be drawn from the survey:
Distance> 1 Km

Surface transportation cost($/MT)=$1.08/MT+[($0.08/MT) x Dl where D is in Km;
Distance <1 Km

Surface transportation cost($/MT)=$0.20/MT+[($0.0008/MT) x dl where d is in m;
D and d represent total round trip distance.

7.4.1.3. Surface plant preparation

The average value obtained was $6.21/MT of slurry prepared.

As the average solid concentration in the slurry=60%

Slurry tonnage = Total solid tonnage /60%

Cost of surface plant preparation of rockfill = [$6.21 x (MT of slurry))/(MT bief)

Cost of surface plant preparation of tailing and sand fill = ($/MT of solid matetial)

={$0.45+[85000/total tailings]}/( total tonnage ofbackfill)

Cost of surface plant preparation for Cut and Fill operation = $0.93 per MT

(Divided by total solid backfill resulting in the cost of per mt of total solid backfill)

7.4.1.4. Undereround transportation

The evaluation of underground transportation is based on an average of the operation

costs for different transportation distance regardless of the fill tYPe:
U/G transportation cost($/MT)= [5.00 + (0.01 x d)]lfl

Where: d is the total distance of both ways.

For Cut and Fill operation, the overall underground placement cost is a function of the lift

width, lift height, the number of bulkheads per lifts, stope volume, and total volume

backfilled. The smaller the lift volume, the shorter the mining cycle, and the higher the

operation cost which can be estimated by the following formula:
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Total underground backtill cost =A x B x C x D x E

Where:A =4.00 + { 19/(tope width in ml);

B=57/(lift length in ml;
C = { (# offences per lift)/2) x {2.7/ Cut's hcight in m)}o.s
D = {140000/Total tailings used}0.4

E ={12400/(Stope volume in ml )0.1

Hydraulic backtill placement cost = 0.5 x total underground backtill cost.

7.4.1.5. Bulkhead~

Unit bulkhead costs depends mostly on their strength. In this survey it is obtained that the

average of 12750 MT of rocktill per bulkhead, at a cost of $3567 per bulkhead. The

average bulkhead cost is:

For rockfill:
Bulkhead cost = SO.28 per MT

For tailing and sand fill:

Bulkhead cost = SO.31 per MT

For Cut and fill:

Bulkhead cost = 0.5 x total underground backtill cost.

7.4.1.6. Q!M!:~

Other costs which include monitoring, dewatering, c1eaning, can be estimated as:

For rock fill:

Other costs = $0.35 per MT

For tailing fill:

Other costs = $ 0.30 per MT

For sand fill:

Other costs = $0.1 pre MT

For Cut and Fi1I:

Other costs = $0.55 per MT

7.4.1.7. Blndlnu.!!ll blndine~

The cement cost is a function of the cement to solid ratio used for the fil\. As an average

of different size of rock fragments, it is estimated that ratio of cement for the desired
strength expressed in Mpa, from the following formula:

For rocktill:

% ofbinding = 1.46 + {1.47 x Strength (Mpa)}
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For tailing fill:

% ofbinding = 3.5 + {4.2 x strength (Mpa)}

For sand fill:

% ofbinding =4.4 +{6.0 x strength (Mpa)}

For Cut and Fill:
The average binding ratio for eut and fill stope obtained in this survey is \0%. The 1100r

thickness of 15 to 25 cm of fill per lift is cemented. The average cement fill ratio is 7%

according to the survey.

The average cost of Portland observed = $110 per MT

The average cost of Fly Ash observed = $ 85 per MT

Average ratio of binding agent observed :

Portland = 65%

FlyAsh=35%

So: Average binding cost = \01.25 per MT,

and cement cost ($IMT of cemented fill )= $\ 0\.25 x binding %

The figures 7-\0 te. ;-13 present the comparison between the observed and modeled

values for various type of backfill operation costs. The difference observed is less than

20%.

R ocltfiD.opemtbn costobse:rved Vs M ode:bd
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Mine site
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Figure 7-10 Comparison of rockfill operation cost observed and modeled
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Figure 7-11 Comparison oftailings and rockfill operation cost observed and modeled

Tailings or sandfill operation cost observed Vs modeled

Mine sile

• observed cost 0 Modeled cost

Figure 7-12 Comparison ofTailings or sandfill operation cost observed and modeled
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Figure 7-13 Comparison of Cut and Fill operation cost observed and modeled

MJ.. Capitalization~ 2f modeling

The capitalization cost models presented here should be considered as a conceptual

models where the user will find an estimation of total backfill capitalization cost at +\­

30%. As it is for the operation cost models, this level of precision represents the first cost

evaluation stage of any engineering projects. So cost models should be used as an

estimation for comparison of alternatives.
Figure 7-14 presents the comparison between the observed and modeled capitalization

costs. The difference observed is Jess than 30%.
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7.4.2.1. Surface plant

Cement slurry plant:

The average capital costto build a new slurry plant for total backfill placement averaging

400,000 mt per year can be presented by following relationship:

Siurry plant capital cost =$ 1.3 ;t (total slurry tonnage per year)

Hydraulic fill plant:

The total cost of hydraulic plants follows the relationship:

Capital costs = {I 500+(-62000/Nc}2

Where Nc =the nominal capacity of the plant in tenn of mt of solid per hour.

High density fill plant:

The total costs of high density follows the relationship:

Capital costs =(20480 x NC)2

Where Nc =the nominal capacity of the plant in tenn of mt of solid per hour.

7.4.2.2. Surface transportation unit

The surface transportation unit cost model is represented as:

Surface transportation unit cost = $0.45 x (average yearly tonnage) x [D (m)/IOO].

Where D is the transportation distance.
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7.4.2.3. Boreholes

Average borehole cost =Sl20 per meter.

7.4.2.4. PiDing

Average piping costs =20.00 per meter.

7.4.2.5. Waste rock~

Average rock passes cost =$925 per meter.

7.4.2.6. Loading station

The loading station cost = 53500 per unit

7.4.2.7. underground transportation units

The total cost of the underground transportation unit is obviously contingent to the

distance between the loading and unloading point. The following formula is

recornmended to evaluate the productivity of the overall transportation unit:

Productivity (mtlhour/unit) = {II [0.015 + (2x 10 -s x D (m)]}

The average underground unit cost = $250000 per unit

7.4.2.8. Q!Jw:~

Average other cost= $51000

7.5. CONCLUSIONS

The survey and the analysis on the backfill operation in Quebec's underground mines

demonstrated a clear view of mining practice in this region. The basic cost items have

been clearly defined 50 that the cost analysis of backfill operation can be conducted with

reasonable standards. As has becn shown in the previous sections, operation and

capitalization cost models have been obtained at the approximation of +/20% to +/-30,

which satisfy with the basic precision requirement of f{;asibility studies of mining design.

Il is worth noting that the data of survey are limited. Further studies are needed to have

deeper understanding of practical backfill operation in Quebec, and hence improve the

cost models. This research thesis is not intended to address ail aspects and features of

backfill operation in Quebec. But rather to use the survey results as an example and

knowledge base to design and test a computer based backfill supporting system which

will be c1ear in the next chapters.
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CHAP'fER8

ARCHITECTURE OF INTEGRATED DECISION SUPPORT
SYSTEM FOR BACKFILL DESIGN

8.0. INTRODUCTION

The previous chapters outlined the main aspects of backfill design and various

technologies involved. The context diagrams specified the major requirements, tasks and

basic data flow regarding backfill design process. Our purpose of the overall specification

of backfill design rationale is to present a clear scenario so that it can be represented and

simulated with a computer system. This chapter defines the main models of computer

system that can integrate knowledge base management system, expert system and

hypermedia system togelher to support decision makings involved in backfill design and

operation. Also in this chapter, a blackboard architecture is presented for different

computer technologies to cooperate each other. In addition, the conceptual model of the

system is discussed. The following chapters will present various technologies discussed in

this chapter, and demonstrate how they help the mining engineers.

8.1. GENERAL ARCIDTECTURE

The backfill design requires a large amount of information in various formats as shown in

the previous chapters. From computer system point of view, the backfill design rationale

defined earlier cali be viewed as an operation on a computer program which consists of

an information system and various tools to support decision making. Users need to access

information system, and make decisions based on specifie mining environment. The

knowledge and previous experience of backfill operation serves as a knowledge source.

This kind of knowledge source defined as backfill design database model of the system.

This notion ofbackfill design database was first introduced in 1988[67] by M. Scoble, and.

the database is presented in the format of a paper-based reference manual. Based on the

discussion, the backfill design database provides Iwo major functions:

1) As a knowledge base to provide user with the backfill design knowledge, expertise and

information needed to support certain decision making.

2) To store the design parameters ofbackfill operation for further evaluation.
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The paper-based database neeJ enormous manual work to maintain and update the

information. Moreover, the process of information to meet with different purposes is the

key of efficient use of inform:ltion, and is unfortunately labor intensive and requires
professional domain specific knowledge.

The modern information society has arisen out of the ability to store information and data

in electronic database. The applications of database systems in mining engineering have
been reported in many aspects such as, the geological exploration and evaiuation[68],[69],
[70],[71], mine planning[72],[73]. equipment maintenance information system[74], slope

stability assessment[75], management information system[76],[77],[78], etc. Those early

application of database technology into mining engineering had demonstrated the

successful power of using computer-based database technology in sorne areas such as

geological data management and mining operation management. But the traditional

database systems were developed in the mainframe environments of the early 1960s.

They were typically applied to numeric and record-based data (e.g. employee records or

parts inventories). More advanced technologies are still needed to meet with the

information need of most engineering design problems Iike backfill.

One serious problem of traditiona! database technoJogy is that it can not represent

different data formats in a single seamless scheme, and different data representation

schemes are treated in isolation. Most of conventional database systems represent data as

formatted records. As is shown in the early chapters, backfill design deals with various

technologies, and the knowledge is represented in different formats such as numeric

number, text, graph, spreadsheet, chart figure, etc. These data formats can not be

integrated into a unique environment. Users are forced to jump from different systems to

manipulate different data of that format. For instance, in a typical record-based database

system, users can easily store and retrieve part data as records. But in many cases, the

user might want to have a pictorial view of the part. The traditional database does not

provide simple way to do this. So users are forced to open another application

environment that may be designed to present the picture of different parts. Further more,

the processing of data in database is also Iimited. Data are stored and retrieved as passive

objects. The deeper interrelationship of data can not be addressed.

To extend the traditional database system for backfill design, an integrated decision

support system is proposed, which evolves as a result of the integration of traditional

approaches to databases with more recent fields such as:

•

•
• Object-oriented programming

• Hypermedia

• Expert system

• Knowledge base management system
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• The merge of these technologies is illustrated in Figure 8-1:

Inlegraled Decision
.-----t~1 support system

Tex! M.magament

InfonnaUon RetrieYal

•

Figure 8-1 The merging technologies into integrated decision support system

The develcpment of integrated decision support system relies on defining three levels of

intelligent processes:

1. Intelligence of high-Ievel tools,

2. Intelligence at the user-interface level.

3. Intelligence at the underlying knowledge management system.

These are iIIustrated in Figure 8-2:

High Level
Tools

Higb Level User
Interface

Intelligent Database Engine

Figure 8-2 Three levels of database intelligence[79]
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The first of these levels is the high-level tools. These tools provide the user with a

number of facilities such as logical inference, data quality and integrity control, and

automated discovery. These high-level tools represent an external library of powerful

tools that sorne users may find useful, but not others. Most of these tools are implemented

as task solvers to couple with a single task. For example, in the context diagram

representation (see Figure 2-4), mining method selection is a single task encountered

during backfill design. The high-Ievel tool library should provide tools to help mining

designers to select a suitable mining method to meet with mining condition. They look

and work much as their stand-alone equivalents, such as consultation expen system and

graphic representation tools.

The second leve! is the high-Ievel user interface. It is in this level that users direetly

interact with the decision suppon system. This level creates the mode! of the task and

database environment. As such, it has to deal as much with how the user wants to think

about databases and information management as il has to do with how the database

engine actually operates. Associated with this level is a set of representation tools. For

instance, the interface can open a hypermedia database environment, and users are

allowed to browse through backfill design reference manual in non-linear way. The user

interface provides an environment to users and guide the user to perform various tasks.

The mode! consists of the object-oriented representation of information along with a set

of integrated tools for creating new object, i.e. mining operation, for example. In

addition, there is a set ofhigh-level tools, which enhances the functionality of the system.

Object-oriented representation scheme presents information in a natural way. And more

important, the integrity of the database can be easily enforced by attached predicate

which will be c1ear when the concrete example is presented later.

The base level of the system is the knowledge base management system engine. The

knowledge base management engine incorporates a model that allows for a deductive

database representation of information. The engine includes various inference mechanism

as weil as query optimization process.

The development of the three level database intelligence involves different knowledge

representation scheme. Different components of the same level or different levels need to

cooperate each other. There is no universal representation scheme available for ail kinds

of knowledge representation and process. We are faced with the basic problem of

designing an adapted architecture that integrates ail tools and representation scheme

within a simple environment and cOinmunicate each other. Several approaches have been

proposed. For our purpose, we propose the blackboard approaches which allow the

knowledge of multiple sources to be represented in a single representation system.
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The blackboard model was developed for HEARSAy -II speech understanding

system[80l, and the idea behind the blackboard mode! ma)' be described as follows:

We have a group of human experts, each of whom is highly qualified in a specifie field.

We are trying to coordinate the knowledge of these experts to solve a difficult problem.

As it tums out, the experts will not directly speak to each other, but in order to he!p solve

the problem, will agree to interact with a coordinator or scheduler and to read from and

write on a blackboard. We gather the experts in a room \\;th a large blackboard and write

the initial statement of the problem on the blackboard. The experts read the problem

statement and begin to think. As each expert cornes up with an interesting hypothesis or

an important idea, he writes it on the blackboard for everyone to see. This he!ps the other

experts in their thinking, and provides them with important clues based on knowledge

outside their own domain. Eventually, one of the experts solves the problem and writes

the final solution on the blackboard. Under this architecture, the overall system is

partitioned into different mode\. Each model maintains its own knowledge representation

scheme. While the global knowledge is presented in the blackboard. Thus, a blackboard

architecture is made up of three basic components.

1. A globe database (the blackboard).

2.lndependent knowledge sources that have access to the blackboard

3. A scheduler to control knowledge source activity.

The knowledge sources are independent and influence each other by responding to and

modifying information on the blackboard. Blackboards are distinguished more as an

architecture for distributed problem solving than as a distinct method of knowledge

representation. In fact, a number of different knowledge representation methods can be

used for each knowledge source without disturbing the overall blackboard structure,

providing that any information on the blackboard can be read and used by the knowledge

sources that need. The blackboard model has at least the following three advantages:

l.lt can be used to organize knowledge in a modular way.

2.lt can easily integrate different knowledge representation methods.

3. It may be executed in a distributed computing environment for greater efficiency.

As a special purpose decision support system for backfill design, it is intended to solve a

group of problems related to that domain, rather than provide general problem solver.

Figure 8-3 shows the basic architecture of the proposed integrated decision supporting
system for backfill design.
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User's Interface

Scheduler

Figure 8-3 Basic architecture of integrated decision support system for backfill design

Arrows point to the direction of data flow and programming control. As illdicated, the

user interface accesses various integrated components concemed. Each (,omponent does

not response to the user or other components directly, but rather communicates with

publication board, then write and read data from the board. The scheduler reads from

publication board and decides how to control the cooperation and communication

between each components. In the next section, we present the basic components of

integrated decision supporting system for backfill design, namely expert system,

knowledge base management system and hypermedia system. The conventional programs

are an open- ended Iibrary of modular implemented to solve various backfill problems

that are suitable to be solved by procedural programming. For instance, the simulation of

pressure ingredient of hydraulic transportation system is a weil defined probJem and

suitable to he implemented as a modular. The program is implemented as modular and

integrated in the overall system as a subroutine accessible from user interface.

8.2. BASIC COMPONENTS OF THE SYSTEM

Within the context of backfill design, there exist two primary areas of information. One is

the reference documents such as standard specification described in the backtill desil:,'!1

handbook. literature and other govemment regulation. The other one is the practical
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operation information and knowledge of experienced personnel. For the first one, the

knowledge is represented explicit1y by certain format which could be numeric data, text,

graphie, heuristic rules and so on. However, the second one needs personal judgment and

implicit1y exists among the successful designs. Proper process of the knowledge, such as

automated reasoning, or expert systems, are needed to make it useful. Accordingly,

different techniques are adapted to deal with each problem. Except for the conventional

numerical calculation and other procedural methods, the following components are

considered essential techniques to be incorporated into the integrated decision making

system.

8.2.1. Hypermedia database

Hypermedia is a tool for building and using associative structures. A normal document is

Iinear, and one tends to read it from beginning to end. In contrast, reading hypermedia is

open-ended and one can jump from idea to idea depending on one's interests. The nearest

thing to a hypermedia document that most people are familiar with is a thesaurus. A

thesaurus has no single beginning or end. Each time the thesaurus is consulted, it is

entered at a different location based on the word used to initiate the search. Hypermedia

can be thought of as an enriched thesaurus where, instead of links between words, links

between documents and text fragments are available. In essence, the hypermedia system

provides the ability to incorporate information in various formats such as numeric data,

flat record, text, graphie or even sound and motion picture. In addition, the hypermedia

system provides a non-Iinear access to the information source. These features provide us

with sufficient facilities to create a backfill design hypermedia reference manual. The

manual contains most of backfill technologies covered through chapter 2 to 7, from basic

concepts to the state-of-the-art technology. Further more, the maintenance of the system

should be easy to update. On the other hand, the access to the hypermedia manual is non­

Iinear depending on the information need and the users' experience. The experienced

backfill designer may only need a quick access to specifie portion of the manual and read

the information relevant. The novice designer, on the other hand, may need to get

acquaint with the basic concepts first and then go to specifie domain.

The backfill design rationale presented through chapter 2 to 7 outlines the basic

framework of ba('kfill design and covers most of disciplines related to the issue. In

chapter 10, we will discuss the basic concepts and techniques of hyp~rmetlja system

along with the implementation of backfill design manual. This brief intrllduction to

hypermedia system focusl~s only on the functionality Ilf the hypermedia SYf \n the

overall integrated decision support system.
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8.2.2. Knowledge base management system

The backfill operation information and knowledge of experienced personnel play

important role in decision making involved. The solution of most backfill design

problems requires, in addition to vast numerical calculations, substantial use of practical

judgment and expertise based on experience. The technologies introduced in the previous

chapters or any reference manual can only provide principles in general. The mining

design is usually case specifie. Successfully designed mining operation is used as a source

of good examples and certain decisions are made simply by drawing the comparison from

case to case. Since the conditions inherited from different deposits are never identical, an

apparent drawback of this method is the burden of collecting the related mining operation

for comparison. Even though the general information is available, close review of data

and case by case analysis manually is also an expensive process. In this integrated

backfill decision support system we propose a knowledge base management system for

information storage and analysis, therefore provide an automated or semi-automated tool

for decision making of backfill design.

The underlying data representation scheme is based on the relational database. In addition

to the capacity of database management system, the knowledge base management system

provides the declarative language to serve the role played by data manipulation language

and host language. Il supports efficient data access and manipulation Iike database

management system. Above that, the knowledge base management system provides the

expressive power with declarative lmguage based on logic as has been successfully

demonstrated in expert systems, production system and logical programming language.

Chapter II is devoted to ilIustrate architecture, functionality and other implementation

techniques of knowledge base management system along with a prototyping system for

hydraulic transportation system design. For now, we only introduce the knowledge base

management system as a component of integrated decision support system.

8.2.3. Expert systems

The site specifie nature of backfill design requires enormous heuristic justification and

personal judgment, which falls into the context of expert system teehnology. An expert

system is generally defined as:
A computer program that relies on knowledge and reasoning to perform a difficult task

usually performed only by a human expert. A human expert reasons and arrives at

conclusions based on personal knowledge. In similar fashion, an expert system reasons

and arrives at conclusions based on the knowledge it possesses.
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ln the context of integrated decision support system, expert system may be generally

viewed as ad\'isory system. lt can solve a wide range of simple isolated probl~ms.

Following this feature, we formulate the backfill design problems into individual tasks to

simulate the task driven procedure of backfill design, and use expert systems as tools to

solve those tasks one by one. These tools are accessible either from user interface or from

within hypermedia database system as intelligent links. The backfill designers are

provided with these tools at the interface level. The design process becomes the

specifications of various predefined backfill operation and basic configurations as

outlined in previous chapters. For example, the first task according to context diagram

(Figure 2-4) is to select a proper mining method. Under certain circumstance, the mining

method is inherited from the overall developing system. But the backfill designer usually

has to select one method with his own knowledge. This kind of task can be formulated to

a consultation expert system. The user simply consult the expert system from interface

level, and make decision based on the recommendation. The concrete examples and

technique details will be presented in chapter 9.

8.3. USER INTERFACE

The integrated decision supporting system introduces an open architecture. Different

technologies, programs, tools etc. can be easily incorporated into a unique environment.

The communication between programs is loosely defined. The loosely defined integration

system has its inherited disadvantages and the research to seek a closely integrated system

is still under development. We do not hope in the short term future, that this loosely

defined integrated system can be replaced by a universal representation scheme.

ln this loosely integrated system, the key to the success is to develop a multi-task:'1g user

interface. In essence, each component mentioned early is an individual program with its

own interface. 1t can run as a stand-alone program without conceming other components.

The fundamental task of user interface is provide an interactive environment which guide

backfill designer to go through ail the design procedure. During this process, underlying

technology of backfill operation and decision support tools should be easily accessible.

Users should not be concemed with information communication between prograrns.

Every specification of backfill operation is stored in knowledge base management system

for further reference and evaluation. From engineering point of viel'.', ail the

specifications have to meet with certain criteria as shown in backfill design rationale.

From database point of viel'.', those criteria impose integrity constraints on database. In

other words, those criteria are the semantic knowledge of application domain, and the
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• database has to be maintained to be in line with these semantics. The function of

imposing integrity constrains is another important function of user interface. In the

context of integrated backfill decision support system, the fundamental functionality of
user interface is the following:

1. Present the backfill design procedure in a natural and easy to understand way;

2. Provide facilities to access various design tools:

3. Maintain the integrity constrains of database;

4. As a coordinator to schedule information exchange between different programs.

figure 8-4 shows a typicai window of the user interface. The pull down menu "Task" lists

the specification tasks related to backfill design. The "Help" menu provides interface to
other decision support tooIs.

Mlnlng methods expert

Aboullhe b.clcllll desigo aid

1300000 We.r 1

Unit Welghl 01 FIII 1 2.] IIm]

FIII Production

Aillype: .ste rock

Fiii Type

B.cklill

<il Waste Roclcllll 0 Natural Sandllli 0 Mill 1alllngllll

Select One Item lor Further Specllicatlon

@> Property 01 Baclcllll Materlal

o Conslltuent 01 Baclcllil Materlal

o Size Distribution 01 Baclcllll Materlal

o Exlt

Figure 8-4 Sample screen of user interface

•
Whenever user cornes ta the point to make a crucial decision and need additional help, he

can cali the decision support tools for help. 'Backlill design manual', for example,

provides a hypermedia backfill design manual for quick reference. The 'mining method
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expert' starts the mining method selection expert system session for consultation. Once

the solution is reached, users can come back to the original point to continue backfill

specification.

We introduce object-oriented paradigm as the user interface programming language.

Object-oriented paradigm provides both data modeling scheme and programming

language. The i!!".iitive appeal of object orientation is that it provides better concepts and

tools to model and represent the real world as closely as possible. The advantages of this

direct representation capability in programming and data modeling are that object

oriented programming allows a more direct representation of the real worid model in the

code. The result is that the normal radical transformation from system requirements

(defined in user's term) to system specification (defined in computer terms) is greatly

reduced[81l.

One of the most important features of object orientation is the support ot abstract data

types, which define sets of similar objects with an associated collection of operators.

Each abstract data type defines a class of similar objects, which incorporates the

definition of the structure as weil as the operations of the class. Thus, a class defines an

abstract data type, and elements pertaining to the collection of objects described by a

c1ass are called instances of the class. An object is accessed and modified only through

the extemal interface routines and operations defined for its class. Another important

concept that characterizes object-oriented languagt"s and systems is inheritance. Through

inheritance we can build new classes on top of an existing Jess specialized hierarchy of

classes, instead of redesigning everything from scratch. The new classes can inherit both

the behavior (operations, methods, etc.) and the representation from existing classes. This

type of data representation scheme is very similar in structure and organization to the

frame-based knowledge representationl82l scheme and expert system in AI community.

Within this context, the backfill operation system can be modeled as compound object

which consists of several classes of objects, and the backfill design process can be viewed

as a procedure of creating new interrelated objects predefined. By modeling the

application this way, the user interface presents the design procedure in the way closely

simulating the activities of real world backfill design.

Il is worth to indicate that the concept1·i modeling based on object-oriented concepts is

Iimited within the user interface leveI. It is integrated as a prograrnming language rather

database mode!. Other modular or components have their own representation scheme. For

instance, The underlying data model of knowledge base management system is relational

schema. The objects created in interface level can not be directly integrated into

knowledge base management system but rather through blackboard approach.
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Another benefit of employing object-oriented approach is ta enforce the integrity

constrains which are one "f functions defined in the user interface level. As stated early,

the creation of backfill operation abjects has to make engineering sense, and comply with

mIes of nature. A good design takes full advantage of modern technology and pursues the

best possible profit. ;.'hile a poor design may lead ta disaster. The objective of backfill

desibrner is, of course, to reach the best possible backfill operation. l'nfortunately, there is

no single algorithm that wiII automaticaliy determine this best design process.

Hypermedia backfill design manual provides users with general I.nowledge of backfill

design for personal judgment. The high level design tools defined in the interface level

provide certain too1s to solve sorne difficult problems but not ail. Other semantic

knowledge can be enforced by attached predicate on the attributes, which could be used

to restrict access, evaluate missing information or enforce constraints on the attributes,

therefore maintain integrity constrains. The object-oriented programming provides a

natural way to implement this function. Next section iIlustrates the basic techniques of

conceptual modeling based on object-oriented concepts and demonstrates the approach to

implement attached predicates.

8.4. CONCEPTUAL MODELING

In order to satisfy the IIsers' needs, software engineering requires the design of a suitable

representation of its application's environment. This representation is called a conceptual

mode!. A conceptual model of an application environment is thus an abstract

representation of that environment that contains only those abstract properties of the

environment relevant for the information requirements of its users[831. Data models

provide the conceptual basis for thinking about data-intensive applications and they

provide a formaI basis for tools and techniques used in developing and using information

systems. Data modeling with respect to the system design can be described as follows.

Given the information and processing requirements of a data intensive application, i.e.

context diagram Figure 2-8 for example, construct a representation of the application that

captures the statie and dynamic properties needed to support the desired processes. The

resu1t of data modeling is a representation of the static and dynamic propelties of

application scope with integrity mIes over objects and operations[84l.

8.4.1 Techniques of conceptual modeling

The approaches to the design of a conceptual model of an application environment is

based on a collection of abstraction techniques. The most fundamental techniques are

classification, aggregation, generalization, and association.
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A is an aggregation ofcomponent Ci,

i = L""n,

Underscored components take part in
the key of A

• 1. Classification: classification is a form of abstraction in which a collection of objects is

considered as a higher level object class. An object class is a precise characterization of

ail properties shared by each object in the collection. An object is an instance of an object

class if it has the properties defined in the class. Classification represents an instance-of

relationship in the class. For example. an object class employee that has properties

employee-name. employee-number. and salary may have. as an instance. the object with

property values "John Smith." 402. and $50,000.
2. Aggregation: aggregation is a form of abstraction in which a relationship between

objects is considered as a higher level aggregate object. This is the part-of relationship.

For example. an employee may be an aggregate of components employee-narne.

employee-number, and salary. The graphic representation of the aggregation is as in

Figure 8-6.
3. Generalization: generalization is a form of abstraction in which a relationship

between category objects is considered as higher level generic object. This is the is-a

relationship. For example. the generic employee may be a generalization of categories

secretary and manager (i.e.• secretary is-a employee and manager is-a employee). The

graphic representation of the aggregation is as in Figure 8-5.

4. Association: association is a form of abstraction in which a relationship between

member objects is considered as a higher level set object. This is the member-of

relationship. For example. the set trade-union is an association of employee members.

and the set management is ar.. association of employee members. The graphie

representation of the association is as in Figure 8-5.

I-Î-I
CI Ci Cn

Figure 8-5 Object scheme notational conventions•

G

~t~
Cl ... Ci Cn

s

l
Gis a generic of categories Ci. i=I ... .n.

S is aset of members ITom the object class M .
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8.4.2 The Object Identification

L Definition of Object

ln the object-oriented paradigm, the concept object represent both the data structures and

the procedures related to the data[851. This section deals mai nI y with the object

identification and data abstraction, which include:

1).Object identification;

2).Object hierarchy specification;

ln terrns of the object programming, object is collectively defined by defining a class (Le.

Classification). A class may be modified to create another class which is either a

superclass or subclass of the class. The superclass is a generalization of the class and the

subclass is a specialization of the class.

A set of objects is regarded as an object type if ail the objects in that set share the same

set of relevant properties (attributes). The relevance of a property of an object is, of

course, deterrnined by the purpose of the mode!. ln order to apply the classification

abstraction, we have to specify precisely the properties shared by a set of objects that

belong to the same type. So the identification of objects of the interested scope includes

the specification of the name of objects and its altributes. Based on this definition, the

following objects have been identified.

2. Object Identification

We star! the conceptual modeling from the entity-relationship diagram. The objects are

usually related WÎth each other one way or another. These relationships represent the way

these objects are Iinked and how they are used as a whole in the conceptual mode!.

Relationships can be captured by the entity-relationship diagram as shown in Figure 8-6.

As a convention, the entities are represented by rectangle, while the relationships are

represented by diamonds. Those object types capture the main features of a backfill

operation, and the relationships iIIustrate how objects are interrelated. Each relationship is

assigne" name based on the closest real meaning. For example, the 'mine' object defines

the main characteristics of a mine site such as the mine location, mineraI product,

productivity, capital investment, etc. One mine could possibly maintain several mining

projects. So we use 'maintain' relationship to specify this feature. The entity-diagram is

served as high level tool to describe the application domain and give furthcr

understanding of data organization. It is not invented to capture the implementation

details. We present this diagram as global picture rather as a complete specification.
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Figure 8-6 Entity-relationship diagrarn

The identification of objects starts from the data typing. Further specification of objects,

related attributes and relationships between objects will be given later. Figure 8-7 is an

example of object hierarchy of base object EQUIPMENT. Starting !Tom the abject

equipment, the basic abstraction of structure tree of abjects related are shawn sequentially

on the figures based on the notation of generalization and specialization. A more

complete abject identification are shawn in the Figure 8-8, 8-9, 8-10 and 8-11 of the

Appendix.

•

1Equipment 1

~i~
1 Storage 1 1 Pipe 1 1Machinery 1

/\ ~i~
1Tank 1 1Bunker 1 Flas'if..rll Crushcr 1Œ§] IRcmoverll""';Pum::"'p-1

/\ i
IDo'limerl IScrcenc~ ~::-Iuny--'-='Pum-pi

/\
1Cyclone 1 1Spinner 1

Figure 8-7 The abject hierarchy of the base abject EQUIPMENT
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• 8.4.3. Object Specification

Based on the Figures 8-7 to 8-11 (see Appendixl, the detailed specification of obj~ts in

terms of structure could be described in terms of combination of simple objects

(attributes) and compound objects. Followings are the specification of these objects in the

sequence of a tree structure. The objects are basically defined by the cecord type which is

a structured type that has a fixed number of possibly different component types sp~ified

in the definition of such a type. Components of a record are called attributes. The

definition of a record type specifies for each attribute its type and an identifier that

denotes il. Il'; general form is as following:

AZ: Tl;

END

ln the above definition, T is the identifier of the record type; TI. TZ• .... Tn. are types of

its components (attributes); and AI. AZ,....An are their identifiers. The undcrline set ofT

is

T=TI x TZ x ...xTn.

Given x ofrype T, its components are denoted as

The folIowings are an example of the specification of base object EQIJIPMENT. The

complete object specifications are Iisted in the Appendix.

•
Type EQUIPMENT=Record Equipment ID:

EquipmentType:

END.
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• Subtype PIPE=Record Equipmenl ID: Number;

Pipe ID: Number;

PipeType: String;

Model ID: Number;

Length: Number;

Roughness: Number;

UnitPrice: Number;

Type Manufacturer=Record(refer to object manufacturer);

Pipe diameter: Number;

If-added: check diameter diameter (ta make sure the

pipe diameter is in between 50-200mm),

If-added: Write message: The pipe diameter is

normally between 50- 200mm.

END.

This notation defines the complete structure of object pipe and an if-added attached

r-redicate ta check pipe diameter. The if-added predicate will be inherited by other

subclass. When a pipe object is created to certain operation, designers have ta specify the

diameter of lhe pipe ta be used. When the pipe diameter is added in the f()r:I"~

Pipe diameter :=(specified pipe di:::neter)

The if-added predicate will be activated ta check whether the pipe diameter specified falls

between 50-200 mm. The if-added predicate might be implemented as the following

rules:

Rule 1

check diameter 'X'

If

and

Rule 2

if

X>=50 mm

X<=200

write message: pipe diameter X has to be in between 50-200mm

•

X<50

or X>20

The pipe diameter can be accepted only if the attached if-added predicate is proved as a

goal. Othenvise, the rules will display a message to indicate the acceptable range. The

attached predicate can be implemented as rules or other procedural modular. In doing 50,

the integrity constrains are enforced in interface level.

8-17



•

•

8.5. USER INTERFACE DESIGN AND IMPLEMENTATION

The previous sections completed the definition of basic functionality of user interface. ln

the conceptual level, we describe the basic concepts of object-oriented programming and

various modeling techniques. This section presents concrete issues of user interface

design and implementation and shows various features by examples. The implementation

is not expected to cover aIl aspects discussed earlier since the conceptual modeling is not

to ,hat far yel. But because it is :fi open-ended architecture, more advanced features and

tools can be integrated to coyer the whole backfill design disciplines without fundn:nental .

changes. So this preliminary implementation really gives a concrete example and lays

clown the framework for further development a3 weIl.

8.5.1. Workinll environment and prollramminll software

The function of user interface requires the ability to integrate variolJs tools for multi­

tasking process. We proposcd the object-oriented approach as implenlentation machinery.

The user interface is designed to be fully integrated in MS-Windows working

environment. The underlying software chosen fm' programming is Knowledge Garden's

'KnowledgePro'. KnowledgePro is a high level general purpose language designed to

implement MS-Windows applications. Il supports object-oriented programming, frame­

based expert system with backward chaining inference engine and hypermedia

languagd86l. In the context of KnowledgePro, objects are defined with topics and the

operation on the objects are event-driven. When you view a program as communication

between the designer and the user, this means that the designer "talks" to the user and

then waits for the user to "talk back". When the user "talks back", an event occurs. An

event has both a name and a window or screen object with which it is associated. For

example, the button OK in Figure 8-4 is an object associated with certain operations.

When a user select the button with a mouse device or any other screen operation devices,

a selection event oceurs and the operation associated is performed. So the interaction

between an end user and program progresses along with occurrences of different events.

Users have control of choosing different object to perform requested task. In

KnowledgePro, it is easy to use any of the objects provided in the Microsoft Windows

interface. While ereating these objects is simply a matter of calling a topie.

8.5.2. User interface desilln

The user interface is structured by grouping functions into different pull-down menu. At

the top level, the user is presented with a backfill design editor. The design editor is
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organized in a window sereen following MS-Windows style. On the top of the window is

horizontal menu providing aeeess to different funetions. Figure 8-12 is the opening

window of a baekfill design editor:

:}in:i1t'!\':(ig'!fl10;'iïif:i&aACI<fIUio.l:$IGHmITQAiè
Ero/eet fdit ~eareh Iask I:l.elp

About 6 cktill Design

Bael1i11 Design System
Version 1.0
Copy,ight fi) 1992 -1993

Bacldill Research Group
McGlII University

Department of Mlnlng & Metallurgy
McGlII University
3450 UniversIll' Street
Montreal. Ouebec H3A 2A7
Canada

Telephone: (514) 398-4380
E-Mail: xin@mcrclm.mcgill.edu

Figure 8-12 The opening window of user interface

The option 'Projeet' provides a facility to temporarily save design parameters for further

modification and global evaluation before cornmitted to knowledge base management

system. The option 'Edit' toggles the interface between edit model and input mode. In the

edit mode, the user can search object instance concerned for modification. While in input

mode], users are provided with object input form for specification. The option 'task'

presents backfill operation as individual task. Users are supposed to specify these task as

described in context diagram (see Figure 2-4). Figure 8-13 shows the major tasks listed

within option 'task'. According to Figure 8-4, these tasks are:

1. Mining system: Specification of mining method and corresponding parameters,

2. Backfill material: Specification oftarget properties ofbackfill materia1;

3. Operation system: Specification ofbackfill operation system;

4. Equipment: Create objects of new equipment.
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Qperatlon System
~ew Equlpment

Select One Item for Further Specification:

o Geology Condition

@ Mlnlng Operation Specification

o Layout of Minlng System

o Exit

Figure 8-13 Mining system specification submenu related to 'Task' option

If user select the option 'mining system', the pop up window will display the mining

specification menu for further process as shown in Figure 8-\3. ln the input mode, OJser

mainly work with 'task' option. Since different mining method and barkfill type requires

different specification tasks, and hence different objects specification, the menu

organized as such will provide a flexible interface to map different requirements.

The option 'Help' is another important facility which provides users with high level 10015.

As shown in Figure 8-14, a backfil1 design hypermedia reference manual is iml'Iemenled

as knowledge source, and mining method selection expert syslem is implemenled as

decision support consultation tot'ls. If user wants informalion of dewalering techniques,

he should simply select the hypermedia reference manual and fol1ow the navigalional

information browsing procedure 10 retrieve diagram of tiller and relaled informalion as

shown in Figure 8-14.
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Figure 8-14 Hypermedia system connected to 'Help' menu

The mining methods expert system is another high level tools implemented accessible

from user interface. The underlying tlevelopment 10015 ofmining method expert is CLIPS

expert system development shell, which is developed from NASA using C language.

Under MS-Windows 386 enhanc;ed mode, multi-tasking process is fully supported no

matter it is a window application or non-window application. The mining method expert

system is a stand alone progriilD with ils own knowledge representation scheme. Under

blackboard architecture, a public bulletin is defined for information sharing. So the

solution reached through the mining method expert consultation process is published to

the bulletin and then read by other programs. Figure 8-15 shows an example of the

conslJltation window with mining method expert system:
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Figure 8-15 Expert system too1s activated to select mining method

Suppose a backfill designer is specifying a mining system and have to select a mining

method. He can make a decision either based on his own knowledge or knowledge of the

mining method expert system from 'Help' menu. 1f a mining method expert system is

activated, a special window will be pop up for consultation as shown in the figure. Once

the conclusion is reached, the recommended mining method is ....Titten to public bulletin,

and then read into specification window as a default method (Vertical Crater Retreat

mining method in this example). The designer finally decides whether accept the system

recommendation or try other tools.

The integrity constrains are implemented as attached predicate with attributes of objects.

Using earlier example ta specify the pipe diameter, suppose the designer is specifying the

hydraulic transportation system and wants to select pipe diameter. As a general rule, the

pipe diameter has to fall into the range between 50-200 mm. This is implemented as an

attached predicate as shown in that example. If for any reason the designer inputs a

number outside of the range, a waming message is presented lur clarification. Figure 8­

16 shows the basic window to specify pipe line system of hydrilUlic transportation. If

designer specifies that the diameter of horizontal pipe line is 300 mm which is over 200

mm limit, the system wiII present a warning message to draw users attention. Users can

either ignore the warning message or consider other alternatives.

8-22



• 1·1

PleDse Input the DDtD for the followlng PDrDmeters

Number of the Level

MDxlmum Extension

DiDmeter of VerticDI Une

DIDmeter of HorizontDI Une

Cost of Une InstDIIDtion

l'
1· .

','
,"",'

. :'.

•

Figure 8-16 The attached predicate to maintain integrity constrain for pipe diameter

ln doing so, various integrity constrains can be implemented by different approaches.

Also shown in these examples are that information is organized and presented as objects

ofreal world. So the designation procedure simply asks users to specify and select certain

abjects and configure into a proper complex object according to the best knowledge of

designer. The hypermedia database system provides the basic concepts and techniques of

various backfill technologies, while expert systems, knowledge base management system,

and ather conventional programming tools provide various tools to solve more

complicated problems.

8.6. SUMMARY

Backfill design is a multi-Ievel data/information/expertise intensive procedure as outlined

in the prcvious chapt~rs. To solve these problems, various techniques can be used. Based

on the context diagrams Figure 2-4 and leveI-Zero data flow diagram Figure 2-8, which

specified the major requirel11ents. tasks and basic data flow reg~rding backfill design
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process, this chapter defines the main models of computer system that can integrate

knowledge base management system, expert system and hypermedia system together to

support decision makings involved. A blackboard architecture is presented for different

computer technologies to cooperate each other in a single representation scheme. In

addition, the conceptual model of the system is discussed. Moreo\'er, the basic functions

of user interface is discussed in details. The example given in the chapter illustrates the

basic principles of object-oriented approach to enforce the integrity constrains and

semantic knowledbe of backfill operation when anomaly specification occurs. The

fol1owing chapters will present various technologies and the implementations discusscd

in this chapter, and demonstrate how they help the mining engineers.
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CHAPTER9

MINING METHOD SELECTION EXPERT SYSTEM

9.0. INTRODUCTION

The selection of mining method depends Iargely on the overall developing system

adopted and geological condition. According to context diagram Figure 2-4, the selection

of mining methods is the tirst decision encountered by backtill designers. In this chapter,

mining methods are further c1assitied according to various considerations. Based on the

analysis, a mining method expert system is proposed and implemented using CLIPS

expert system shell. At lower level, knowledge representation scheme is presented as

decision !Tee. In the implementation level, the nodes of the decision tree are implemented

as facts and traverse of the tree is guided by rules. In doing 50, a leaming mechanism is

enforced. Mining method experts can easily teach the system to understand more

complicated mining techniques, which result in the expanding of decision trees. Finally,

we raise the issue of tTUth maintenance of knowledge base of this representation :scheme

for further research.

9.1. EXPERT SYSTEM FOR MINING METHOD SELECTION

Within the framework of context diagrarn representation, the mining method selection is

the tirst process according to Figure 2-4 and level-zero data flow diagram of Figure 2-8.

The mining method selection was the main concern of backtill design rationa1e which

influences other backtill operations. Based on Figure 2-8, the process 1 of mining method

selection concerns of input of geological information and expects for a recommendation

of mining method. This process is further decomposed to the Ievel-l data flow diagram as

shown in Figure 9-1:
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Figure 9-1 The level-I data flol\' diagram for process 1

The process 1 starts from the process 1.1 which requests information of minerai,

equipment liI1d mining objects (primary mining operation, or secondary mining

operation). The result of the process 1.1 is the recommended baekfill type which is either

delayed baekfill or cyclic backfill. The process 1.2 further requests the geologieal

information and productivity requirement to select a specifie mining method for further

specifica"on. The process 1.3 asks for the mining objeet dimension prediction model and

finally output the recommended mining system which includes the mining method and

the dimension of each mining objects. The process 1.1 and 1.2 are the typical heuristic

classification problem and can be suitably modeled in the context of expert system.

9.1.1. Applications of expert system in mineraI industry

Artificial intelligence is an emerging technology in the field of computer applicatioi~_

Only recently has artificial intelligence advanced to the point that AI projects are

accomplishing practical results. Most of these results can be attributed to the design and

use of expert systems, problem - solving computer programs that can reach a level of

performance comparable to that of a human expert in sorne specialized problem domain.

It appears DOW that the artificial intelligence has emerged from research labs to industrial

practicd871.

As an important field of AI, the expert system has the greatest potential for meeting the

decision-making needs of many engineering problems. Expert systems have much scope

of application in the decision making process in mining engineering, especially when a
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large amount of information is involved as in the case of backfill design. Instead of using

computer as mere a tool for numerical computation, the expert system has been designcd

to make the computers participate in the decision making process[88l.

Historically, expert systems have been used in a wide range of fields from military to

medicine. One of the first expert systems was MYClN, developed in 1974, in which

subjective and heuristic knowledge of expert physicians was used to diagnose infectious

diseases and provide antimicrobial therapy[89l. Since then, expert system applications

have appeared in other areas such as mineraI prospecting[90l, configuration of

computers[9l l and structural engineering[92l. In review of literature, the application of the

expert system in mining industry covers many aspects such as, the transportation analysis

in minerai resources management[93l, mine pIanning[94l, [95l, surface mining equipment

selection[961, siope stability assessment[97l, feasibility study and mining operation

evaluation[981. [991, [1001, consultation on coal mine dust control[IOll, orebody

modeling(102l, etc. Among many other important application domains, heuristic

classification is a successful field that has been intensively studied in the history of

development of expert system as is done for MYCIN system.

The mining method selection is another application domain fallen into the category of

heuristic classification. Mining method selection is a crucial decision encountered by

mine designers, which has increasingly drawn the interest of mining research groups(1031.

Recent publications indicate a strong consensus on applying expert systems to select

proper mining method. Bandopadhyay(104l presented a small prolog-based mining

method selection expert system following the classification criteria presented by

NichoIas[1051. In his discuss, certainty factors are introduced to deal with uncertainty and

human expertise is implemented as heuristic rules. Thomas W. and Martin LJ106]

demonstrated an object-oriented expert system for prefeasibility evaluation of hard rock

mines which integrates the Cost Estimating System (CES)[107l as part of evaluation

process. In this presentation, the probIem of mining method selection and mining cost

estimation are separated and evaIuated using different approaches -- expert system

approach and proceduraI approach. Therefore two fundamentaI problems remain

unsolved: 1. conceptuaI modeI of mining method selection, and, 2. knowledge

acquisition. We wiII discuss the basic principles of expert system and its application

scopes. Based on the principIes, we argue that the mining method selection, at

prefeasibility study stage, belongs to the category of heuristic classification, in which the

solution set is finite, and suitable for decision tree approach or backward chaining

inference. Therefore, at the feasibility study stage, the solution set is infinite, hence the

decision tree approach is no longer suitable. At the prefeasibility study level, we
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mechanism as a partial solution to provide knowledge acquisition facility.

9.1.2. Basic principles of expert system

The typical architecture of expert system is shown in Figure 9-2. In a mle-based system,

the knowledge base contains the domain knowledge needed to solve problems coded in

the form of rules. While rules are a popular paradigm for representing knowledge, other

types of expert system use different representation scheme such as semantic network and

frame.

KNOWLEDGE
BASE

(RU1.ES)

EXPlANAll0N
FACILITY

INFERENCE
ENGINE

USER
INTERFACE

wORKING
MEMOR'f

(FACTS)

KNOWLEOGE
ACaUlSfnCN

FACIUTY

•

Figure 9-2 Architecture of expert system[108j

• User interface - the mechanism by which the user and the expert system
communicate.

• Explanation facility - expIain the reasoning of the system to a user.

• working memory - a global database of facts used by the mIes.

• Inference engine - make inferences by deciding which mIes are satisfied by facts,

prioritizes the satisfied mIes, and executes the mie with the rughest priority.

• Agenda - a prioritized Iist of mIes created by the inference engine. whose pattems
are satisfied by facts in working memory.

• Knowledge acquisition facility - an automatic or semi-automatic way for the'user
to enter knowledge in the system rather than by having the knowledge engineer

explicitly code the knowledge.
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ln the architecture, the key parts are the inference engine and knowledge base. Others are

facilities to make the system talk with its user more friendly and efficiently. As one of the

key component of the expert system, the inference engine is responsible for interpreting

the contents of the knowledge base in context of user-specified input or hypothesis in

order to reach a goal or a conclusion. The system can be divided into two parts. The

knowledge base and the working memory constitute one part of the system. The inference

engine and ail of the subsystems and interfaces constitute the second part. The knowledge

base of an expert system consists of "facts". The facts constitute a body of information

that is widely shared, publicly available and generally agreed upon by experts in the field.

The inferential processes -- the ways in which knowledge is used to solve a particular

problem -- are generic and nonchanging for similar classes of problems. Once the

inference engine of an expert system is designed, it will be suitable for similar reasoning

problems of various area which could be totally irrelevant. The reasoning mechanisms

such as backward chaining, forward chaining and reasoning with uncertainty, etc. are the

example of commonly used inferential schemes.

The software available for developing expert systems can be divided into three broad

categories: 1) standard programming languages such as LISP, PROLOG, PASCAL, C,

and FORTRAN; 2) expert system programming environments such as OPS83, RLL,

ROSIE, KEYSTONE etc.; and 3) expert system shells such as RULEMASTER, EXSYS,

etc.

Standard Programming Language: These are high level programming languages with

their own compiler or interpreter and a run time environment for writing and debugging

programs. These languages are general and allow the developer flexibility in developing

knowledge representalion and inference schemes. Th,: major disadvantage of developing

a system using a language is the lime and effort involved in programming a system From

scratch.

Expert System Programming Enyironments: These are one level higher than the standard

programming languages. Usually these are rule based programming languages with these

preprogrammed ways of representing rules and facts. These environments offer high level

utilities to build customized inference schemes and user interface. They offer the

flexibility along with ulilities for developing features which are standard in expert system

shells. With environments, a system development team consisting of knowledge

engineers and domain experts is generally sufficient.

Expert System Shells: Expert system shells are skeletal systems containing the knowledge

representation and inference schemes and in many cases the user ilTlerface and means of

representing uncertainty. The developer can concentrate on the knowledge acquisition
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phase and input the rules into the shells to have a working prototype quickly. By

insulating the users from the internaI representation and logic, shells permit development

of systems by people who are not conversant with programming.

The following attractive features of an expert system are generally accepted:

• Increased Availability. Expertise is available on any suitable computer hardware.

Jn a very real sense, an expert system is the rnass production of expertise.

• Reduced Danger. Expert systems can be used in em~ronments that might be

hazardous for a human.

• Permanence. The expertise is permanent. Unlike hurnan experts who may retire,
quit or die, the expert system's knowledge willlast indefinitely.

• Multiple expertise. The knowledge of multiple experts can be made available to

work simultaneously and continuously on a problem at any lime of day or night.

The Jevel of expertise combined from several experts may exceed that of a single

human expert.

• Increased reliability. Expert systems increase confidence that the correct decision

was made by providing a second opinion to a human expert or break a tie in case

of disagreements by multiple human experts. Of course, this method probably

won't work if the expert system was programmed by one of the experts. The

expert system should always agree with the expert unless a mistake was made by

the expert. However, this rnay happen if the human expert is tired or under stress.

For our purpose, expert systems are used to support certain decision makings involved in

backfill design, like mining method selection, when the problems are suitable to be

modeled by expert system technique. Although the original purpose of defining the

integrated decision supporting system is to solve the backfill related problems, the expert

system solution to the mining method selection in this chapter is not confined within the

backfill related mining method selection, but rather as a general tools for various mining

method selection. Therefore, the discussion followed presents the principles of mining

method selection as a whole regardless of their application Iimits.

2J..J. Knowledge engineering

The knowledge base is an essential component of expert systems, which contain the

formaI representation of the information provided by domain expert as encoded by the

knowledge engineer. To encode the knowledge, it is necessary to make use of one or

more of the knowledge representation methods for different purposes. The building of the

kno\\'ledge base requires the understanding of the specifie area that the expert system is
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going to be used. It is the domain expert who works with knowledge experts to encode

the knowledge into knowledge base. In real practical application, the knowledge is hardly

represented as is needed, and in sorne more complex system the knowledge is not even

explicitly expressed. Instead, the knowledge is cxpressed implicitly in a large amount of

information and statistic data. So certain mechanism is needed to acquire knowledge from

discrete piece of data automatically or manually. If decided to use expert system shells as

impIementation tool, the task of building a application expert system is mainly to build

knowledge base as completely as possible.

The choice of inference mechanism and knowledge representation scheme depends on the

problems to be solved. Different approaches have restricted application fields. Bcfore

discussing the knowledge representation issues of mining method expert system, a

profound understanding related to mining method selection is essentiaI.

9.2. MINING METHOD SELECTION

The mining method selection is orle of the most demanding and complex tasks that the

mining engineer has to deal with. The selected method has serious impact on the

conclusion reached in prefeasibility and feasibility study. This decision is usually one of

judgment based on personal experience and knowledge of operations conducted in similar

geologic settings. Therefore, the distinguish between mining method and mining

operation should be made. The term mining method refers to a set of mining techniques,

which are characterized by similar classification criteria. While mining operation stands

for very detailed specified excavation operations including the adopted mining method.

The difference between both terms is defined by the precision of specification.

Corresponding to different mining design stage, mining method selection is related to

pre-selection of a first step restriction of alternatives, while mining operation

specification deals with the rather detailed determination of mining method tayout,

including dimensions, machinery, etc. The overall process of mining method evaluation

combines both stages, which includes the following three clements: 1). the alternative

mining methods, 2). the objectives, and 3). the influential factors. Of course, the lowest

cost is the ultimate objective for selection, but cannot be calculated at early project

stages. We now formally define those parameters and draw possible conclusions.

Lets define M={ml> m2' rn3' ...mo} as a set of mining methods, F={fl> f2' f3, ... fo} as a
set of factors affecting the selection of certain mining method, Le. dip, deep, rock

strength etc., and P={Pl' P2' P3' ...Po} as the set of mining operation parameters such as
dimension, machinery, capacity etc. Finally, wc define G(M, F, P) as the objective
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function of certain mining operation, which is functional dependent on the sets M, F, and

P. However, at the pre-selection stage, the G can not be calculated precisely because P set

has not involved, and the objective function can only be qualitatively defined as qualified

or unqualified. So the G is function of M and F. For certain mining project, the M and F

sets are finite, therefore the solution for mining method selection at this stage is finite.

When the process extends to the detailed specification stage, P set starts taking effective

on the G function. Sorne members of P set vary continuously and G function should be

quantitatively defined. If not properly specified, a qualified method may be disqualified.

For example, sublevel stoping method can be applied with or without delayed backfiIling

operation. If backfilling operation is specified, the cost (or G) will increase. Further

more, backfilling operation may involve cement addition, which is especially cost

effective. Sublevel stoping method can only be qualified for certain mining operation

provided the cement ratio falls within certain range. As we ail know, mining operation is

a multi-disciplines process involving various specifications. These parameters are

interrelated. Restriction on one parameter may relax the restriction on other parameters.

For example, increasing of the stope dimension will improve mining condition, and hence

decrease the mining operation cost. Therefore, it may also increase the strength

requirement of backfill material and probably cement ratio which will increase the

backfilling cost. Obviously, the search for a solution of a mining operation at this stage is

not simply selection of a possible mining method, but rather a process of determining the

boundary of each operation parameters and best possible combination for certain mining

method. In this sense, the solution to mining method selection at detailed specification

stage is infinite.

The abave discussions conceptually divided the mining design process into two different

stages which closely simulates the real world practice. Theoretically, there is ooly one

goal to achieve, i.e. specify a mining system with lowest cost. However, in real mining

practice, there is no algorithm to automatically evaluate ail possible mining scheme and

optimize the design. A prefeasibility study has to be carried out to eliminate obvious

mining methods and conccntrate on two or three qualified scheme for further evaluation.

This approach may not guarantee to reach the best mining method. But it will provide a

qualified one. Based on persona] judgment, the more experience the mining designer has,

the better the mining design will be. The previous attempts to solve the mining method

selection problem by using expert system made no clear distinguish between the two

design stages which is a crucial concem to choose reasoning strategy when designing

expert systems. ln general, the decision tree approach or backward chaining has more

advantages than forward chaining if the search space is fini te. But in the case that the
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solution set is infinite, the fo.ward chaining approach will be more efficient. So the

understanding of different design stage and corresponding characteristics does provide

solid foundation for funher design of expen system.

Under ail circumstances, effective evaluation of the mining methods depends upon the

information available. Rarely is it possible to do more than a preliminary study from core

drilling observation and other surface investigations. Information from actual

underground working can suffice for a final development plan, so a combination of

surface investigation and detailed studies of underground conditions is necessary to avoid

mistakes in the early stages of mine development.

1. Geological conditions.

Most of the factors that physically influence the choice of a mining method are inc1uded

in the concept of geology; i.e., the ore situation in the rock and the behavior that can be

expected of the ore and the surrounding rock.

DIP: The dip of the ore body is a factor influencing the mining method. Normally, the

dip is classified as either steep or flat, with a rather undefined medium range between the

two extremes. Steep dips range from the angle controlling gravity flow, about 500 to

vertical. Flat dips are more difficult to define, since the)' are connected with equipment

capabilities, they norrnally range between horizontal and an inclination of 200 . The

medium dips are difficult to fit into the description of mining methods but range from

200 -500 . Table 9-1 defines the relationship between the dip of the ore body and the

mining methods that may be applicable.
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Table 9-1 Relationship between dip of ore body and mining methods that applicable.

Flat Room-and-Dillar minin!! ComDetent horizontal ore body

Flat Lon!!wall minin!! Thin seam-tvoe ore body

Mediu Room-and-pillar Competent ore body

m

Mediu inclined room-and-pillar mining Siope precludes mechanization

-- m

Mediu Stope room-and pillar mining Stepping allows mechanization

m

Mediu Longwall mining Thin seam-type ore body

m

Mediu Cut-and-fill mining Firm ore body; selectivity;

m mechanization

Mediu Square-set mining High -grade ore; labor-intensive

m

Steeo Sublevel stoDin~ ComDetent ore rerolar boundarv

Steep Shrinkage stoping competent ore, regular boundaries,

delayed ore recovery

Steep Cut-and-fill mining Firm ore body, selectivity;

mechanization

Steep Sublevel caving Large ore body, extensive development

effort

Steep Block caving Massive ore body; extensive

develooment effort

SteeD Lon~wall minin~ Thin seam-tvoe ore body

Steen Sauare-set minin~ Hi~h-~ade ore; labor intensive

2. Ore reserves and grades

The relationships between production capacity, .::re grade, and available reserves are

factors that must be included in the selection of a minin;; 1'!'lcthod. High grade ore should

consider the high recovery methods 3I1.d low grade large scale ore permits massive low

recovery mining operation. A method known to require more labor than another may

allow selective mining, thus producing or~ of a higher grade and yielding a more valuable
product.
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3. Productivity and Mechanization

Productivity in mining has become synonymous with mechanization, replacing manual

labor with powerful machines. Over the last few decades, a tremendous development has

taken place, rationalizing underground mining methods with the introduction of new

machinery of increasing size and capacity. In principle, the capacity of a machine is

related to its size, so it is advantageous to select the largest units possible. However, there

are limitations to the choice. Underground openings are not of unrestricted size, and

operating \\ithin the available space limits the physical dimensions of a machine. Another

factor is the capacity that can be utilized effectiveIy.

According to the principles above, the mining methods can be c1assified to the following

three category:

1. Stope requiring minimum support

2. Stopes requiring sorne additional support other than pillar.

3. Caving methods

The characteristics of each individual mining methods are the following.

1. Stope requiring minimum support

An open stope is an underground cavity from which the initial ore has been mined.

Caving of the opening is prevented (at least temporarily) by supporting from the unmined

ore or waste left in the stope in the forrn of pillars and the stope walls (also called ribs or

abutrnents). In addition to this, primary support may also be required using rockbolts,

reinforcing rods, split pipesets, or shotcrete to stabilize the rock surface immediately

adjacent to the opening. The secondary reinforcement procedure does not preclude the

method c1assified as open stoping.

Condition to apply the open stope:

• Waste rock is competent enough to use an open-stoping method;

• Assurning that the reserve is not c!assified as gassy, the forrn which the method

will take is primarily deterrnined by the dip and thickness of the reserve.

Depending on whether dry, broken materia1 flows by gravity, or whether it must be

moved by non gravity methods where energy must be supplied to move the material, the

open-stope mining system can be further classified as the following methods.

a). Room-and-pinar

Rock conditions: Room-and-pillar mining is an open-stoping method where mmmg

progresses in a nearly horizontal or low angle direction by opening multiple stopes or

rooms, leaving solid material to act as pillars to support the vertical load. Since the
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direction of excavaticn (angle of dip) is below that which would cause the dry material ra

flow by grayity to a drawpoint or gathering po:nt, the material must be loaded on the

room where it was extracted and transported to a point where it will flow, either by

gravity or mechanical means, to a central gathering point to be taken out of the mine.

This is an important aspect of room-and-piIlar mining which differentiates the syst=

f~om other open-stcpe mining methods which rely heavily upon gravity to transport ore

from where it was broken to a lower elevation, usually through a drawpoint. There are

many variations of the method which go by a number of names in local districts: breast

stoping, breast-and bench stoping, board-and-pillar, stall-and-pillar, and panel-and-pillar

are ail basically open-stope room-and-piIlar mining. We distinguish two methods for

further specification: single sliced room-and-pillar and multi-sliced room-and-pillar.

b). Sublevel stoping

The subleveI stoping mining method is usually applied to a relatively steeply dipping,

competent ore body, surrounded by competent wall rock. Ore is produced by driIIing and

blasting longholes, which can range from 50 mm (2 in) to 200 mm (71/2 in) diam., with

lengths up to 90 m (300ft). Longholes can be inclined in any direction, but the ring or

pattern usually from a plane, and the holes are blasted as a unit. Recently developed

mobile drilling and loading machinery, as weil as new explosives products, blasting

techniques, cemented sand and rock fill have make sublevel stoping a highly efficient and

versatile mining method. When designing a sublevel stoping production system, it should

be kept in mind that accurate, realistic scheduling is essential to smooth production rates.

Planning of pillar recovery, representing the majority of ore tonnage in a production

block, must be done during early mine planning. Sublevel stoping can be further

classified as: 1). sublevel stoping. 2). blasthole stoping, and 3). VeR. (large massive ore

deposit)

2. Stopes requiring sorne additional support other than pillar.

The backfill techniques are usually used to deal with stopes requiring sorne additional

support other than pillar, which is applied to the condition where the rock is not strong

enough to stand alone for long time after the excavation. There are virtually two kinds of

backfill methods, 1) the dela~ed backfill, 2) cyclic backfill, each of which has their

specifie applications.

1). delayed backfill

The application conditions of the delayed backfill is that rock should be strong enougb to

stand alone for the period of mining operation. The void forrned by the excavation ,,;11
be filled by rock, sand, or tailing with or without cement. The following is a Iist of the

commonly used mining methods.
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a). Shrinkage stoping

The idea dip is 70-900 , as dip fall below 700 , the shrinkage dmw begins ta strongly favor

the hanging wall side, thus leaving a pOOl' working platform for conventional overhand

work. This is particularly true in relatively Ilide stopes. The support afforded to the

hanging wall also diminishes with decreasing dip, reaching nil as the dip appraaches the

repose angle of broken ore. Dips belew 45 -50 are not generally shrinkable e:'lcept by

open stope "semishrinkage" methods. The minimum mining width is lhed by working

space requirements in the stope-generally about 1 m. Shrinkage in narrower veins

requires that waste rock from one or both walls be broken with the ore and the attendant

dilution accepted to achieve the minimum llidth. Narrow stopcs are less suitable,

encouraging hang-ups and gridging of broken ore, Iiith the attendant problems of erratic

draw and incomplete recovery of broken ore. Maximum practical width may be 3 m or

less to over 30 m, depending upon the competency of the ore and its ability to stand

unsupported across the stope back. Regularity along the dip is a prerequisition of

shrinkage as there must be no serious obstruction to the flow of broken ore downward

through the stope to the sill level. Gentle rolls along the dip are acceptable if the local

footwall dip everywhere exceeds 45-500 . Off·dip hanging wall and/or footwall splits can

generally be mined selectiveiy from a conventional shrink stope as they are encountered

\Vithout adverseiy affecting subsequent continuation of shrinkage mining up dip on the

main vein. Vertical offsets or major rolls along the dip which cannot be "smoothed over"

generally require that a sublevel be established with new draw control development.

b). Cut-and-Fill stoping

Open cut-and-fill stoping for many years was probably the most wideiy used mining

method in underground metal mines. Then for a time this method was largeiy supplanted

by the blasthole stope. It again became popular as many mines reached depths or grades

where methods requiring large open voids to remain open for extended periods of time

became unsuccessful, often as a result of excessive dilution.

The open cut-a-fill method is very flexible and is readily adaptable ta almost any ore

body. The standard application requires that a slice of ore usually 2.4 to 3 m stope, and as

the ore is taken down, the back is dressed and rockbolted. After the back is secured, the

broken rock is removed through rock passed ta the Ievel bellow. When the rock has been

removed the rock passes are extended upward the height of the ore removed, the stope is

backfilleC:, and another cycle is mined. This methods is best employed in plunging ore

bodies with considerable vertical extent, ore area that require selective mining, ore area

where weak wall conditions e:'list, and ore bodies thal have an ore value that will carry

this relativeiy expensive mining method. Blasthole stoping, shrinkage stoping, and other
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mining methods that do not employ rock passes in a stope are not efficient in plunging or

flatly dipping ore bodies because the footwall makes ore removal quite difficult. Since

mining is accomplished by taking down slices of the back, only small areas of the wall

rock are exposed at any one time, and these only for short periods.

c). VCR.
The introduction of 165-mm holes to underground mining operations has made possible
the application of Canadian Industries Ltd's (CiL) vertical crater retreat (VeR) mining

method. This unique and revolutionary new application of spherical charge technology,

when applied te primary stopes and pillar recovery, eliminates mise boring, slot cutting,

and dilution of ore by backfill; greatly improves fragmentation; reduces labor and time

requirements; eliminates upholes driliing and blasting; and minimizes or completely

eliminates damages by blasting to the walls and retreating backs of the stope or pillar.

d). Sublevel stoping.

The sublevel stoping miming method is originated !Tom open stope mining. Il requires

backfill after mining activity.

e). Blasthole stopping.

Also cornes from open stope with delayed backfill operation.

2). Cyclic backfill

The application condition of the cyclic backfi11 is that both host and ore rock are very

weak to stand alone for even short period, so the backfill operation has to be conducted

along with other operation to provide sufficient safety support. Fo11owing is a Iist of

mining methods used in cyclic backfi11.

a). Undercut-and-fi11 mining

Undercut-and-fi11 mining is usually used for pillar recovery in very poor rock. The

undercut-and-fill method mining was developed by Inco Ltd. in the Sudbury district of

Ontario, countered in pillar recovery. Although it is now sometimes utilized as primary

stoping method, the main application continues to be in pillar recovery. Undercut-and-fi11

is a method of extracting a block of ore by mining successive cuts, working from the top

down. After a eut of ore is completely mined out, laminated timber stringers are

constructed along the sides for the full length of the eut. Round logs covered by a wire

screen are laid across the stringers to forro a mat. The eut is then tightly fi11ed with

hydraulica11y placed immediately below the mat. Drilling, blasting, muck removal, and

timbering operations are repeated until a11 the ore in the eut has been mined from level to

level. The principles of undercut-and-fi11 can be adapted to a variety of mining situations.

Il can be applied transversely or longitudinally in ore bodies of varying width, that dip

from vertical to flat Iying. The method can be applied using conventional equipment.
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Undercut-and-fill is a selective method, ore recovery is high, and dilution can be

controlled ta an acceptable level. However, it is a high-eost, labor-intensive melhod and

as such its use is restricted ta areas where the less eostly methods of graund support are

not successful, and bulk mining methods are not adaplable. One basic requirement for

undercut-and-fill is an adequate source of hydraulically placed cemented sand fill and a

dependable sand plant and distribution system.

b). Overcut-and-fill mining

Overcut-and-fill mining is used mostly for pillar recovery and poor rock but the ore

condition is better than the undercut-and-fill mining methods since it requires a

temporary space for mucking drilling operation. Il also differ from the undercut-and-fill

that the cast is cheaper compare ta the undercut-and-fill.

c). Cut and FiII with Post pillar

Cut and fill with post pillar is used to the situation where the rack is poor but strong

enough to stand alone with minor support by post pillar which is permanent lost. Il is

mostly applied to the dip steep ore deposit.

d). AVOCA

AVaCA method worked very much like the undercut-and-fill method. But the blasting is

designed to form steep face along with the ore body 50 that the ore can be drawn out

through the side raise. The ore deposit should be dip and strang enough for short periad.

The productivity is limited.

3. Caving methods

The original application of caving methods was in ground 50 weak Ihal it would collapse

even in small headings when the support was removed. Caving methods are usually

massive, highly mechanized operation. No artificial support is needed. Following is a list

of caving method

a). sublevel caving

Depending on the stability of rock, the sublevel caving can be further classified as

'Induced caving' and 'Blasted caving'. The major problems with sublevel caving are the

control and minimization of dilution. In case of induced caving, the waste should be weak

enough to cave. While for blasted caving minimum waste blasting is acceptable. In the

case of flat dip the potential disadvantages is inefficient development and drilling of

hanging wall drifts because of low ore height above the drift; and on the top sublevel

only about 50% of the ore is drawn because the ore takes up its angle of repose and

cannot be reached by the loaders. In the case of vertical dip there is always another level

undemeath to reclaim the ore left behind (except for the bol1om level of the mine), so

recovery is relative good. But for rather flat dip, only a smail quantity of the lost ore is
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drawn on levels below, and portions of the ore body are not mined at ail. This re:.-ults in

high development cost per ton and low recovery. On the medium dip, geometry is still

quite favorable and although a little ore will be lost in the footwall, recoveries are

relatively good. From this explanation, then, it is desirable to have fairly compact ore,

weak walls, and a steep dip. Advantages: Il can be applied to both hard and moderately

weak ground; it is flexible so it can be applied to ilTegular ore bodies and wide or narrow

ore bodies down to about 3.7 m; ail operations take place in drift-size headings that can

be well-supported and provide good conditions for accident prevention; it is suitable for a

high degree of mechanization; activities can be specialized, simplifying training of

personnel and reducing the number of miners required. The method has been successfully

applied to pillar recovery. Disadvantages: The major disadvantages are high dilution and

the problems of controlling il. Control includes brow support, good drilling and blasting

practice, and an organization for strict draw control. High development cost is also a

factor.

b). Block caving

Block caving is a distinct caving method applied mostly to large, massive, ore bodies

because of its inherent low cost and high production capacities. Areas of sufficient size

are removed by undercutting so that the mass above will cave naturally. Drawing of the

caved ore at the bottom of the ore column causes the caving action to continue upward

until ail of the ore handling. When properly applied, block caving resuIts in a lower

mining cost per ton than any other under ground methods. There are three distinct forms:

1) dividing the horizontal area into rectangular or preferably square of nearly square

blocks, drawing evenly over the entire area to maintain an approximately horizontal plane

of contact between broken ore and caved capping; 2) dividing the horizontal area into

panel across the ore body, retreating by undercutting manageable areas from one end of

the panel to the other and maintaining an in inclined plane of contact between the broken

ore and caved capping (thus the name panel caving); and 3). no division of horizontal

area of the ore body into definite blocks ore panels (this is termed mass caving).

Undercutting may be from wall to wall, retreating room on end of the ore body to the

other, maintaining an inclined plane of contact between the broken ore and caved

capping. The total active caved area is determined by the size of block that will not

produce undue stress on workings below the undercutting level and by total production

requirements. This type of operation is also refelTed to as panel caving at sorne

properties.

Block caving can be used where rock mass has sufficient fractures, planes of weakness,

as in sorne types of hematite, so that the mass will break if the support of an area of
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sufficient size is removed by sorne method of undercutting. The material caves from the

bottom of the block, broken material is drawn off, and the caving of the mass progressed

upward through the ore. There is a limit to the rate that this caving action progresses

which is in relation to the structure of the material being caved. Block caving in its

various forms is applicable to deposits of various shapes and ores of various strengths. Ils

success is governed by rigid requirements and limitations. In unsuitable deposits ore

where improperly employed, the 1055 of ore may exceed that of any other mining

methods. Good planning, systematic work procedures, careful supervision, and good

judgrnent contribute to its success (9).

The above discussion covers most of the issues related to mining method selection from

mining engineering point of view. The next step is to find an approach best suitable to

address these concerns based on the knowledge representation and inference mechanism

from expert system point of view.

9.3. DECISION TREE APPROACH

Decision trees provide a useful paradigrn for solving certain types of classification

problems. The problems suitable for decision trees are typified by two primary

characteristics. First, they provide the answer to a problem from a predetermined set of

possible answers. Taxonomy and diagnosis problems generally meet this requirement.

For example, a taxonorny problem might require the identification of a gem from the set

of ail known gems. A diagnosis problem might require the identification of a possible

remedy from a set of remedies or the selection of the cause of a failure from a set of

possible causes. Because the answer set must be predetermined, decision trees do not

work weil for problems which must generate solutions in addition to selecting them. The

second characteristic of decision tree is the manner in which they derive a solution by

reducing the set ofpossible solutions with a series of decisions or questions that prune the

search space of the decision tree. Within the context of the mining method selection, the

problems meet exactly with th~se requirements. Therefore we propose the decision tree

approach to build the underlying expert system.

9.3.1 Characteristics of decision trees

A decision tree is composed of nodes and branches. Nodes represent locations in the tree.

These locations can either be decision nodes or answer nodes. Branches represent

connections between nodes. Branches connect parent nodes to child nodes when moving

from bottom to top. The node at the top of the tree which has no parent is called the root
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node. Note that in a tree every node has only one parent, with the exception of the root

node, which has none. Nodes with no children are called leaves. The leaf nodes of a

decision tree represents each of the possible solutions that can be derived from the tree.

These nodes will be refereed to as answer nodes. Ali other nodes in the tree will be

referred to as decision nodes. Each decision node represents a question or decision which

when answered or decided determines the appropriate branch of the decision tree to

follow. In simple binary decision tree, the question could be a yes/no question. The left

branch of the node would represent the path to follow if the question is answered yes, and

the right branch of the node would represent the path to follow if no is answered. In

general, a process yields a single branch to follow. Thus, decision nodes may select a

branch corresponding to a set or range of values, a series of cases, or functions mapping

from the state at the decision node to the branches of the decision node. Figure 9-3 is an

example of a decision tree.

Figure 9-3 Example of decision tree

ln general, each node can have arbitrary branches. But any tree can be simplified as a

binary tree shown as Figure 9-4. The simplified tree represents reasoning process

equivalent to the previous tree but higher. The height of a tree is referred to as the depth

of ihe tree. Binary trees are simple and easy to understand and implement. In our

prototype expert system, we chose to use binary tree to model the mining method

selection process.
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Figure 9-4 The simplified binary decision tree

9.3.2 Mining method selection decision tree

Based on our knowledge of mining methods and the decision tree structure introduced

earlier, the representation of mining method selection heuristics as a binary tree is shown

in Figure 9-5. The whole tree represents the entire searching space of the knowledge base

and the knowledge of the tree designer. Other mining method expert may not fully agree

with this tree and may draw another one to represent their understanding of mining

method selection. The search of the tree starts from the root to leaves. Except from the

leaves, ail nodes are decision nodes. Each decision node contains a question for user to

answer and each question can only be answered with a yes or no. According to the user's

answer, the tree decides which branch to explore. Each leaf is a answer node which

contains a solution to the search of the tree. In our case, each leaf contains a mining

method. Once a leaf is reached, the mining method contained in that node is the

recommended mining method.
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Figure 9-5 Representation of mining method selection heuristics as binary tree

Each node is assigned with an integer number as an identity. The tag printed beside the

node is the possible answer to the question contained in the parents node. For instance,

the root node is a decision node containing the question: 'It tbis method for primary

mining operation?'. If the answer is yeso the search is directed to the node 1 since the tag

beside the node is the primary operation.

Based on the decision tree. at least two functions can be implemented.

1. Select a mining method from the known list.

Assume a backfill designer is not occupied by any mining method and fu1ly rely on the

expert system. The decision tree can be used to provide a consultation service by asking

several questions related to mining conditions and finally recommend a method. In this

process. the search ofthe tree starts from root to leaf.

2. Verify a mining method

Assume a backfill designer is knowledgeable \Vith mining method and has sorne ideas in

mind. He might \Vant to make sure the method he has in mind is feasible. The decision

9-20



•

•

tree can be used to verify a speculation. In this case, the search of the decision tre.: starts

from the leaf to root. If ail questions are answered correctly, the speculated method is

verified.

As stated earlier, the decision tree presented in Figure 9-5 is far from the complete

knowledge of the mining method selection. It represents only expertise of one expert.

Knowledge engineering is a bottleneck of expert system in general and has drawn lots of

attentions in academic community. No intention has been made to explore the whole

issue of knowledge acquisition. We propose a mechanism that adds new knowledge to a

decision tree as it is learned. For example, the mining method decision tree may ask a

series of questions to select a mining method. Once the decision tree has reached an

answer, it asks if it is the correct answer. If the user is a mining method expert and sure it

is a correct answer, then nothing more is done. If the answer is incorrect, however, the

decision tree is modified to accommodate the correct answer. The answer node is

replaced with a decision node containing a question that will differentiate between the old

answer that was at the node and the answer that was not correctly guessed. In doing this,

the decision tree will grow, and the knowledge base will contain more nodes and

questions. il can be considered as a too1 for knowledge engineering. The initial decision

tree should not necessarily be complete. Certain knowledge can be missing Iike

'unknown' in decision tree. The expert system can be delivered to sorne real mining

method experts and ask them to teach the system with their knowledge. Each mining

expert will teach the system by their own experience. Sorne conflicts might quite possibly

arise, and other tools are need to maintain the knowledge base, which is another issue out

of the scope.

9.4. SYSTEM IMPLEMENTATION AND CLIPS

In last chapter. we introduced the basic concepts of expert systems and the expert system

development shell or tools CLIPS. The earlier section of this chapter outlined the main

concems of mining method selection and fOITnulated the decision process within the

context of decision tree. We now demonstrate the techniques and methodology to

implement the decision tree for mining method selection.

9.4.1 CLIPS

CLIPS is an acronym for C language Integrated Production System designed at

NASAlJonhnson Space Centre with the specific purpose of producing high portability,

low cost, and easy integration with external systems. CL! PS was written using the C

9-21



•

•

programming language to facilitate these objectives. CLIPS is a forward chaining rule­

based language that has inference and representation capabilities similar to other expen

system. Syntactically, CLIPS very close resembles the LISP language. Because of tbis

high portability, CLIPS has been installed on a wide variety of computers ranging from

PCs to CRAY supercomputers. We choose the CLI PS as a language to implement our

mining method selection expert system.

The basic components of CLIPS are:
1. fact-list: global memory for data

2. knowledge-base: contains ail the mies

3. inference engine: controls overall execution

1. FACTS

ln order to solve a problem, a CLIPS program must have data or information with which

it can reason. A "chunk" of information in CLIPS is called a fac!. In CLIPS syntax, a fact

consists of one or more fields enclosed in matching left and right parentheses. The

following are ail examples of facts:

(a "Multiple slicing room-and-pillar")

(b "Single slicing room-and-pillar")

(c VCR)

(d "Blasthole stoping")

(e "Sublevel stoping")

(f "Induced subIevel caving")

(g "NaturaI sublevel caving")

(h "Cut-and-fill stoping")

(i Overcut-and-fill)

(j Undercut-and-fill)

(k Shrinkage)

(1 AVOCA)

This fact Iist states a relationship between the alphabet a, b, c•... and the name of a mining

methods. For example, the fact (c VCR) states that the character 'c' represents 'VCR'

method. The fact list can be created by any text editor such as EDIT of MS-DOSS.O

provided the CLIPS syntax is enforced.

2. RULES
ln order to accomplish useful work, an expert system must have rules as weil as facts.

Apart from stating certain fact, rules state the relationships between facts. The general

format of a rule in CLIPS syntax is:
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(defrule <rule name> [<optional comment>]

«patterns» ;Left-Hand Side (LHS) of the rule

=>

«acrions») ; Right-Hand Side (RHS) of the rule

The entire rule must be surrounded by parentheses. Each of the patterns and actions of the

rule must be surrounded by parentheses. A rule may have multiple patterns and actions.

1f ail patterns of a rule match facts, the rule is activated and put on the agenda, which is a

collection of activated rules. The symbol => that follows the patterns in a rule is called an

arrow represenring the beginning of the THEN part of an IF-THEN rule. The part of the

rule before the arrow is called the left-hand side (LHSj and the part after the arrow is

called the right-hand side (RHS).

The last part of a rule is the Iist of actions that will be executed when the rule is fired.

The term fires means that CLIPS executes the actions of a rule from the agenda. A

program normally ceases execution when there are no rules on the agenda. When there

are multiple rules on the agenda, CLIPS automatically determines which is the

appropriate rule to fire. CLIPS orders the rules on the agenda in terms of increasing

priority and fires the rule with the highest priority, called salience. Salience can be

assigned to a rule when a rule is defined. Like facts, a rule can either be typed into CLI PS

or loaded in from a file of rules created by an editor as facts. As parts of knowledge base

which needs permanent maintenance and repetitive use, facts and rules are normally

saved in a text file and loaded to CLIPS when running the expert system.

9.4.2 Aleorithm of traversine decision tree

With ail the domain knowledge and implementation tools available, it is ready to build

application program for mining method selection. As stated earlier, the traverse through

the decision tree can go either from root to leaves or vice versa, and certain leaming

mechanism should be enforced. The first step in determining how a leaming decision tree

can be implemented in CLIPS is to decide how the knowledge should be represented.

Since the decision tree must leam, it will probably be worthwhile to represent the

decision tree as facts instead of rules. Facts can easily be added and removed to update

the decision tree as it leams. A set of CLIPS rules can be used to traverse the decision

tree by implementing the Solve_Tree_and_Leam algorithm using a rule-based

approach[II01.
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Each node of the decision tree will be represented by a fact. Since the answer nodes and

decision nodes hold different types of information, it will be necessary to use diffeient

templates for the different nodes. An answer node (leat) will use the following template

(node <node number> answer <name of mining method»

Where <node number> is the unique name for the node and <value> represents a mining

method stored in the node. The word answer is used to indicate an answer node.

A decision node will use the following template

(node <node number> decision <question>

<yes-node> <no-node»
where <node number> is the unique name for the node, <question> is the question that is

asked when this node is traversed, <yes-node> is the node to proceed to if the question is

answered affirmatively, and <no-node> is the node to proceed to if the question is

answered negatively. The word decision is used to indicate a decision node.

Because the mining method selection program will leam, it will be necessary to store

information about what has been leamed ITom one run of the program to the nex!. Since

the decision tree will be structured as a collection of facts, it will be useful to store them

in a file in the load-facts command format and assert them using the load-facts command

when the program begins and saves then using save-facts command when the program

finishes. For our program, the facts will be stored in a file called "method.fac".

The procedure to traverse the tree represented this way is very simple depending on the

purpose of running the program, starts either ITom root to select a mining method, or

from a leaf to verify a speculation. For instance, assuming the purpose is to select a

mining method, the inference process is started by setting the current location in the root

of decision tree. If current location is a decision node, then the question associated with

the decision node must be answered in sorne manner. If the answer to the question is yes,

then the current location is set to the child node connected to the yes branch of the

current location. 1f the answer to the question is no, then the current location is set to the

child node connected to the no branch of the current location. If at any time an answer

node becomes the CUTTent location, then the value contained in the answer node is derived

through consultation with the decision tree. Otherwise the procedure for handling a

decision node is repeated until an answer node is finally reached. If the finally answer is

not correct by user's knowledge, the answer node contains the message 'unknown' as

shown on decision tree (Figure 9-5), however, the decision tree can be modified to

accommodate the correct answer. The answer node is replaced with a decision node and

the answer that was not correctly guessed. The following is the pseudocode of Solve­
Tree-and-Learn algorithm:
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Procedure Solve_Tree_and_Learn

Set the current location in the tree

to the root node

while the current location is a decision node do

Ask the question atthe current node.

If the reply to the question is yes

Set the current node to the yes branch.
else

Set the current node to the no branch.
end do

Ask if the answer atthe current node is correct.

if the answer is correct

retum the correct answer.

else Determine the correct answer

determine a question which when answered yes

will distinguish the answer at the current

node from the correct answer.

Replace the answer node with a decision node

that has as its no branch the current answer

node and as its yes branch an answer node

with the correct answer. The decision node's

question shouId be the question which

distinguishes the two answer nodes.

end if

end procedure.

Following is the examples of basic rules to initialize. explore decision nodes and answer

node. The sentence started by a semicolon ';' is comments and ignored by CLIPS.

;Now start the definition of the ruIe to traverse the tree

(defruIe initialize

(specification)

=>

(Ioad-facts "method.fac")

{assert (current-node root)))
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• (defrule do-decision-node

(specification)

?node <- (cuITent-node :name)

(node ?name decision :question

?yes-branch ?no-branch)

=>

(retract ?node)

(printout t
,'.*.*********************************************************")

(format t " %s" ?question)

(printout t crlf
".*•••*******************************************************"

"Please answer the question by lyping yes or no:" )

(bind ?answer (read»

(if (eq ?answer y)

then (assert (cuITent-node ?yes-branch»

else (assert (cuITent-node ?no-branch»»

(defrule do-answer-node

(specification)

?node<-(cUITent-node ?name)

(node ?name answer ?value ?explanation)
=>

(printout t
"*************************************************************"

"************************************************************"

"

•

1guess it is a "?value crif

?explanation crlf)

(printout t

" Do you Agree? (yes or no) )

(printout t

" Ifyou are minir.g expert and don't agree, answer
(printout t

" no and teach the system what method should it be
(printout t

" Other\\'lse type yes to accept the recommendation

" crlf)

" crU)

,1 crif
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" Answer the question by typing yes or no: ")
(bind ?answer (read))

(if(eq ?answer y)

then (assert(ask-try-again»

(assert(method ?value»
(retract ?node)

else (assert (replace-answer-node»»

9.4.3 Performance of the expert system

The program runs as a consultation conversation between a mlll1ng designer and a

computer expert system. As an individual stand a10ne program, it runs on full screen in

DOS operating system. As a mining design tool to support intelligent links in hypermedia

backfill design manual, it is integrated as part of hypermedia system and can run within

MS-Window environment. In MS-Window environment, mining method selectiol! expert

system can run in a window background. Figure 9-6 shows the starting window for user

to specify the task to perform under MS-Window environment.

Figure 9-6 The starting window of mining methods selection expert system

If the user answers a, the following conversation is shown in Figure 9-7, which sets the

CUITent node on decision tree to the root node and asks the question contained in that

node.
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Figure 9-7 The conversation between expert system and mining designer

After several questions, a leaf node will be reached and a mining method recommended

as shown in Figure 9-8. The message displayed on the window includes a recommended

mining method by the expert system and a simple explanation why the method is

recommended. At this point, the user has the choice to decide whether accept the

recommendation or try another session. If the user is a mining method expert and do not

agree with the solution reached, he can teach the system by answering no and continue

the conversation.

Figure 9-8 The recommended mining method by expert system

Figure 9-9 shows the conversation when a user disagree with the solution reached, and try

to leach the system with new knowledge. The system ask user's justification of new

mining method followed by a question that will distinguish the original one with the new
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one. In this example, the human expert recommends the VeR method with his

justifications. The newly taught method and justification are saved permanently in facts

file as knowledge base for further use.

Figure 9-9 The teaching conversation between mining expert and the expert system

At this point, the user can either accept the recommendation or star! the session to

justification his suggestion.

9.4.4. Case test of the expert system

Even though the decision !ree shown in Figure 9-S is not a complete knowledge of

mining method selection in practical mining operation, the main principles and general

rules of mining method selection are very weB respected in general, therefore it

embraces many practical mining operations in reality. As an example, we present the

mining practice using cut-and-fill stoping in Mount Isa Mines Ltd, and demonstrate how

the solution reached by mining expert system complies with the real world activity.

According to B. Hornsby and Stam))\], the general description of the ground condition

is as the foBowing:

The ground is fairly competent, but requires extensive rockbolting for secondary support.

The ore values are 6.S zinc by weight, 6.4lead by weight, and ISOg/t (4.5g per st) silver.

The ore bodies are restricted to the Urquhart shale, a formation of thinly bedded pyritic,

dolomitic, and volcanic shale. Towards top of the Mount (sa group sediments, copper and
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silver-Iead·zinc ore bodies occur as contiguous but discrete entities which n~ed the

selective mining operation. The dips varies between 40 to 55°.
The current mining method is basically cut-and-fill stoping. The reasons for adopting the

cut-and-fill stoping method are various. Among the reasons are the method for th~ silver­

Jead-zinc ore bodies and its suitability for selective extraction of ore, ability to cQpe with

poor wall rock conditions, high production rate, and continuity of production. The cut­

and-fi Il stoping is used in the footwall ore bodies, whose hanging walls are, in general,

not as competent as the ore bodies in the hanging wall of the sequence, and who~ widths

are Jess. The method is restricted to a maximum horizontal miming width of Il m for

ground control and a minimum horizontal mining because of the size of equipment used.

ln our decision tree, there are two paths leading to the cut-and-fill stoping method:

1. nodeO - node1 - node3 - node4 - node II - node20 - node28 - node34 - node40

- "cut-and-fill stoping";

2. nodeO • node44 - node45 - node49 - node55 - node60 - node61

-"cut-and·filJ stoping"

The questions corresponding to the chain are:

1). Is the mining method used for primary operation?

2). Is it used for very strong host rock?

3). Is the host rock condition poor?

4). Is il used to mine valuable mineraI?

5). Is the dip ofore body less than 30°?

6). Is dip of ore body greater than 50°?

7). Is the ore rock competent?

8). Is the ore body thin?

Apparently, these questions are not clearly defined, therefore, the answers to the

questions will be very subjective. However, the potential users of the mining methods

selection expert are e;<pected to be the mining engineer. These questions such as the 'Is

the ore rock competent?' , or 'Is the ore body thin?' should make clear sense to them.

Based on the description of Mont Isa mine, the following answers to these questions

should be acceptable:

1). Yes, the mining method is used for primary mining operation;

2). No, the host rock is not very competent;

3). Yes, the host rock is poor;

4). Yes, the minerai is valuable;

5). No, the dip of ore body is greater than 30°;

6). No, the dip of body is not greater than 500;
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7). 'l'es, the ore rock is competent;

8). No, the ore body is not thick;

Running the mining methods expert system and answering the questions with these

answers, the system will recommend a cut-and-fill stoping method as the solution, which

is expected. Since the answers are not unique depending on the understanding of the

questions of individual user, the final recommendation might be different. But the

recommended alternative methods will have similar applicable conditions and can be

used as a candidate method for further evaluation.

9.S8UMMARY

The mining method selection problem falls into the category of the heuristic

classification, which is suitable to be modeled by decision tree approach. To be able to

represent the mining method selection process as a decision tree, the mining methods are

classified into three categories in general: 1). Stope requiring minimum support, 2).

Stopes requiring sorne additional support other than pillar, and 3). Caving methods.

Meanwhile, the basic characteristics of different mining methods in each group are

discussed as the first step for knowledge acquisition. The fonnal representation of mining

method selection process is represented as a binary tree which is defined for prototype

mining methods selection expert system.

Based on the decision tree representation scheme, CLIPS expert system shell is used as

underlying implementation tools of prototype system. Sorne examples of CLIPS syntax

are illustrated to demonstrate the different language feature comparing with conventional

procedural language. In addition, the Solve-Tree-and-Leam algorithm is introduced to

traverse the decidon. Three basic functions are implemented with the prototype mining

method selection expert system. 1). Traverse from root to leaves to select a mining

method; 2). Traverse form a leaf to root to justify a hypothesis; 3). Leam knowledge

from end users.

The performance of the system as a individual tools demonstrate a consultation procedure

between mining designer and computer expert system under MS-Windows environment.

The results show the consistency of the solution reached by expert system and human

experts in real mining operation. Other uses of mining methods selection expert rather

than an indh;dual tools will be discussed in next chapter.

As a technique remarks, it is worth to indicate that the learning mechanism introduced in

the Solve-Tree-and-Learn algorithm serves only as the technique notion of using expert

system. Il is not intended to introduce this kind of learning mechanism as implementation

9-31



•

•

techniques in generaI. One apparent and severe drawback of this algorithm is that it does

not provide any mechanism to resolve the conflicts possibly input by different experts to

maintain the truth of the knowledge base. The management of knowledge bases from

each individual mining experts is still heavily relied on the human intervention.
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• CHAPTERIO

A HYPERMEDIA-BASED SYSTEM FOR BACKFILL
DESIGN AND TRAINING

10.0. INTRODUCTION

The backfill design rationale defined through chapter 2 to chapter 7 outlines the basic

scope and disciplines involved in the backfill design process. In general, it deals with the

following aspects:

-"""chemistry

Backfill Design k----- /' '-";;;='"

•

Figure 10-1 The merging technologies into backfill design

As a relatively new mining technique, the approach to backfill design and evaluation in

practical mining operation is still not beyond trial and error stage, although sorne rules
and design rationales have been established through recent research (6)'. The traditional

backfill design is a multi-phase information intensive procedure. Bringing a wide range

of relevant data and knowledge !Tom different fields to support the necessary decision

making is very time consuming and expensive. It is more cost effective to have a

computer system that can manage information related to certain design problem in

various formats sueh as text, graphies, video pieture or sounds, and one whieh provides
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flexible facilities to access the information from different considerations. The

conventional database technology supports only a structured data format, i.e. flat records,

for example. Other unformated information such as graphics, sound or video can not be

integrated within a single database environment! l13l, which is not adequate to meet with
the needs of most engineering applications like backfill design.

The full scale support of paper-based information system on computer-based system, lies

to the advent of the hypermedia technology. Hypermedia system supports the unformated

information and non-linear access and, therefore opens the possibility to build various

application tools for backfill design in real mining practice. In the context of integrated

decision support system for backfill design, the hypermedia database system is defined to

provide various information related to backfill design. More specifically, in our prototype

system, the hypermedia system is designed to serve as a reference manual book for quick

information retrieval. This chapter discusses the basic concepts of hypermedia technology

and its possible applications in mining engineering. As an example, a prototyping system

of backfill design reference manual was implemented using KnowledgePro, which

supports both text and graphic representations of information. In addition, the integration

of the expert system to support dynamic Iinking is successfully achieved by blackboard

architecture. Finally, we compiled the potential applications of hypermedia system to

mining design, mining training, and simulation.

10.1. BASIC CONCEPTS OF HYPERMEDIA SYSTEM

10.1.1. The definltion of hypermedla and Its features

Hypermedia are some times referred to as hypertext. In tbis chapter the term hypertext

and hypermedia are used interchangeably. The simplest way to derme hypermedia is to

contrast it with traditionai text Iike a book. Ali traditionai text, whether in printed form or

in computer files, is sequential, meaning that there is a single linear sequence defining the

order in which the text is to be read. Hypermedia is nonsequentiai. There is no single

order that determines the sequence in which the text is to be read!114l. The discrete pieces

of data/information are connected by links. When the data can be graphics or sound or

other media, the structure such defined is referred to as hypelmedia. ConceptuaIly, a

hypermedia database consists of a network of nodes and links where data (document text,

graphics, etc.) are the nodes, and the links are cross-references. The hypermedia presents

several different options to readers, and the individual reader determines whieh of them

to folio\\' at the time of reading information. This actually allows users to navigate

through a network of chunk of information. Figure 10-2 shows an example of this
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ne!Work. Each rectangle marked by A, B...F represents anode which contains docwnent

oftext (node B), figure(node A), sound(node D), photo(node Cl, animation(node El, and

film(node F).

Figure 10-2 A simple hypermedia structure

This kind of unrestricted navigation among information coincides with the associative

nature of thought in which people think. The theoretical properties of associative

memories have been studied for a number of years, and the fundarnental advantage and

disadvantage of free association from both viewpoints of cognition and information

retrieval have been discussed by many researchers(l15l. [116]. (117]. For our purpose, we

c1aim that hypermedia introduces !Wo fundarnental changes in the way the information is

stored and retrieved. The first is the capability to move rapidly from one part of a

document to another by means of an associative link. The sequential pattern of reading so

farniliar from the print world is replaced by a truly interactive format. The second change

lies in the sharing of information across different machines and systems in different

format of data(1181.

10.1.2. The essential concepts ofblPermedia system

As shown in figure 10-2, the hypermedia database consists of nodes and links. A single

document in a hypermedia database is cal1ed anode. Each node in a hypermedia system

corresponds to one or more screen displays. A document usualiy describes a single

concept or topic. Hypermedia documents are usual1y written so that they arc self·

contained and do not depend upon the user's having viewed other documents. Continuity

to other documents is provided by links. Sorne hypermedia systems al10w nodes to be

different types (e.g. references, annotations, illustrations, etc.). Typed nodes are usual1y

identified by different colors, fonts, or icons when viewed by users. Nodes can also be

composites, that is, several nodes are linked together and referenced by a single name.

This is useful if the screen size is fixed and no scrolling is al1owed. Because of the

modularity inherent in hypermedia documents, they are not wel1 suited to information
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Ihal has a slrong sequenlia! nature (such as traditional prose or poetry). On the other

hand, for information that has a richer network organization (such as reference books,

texls, guidelines, catalogs, and technical manuals), hypermedia provides many advantages

over traditionallinear formats.

Link is another important concept in hypermedia. Links are the labels that connect one

node (document, article, topic) \\;th another. When a link is activated (e.g. by selecting it

with a mouse or arrow keys), a jump is made to the document the link points to. A link

may be embedded in the body of the document, embedded as part of a graphic or video

image, listed at the end of the document, or contained in an index. In the application

level, links are usually denoted by words of phrases that are highlighted in sorne fashion,

but they can also be graphics or icons. For example, each component of a schematic

diagram may be a Iink to a more detailed schematic of that component or to a text

description. Links can produce a variety of results such as:

• transfer to a new topic

• show a reference (or go from a reference to the article)

• provide ancillary information, such as a foomote, definition, or annotation

• display an illustration, schematic, photograph, or video sequence

• display an index

• run another program (any procedural or non-procedural calI)

A hypermedia system may have only one type of Iink or many types. In sorne system, the

user may be able to select which Iink types are active. Links are usually given names that

may or may not be shown to the user. The Iink name ~an indicate two nodes connected

and its type. In addition to the standard links connecting two nodes, sorne hypermedia

systems also have super-links to connect a larger number of nodes. There are several

possibilities for dealing with having a single Iink connected to several nodes. The Iwo

simplest options are either to show a menu of the links or go to ail the destinations at the

same time. The alternative and obviously intelligent way to deal with multiple destination

would be to have the system choose for the user in sorne way. We will discuss the

integration of the expert system as inference engine for automated decision making and

demonstrate a protolyping hypermedia system enhanced with this mechanism.

Although c1aimed to provide flexible and free navigation among information, hypermedia

system easily leads to disorientation and chaos if the information is not properly

organized or if tools are not provided to support the information browsing. A common

technique to reduce the disorientation during the navigation is to impose certain structure

on hYPclll1cdia database such as hierarchy. In a hicrarchy, each node has a parent
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• (superordinate concept) and a child (subordinate concept) unless the node is a starting

point (root) or an end point (Iea!). A hypermedia database organized as a hierarchy can

be drawn as a tree structure. Figure 10-3a shows a network structure hypermedia database

system with arbitrary cross-over links. The figure IO-3b shows a hierarchy structure of

hypermedia database with no cross-over links.

[/
-~t(

Figure 10-3a Network structure of hypermedia database

~D-~D

Figure IO-3b Hierarchy structure hypermedia database

•

The advantage of a hierarchical structure is that all links must follow an orderly route

through the tree, connecting superordinate and subordinate nodes. So the data are well

defined, and various display techniques such as fisheye or hierarchical views can be

applied. The disadvantage of a hierarchical structure is that the flexibility of the links

among nodes is limited. Ali nodes must be linked together via sorne super/subordinate

concepts, not in an arbitrary manner. Compromise between the flexibility and usability

has to be made when designing a hypermedia database.

The basic operation on the hypermedia system is browsing. With Iittle training in

computer concepts and with Iittle knowledge of subject domain, hYl'ermedia users can

casually traverse nodes and links looking for something of interesl. Direct manipulation
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enables an easy-to-use mode of interaction. The above discussion presents the basic

concepts of hypermedia sy~tem. Other auxiliaries such as searching, indexing,

windowing, filtering, bookmarks and path history are a1so important components ta make

the hypermedia system useful[J 19]. [120].

10.1.3. The architecture of hypermedia systems

One can distinguish three levels of a hypermedia system[J21]:

• Presentation level user interface

• Hypermedia abstract machine level: nodes and links

• Database level: storage, shared data, and network access

The database level is at the bottom of the three-Ievel model and deals with aIl the

traditional issues of information storage that does not really have anything specifically to

do with hypermedia. The hypermedia nodes and links are just data abjects \\ith no

particular meaning to database leveJ. Each of them forms a unit that only one user can

modify at the same time and that takes up so many bits of storage space. The hypermedia

abstract machine level sits in the middle between the database and user interface levels.

This centre is where the hypermedia system determines the basic nature of its nodes and

links and where it maintains the relations among them. It is in this level that the import­

export formats for hypermedia are standardized. Since the database level has to be

heavily machine dependent in its storage format, the user interface level is highly

different from one hypermedia system to the other. The user interface level deals \\ith the

presentation of the information in the hypermedia abstract machine, including such issues

as what commands should be made available to the user, how to show nodes and links,

and whether to include overview diagrams or not. Assume that the bypermedia abstract

machine level defines the links as being typed. The user interface level might decide not

to display that information at ail to some novice users and to make typing information

available only in an authoring mode. Since most hypermedia systems support direct

manipulations, the user interface has to provide ail the interactive facilities for users to

manipulate, which is another reason that makes the hypermedia system a suitable

application for graphics user interface design tools.

10.2. APPLICATIONS OF THE HYPERMEDIA SYSTEM

A number of traditional hyperrnedia application areas have been reported, which include

dictionaries, encyc1opedias, medical textbooks, product catalogs, creati\'e writing. help

systems, technical documentation, instruction, software engineering, religious srudies,
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and museum exhibits. More recent investigations iIlustrated sorne ground areas where

hypermedia system works as a domain specifie tool for problem solver and adviser. One

interesting area this chapter will discuss intensively is using hypermedia system as a

decision support system for engineering design and training in mining engineering. As

mentioned early in the introduction section, backfill design is data intensive involving

different format of data. Access to the knowledge base is essential for backfill operation

design, which is usually non-linear, and cross-referencing is common. Hypermedia

systems are fully capable of handling this type of information store and retrieval. Beyond

that, different user interfaces can be built to provide interactive reference and advice

program for use in the backfill design both as a design tool and training tutorial.

10.2.1. Hypermedia database as backfill desilln reference manual

A primary area of application of hypermedia systems is as reference manuals to aid in the

design and control of backfill design and operation. The chapter 2 to chapter 7 present a

collection of distributed information of backfill design and operation, which coyer most

of issues related to backfill technology and is still growingl l221. For a specifie mining

operation designer, the access to this information base is most likely non-linear. The task­

driven and experienced designer, of course, wants faster access to only relevant

information. One may refer to a specifie portion of information casually. But for a

novice designer, one may need to get acquainted with the basic concepts first and then go

into specifie area concemed. In any cases, access to the information as a whole and

following certain sequence is highly unlikely to happen if not possible. In a paper-based

information system, users under time pressure often find themselves flipping from one

section of a printed manual to another in a number of time-consurning iterations and, at

the same time, trying to keep a finger in four different sections at once. This is very

costly in terms of!:ognitive overhead and information retrieval.

The purposes of accessing the information base, as far as backfill design is concemed,

are:

• Looking for basic concepts with regarding to the specifie engineering problem;

• Looking for technology already available for problem solving;

• Looking for methodologies already known in general;

• Looking for regulations to follow;

• Looking for successful examples to draw analogy and conclusions;

• Looking for tools to make decisions;

10-7



•

•

To meet with these needs, we need to distinguish two primary areas of information. One

is the reference documents such as standard specification described in the backfill design

handbook, literature and other govemment regulation. The other one is the practical

operation information and the knowledge of experienced personnel. For the first one, the

knowledge is represented explicitly by certzin format which could be text, graphie and so

on. However, the second one needs personal judgment, and implicitly exists among the

successful designs. Proper process of the knowledge, such as automated reasoning, or

expert systems, is needed to make il useful. We proposed an integrated system to support

both hypermedia reference manual and inference engine as backfill design tool. The

prototype application was developed to provide a 1eference manuaI as a help faeility as

part of design tool. Il should provide basic concepts of backfill design and the main

technologies available.

10.2.2. Hypermedia system desillD

The proeess of creating hypermedia documents and databases is called authoring. The

hypermedia author must make a series of decisions about how to organize the entire

database and individual documents. As stated in the previous section, one of the strategies

is to impose certain structure on the document like hierarchy which we adopted for our

system. Then the challenge will be to structure the knowledge in a way that an overview

can be presented to the reader in the root document or introductory article. The overview

should identify the key subsidiary ideas and the breadth of coverage. Figure 10-4 shows a

hypergraph representation of top level hierarchy of the backfill design reference manual:
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Figure 10-4 The top level hierarchy of backfill design reference manual

On the top of the hypergraph is the root document, 'backfill design manual', which

serves as an entry to the hypermedia system. The prototyping system does not support

structural browsing facility, but rather provides an embedded table of contents as the

overview of the scope of the hypermedia system. "KnowledgePro" is used to develop the

hypermedia system which is a PC-based programming tool, and fully integrated within

the MS-Windows environment. Other features and advantages of KnowledgePro become

evident when integrating expert system to support intelligent links. Figure 10-5 shows the

root document which gives a short introduction to the backfill design reference manual

and its organization. The document is displayed on a window facilitated with scrolling

button. The underlined texts are links pointing to other nodes. Other type of links and

commands is implemented as buttons on the top of the windows. These buttons are

implemented as standard objects for root display window and automatically inherited by

the lower level of nodes display windows. The button 'Open' lets the users select

different hypermedia database to explore. In other words, it is a special type of link that

leads to other hypermedia documents. The button 'Index' is a special link which a1ways

points to the root document. Whenever the user gets lost or wants to go back to the root

document, simply by clicking the button, the system will retum to the original entry of

the hypermedia system. The 'Back' button al ways points to the previous node to simulate

bi-directional link. The data structure used to implement history path is a List which is a
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built-in data type supported by KnowledgePro. This history path list keeps track of the

browsing chain that the u~er has explored and can be used to monitor the user's intention

of interaction to the hypermedia system, which may provide infonnation to make

heuristic inference if necessary. The rest buttons perform the functions implied by the

button name. The system supports direct manipulation of the window objects (links,

buttons,...etc.). For example, if reader is interested in backfiII design rationale, one

simply needs to point the mouse to the text The backfill desien rationale, the linked

node is presented as shown in figure 10-6.

'~
Inlroduc1ion ta backnll de~lgn manual
lhis manualls deslgnêd to help mlnlng englneers i1tendlng 10 Implemênt backfiD
eohnology to mlnlng operation. lhe whole manuai provldes the detelled and
stale-of-lhe-arts development of the currênt lectllnolgy lelallng ID backlll1 design.
Il can çQfVQ aç ::m on-linQ Information systQm along w1th a baokfDl dosgn IntorfaoQ
Dcornrnunlcate wnn a compuler program

The fonowlng Is Iha contant 01 tha manual InplQlTlQnted wlth hvpartax! tachnology and
ou should select any taplcforlurther Information.

1 InllD!1l1clla.l la backlill oes1on manlJal
2 The Dsoklill design rationsle

1). Gen.I1LaL.col1s11.er.alJ.OIJS_D.fJ.be.bElekOll aeslqn
2). BeM<fili design rall(losle
3). 6aCknll q~iliIl1_~eçl1l~JJm

8aç~111! lerona/agi of backfill daslgn
1). Minlng method
2). BaQk(ilLmaleual
~). I3>Jckfill Material Prepe",tion
4). Backrlll.Mrâlerlal_TransP.Qrt~HQll
5). BaekflllMatarl@1 PlnQ?monl

4 Economlesl evalualion of backfill operation
5 Backflll MslQn ex:l!lJllte.a
a .1" O.
~ ffi , ,.~~ __

Figure 10-5 The root document of the hypermedia system as entry node

Under the root are the second level documents consisting of five subnodes. narnely. The
backfill design rationale. Backfill technology, Economical evaluation of backfill

operation, Backfill design examples and References. Each node groups the closely

interrelated ideas and frequently cross-referenced concepts together. Nodes of tbe same

level are Iinked as shown by the arrows. The nodes belonging to different parents are not

directly Iinked but rather Iinked through the higher level nodes. This kind of hierarchy

does sacrifice the flexibility of the hypennedia system. The user will no longer be 1ble to

jump freely from one idea to another. However. the authoring process of hypermedia
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• document does take into account the most possible exploring route and structures the

hypermedia document to present the information as it should be. The loss of freedom is

compensated by a weil organized structure. This is the decision made in the design stage.
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Figure 10-6 The second level nodes Iinked by the Iink The backfill design rationa!e
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In addition to present the link in text and button, the link can also be presented by certain

graphics on the screen su.ch as icons and any graphical figures, which is also supported by

KnowledgePro. Our prototype system implemented graphie link for graphics interface to

the hypermedia system, which is another important application growing out of the

hypermedia technology. Shown in figure 10-7a is a node document containing the Iink

'Cyclone' and 'Pump' pointing to other hypermedia node 'cyclone' and 'pump'

respectively, As a convention, we use terms started with capital letters to refer to Iink

names, white the terms started with lowercase letter to refer to node names.
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Figure 10-7a The node document contain graphies objects as links

The gray colored objects cyclone on the top middle of the figure and pump at the right

bottom corner imply that these are graphical object links pointing to other nodes

containing information about the objects. Manipulation of the graphical links is the same

as the text and other objects by using mouse to click on the object interested. Figure 10­

7b is the result document of clicking the link 'Cyclone' on figure 10-7a.

This example clearly i1Iustrated the associative style of information retrievaI. When a

backfill designer starts accessing to the hypermedia database, information is presented as

if he is reading through various paper-based reference manual books relating to several

fields at the same time. The user is released from the burden of reading different manual

at the same time, not to mention the frustration of case to case searching for information

from various sources. The information stored in hypermedia system can be easily updated

to the state-of-the-art, which is another advantage over paper-based system.

•
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Figure 10-7b The Hydrocyclone node linked by link Cyclone
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10.2.3. Integrate expert system witbin bypermedia

The backfill design process goes beyond simple infonnation retrieval process. More

complicated tools are needed to perfonn the task of decision support functionality.

Integrating certain AI models with infonnation retrieval research bas produced intriguing

hybrid systems. Of particular interest are expert systems which constitute intelligent

interfaces to a hypennedia database. Adding the intelligence of an expert system requires

the use of additional components -- a knowledge base and an inference engine. The

expert system embodies the facts, infonnation, knowledge, rules-of-thumb, and other

elemenls of heuristic expertise. The user may consult this expertise as an expert advisor
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or a consultant to solve problems or make decisions. Three approaches to conjoining

expert systems and hypermedia had been proposed[t23] :

1. Separate knowledge base and hypermedia system

2. Merge knowledge base \Vith the hypermedia system

3. Embed or distribute expert systems within the hypermedia system

For our purpose, we proposed distributing expert systems \,ithin the hypergraph to

support intelligent links both as search strategy and decision making tools. The

KnowledgePro combines the capability of expert system, object-oriented programming

language, and a hypermedia product into one seamless and highly modular

environment[124] and therefore provides the basic building blocks. [n the interface level,

the expert systems were implemented as problems solving tools as discussed in last

chapter, which can be consulted directly from the user interface for decision making

alone. In the hypermedia abstract machine level, an expert system is imegrated as an

intelligent links to connect nodes. A simple example is the multi-destination problem.

One Iink may connect to more than one nodes. The dummy implementation simply

authors an intermediate node and lists aIl possible links for further browsing. The

disadvantage of this strategy is that the user has to try aIl possible links to find relevant

information. This is especially frustrating if too many possible links involved. For

example, in the process of backfill design, the first important decision faced by backfill

designer is to specify a proper mining method. There exist many mining methods, and

each of them works for specifie mining conditions and requirements. The 'Mining

method' Iink shown in figure 10-5 might connect to several mining methods. As an

option, the mining methods selection expert system is integrated to provide intelligent

Iink. Implemented using CLIPS expert system sheIl, the expert system is initially

designed as a separate decision support tool and then integrated as intelligent link. The

KnowledgePro and CLIPS are different tools. The integration is accomplished by

blackboard approach which allows the information of multiple sources to be represented

in a single representation system. The blackboard approach has been intensively

discussed in chapter 8 as the underlying architecture of overall decision support backfill

design system. We introduced the basic concepts in the abstract level at that time. We are

now introduce the techniques in implementation level. In essence, the blackboard

approach opens a unique publication board for aIl systems involved, namely,

Kno\VledgePro and CLIPS in our example. Each individual system agrees to interact \Vith

a coordinator or scheduler, and read from and \\Tite on the publication board. In our

implementation, the publication board is a ASCII file. Each node in hyper document has
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a unique name attached as its identity. The result of running expert syste~ will be a name

of node reached. This name is a short ASCII text which is a standard code and readable

my most of machine. The KnowledgePro and CLIPS provide functions for each 1/0

access at run time. Therefore, write and read to or from both systems are easily

supported. Since knowledge base of mining method selection system is implemented as

an individual component out of hypermedia system, there is no need for expert system to

access hypermedia database. So the only function here is that the CLIPS write the

reached identity of hyper node to public board and hypermedia system read the identity

from the board.
Figure 10-8a illustrates the dialog window when a user clicks the Iink 'Mining method'.

Two options are prompted. If a user is performing a training course without specifie task

in mind, he might want to read the basic mining techniques in genera1. The first option

provides him with a link to intermediate node where the mining method specification is

explained in general, and individual methods are further associated through generic links.

For a experienced backfill designer, the second option pr()vides an intelligent link which

initiates mining selection expert for consultation (shown in figure 10-8b). The process of

the consultation leads to a specifie mining method which is published to the publication

board from CLIPS. Then the coordinator informs KnowledgePro to read from the board

for further process. Figure 10-Sc presents the resulted mining methods in the context of

hypermedia system. In the windows 386 Enhanced model, CLIPS and KnowledgePro

cooperated seamlessly. This approach separates knowledge base of expert system from

hypermedia database. We believe a more advanced architecture should integrate the

knowledge base of the expert system within hypermedia database, therefore the operation

on the expert system will be the same as operation on hypermedia with the same

knowledge representation scheme. By doing so, the application of hypermedia system for

education training and backfill operation simulation will be a natural extension of the

current hypermedia presented.
The performance of the system is dramatically improved by indexing the name of a Iink

in hypermedia document. The sequential access to the hypermedia, as initially designed,

runs too slow when the searched nodes appear to the end of hypermedia document and

results in a sensible time elapse after mouse clicking. The performance deteriorates when

the searched hypermedia document grows. For a small to middle size hypermedia system,

single indexing technique provides a simple solution. By doing so, the access to

hypermedia database in our prototyping system runs approximately in a constant time to

the search space. The search time can be ignored, and the sensible time elapse only

depends on the hardware of the machine and the size of the node document.
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Figure 10-8a The dialog window of intelligent Iink 'Mining method'

Figure 10-8b Consultation window with mining methods expert system
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Figure 1Q-8c The recommended mining method through consultation

10.3. CONCLUSIONS AND FUTURE WORK

Hypermedia technology is providing us with capability to greatly increase the amount

and kind of data we store electronically. The non-linear access to the hypermedia

database gives rise to associative information retrieval, which coincides with cognitive

intuition ofhuman beings and many engineering design processes. We have presented the

basic concepts and principles of hypermedia system and its feature. In particular, we

argued that the backfill design is a multi-phase information intensive process. The

hypermedia system provides a nice paradigm to meet with this kind of information

requirement.

The prototyping iIlustrated provides a good example that combines various technologies

together to support a dynamic linked hypermedia system within the framework of

blackboard architecture. lt is believed that the expert system techniques can be further

combined with hypermedia system to generate more powerful decision supporting tools.

The key issue is to merge the know1edge base of the expert system within hypermedia by

a uniform representation. The initial development of prololyping hypermedia system for
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backfill design demonstrated its ability to provide a multi-source reference manual and

decision supporting tool. The following are considered cases of further research for

hypermedia system development in mining engineering:

• The development of high level graphie user interface to integrate various design

tools into a single environment based on hypermedia technology. In essence, the

hypermedia system does not cope only with information process, but also serves

as user interface development tools. By doing so, the links will no longer be

always linked to static node, but rather to other links or procedural calls to impose

modularity.

• In the application level, one natural extension of the CUITent prototyping system is

to implement a tour mechanism, whicb will provide more sophisticated facilities

to support tutorial features of hypermedia system for novice backfill designers and

operators. A profound understanding of domain knowledge of backfill design is

crucial in designing the touring chain.

• The hypermedia system also opens possibility to simulate backfill design process

under the supervision of expert system. In this process, the backfill designer has

opportunity to try different options, and the hypermedia system will cooperate

dynarnically to demonstrate possible consequences from various information

source. This requires more complex searching strategies which we believe will be

a role played by an expert system.
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CHAPTERll

KNOWLEDGE BASE MANAGEMENT SYSTEM FOR
BACKFILL DESIGN

11.0. INTRODUCTION

As indicated in previous chapters, the traditional backfill mining operation design is a

multi-Ievel data/information/knowledge intensive procedure. A large amount of time and

money is spent to bring a wide range of relevant data and knowledge together to support

decision makings involved, from the specification of the mining method and backfill

purpose to the identification of backfill material target properties, preparation,

transportation, placement, quality control, and economic evaluation of the backfill

venture as well.

The solution of most mining engineering problems requires, in addition to vast numerical

calculations, substantial use of practical judgment and expertise based on experiencdl251.

Generally speaking, the feasibility study of certain project is based on the general rules.

The optimization issues, on the other hand, relies on information and experience the

designers have in mind. So it would be appreciated to have a computer system that can:

1) store knowledge of mine design, especially the previous experience of other

successful designed mining operation;

2) intelligent process of the knowlerlge and information re1ated to certain design

problem. Based on the information the computer system provided, the designer

can make decision more efficiently and precisely.

The chapter 10 discussed the hypermedia database system to manage the source of

knowledge related backfill design in general. In hypermedia database system, the

information or knowledge is stored and presented to users as passive data. The scmantics

of knowledge are general ignored. The processing of knowledge is not address. Users arc

responsible for decision making. Therefore, the hypermedia database system provides

only partial solution of the integrated decision support system. lt is believed that certain

knowledge included in the backfill design rationaie specified in the previous chapters can

be processed to support automated decision making for certain problems. The mining

method selection expert system, for example, provides an automated approach to mining
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method selection. This chapter presents another approach towards efficient feasibility

study of mining operation based on the knowledge base management system (KBMS)

technology. Special attention is given to the backfill mining operation design. The basic

technology and concepts of knowledge base management system are discussed in the

context of Logical Data Language (LDL) framework. In particular, the main issues of

backfill design using LDL are iIlustrated by an example of hydraulic transportation

system design of backfill operation. Finally, we concluded that the knowledge base

management system is a useful tool to solve mine design problems, and recommend

further extension of the technology to the full scope of the mining operation design.

11.1. BASIC CONCEPT OF KNOWLEDGE BASE SYSTEM

Solution to problems in knowledge/data intensive engineering application depends on the

characteristics of these problems which can be classified according to three attributes: 1)

completeness of knowledge of data in the environment; 2) accuracy of knowledge or data

available in the environment; and 3) knowledge about the objective and or specifications

of the problem[1261. Backfill design is weil defined, but inexact and incomplete data

process. Heuristics must first be applied to find a restricted set of datalknowledge that can

be used in solving the problem. We propose the knowledge base management system

approach for solve certain backfill design problems.

The knowledge base management system is a prograrnming system that has the capacities

of both database management system (DBMS) and declarative language to serve the role

played by data manipulation language and host language[1271. Declarative language is a

language in which one can express what one wants, without explaining exactly how the

desired result is to be computed. A language that is not declarative is procedural such as

Pascal, C, Lisp. Like the DBMS, the KBMS supports for efficient data access and

manipulation. Above that, the KBMS provides the expressive power with declarative

language based on logic as has been successfully demonstrated in expert system,

production system and logical prograrnming language. Figure 11-1 iIlustrates a primitive

architecture of the KBMS.
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Figure 11-1 The Architecture of Knowledge Base Management System

The combination of the database and declarative language provides the useful power for

real application beyond traditional DBMS and logic rules system aJone. The traditional

database technology, i.e. re1ational database for example, provides limited ability to

address inference of reasonable complexity, transitive c10sure for instance. Therefore the

semantics of knowledge of application domains can not be weil understood and properly

process to provide meaningful solution to end users. On the other hand, the logical

system such as expert system does provide the power of complex inference, but fails to

address the ability to manage and process data of massive beyond the working memory.

In most expert system, domain knowledge has to be loaded to working memory as a

whole, or as sequentially file. Efficient secondary storage which is weil supported by

database technology is not provided. The development of knowledge base management

system is to address both capacity and therefore provide more powerful expressive

language for real application. Over the last ten years, several models have been

intensively investigated[128]. [129]. [130]. [131] and conc1uded with a simple powerfuJ

language Datalog[132]. [133] • which leads to the design and prototyping of LDL

knowledge base management system.
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The LDL system provides a declarative logic-based language and integrates relational

database and logic prol,'I"amming technologies so as to support advanced data and

knowledge-based application. The LDL system is to develop the technology for a new

generation of database systems that support the rapid development of sophisticated

applications--such as expert system and advanced scientific and engineering

applications[l3~l. After about ten years of research and development, the LDL system has

been developed as an efficient and portable SALAD, standing for System for Advanced

Logical Application on Data, under UNIX system. Shown in figure 11-2 is the conceptual

architecture of the current LDL. There are six basic components or modules in the current

system: 1). the user interface, 2). the fact manager, 3). the schema manager, 4). the rule

manager, 5). the query forrn manager and 6). query forrn manager. Since the underlying

philosophy of LDL extends that of relational database systems, the facts are reprt~ented

as relations. Above the facts, the rules are defined using Hom Clause with limited

extensions to allow function symbol and negation as part of the language. Meanwhile, the

newly released version of LDL provides convenience for linking with extemal functions

and relation, which made possible the massive numerical calculation[135l.

User interface

Query
manager

Schema
manager

Figure 11-2 The conceptual architecture ofLDL

Facts
manager

•

The LDL application programs consist of four components:

1. A schema;

2. The data;

3. A rule set;

4. Query form;

Information about schema, facts, rules, and query forrns is created and contained in

ASClI text files by any text editor.
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1. A schema is a description of the stored data and its organization into stored facts.

The schema specifies, among other things, the format in which the data is stored and

the type ofeach constant. The schema itselfis stored in a *.sch file. Complex terms

are also defined \vithin the schema as shown later in the example.

2. The data consist of a set of facts. These facts must be consistent in structure and

type \\;th the relations declared in the schema and are stored in a *.fac file.

3. The rules component of the program contains a set of one or more rules that serve to

define the derived predicates required for queries. Rules are stored in a *.rul file.

4. A query form is a generic query that specifies for the LDL compiler which of the

arguments will be given and which are expected as output when a query of that type

is issued. Query forms are stored in *.qf file.

11.2. ~OWLEDGE BASE SYSTEM FOR MINE DESIGN

Based on the power provided by LDL, certain mine design problems addressed in

previous chapters can be formalized to be solved with the assistance of knowledge base

management system. We now present a formaI representation of ilydraulic transportation

system design. The methodology and implementation is iIIustrated by the exarnple of

pump selection, which is a crucial decision faced to backfill designers.

11.2.1. The lleneral description of desilW problems

As an example, the hydraulic transportation system is taken for close analysis and

implementation. The figure 11-3 iIIustrates basic specifications and information tlow

concemed. One key issue of hydraulic transportation system is the pump selection. As

with most mining engineering problems, the backfill design requires substantial use of

practical judgment and expertise based on previous experience. Successfully designed

mining operation are used as a source of good example, and certain decisions are made

simply by drawing the comparison from case to case. Since the conditions inherited for

different deposits are never identical, an apparent drawback of this method is the burden

of collecting the related mining operation for comparison. Even though the general

information is available, close review of information and case by case analysis rnanually

is also an expensive process. Therefor, the knowledge base management system approach

provides the technology for efficient information storage and logic reasoning, and can be

used as an automated or semi-automated tool for decision making involved in backfill

design. The following example uses LDL as a tool to implement a knowledge·based

application requiring efficient access to large collection of data related to hydraulic

transportation system desib'll in mining operation which includes the following goal;;
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1. Pro\"ide quick access to the similar mining operation for the user.

2. Based on certain domain knowledge, the system can recommend sorne de;ign

options for users to verify, which are: 1). The pressure requirement

justification; 2). Pump recommendation; 3). Economical overview of the

mining projec!.
3. Provide certain procedural function cali to access traditional language Iike Cfor

numerical analysis which is al50 importation towards the success of the mine

design.

ln particular, the implementation focuses on the issue of pump selection which is crucial

for hydraulic transportation system. The key problem in determining the proper pwnp

relies on the prediction of pressure 10ss along the pipe line when fill material is delivered.

It is still an active research topic in hydraulic transportation. Several mathematical

models have been proposed with restrictions and a loop test is almost inevitable. On the

other hand, the practical operation of pump is far from optimized. Previous experience

may also Ieads to malfunction of pump selection. To overcoDle the unreliability of the

pressure 10ss prediction method mentioned above, this example proposed a multi-phase

pressure loss prediction model based on both analytical (empirical) pressure loss

prediction model avaihble (as discussed in chapter 4) and statistics model of previous

applications.

A statistics model of pressure loss is defined as the average pressure loss used in similar

previous hydraulic transportation system. Suppose that the information of previous

hydraulic transportation operation is available and stored in knowledge base management

system, the pump pressures used previously can be retrieved from database to calculate

the average pressure. The pressure losses predicted from the !Wo models may not agree

each other. If conflict is encountered, a compromised pressure loss should be

recommended. The details of the mies to define these domain knowledge will be given

later.
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11.2.2. Data representation

Relational representation is essential in LDL. In the context of relational representation.

information is represented in terms of relations which consists of various altributes. Each

relation groups certain information c10sely related together to represent a real world

object. In chapter 8, we discussed in brief the conceptual modeling and presented the

entity-relationship diagram as the global picture to capture the major information needs

conceptually. We now focus morc specifically on the local information necd of hydraulic

transportation system. The result of the modeling leads to a logical representation of

information as relations. Bearing in mind, this modeling is intended to address the

information need only for feasibility study. Therefore data of interesting may not be

sufficient to capture the other issues of backfill design such as the detailed specification

and evaluation of backfill operation.

Following the LDL convention, relations and attributes have a name. A relation name is

represented as lower case string and attribute name is represented with strings starting

with up case letter. The formai representation ofrelation is:

relation(Attributel, Attribute2, Attribute3",AttributeN)

Where relation is any name assigned to relation, and Attribute l, 2, ",N is the name of

attributes. Each attribute belong ta certain type of data such as real, integer, string etc..

Normally, Relations and attributes are named with self explanation. For example, the

mine relation stands for a relation to hold the information of mine, 'which includes

attributes such as "MinelO" for mine identification, "Production" for annual production

of the mine etc.. A function symbol is presented as up case string by LDL. Following the

name of a function symbol is the arguments related to the function. The following

information has been identified ta be pertinent to hydraulic transportation system design.

In this specification, the relation is defined by a short description and a formaI format.

Following the definition is a table specifying the type of each attribute.

1. pump relation: relation pump is detined to represent the information related ta the

pump of the real world entity.

11-7



•

•

pump(Pumpid, Pumptype, Purpose, Capacity, Pressure, ~lanufacturer, Cost);

Attributes Domain

1). Pumpid . 1strin~}

2). Pumptype 1reciprocating. centrifu~al)

3). Puroose 1strin~: water. slurry}

4). Caoacitv 1real: caoacitv of oumo1

5). Pressure 1real: pressure ofoumo1

6). Manufacturer 1strin~: manufacturer ID}

7). Cost {real: cost ofpump}

2. manufacturer: relation manufacturer is defined to represent the information related to

the manufacturer ofpump and other equipment.

manufacturer(Name, ADDRESS(City, State, Country, Telephone»;

Attributes Domain

1). Name {string: name of
manufacturer)

2). Address(City, State, Country, {Function symbol}
Telephone)

3, transport: relation transport is defined to represent the information related to hydraulic

transportation system. 1t captures the operation feature of hydraulic transportation system

rather than its structure.

transport(Tranid, Mineid,Type, Cap, LHratio, Height, Fillid, Dia, Flow, Pumpid, Cost);

Attributes Domain

n. Tranid 1strin!!: transoortation system identification}

2). Mineid 1strin!!: mine identification1
3). Type {strin~: Hvdraulic. oneumatic. convever, truck)

4). Capacity {real: capacitv of transportation svstem)

5). LHratio 1real: ratio of totallen~th to verticallenmh}

6). Hei~ht 1real: vertical difference of transoortation system}

7). Fillid {strin~: identitv of backfil1 material)

8). Dia {real: pipe diameterl

9). Flow {real: f10w velocity}

10). Pumoid 1string: identitv of pump}

Il). Cost {real: cost of overal1 transponatÎon operation}
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4. fill: relation fill is defined to represent the information related to certain fill material. It

is intended to capture the information re!at.:d to hydraulic transportation rather the
mechanical properties.

fill(Fillid, Filltype, Concent., Sgrav, Fgrav, Max, Avesize, Cratio, Cvelocity, Cost);

Atti'ibutes Domain

l). Fillid {strin~: to identifv backfill material\

2). Filltype {strin~: Tai1in~, Sand, Rock \

3). Concent {real: backfill concentration \

4), Sgrav. {rea!: slurrv gravitv \

5). Fgrav. {real: dry material gravitv \

6). Max {real: Maximum size of particle)

7). Avesize {real: average size of fill material\

8). Cratio (real: cement ratio; 0.0-1.0\

9). Cvelocitv {real: critical velocitv)

10). Cost {real: cost of fill materia! per ton)

5. mine: relation mine is defined to represent the information related to mine operation

which captures the operation feature of a mine.

mine(Mineid, Production, Mineral, Method, Purpose, Rockcondition, Cost, Address);

Attributes Domain

1). Mineid {string: to identify amine\

2). Production {real: annual production of a mine)

3). Mineral {strin!!: name of the maior minerall

4), Method {strin!!: minin!! method)

5). Puroose {string: Backfill purpose)

6). Rockcondition {real: very stable, stable, good, poor, very poor)

7). Cost {real: cost of ore Der tone)

8). ADDRESS {Function svrnbol\

6. modelfIll: relation modelfill is defined to represent information related to

classification fill materia\. In essence, the fill material is classified by its pressure loss

prediction mode\. The attribute Mfillid specifies the mode! that fill material belongs 10.

The rest attribule specifies the range that qualify each fill materia! to certain mode\.
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modelfillCMfillid, Maxconcent, Minconcent, Maxsize, Minsize, Maxcratio, Mincratio);

Atlributes Domain

1). MFiIlID {string: to identifv backfill material mode1}

2). Maxconcent {real: Maximum solid concentration of slurry}

31. Minconcent (real: minimum solid concentration ofslurrv)

4). Maxsize {real: maximum size of particle}

5). Minsize {real: minimum size of particle}

6). Maxcratio Ireal: maximum cement ratio, 10.0-\.0 % }

7). Mincratio Creai: minimum cement ratio; 0.0-1.0%)

7. costmodeI: relation costmodel represents the information of cost model of real world.

ln chapter 7, we presented a regional cost prediction mode!. This relation captures the

information needed to perform the evaluation based on that mode!. The attribute Rank

stands for the rank classified for certain mining operation. It could be very good, good,

acceptable, unacceptable. The rest of attributes stands for certain ranges that qualify

certain backfill operation to a rank.

costmodeI(Rank, Maslurry, Mislurry, Maxtran, Mintran, Masum, Minsum, FilItype);

Attributes Domain

n. Rank {string: verygood, !!ood, acceptable, poor, unacceptable}

2). Maslurrv (real: Maximum cost of slurrv)

3). Mislurrv (real: minimum cost of slurrv)

4). Maxtran (reaI: maximum cost of slurrv tranSDortation)

5). Mintran freal: minimum cost of sIurrv tranSDortation}

6). Masum (real: maximum sum ofbackfill cost )

7\. Mincratio Creai: minimum sum ofbackfill cost)

7). Filltype Cstrin!!: fill type)

8. ADDRESS: fonction symbol ADDRESS is defined to represent the address of any

organization. As an extension of DataIog, LDL allows using fonction symbol as a term

constructor of complex term. Il is not a relation. So the operation on ADDRESS will be
different from the relations.
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ADDRESS(City: string, State: string, Country: string, Telephone: string)

Attributes Domain

n.Citv {string: name of citv \

2). State {real: name of state \

3). Country {string: name of country \

4). Telephone {string: telephone number represented as string \

11.2.3. Definition of rules

Based on the relations defined, rule bases are defined by Home Clause to capture the

logic feature of information need. The details of the rule implementation is accessible

through the rule file "mine.rul". In addition to the basic LDL facilities, sorne advanced

techniques are also used which will become clear in the following discussions.

1. Definition of compatible mines

To be able to draw the comparison among different mines, three levels of similarity have

to be defined:

1). Very similar mine,

2). Similar mine, and

3).Compatible mine.

The basic rules to define the three levels similarity is:

A. If mine MINE1 and MINE has 5% percent difference in production and

produce the same mineraI using the mining method falling into same category

under same rock conditions, then the two mines are considered be to very

similar mines;

B. If mine MlNEI and Z are very similar mines, and mine Z and MlNE2 are very

similar mines, then MINE1 and MlNE2 are considered similar mines;

C. If mine MINEI and Z are very similar mines and mine Z and MINE2 are

similar mines, then the MINE1 and MlNE2 are considered to be compatible

mines.

These rules can be represented as the following Hom Clause by LDL syntax such as:

1). Predicate VerySimilarMine(MlNEl, MlNE2) means that the mine MINEI and

MINE! are very similar mines. Above the <- sign is the rule head meaning the

conclusion, the rest is the rule body meaning the conjunctive condition that make the

head true.
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VerySimilarMine(MINEI. MINEZ)

<-

mine(MINEI. Prodl, Minl.Methodl._. Rockl).

mine(MINEZ. ProdZ. MinZ. MethodZ._. Rock2),

abs( Prod l, ProdZ, Pdaviation).

Pdaviation<=D.DS. Pdaviation>=D.D.

Methodl=MethodZ. Minl=MinZ. Rockl=Rock2.

MINE1-=MINEZ.

where the - sign negates the built-in predicate =. means not equaI. The underscore refers

to the arguments not concemed by the rule.

Z). Predicate SimilarMine(MlNEI, MINEZ) means that mine MlNEI and MINEZ are

similar, which can be defined as the following rule:

SimilarMine(MlNE1.MlNEZ)

<-
mine( MineZ, _, _. _. _. _. -J
if (VerySimilarMine(MlNEI.MlNEZ) then true

else SimilarMine(MlNEI ,MINEZ).

VerySimilarMine(MlNEl, Z),

MINEI-= MINEZ).

3). Predicate CompatibleMine(MlNEI.MlNEZ) means that mine MlNEI and MINEZ are

comparable in the sense that they can be compared each other to draw conclusion for

feasibility study, which can be defined as following:

CompalibleMine(MlNEl,MlNEZ)

<-

mine(MlNEZ, -' -' _, _, _, -J.
if (verysimilarmine(MlNEl, MINEZ) then true

else if (Similarmine«MlNEl, Z) then true

else verysimilarmine(MINE1, Z),

similarmine(Z, MlNE2). MlNEl-=MlNEZ».

ln defining the CompatibleMine. an advar.ced IF-THEN-ELSE operator provided by

LDL is used to express certain procedural constructs. Extemal cali "abs" to calculate the

relative difference of two attributes such as production is implemented as extemal

function imported 10 the LDL. which is used as a built-in predicate.
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The figure 11-4 illustrates the graphie representation of the relationship defined by the

mIes:
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Figure 11-4 Graphie representation of relationship between mines defined by mIes

2. Definition of the similarity of BackfiU material

Two levels of similarity are defined by the following mies:

A. If fill FILL1 and FILL2 have 5% percent difference in concentration, fine

particle, gravity and belong to the same type of backfill, then the two fill

materials are considered be 10 be similar;

B. Iffill FILLI and Z are similar, and Z and FILL2 are similar, Ihen FILLI and

FILL2 are considered to be compatible;

Figure 11-5 is the graphie n:presentation ofrelationship between fill material defined by

aboye mIes.
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Figure 11-5 Graphie representation of relationship between filis defined by mies
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• 3. Definilion of compatible transportation system

Three levels of similarity of transportation systems need to be defined based on the

following rules:
A. If transportation system TRA"lSI and TRANS2 has 5% percent difference in

capacity, LlH ratio (the ratio of total length to height of pipe line), and pipe

diameter regardless of the fill material handled, then the two systems are

considered to be relevant.
B. If system TRANSI and TRANS2 are relevant and designed for compatible

mine to handIe the compatible fill material, then the two transportation systems

are considered to be similar. Notice that in this rule, the !Wo transportation

systems are considered to be similar provided that the related mining operation

and fill material have to be compatible, which take into account both the

mining operation and fill material as a whole.

C. If the system TRANSI and Z are similar, and Z and TRANS2 are similar, then

TRANS 1and TRANS2 are considered to be compatible transportation system;

'~a~y
~

~a~ ~omllIDillla.- _ ~

Similar /

'\ /c/omG'alible
Sill'ilar ~

~

S
~ 5lrrilar ~
~. .~

~~ompatib~B~
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•
CUler buin-fl
pred~ales

Figure 11-6 Graphie representation of similar transportation system defined by rules
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• 4. Definition of pressure 1055 prediction model

Every fil! material belongs to a category based on certain pressure loss prediction model.

The rules to define the material category is the fol!owing:

A. If fil! FILL 1 and model fil1 of category MFill has 5% percent difference in

concentration, size range, and cement ratio with the same til1type, then FILL 1

are considered belonging to MFill category with same pressure loss prediction

model PM;
B. If fil! FILL1 and Z are similar tin material with the same backtil! type, and Z

belongs to MFill category and ,then FILL1 belongs to MFill as weil.

Figure 11-7 is the graphic representation of the relationship between the tin and fil1

model defined by the rules.
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Fill 1 'l: ,,,,,,,,,,,,,,,,,,,,,,,

Camp tible

Figure 11-7 Graphic representation ofbelong relationship

------
Level1 deduclion

Level2 deductlon

•

------------------ Level3 deduclion

It is noticed that the above rules defining the fin model involve the recursive detinition

which is not reHable to capture the similarity of the tin material theoretical!y. If the

inference chain is too long, the similarity detined by tirst rule will not exist any more.

But in practice, the fil1 material do fal! natural!y into certain category with .:3usal

exception. Most of the til! models inferred by the abo\'e rules wil1 closely meet \\iili the
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characters defined by certain mode!. Meanwhile, the pressure calculation followed will be

justified by a statistical model, which will certainly eliminate the influence of the

unreliably inferred factors by the rules. The techniques involved in these rules in case 2. 3

and 4 are similar to the case I.

5. Definition of pressure loss rule

As mentioned earlier, the pressure requirement of a hydraulic system can be estimated

from two different ways, 1). numerical calculation, but it is not always valid, 2). previous

experience, but it is not always reliable. Our rules will generate the pressure requirement

from both methods and verify one with another.

1). In this case, extemal predicate is used in the program. In LDL, external predicate can

be any kind of procedural program implemented by conventional language such as C,

Fortran, etc.. In our case, the extemal predicate is initially implemented as functions to

calculate the pressure loss based on analytical mode\. These functions are stand alone

programs and executable under any operating systems. Once imported to LDL, it is

understood as an external predicate in the context of Datalog language. In doing this, the

procedural programming is seamlessly merged into logical prograrnming, therefore

extended to the power of symbolic calculation of LDL system to handle complex

numerical calculation. The following is an example:

pressure(Transid, P)

<-

transport(Transid, _, -' LHratio, Height, _, Fillid, Dia, Vel,->,

fill(FilIid, _,Concent, Sgrave, Fgrave,_,-,_,_,_),

belong(FiIlid, Mfill),

Mfill=pl,

ppl(Concent, Vel, Fgrave, Dia, Sgrave, LHratio, Height, Pl.

In this rule, the pressure requirement of transportation system "Transid" is specified by P

which is the resuIts of caIling an extemal predicate pp1.

2), Similar to case one, some aggregation operations are implemented as externaI

predicates to calculate the pressure requirement based on the previous experience as the

following rule:

reievantpressure(Transid, P)

<-

transportation(Trans2, _,_,_,_,_,_,_,_,Pumpid2),

compatibletransystem(Transid, Trans2l,

pump(Pumpid2, _,_,_,P,_,_l.
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which generate ail pressure requirements specified in the compatible transportation

system. Because the LDL does not provide the aggregation function to calculate the

average, maximum. minimum of the P set directly, the P set is output to a file called

"inp" through the input/output facilities provided by the LDL. Then the following rules

can use the intennediate infonnation to generate the needed calculation through another

externat function cali aggregation(inp, avg, max, min).

6. Definition of the qualifiedPump rule
ln principle, the pump selected for the system should satisfy with the following

conditions:
1). The pressure of the selected pump must be greater than the pressure ioss predicted;

2). The capacity of the pump should be greater than the capacity of the system;

3). The cost should be as low as possible;
4). The post sales service for reciprocating pump counts for about 5% of the total cost;

5). When slurry concentration is greater than 75%, reciprocal pump is the only choice;

Based on these requirements, the pump selection rule could be expressed by rules with

sorne extemal cali for numerical calculation which lUms out to be very efficient and

powerful. The following.is one of a group rules defined to describe the qualifiedpumps.

By querying on the database through the rules, several pumps might be presented as the

candidates. The users are allowed to make choice based on the recommendation.

Qualifiedpump(Transl, PumpID)

<.

pump(PumpID. Type. _. Capacity, Pressure. _. -1.
transportation(Trans2. _ ,Capacity2, _. _, _. _,~ PumpID2),

transportation(Trans1. _ ,-' _, _. _, Filll ,_,_, _).

pressure(Transl. Mp).
Compatibletransystem (Transl,Trans2),

aggregation(inp, Pavg. Pmax. Pmin),

Pmin<Mp.

Mp<Pavg,

Pumptype='centrifugal',

MP=<pressure,

pressure>=I.05*MP,
fil 1( FiIlI, _. Concent, _,_, _. _, _J,
Concent<=O.75;
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Because this rule involves the extemal function cali aggregation( inp, Pavg, Pmax, Pmin)

which depends on the intermediate data file 'inp', the query to qualifiedpurnp has to be

performed by two steps: 1) generate 'inp' file, 2) cali aggregation extemal function. The

two step query is completed by LDL scripts and piping techniques using redirection

commando An LDL script file is an ASCII text file containing a collection of SALAD

commands, so several queries can be executed together to generate expected results.

Following is an example used to perform the aggregation(inp, Pavg, Pmax, Pmin)

extemal calI. First, a script file pressure.cmd has to be created as the following:

?relevantpressure(tran l ,P»mining.ldl/mining.cf.O/inp

aggregation(inp, Pavg, Pmax, Pmin)

exit

no

Then execute the file using shel1 command salad<pressure.cmd. The calculation \\il1 be

performed, and the results displayed on the screen. Ali the extemal function and predicate

are imported to the LDL using the 'import' command provided by LDL.

7. Definition of cast estimation rules

Because of the diversity of the mining operation, it is not feasible at the present rime to

adopt any universal cost model for backfill operation. Therefore a regional cost model is

possible to build up based on statistical analysis. A provincial wide survey of backfil1

operation has been conducted within Quebec area and a Quebec regional backfil1

operation cost model has been established. In this model, the main contributions to the

backfill cost cornes from fill cost and transportation cost, which takes about 85-90% of

the total backfiIJ cost. Accordingly, a backfiIJ operation can be modeled by average cost

level in terms of statistics. Rules to estimate the cost levels are sirnply defmed based on

the average cost level within the area. An operation can be estimated as a very good,

good, acceptable, poor and unacceptable.

8. User interface

Above ail of the discussions mentioned is the user interface, which is irnplemented as a

stand alone facility to access the queries defined. Figure 11-8 iIIustrates the basic

functions implemented. The interface is menu-driven facilitated with help options.

The main functions of the system are described as the follo\\ing:

Review: the option 'Review' at the top level provides access to database to review the

previous applications from various perspectives. Users can access the previous mining

operation. transportation operation, characteristics of fil1 material as initially stored in

database. In addition, the query can access rules base first and retrieve the data based on
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logic rule as defined. For example, suppose user wants to review other backfill operation

closely related to his case, the submenu under the option 'Mine' provides a 'very similar

mine' function to access the so defined mining operation. User may not be able to retrieve

enough information of closely related mines. Then he may loose the condition and try to

look at the similar cases. As stated earlier, three levels of similarity have been defined by

rule base. In the least favorable case, user can refer to compatible mines for solution. In
this process, users specify the requests, and the inference and computation will take place

automatically by system.

Evaluation: the option 'Evaluation' at top level menu The option 'Evaluation' provides an

automated tools to generate a cost report and the technical adequacy of the pump

operation if any. It serves as an entry to submenu to evaluate hydraulic transportation

system in terms of pump operation and overall economical performance. The option 'cost

evaluation' provides function to evaluate the transportation operatioH based on a regional

mode!. In this case it is a Quebec provincial regional mode!. The relation 'costmodel' and

cost estimation rules defined earlier will qualify certain hydraulic transportation system to

certain category as verygood, good, acceptable, poor and unacceptable. The option 'pump

evaluation' evaluate the pump performance based on both analytical model and statistic

model of pump application for certain transportation system. The results of the evaluation

are ail qualified pump for certain operation. If the actual operating pump of a·

transportation system is included in the recommended list, then the pump selected for that

system is considered reasonable. Otherwise further investigation is recommended.

Design: Finally, the option 'Design' provides several data entry forms for specification.

Under the option 'design', backtill designers have chance to access the 'review' menu to

retrieve information whenever needed. The major function implemented in this prototype

system is the pump selection. The user inputs the basic information of mine site, fiIl

material, layout of transportation Hne as guided by the menu. At certain point, users have

to determine whether a pump is needed to keep the system work safely, and if needed,

what is the best choice. He should either specify his answer if he is certain, or leave it for

system to make choice based on inference rules defined. He is even allowed to specify

randomly. The 'evaluation' option followed will check whether the user specification is

acceptable and recommend the best possible according to the knowledge of underlying

system.
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Figure 11-8 The basic functions of the system

11.3. SYSTEM TEST AND SAMPLE CASE STUDY

•

Since the LDL is implemented for UNIX operating system, the prototype of hydraulic

transportation design system works only on UNIX environment. As stated in chapter 8,

the knowledge base management system is initially defined as a component of overall

integrated decision support system working for PC-based MS-Window environment. But

knowledge base management system is not available on PC-based system at the present

time. In order to be able to integrate it to the overall system, funher studies are needed.

This prototype is intended to illustrate the technical opportunity of using knowledge base

management system for mine design. We believe, in the near future, the knowledge base

management system will be comfortably shifted to PS-based system. For the lime being,

the sample system works as a stand-alone program.

11.3.1. System test

To test the usefulness of the system, sample data has been constructed. Based on the
Quebec mining operation survey and Iiterature review[136], sample data of 18 mining

operations have been used for system testing. The original d:na do not pro\'ide all

information required by the conceptual mode! of hydraulic trans~()nation. For example,
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most backlill operations in Quebec do not need pump in the transportation system. 50 the

horizontal extension is extended proportionally 50 that the pump is apparently needed and

the evaluation of pump operation is necessary. Based on the survey, more data are

constructed artilicially to draw correlation among different mining operations.

The follo\\ing are an example of relational representation of a backlill operation:

mine(mine-I, 450000.00, nickel, cyclic, support, poor, 7.28988, address(sudbury,

ontario, canada, 'Phone: (705) 674-3464'».

fill(fiIl-l, tailing, 65.0000, 1.61000, 2.1600, 0.0800, 0.1200, 0.125000, 1.6700, 3.(600).

modelfill(pl, 75.000, 0.000, 0.0100, 0.00, 100.00, 0.00).

transportation(trans-l, mine- l, hydraulic, 56,0000, 8.89998, 250.0000, fil1- l, 76.0000,

6.70990, pump-7, 1.500).

costmodel(verygood, 64.000, 0.000, 24.5000, 0.000, 88.500, 0.000, rock).

pump(pump-7, centrifugai, slurry, 6360.00, 1608.00, 'groulds-pump', 2000.00)

These relation instances contain complete information of certain mining operation

according to our conceptual model. Each mine has a unique identity, in this case, it is

mine-1. Il could be any name of real mining operation. The capacity of the mining

operation is 450000.000 tone per year. The major minerai is nickel. The ore is mined

using cyclic backfill for ground support because of poor rock condition. The mine is

located in sudbury, ontario, canada, and phone number to reach is (705) 674-3464). This

relation contains the general information of a mine. More specilically, the mine-I is using

fill-1 material to fulfill backfill operation. The characteristics of the fill material is

contained in the relation 'lill', which includes the lill type, slurry concentration, slurry

gravity, dry fill material gravity, maximum article size, percentage of fine material,

cement ratio, critical flow velocity, cost of the slurry. The fill-I is the identity of the

material which can be any name used in real operation. For each backfill operation, there

has to be a relation to contain the information of transportation system. In this case, it is

trans-l, again the identity of the transportation system (could be any real name), it is

applied to mine-l. the type of the system is hydraulic transportation to transport the

backfill material fill-1. The pump used in the system is pump-7. Gther data can be

interpreted according to the definition of the relation discussed earlier. The pump
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information is contained in the relation 'pump'. Each pump has a identity, such as pump-?

in this case, followed by pump type, it could be centrifugai or reciprocate. This relation

also contains other basic information provided by manufacturer. Another relation

'modelfill' contains the information to define a pressure 10ss prediction model for certain

fill material. plis the identity of a pressure loss prediction model. Other data items are

ranges of certain criteria. Finally, the relation 'cosnnodel' contains the information to

qualify a backfill operation to certain category such as very good, good, acceptable,

unacceptable, poor based on the statistics of average backfill operation in certain local

area or global operation. 18 backfill operations have been stored in the knowledge base as

previous backfill experience. According to the functions provided by user interface, the

user can review the previous backfill operation ITom different point of vie\\".

Suppose a designer is interested in ail similar backfill operation in general, he could do a

query to the knowledge base. The system will group ail mining operation according to the

rules defining the similarity of mining operation. In our sample system, if a query

?verysimilarmine(A, B)

is posted to the knowledge base, the system will respond with a group of solutions:

l,'I'OUp 1:
verysimilarmine(mine-I, mine-2)

verysimilarmine(mine-I, mine-14)

verysimilarmine(mine-I, mine-16)

group 2:

verysimilarmine(mine-2, mine-I)

verysimilarmine(mine-2, mine-3)

group 3:

verysimilarmine(mine-3, mine-2)

verysimilarmine(mine-3, mine-6)

verysimilarmine(mine-3, mine-9)

This query will provide information of very similar backfill operation in general. In

reviewing of the very similar cases, a mine designer might be able to make decision for

his own case according to the query. However, in most cases, the very similar cases

hardly exist, designer might have to give up certain restriction and looking for similar or

just compatible cases to help make decision. According to the mIes defining the similar

or compatible backfill operation, the similar case is the transitive of very similar case and
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compatible case is the another level transitive of similar case. This means that if A and B

are very similar, B and C are very similar. then A and C are considered similar. 1f A and

B are similar and B and C are similar. then A and C are considered compatible. Of

course, the compatible cases inc1ude ail very similar and similar cases. 1f designer do the

Guery:
?similarmine(A, B)
the system will display the following solutions:

group 1:

similarmine(mine-I, mine-2)

similarmine(mine-I, mine-14)

similarmine(mine-I, mine-16)

similarmine(mine-I, mine-5)

group 2:
similarmine(mine-2, mine-I)

similarmine(mine-2, mine-3)

similarmine(mine-2, mine-6)

similarmine(mine-2, mine-9)

The solutions of the query: ?compatiblemine(A, B), is the following:

compatiblemine(mine-I, mine-2)

compatiblemin'l(mine-I, mine-14)

compatiblemine(mine-I, mine-16)

compatiblemine(mine-I, mine-5)

compatiblemine(mine-I, mine-3)

compatiblemine(mine-I, mine-6)

compatiblemine(mine-I, mine-9)

group 2:

group 3:

11-23



• As expected, when the desib'ller relaxes the similarity requirement, the knowledge base

will provide more information for each group. Queries for other information, such as

compatible fill material, compatible transpol1ation system, demonstrate the similar

inference capacity to provide information based on users' requirc::ments.

The experimental tests displayed sensible results, and ail outcomes make perfect ~nse as

expected. The pump recommended by the system closely agreed with the manual

prediction in 86% cases. The remaining 14% operation can not be justified by the system

because of the incompleteness of knowledge. The basic objectives of the project were

fully achieved.

11.3.2. SampIe case stndy of hydranlic transportation desil:n

As an example, we present the following sessions as a case study to demonstrale how

knowledge base management system can help the decision rr.aking involved in hydraulic

transpol1ation system design. The most fundamental decisioll to be made ",hen designing

a hydraulic transpol1ation system is whether extra energy is needed, if needed, how much

is needed to keep the system under safe, stable operation. More specifically, the question

is whether a pump is needed and what is the best possible pump in terrn of pressure

supply and costs.

Using the last example mine-I as basic data, we now demonstrate the design procedure.

First of ail, the designer should open the 'Design' menu from user interface. The menu

consists of the following data entry forms:
*************************************************************

*
*
*
*
*
*
*
*
*
*

1. Mine site data input

2. Fill Characteristic input

3. Transpol1ation setup input

4. Help

Please specify the menu(I-4) or specify Ecs to escape:

*
*
*
*
*
*
*
*
*
*

•
*************************************************************

The user should input the mine site data first and reYiew the similar mining operations.

Select menu 1 will open a data entry form from where user input the mine identifi~ation,
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production, main mineraL.etc. After input the mme site data, user can query the

knowledge base system from review menu:
*****.**~.********* ••***********••••*••*•••*~.**••*••*•••••**

* *
* I. Mines *
* *
* 2. Very Similar Mines *
* *
* 3. Similar Mines *
* ~

* 4. Compatible Mines *
* *
* Please specify the menu(I-4) or press Ecs to escape: *
* *
****•••••**•••**••****.*•••••••**••**•••***••••• ****•••••••••

Do the query Verysimilarmine(mine-I, A), Similarmine(mine-I, A), Compatiblemine

(mine-l, A), the system will bring to you various mining operations very similar, similar

and compatible to the mining operation the designer just input. Here the A is a variable.

mine-l is the mine identity designer specified. Reviewing the information from similar

cases, designer will feel more comfortahle and confident for further specifications.

Suppose the designer has decided to use hydraulic backfill. He has to specify the

characteristics of fill material and pipeline layout of the transportation system. Again,

from design menu options 2. Fill Characteristic input, and 3. Transportation setup input,

designer can specify the system parameters. For example, the data entry form will ask the

following parameter from the user when selecting the 'Transportation setup input' menu:

1. Transportation type;

2. Capacity;

3. Ratio of total pipe line length to vertical different;

4. Vertical difference;

5. Pipe diameter;

6. Flow rate;

7. Pump ID;

At this time, the user might not be able to specify ail these parameters, PumplD for

example. The designer could either skip this question and let the system recommend

certain pump based on the information and rules defined in knowledge base, or specify

based on persond knowledge first and let the system to justify the specification latcr
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using evaluation menu. Suppose the designer skips this question and answers ail other

questions, he can query the knowledge base to get the recommended pump ID:

?recommendedpump(mine-l, A)

Here mine-I is the mine ID, A is a variable which will be bound with any pump satisfy

with knowledge base. The resull of the query might be one pump, several pumps, nothing

or a negative number. When answering is only one pump, it means there is only one

pump satisfy \\;Ih the condition applied. If more then one pump is retrieved, the designer

has to choose one ITom retrieved pumps. If nolhing is retrieved, it means there is no

pump on the market suitable for this particular case. If a negative number is resulted, it

means that the pressure needed for the system is negative, i.e. no pump is needed and the

system can totally rely on gravity alone. Since the mie to define the recommended pump

is based on both theoretical calculation and statistical analysis, it will be a conservative

recommend~tion. In our case, the recommended pumps are Pump-I, Pump-4, Pump-7

and Pump-8. The original design using pump-7 which is included in the recommended

pump so it is acceptable at least.

Now that the whole hydraulic transportation system has been specified, critical decision,

pump selection, has been made, we need to evaluate the overall specification. The

prototype knowledge base system provide a function to evaluate the system both ITom

technological and economical point of view by accessing menu 'evaluation':

********.*.**************************************************

• •
• 1. Cost evaluation •
• •
• 2. Pump selection evaluation •
• •
• 3. Help •
• •
• Please specify the menue1-4) or press Ecs to escape: •
• *
************************************************************.

The cost evaluation is based on the statistics of regional backfill survey. The system

actually provide users with different model according to user's interest:

1. Quebec regional model

1. Canada nationwide model

3. Global Model
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In our system only Quebec regional model is available. Querying to the knowledge base

system, designer we get a rank of the specified backfill operation. In our case, the answer

is 'acceptable' which means the specified backfill operation is acceptable in terms of the

Quebec regional backfill operation. There is still sorne margin to improve the design.

Technically, the designer can evaluate the critical decision made on pump selection by
using menu 'pump selection evaluation' which will result in certain recommended pumps.

If your specification is not contained in the recommended pump list, the specification is

considered unacceptable. In this case, the pump-7 is based on system recommendation,

further evaluation will always be acceptable. Repeat lhe same procedure manually

according to empirical formula of pump pressure loss calculation, Pump-7 is still

recommended pump.

This example clearly demonstrates how the knowledge base system can be used to help

hydraulic transportation system and how the critical decision can be automatically or

semi-automated made. Depending on the rules defined and previous mining operation

data collected, the knowledge base can be substantially improvcd to solve more

complicated problems.

11.4. CONCLUSIONS AND POSSIBLE FUTURE WORK

Mine design is a data intensive and time consuming procedure. Knowledge base

management system is providing us with the capability to greatly increase the efficiency

of information process and analysis. This paper presents the basic concepts of knowledge

base management system and its possible application in mine desil,'I1. In particular, the

LDL deductive database system is proposed as basic machinery to implement a rulc­

based application for backfill design. As an example, the hydraulic transportation system

was taken for close analysis. A formai representation of application knowledge base is

presented fully within the LDL paradigm. Finally, the prototyping of the pump selection

knowledge base system was implemented and main features demonstrated.

There is still considerable work to be done before the knowledge base management

system can be fully applied into the backfill design. The collection of real operation

knowledge is in the centre of the application which is by no means an easy work.

Expansion of the application into the full backfill design scope is another issue worth of

exploring, which needs a profound knowledge of backfill design rationale. A complete

specification of functionality of the system requirement should be performed prior to any

further implementation.
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CHAPTER 12

SUMMARY, CONCLUSION AND FUTURE PROSPECTS

12.0. SUMMARY

This thesis presented an integrated decision supporting system for backfill design based

on various computer technologies. il is recognized that the backfill design is a multi-Ievel

data/information/knowledge intensive process. Efficient information search and process

plays important role in decision makings involved in backfill design. Two primary areas

of information of backfill domain are distinguished: 1). Reference documents such as

standard specification described in backfill handbook, literature and other govemment

regulations; 2). The practical operation information and the knowledge of experienced

personnel. The integrated decision supporting system designated in this thesis provides

abilities to manage and process the information related to backfill design in feasibility

study level.

A thorough Iiterature survey is conducted to collect all aspects of backfill related

information. Based on the survey and profound understanding of up to date backfill

technologies, a complete specification of backfill design rationale is designated, which

covers major aspects and process and information needs related to backfill operation.

This rationale reflects the major development of backfill technology and serves as design

reference manual. In addition, a regional backfill operation survey was conducted to

collect the information of backfill operations in Quebec area. This survey provides

previous backfill experience in the surveyed area and reflects the backfill operation of the

real world. Accordingly, a statistics backfill cost model is established for feasibility study

in the area.

Based on the understanding of the backfill operation, the basic information needs and

data flow during the design process are specified in the frarnework' of context diagrarn

which provides a systematic approach to conceptually model the application domain.

This systematic specification leads to the design and partial implementation of a

computer based system to assist backfill design.

From the viewpoint of computer system, the backfill design procedure can be viewed as

a series of operations on a computer program which consists of an information system
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combining \Vith vanous decision supporting tools and relevant interactive user's

interfaces to guide the user to fulfill ail design tasks on computer systems. Five basic

components are adopted to build the overall system.

1. User interface;

2. Hypermedia database system;

3. Expert system;

4. Knowledge base management system;

5. Conventional programming modular;

Different technologies are required to build each components. An open end architecture

is adopted to integrate various technologies into a single environment based on

blackboard approach.

The prototyping system, based on blackboard arc!,itecture, demonstrated the successful

communication between the hypermedia system and expert system and other

conventional programming modular under MS-Windows environment. The prototyping

of knowledge base management system is implemented on UNIX system, which provides

a efficient access to the database of previous backfill operation with the power of logical

reasoning. The system test using sample data based on the survey of Quebec backfill

operation shows sensitive results as expected and the potential application to other

mining system design.

12.1. CONCLUSIONS

The following points are the significant conclusions taken as the result of studies

presented in this thesis.

1. The Rationalization of hackfill desilm

Backfill design is a multi-Ievel data/information/knowledge intensive procedure.

Previous experience and expertise play a key role in the decision making involved, from

the specification of the mining method and backfill purpose to the identification of

backfill material target prcperties, preparation, transportation, placement and quality

control, as well as the economic evaluation of the backfill venture. This procedure is

formally represented as a bac~fi1l design rationale according to various considerations.

From the mining engineering point of view, the backfill design rationale could be

summarized as following:

1. Mining method specification based on geological and environmental conditions.
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• 2. The backtill purpose specitication to satisfy the basic criteria of the mining

operation induced by certain mining method.

3. Detining of the target properties of till materials based on the backfiIl purpose.

4. Defining the operation system to make the backfiIl material available to meet

with the target properties and tinally pour to the mining voids, which includes:

1). backtiIl material preparation;

2). backfiIl materialtransportation;

3). backfiIl material placement;

4). backfiIl operation quality control and environmental monitoring.

5. Economical l'valuation ofbackfiIl system,

6. The documentation and implementation of backfiIl mining operation.

From the computer system point of view, on the other hand, this procedure can be

viewed as an operation on a computer program which consists of an information system

combining with various supporting tools and relevant interactive user's interfaces to

guide the user to fultiIl these six steps on computer. The database attached provides

users with two functions: 1) to record the designing parameters input by users; 2) as a

knowledge base to provide user with the backfill design expertise and information

needed. The formai representation of application scope and functionality are presented

using three representation tools foIlowing a top-down approach:

1. Context diagram

2. Data f10w diagrams

3. Process description

which laid down the foundation for further analysis and formalization of backfill design

procedure at l(lwer leve!.

2. The Backfill operation survey and regional cost model

The backfiIl operation survey conducted within the Quebec regional area iIlustrates the

main characteristics of backfiIl practice with in the area. Based on the survey results,

backfiIl related cost are grouped as capital cost and operatien cast. Under each category,

various cost items are c1early defined to represent different cost aspects. therefore build

up u standard for cost modeling and economical l'valuation.

A Quebec regional cost model demonstrates that among al! 'he backfiIl related cost
items, 85% of overall cost is contributed from backtiIl material ·,,~t and transportation

• C0St. This conclusion leads to a simplitied backtill operation e\'81u~1l0n mode!.
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3. Intellrated decision support s\'Stem

The information process involved in backfill design procedure can be very weil

simulated by an integrated decision supporting system using the following technologies:

1. Object-oriented programming;

2. Hypermedia database system;

3. Expert system;

4. Knowledge base management system;

A blackboard architecture is proposed to integrate ail componelits into a single schcll1e.

Under this open end architecture, each component is implemented with individual data

representation scheme. The communication between components is achieved through a

publication board.

4. Mining method selection expert system

As a basic component, a mining method selection expert is designed and implementcd

using CLIPS expert system shell. The decision tree approach is adopted to represent

search space and reason procedure. The decision tree is explored by a so called Solve­

Tree-and-Learn algorithm which provides IWo functions:

1. Traverse from root of the tree to leaves to heuristically select a mining method;

2. Traverse from leafto root to verify a initial speculation of certain mining method;

The learning mechanism embedded in the algorithm provides a convenient knowledge

acquisition facility to expand the decision tree, and hence the knowledge base. The

prototyping system reflects the mining method technology in general and verified by

practical examples.

5. HXpermedia database system

J.lypermedia based system provides an associative approach to information retrieval.

Backfill designer needs to access varions references and information sources frequently.

The information needs can be weil served by a hypermedia reference manual which

provides a non-linear access to design manual of various formats. Based on backfill

design rationale and literature survey, a hypermedia backfill design manual system is

implemented using KnowledgePro development software. The system supports basically

both text and graphic links. ln addition, dynamic links are al50 achieved by blackboard

architecture. Under this architecture, the mining method selection expert implcmcnted
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using CLIPS are fully integrated into KnowledgePro en\'ironment to f'JppOn dynamic

link.

6. Knowledge base management system

Mining designers need to refer to previous mining operations and draw conclusions based

on similar succe<efully designed cases. The knowledge base management system has the

capacities of both database management system and logical inference, and therefore

provides an adequate technology to store, manipulate massive operation data according

to various considerations. Moreover, the query to the database can be defined by logical

rules which provide an automated approach to simulate the reasoning process performed

by human experts. LDL system is an adequate knowledge base management system

which can be used to implement applications for mining design.

~ DeveJopment of user interface

Under blackboard architecture, the user interface played four roles:

J. Present the backfill design procedure in a natural and easy to understand way;

2. Provide facilities to access various design tools;

3. Maintain the integrity constrains of database;

4. As a coordinator to schedule the information exchange between different

programs.

Object-oriented programming technique is used to implement these functions. The

underlining prograrnming tools is again KnowledgePro.

Finally, we claim that the proposed decision supporting system is a feasible approach for

mining design.

12.2. FUTURE PROSPECTS

This thesis presented a new approach to mining design based on decision supporting

system. The future application of introduced concepts are not limited to backfill design

alone. The framework proposed is suitable for other data intensive engineering

applications such as mineraI exploration, geological data management and interpretation,

\Vaste management, etc.. Based on the conclusions achieved in this thesis, following work
are considcred for further investigation.

1. This thesis defined the information requests of backfill operation at data flo\\" diagram

level. Data requests in proct:ss description le\'el are only introduced \\~th the example of
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• mining method selection expert where a decision tree approach is used. A detailed task

specification is essential to define various task solvers and integrity constrains. Further

rationalization of backfill design procedure at lower level is still needed. Instead of

current top-down approach, another possible alternative for further development is to
implement the current specification as it is and incrementally increase task solvers when

the requests appears. This alternative approach is possible because of the open end

architecture specified in the thesis.

2. The mining method selection expert system presented in the thesis reflects the

principles of mining method application. The decision tree approach represents only one

kind of techniques. Gther approaches are worth more investigation. The learn mechanism

of current system does provide a convenient approach for knowledge acquisition, but

lacks of the ability to maintain the consistency of the knowledge base. To represent the

real mining application, a complete dynamic knowledge base and management system is

obviously a further step to explore.

3. Hypermedia backfill design reference manual proposes an open structure to store and

manipulate various formats of data. Il can be used to integrate other technology to

deve10p high level graphie user interface. In essence, the hypermedia system does not

cope only with information process, but also serves as user interface development tools.

By doing so, the links will no longer be always linked to static node, but rather to other

links or !lrocedural calls to impose modularity. In the application level, one natural

extension of the current prototyping system is to implement a tour mechanism, which

will provide more sophisticated facilities to support tu!orial features of hypermedia

system for novice backfill designers and operators. A profound understanding of domain

knowledge of backfill design is crucial in designing the touring chain. The hypermedia

system also opened possibility to simulate backfill design process under the supervision

of expert system. In this process, the backfill designer has opportunity to try different

options, and the hypermedia system will cooperate dynamically to demonstrate possible

consequences fcom various information source. This requires more complex searching

strategies which will be a role played by an expert system.

4. The know1edge base management system presented in the thesis represents a

preliminary appliration of logical programming in engineering design. The crucial part

of the application is the previous operation information. The current implementation is

based on a regional survey and various assumptions. A systematic information soliciting

approach is essential to collect data in a \Vider area. The extension of current application

• to full scale backfill design needs careful examination. The transfer of the knowledge
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base management system from UNIX system PC based system depends on further

development of computer software technology which is beyond the scope of this thesis.
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• APPENDIX

The main objects identified are the following:

The object hierarchy related to the base object EQUIPMENT is sho\\ll in Figure 8-7.

1Equipment 1

~i~
1 Storage 1 1 Pipe 1 1Machinc'f)' 1

/\ ~7i~
1 Tank 1 1Bunker 1 Cla.<.<ilier 1Crushcr Il Mixc'!" IIRemoverll-p'="u,-np-

/\ i
§=-Iuny--'-Pwn"""-pl

Figure 8-7 The object hierarchy of the base object EQUIPMENT

Figure 8·8 The object hierarchy of base object MATERIAL
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Ruck Fill

Fill Material

Hydmoliç Slurry

Tailing Fill

Start from the object equipment, the basic abstraction of str;Jcture tree of the objects related are

shown sequentia!ly on the figures based en the notation of generalization and specializalion

given in figure 8-5.

The object hierarchy related to the base object MATERIAL is represenled in figure 8-8:

Malena! 1

~Malc'tÎaI 1

1 unsoiÙ dOlid 1

~~IA~i&j~
~ 1 Jcn.•



• The abstraction of the structure tree is represented based on the notations of generalization and

agb'Tegation.

The object hierarchy of the base object DEPOSIT is sho\\1I on figure 8-9. The structure consists

ofthree objects associated by the notation ofgeneralization.

1 Deposit
1

j l

1 Leve1 !
1l

1 MiningObject 1

Figure 8-9 the object hierarchy of the base object DEPOSIT

shown in figure 8-10 is the hierarchy of the base object MINE, which is represented by using the

notations of the generalization and aggregation.

Mine

Projett

Figure 8-10 The object hierarchy of the base abject MINE
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• Shown in figure 8-1 1 is the Object MiningTechniques(Mining Method):

1 Method 1

Figure 8-11 The Object Hierarchy of B~se Object MiningTechnique

The main objects specifications are the following:

1 The specification of base object EQUIPMENT:

Type EQUlPMENT=Record Equipment ID:
EquipmentType:

END.

Number;

(Storage, Pipe, Machinery);

•

Subtype PIPE=Record Equipment ID:Number;

Pipe ID: Number;

PipeType: String;

Model ID: Number;

Length: Number;

Roughness: Number;

UnitPrice: Number;

Type Manufacturer= Record (refer to 'manufacturer');

END.

Subtype STORAGE=Record Parents: Equipment;

Storage ID: Number;

Volume: Number;

Structure: Char;
Type Pump=Record (refer to object pump)

Cost: Number;

END.

Subtype MACHINERY=Record Parents: Equipment;

Machinery 1D: Number;

MachineryType: (Crusher, Classifier, etc.);

END.

Appendix-3



• Subtype CRUSHER=Record Parents: Macbnel:::

Crusher ID: Num=er;

CrusherType: Char.

Capacity: Num=er;

Size Range: Num=er

Operators: l\urn·~er;

Power: Num=er;

Type Manufacturer=Record (refer to 'Manufacturer');

Cost: Nurnber;
END.

Subtype CLASSIFIER=Record Parents: Machinery;

Classifier ID: Number;

ClassifierType:(Des!imer, Screener);

Capacity: Nurn~er;

Size Range: Number

Operators: Num~er;

Power: Nurnber;

Type Manufacturer = Record (refer to 'manufacturer');

Cost: Num,er;

END.

Subtype DESLlMER=Record Parents: Machinery;

Deslimer ID: Number;

Deslimertype: (Cyclone, Spinner);

Rotation: Number;

S.C.D.: Number;
END.

SubType CYCLONE=Record Parents: Deslirner;

Cyclone Type: Char.

Overflow: Number;

Underflow: Number;
END.

•
Subtype SPINNER=Record Parents:

Rotation:

Diameter:

END.
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• Subtype PUMP=Record Parents: Machinery:

Pump ID: Number:

Pumptype: (WaterPump,SlurryPump):

Capacity: Number;

Power: Number;

Head: Number;

Type Manufacturer=Record(refer to 'Manufacturer').

Price: Number;

END.

Subtype SLURRYPUMP=Record

Type

Parents: Pump;

Mode: Record

Abrasivity: Number;

PumpingSlurry=Record(refer to 'material').

END.

Type MANUFACTURER=Record Manufacturer ID:

Manufacturer name:

Address:

State:

Country:

Telephone:

Number;

Char;

Char;

Char;

Char;

Char:

•

END.

2 The specification of base object MATERIAL:

Type MATERIAL=Record MateriallD: Number;

MaterialType: (Rock, Sand, Tailing);

Binder: (Cement, Flyash, Aggregate, Slag);

Additive: Char;

UnitWeight: Numberj

U.C.S: Number;

Y. Modulus: Number;

I.F.A.: Number;

Poisson: Number;

H.T.: Number;

Shrinkage: Number;

VoidRatio: Number;

Viscosity: Number;

Cohesion: Number;
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• Liquefaction: Number;

Corrosion: Number;

Spontaneous: Number;
GasEmission: Number;

Cost: Number;

END.

SubType ROCKFILL=Record Parents: Material;

Rock ID: Number;

Rock name: Char;

Shape Factor: Number;

SizeRange: (Rock, Sand and Tailing size);

UnitWeight: Number;

S.U.W.: Number;

Cost: Number;

END.

SubType SANDFILL=Record Parents: Material;

Sand ID: Number;

Sand name: Char;

Shape Factor: Number;

SizeRange: (Rock, Sand and Tailing siz:e);

UnitWeight: Number;

S.U.W.: Number;

Cost: Number;

•

END.

SubType TAlLlNGFILL=Record

END.

Parents: Malerial;

Tailing ID: Number;

Tailingname: Char;

Shape Factor: Number;

SizeRange: (Rock, Sand and Tailing size);
UnitWeight: Number;

S.U.W.: Number;

Cost: Number;
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Char;

Number;

Char;

Number;

Number;

Number;

Number;

• SubType CEMENT=Record Parents:

Binder ID:

Cement ID:

Percentage:

Strength:

UnitWeight:

Cost:
El\1),

Note: S.U.W. Stand for the Saturated Unit Weight;

V.C.S. Stand for the Uniaxial Compress Strength;

Y.Modulus Stand for the Young's Modulus;

I.F.A. Stand for the InternaI Friction Angle;

H.T. Stand Hardening Time of fill material;

3 The Specification of Base Object DEPOSIT:

Type DEPOSIT=Record Mine ID:

DepositlD:

MineraIs:

Grade:

Gravity:

Reserve:

Price:

~laterial;

Number;

Number;

Number;

Number;

Number;

Number;

END.

SubType LEVEL=Record Parents: Deposit;

LevellD: Number;

Reserve: Number;

Altitude: Number;

E'dension; Number;

Major P.S: Number;

IntermediateP.S.:Number;

Minor P.S.: Number;

BulkheadType:lBulkhead, Fence);
Appendix-7•
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Subtype BULKHEAD=Record

• Type Bulkhead=Record (Refer to 'Bulkhcad');

Type Method=Record (refer to 'Method'):

MiningObject: (Stope, Pillar):

ObjectLife: Number:

END.

Mine ID: Number:

Project ID: Number:

Bulkheadtype: (Wood,Concrete):

Ma.ximum P.: Number:

DrainageType: (Pipe, Filter);

Length: Number;

Width: Number;

Height: Number;

Cost: Number;

END.

SubType SUBLEVEL=Record Parents:

MiningObject:

Subicvel Height:

Sublevel Length:

Sublevel Width:

Level;

(Stope, Pillar);

'Number;

Number;

Number;

•

END.

Note: R.Q.R. Stand for the Rock Quality Requirement of the referred Mining Method, Specified

either by certain text or quality index.

4 The Specification of the Base Object MINE:

Type MlNE=Record Mine ID: Number;

MineName: Number;

Address: Char;

Company: Char;

MiningLife: Number;

END.

Subtype PROJECT=Record Parents: Mine;

Project ID: Number;

Project Name: Char;

Investment: Number;

Production: Number;

LabourCost: Number;
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•

•

PowerCost: Number:

M.P.S.: Number;

W.D.Y.: Number;

Type Deposit=Record Mine ID: Number;

Project ID: Number:

Deposit ID: Number:

Mineralogy: Char;

Grade: Number;

Gravity: Number;

Reserve: Number;

Price: Number;

END.

Type Operation~ Record (refer to Object Operation)

END.

Note: W.D.Y. stand for the Working Day of One Year;

M.P.S. stand for the Maximum Particle Size permitted;

Type OPERATIONSYSTEM=Record Parents: Project;

Capacity: Number;

Labour: Number;

Power: Number;

OperationCost: Number;

SystemType: Char;

END.

Subtype HYDRAULICSYSTEM=Record Parents: Operationsytem

M.C.F.: Number;

W.R.: Number;

S.C.T.: Number;

TypeOperation=Record(Refer to the Object Operation);

END.

Note: W.R.stand for the Water Requirement for the Hydraulic System;

T.C.stand for the SIurry Concentration for Transportation.

Type OPERATION=Record Mine ID: Number;

Project ID: Number;

Labour: Number:

Power: Number:

A.P.S.: Number;
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•
Subtype

OperatiC'nTask: (Crushing. Desliming. Screening.

Repumping. Mixing. Transportation

Placement):

END.

CRUSHING~Record Parents: Operation;

SizeRange: Number;

Type Crusher=Record(refer to 'Crusher');

Type Feeder=Record (refer to 'Fceder');

END.

Subtype DESLIMING=Record Parents: Operation;

DesiimingType: (Hydrocyclone. Classifier, ete.);

Type Machinery=Record (refer to Machinery);

END.

Subtype SCREENlNG=Record Parents: Operation;

Type Screener=Record (Refer to Screener);

END.

Subtype REPUMPING=Record

Type

Parents: Operation;

Project ID: Number;

WaterFlow: Number;

WaterPressure: Number;

Pump=Record: (Refer to 'Pump');

Subtype

END.

MIXING=Record

Type

Parents: Operation;

Binder: Char;

Mixer=Record:(Refer to Mixer);

•

END.

Subtype TRANSPORTATION=Record Parents: Operation;

FlowRate: Number;

Flowstatus: Char;

Velocity: Number;

Critical V.: Number;

Pressure Loss: Number;

PumpingType: (LocaIStation,GobaIStation);

END.
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• Sublype LOCALSTATION=Record Parents: Transportation

LevellD: Number;

Maximum E.: Number;

Type Pump=Record (Refer to 'Pump');

A.P.S.: Number;

H.E.P.S.: Number;
END.

Subtype GLOBALSTATION=Record Parents: Transportation;

Maximum E.: Number;

A.P.S.: Number;

H.E.P.S.: Number;

Type Pump=Record (Refer to Object Pump);

END.

PLACEMENT=Record Parents:

OperationTime:

FiIIRequired:

PlacementType:

Subtype

Type

Operation;

Number;

Number;

(Pneumatic,

Hydraulic,

Mechanic);

Machinery=Record (Refer to 'Machinery');

END.

•

5 The specification of the base object MiningTechniques:

Type METHOD=Record Method ID:

Classification:

Method Narne:

Productivity:

R.Q.R:

END.
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•
Agenda

Authoring

Class

DBMS

GLOSSARY

Agenda is a prioritized list of rules created by the inference engine, \\'hose

patterns are satisfied by facts in \\'orking rnernory, 9-4.

The process of creating hypermedia documents and database. The

hypermedia author must make a series of decisions about ho\\' to organize

the entire database and individual documents during the authoring process,

10-8.

A c1ass defines an abstract data type which incorporates the definition of

the structure as weil as the operations of the abstract data type, 8-14.

Data-base management system, 11-2.

Declarative LanguageA language that the user specifies what he wants from the database in a

high-Ievel declarative style ofprogramming, 11-2.

•

Domain Expert

DSS

Expert system

Facts

Host language

Hypermedia

Inference

Inference engine

KBMS

Kno\\'ledge base

Human expert who familiar with certain professional area, 9-6.

Decision support system, 1-1.

Expert systems are computer programs which use experience to assist in a

variety of problems, 9-1.

General statements of certain event, 9-20.

Language such as PLlI, COBOL, and C are refereed to as host language

when SQL is embedded in them, 11-2.

A database has links between discrete pieces of data. The data can he

graphics, numerical numbers, text and sound, 10-1.

The process of combining facts and rules to deduce new facts, 9-2.

Part of an expert system that carries out the function of reasoning is called

inference engine. The most commonly used inference engine is forward

chaining, backward chaining etc., 9-4.

Knowledge-base management system, 11-2.

Part of an expert system where the long-term memory of facts, rules lhat

represent expert kno\\'ledge about the domain of expertise are slored, 9-4.
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•

LDL

Links

Nodes

Non-Sequential

Object

Rules

SALAD

Sequential access

Logical Data Language, 11-2.

Links are the labels that connect one node with others, 10-3.

A single document in a hypermedia database is anode, describing a single

concept or topic. Continuity to other documents is provided by links, 10-3.

Access to information sources without any pre-fixed sequence such as

hypermedia system, 10·2.

Object is the instance of class, 8-14.

The production mies are If·then statements that states the relationship

between facts, 9·20.

System for Advanced Logical Application on Data, 11-4.

!.ccess to information sources following certain pre·fixed sequence such

as reading books, 10·2
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