University of Wollongong
Research Online

University of Wollongong Thesis Collection

19542016 University of Wollongong Thesis Collections

2015
Using Flexsim” to simulate the complex strategies of
longwall mining production systems

Dalin Cai
University of Wollongong

UNIVERSITY OF WOLLONGONG
COPYRIGHT WARNING

You may print or download ONE copy of this document for the purpose of vour own research or
study. The University does not authorise you to copy, communicate or otherwise make available
electronically to any other person any copyright material contained on this site. You are reminded of
the following:

This work is copyright. Apart from any use permitted under the Copyright Act 1968, no part
of this work may bereproduced by any process, nor may any other exclusive right be
exercised, without the permission of the author.

Copyright owners are entitled to take legal action against persons who infringe their
copyright. A reproduction of material that is protected by copyright mav be a copyright
infringement. A court mayimpose penalties and award damages in relation to offences and
infringements relating to copyright material. Higher penalties may apply, and higher damages
may be awarded, for offences and infringements involving the conversion of material into
digital or electronic form.

Unless otherwise indicated, the views expressed in this thesis are those of the author and do
not necessarily represent the views of the University of Wollongong.

Recommended Citation

Cai, Dalin, Using Flexsim® to simulate the complex strategies of longwall mining production systems, Doctor of Philosophy thesis,
School of Civil, Mining and Environmental Engineering, University of Wollongong, 2015. https://ro.uow.edu.au/theses/4427

Research Online is the open access institutional repository for the University of Wollongong. For further information contact the UOW Library:

research-pubs@uow.edu.au


https://ro.uow.edu.au
https://ro.uow.edu.au/theses
https://ro.uow.edu.au/theses
https://ro.uow.edu.au/thesesuow

UNIVERSITY OF [Z32
WOLLONGONG \([))

School of Civil, Mining and Environment Engineering

Using Flexsim® to Simulate the Complex
Strategies of  Longwall Mining
Production Systems

Dalin Cai

"This thesis is presented as part of the requirements for the
award of the Degree of the Doctor of Philosophy

University of Wollongong”

6.2015



CERTIFICATION

I, Dalin Cai, declare that this thesis, submitted in partial fulfilment of the requirements
for the award of Doctor of Philosophy, in the Department of School of Civil, Mining
and Environment Engineering, University of Wollongong, is wholly my own work
unless otherwise referenced or acknowledged. The document has not been submitted

for qualifications at any other academic institution.

(Signature)
Dalin Cai

June 17, 2015



ABSTRACT

Longwall mining operations are complex systems which involve numerous interrelated
activities. This thesis is an attempt to establish a simple yet effective methodology using
discrete event simulation to identify primary constraints in the longwall mining process
and to assess the effect that modifications to the system have on elevating a particular
constraint without having to implement the change in situ.

A model of potential longwall mining systems, including roadway development
technologies and practices, was developed using Flexsim® simulation software. The
simulation model was structured such that it can be configured to most longwall layouts,
with cutting and development sequences matching Australian longwall mining systems.
The model can automatically run many replications of multiple scenarios with multiple
sets of variables such that the full range of mining processes, including random and
variable delays, can be integrated into a single, best practice simulation platform that
enables an entire processing chain to be analysed and improved in context. Moreover,
its three dimensional views and animation enables users to view the dynamic production
system ‘in situ’, which gives a better understanding of the actual operation. The
developed model is a useful tool that is easy for users with a non-programming
background to use, while giving advanced users a degree of flexibility.

The simulation model was validated using historical data from one Australian longwall
face and two development units. The data were sourced from deputy’s reports, machine
data logs and onsite observations. The mine data were used as model inputs and
comparisons were made between historical mine performance and simulated results and
took into consideration operating delays, breakdowns and shift schedules. The key
performance indicators compared include longwall production rates, machine

utilisation, development rate/advance rate and pillar cycle time. The simulated results



were very close to historical performance and offered detailed reports on various
components of the system, such as shuttle car waiting time, net cutting time and
advance rate versus distance to the boot-end, which are difficult to collect on site, but
are useful when trying to understand the process constraints.

The validated model was then used to assess the impact on the production rate of the
longwall face and the development rates of the roadways when changing various aspects
of the operations. Comparisons were made when changes occurred to the armoured face
conveyor capacity, shearer speed, support operation time, face width and web depth of
the longwall production face. While at the development face, comparison was made
when changes were made to the miner type (bolter miner versus miner bolter), cycle
times for bolting, shuttle car tramming speeds, shuttle car loading time, haulage system
(shuttle car versus continuous haulage system) and cutting and loading cycle time of the
continuous miner. The results of the longwall production showed that the longwall face
was very productive at almost its available capacity, and although a faster shearer
cutting speed and support operations could improve the production by a small amount, it
may not be worth investing more effort to achieve this if other parts of the overall
system remain unchanged. The study also demonstrated that a deeper face cut and
longer face width have the potential to improve the face production assuming that the
shearer, support advancement and armoured face conveyor operate at the same rate as
before.

The simulation study of the roadway development process showed that the process rate
is very sensitive to the support operation, which is usually the main constraint in
Australian underground coal mines, however the shuttle car was shown to be the major
process constraint when the support cycle time was less than about 10 minutes. In this

situation a continuous haulage system with a bolter miner can significantly improve the



development rate, which can be more than 10 metres per operating hour, providing the

support cycle time was less than five minutes.
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1 INTRODUCTION

1.1 Longwall Mining

Underground coal is extracted using two different techniques: room-and-pillar and
longwall mining. Room-and-pillar mining is the process of creating voids in the coal
using continuous miners while leaving pillars to support the roof (the pillars or a portion
of them may be extracted later by a continuous miner). Longwall mining is the process
of developing very large blocks of coal and extracting the entire block using longwall
mining equipment.

Most coal mines aim at maximising production and minimising costs, which means that,
in practice, a correctly designed and operated longwall installation is the best means of
attaining this objective. For some operations a specific tonnage required by management
becomes the major constraining factor in a longwall operation, but more generally, the
requirement is to produce the maximum tonnage within any other existing constraints.
Figure 1-1 shows a plan of a typical longwall layout. As a general principle and within
reason, the bigger the longwall block the better, so once a block size has been chosen
and the operating conditions are known as far as possible, the specifications for the
equipment can be drawn-up, design can commence and the production capacity of

equipment becomes known.
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Figure 1-1 A typical longwall panel with commonly used terminology (Modified from
Holla and Barclay, 2000)

Each longwall block is formed by developing roadways; those that provide access from
the entrance to the longwalls are called main headings and once they are established
additional roadways known as gateroads are driven on both sides of a future longwall
panel, typically 250 m to 400 m wide and connected across the end of the longwall. The
mains usually have at least 5-7 headings while the gateroads usually have only two or
three headings. The headings that form the gateroads are parallel to each other and are
connected by a ‘cut-through’ driven from one heading to the other at regular intervals

(e.g. at 120 m spacing). The spacing between the roadways is between 20 m to 50 m,



depending on the geotechnical constraints, which leaves a series of pillars of coal along
the length of the gateroad to support the overlying strata.

Longwall coal mining is a full extraction process where panels in a coal seam up to 7 m
thick are completely extracted in a series of approximately 0.8 metre deep cuts or slices.
The cut or slice across the full width of the face is called a web of coal. Three pieces of
equipment are fundamental to modern longwall mining: armoured face conveyors
(AFC), powered supports and the shearer (the coal cutting machine) (Figure 1-2). Other
longwall equipment includes a breaker-feeder, a beam stage loader (BSL) and a belt

conveyaor.

Figure 1-2 Longwall extraction machines used in Australia
(Courtesy of Joy Global, 2013)
A longwall shearer is up to 15 m long, weighs up to 90 t and typically extracts a one
metre slice of the coal seam face and pushes the broken coal onto the AFC as it travels
back and forth across the panel, along rails that are integral to the AFC structure. The
AFC carries coal to a conventional belt conveyor which transports it out of the mine.
The longwall roof support system consists of individual hydraulic support modules,

typically spaced at 1.5 m centres across the full width of the longwall face. Collectively,



these hydraulic supports provide temporary support for the roof material above the
extracted coal seam. The load capacity of each support can exceed 1000 tonnes.
As the shearer moves across the face, large dual action hydraulic rams attached to the
roof support modules progressively advance the AFC behind the shearer in a snake-like
manner. The AFC is then held in place while each support in turn is pulled into the new
alignment using the same dual-action hydraulic ram previously used to push the AFC.
When the shearer completes a pass across the face, it is reset to take a cut as it returns
across the face and then the cycle is repeated. As the longwall equipment progresses in
this manner, the roof material collapses into the void left behind the advancing system.
This is called a bi-directional cutting sequence. According to Mitchell (2009) and
Nienhaus, et al, (2012), the four common cutting methods and sequences on a longwall
face are:
i.  bi-directional cutting sequence;

ii.  uni-directional cutting sequence;

iii.  half web cutting sequence;

iv.  half-/partial-opening cutting sequence.
The main mine access roadways and gateroads in longwall mines are mined with a
continuous miner (CM), as shown in Figure 1-3, that cuts and loads coal into shuttle

cars (SC), as shown in Figure 1-4.



Figure 1-3 Continuous Miner (Courtesy of Joy Global, 2013)

Figure 1-4 Shuttle Car (Courtesy of Joy Global, 2013)

Besides the cutting process, two other major operations are essential: transporting the
coal to a belt conveyor and stabilising the roof using roof bolts. Figure 1-5 shows a
typical configuration of a two-heading gateroad development with operating equipment.
Since most coal haulage systems used for underground mining are conveyors that begin
and end at fixed points, an arrangement is needed to bridge the gap from the CM to the
boot end (BE) where the conveyor system starts. The BE is typically located about 20 m

to 30 m outbye (the direction away from the coal face) from the cut-through nearest the
5



mining face. The transport is carried out by SC or continuous haulage systems (CHS)
such as bridge conveyors which are fed directly by the CM, SC’s being the most
common method. The coal is usually discharged into a breaker feeder once the SC
reaches the BE; the breaker feeder evens the flow of coal onto the conveyor belt and
breaks it down to a manageable size to improve loading onto the belt. The SC then

returns to the continuous miner for the next load.

Boot End to
cut-through

Shuttle Car

OverDrive

Pillar width

Continuous
Miner

Figure 1-5 A typical two-heading roadway development

In terms of ground control, mechanical or resin grouted roof and rib bolts are used,
usually in combination with steel mesh. Roof straps, cable bolts, roof trusses and cribs
are utilised when necessary. Auxiliary equipment such as Load Haul Dump (LHD)
vehicles are used to supply the face with bolts, resin, mesh, straps and other material as
needed.

When the SC is away from the CM, unloading the coal, secondary processes such as
bolting, meshing and face operations such as extending the ventilation tube can be
performed as parallel tasks. If the away time is greater than the time needed to complete
these secondary processes, the CM must wait for the SC to return before any more coal
can be cut, otherwise the SC must wait for the secondary operations to be completed

before being loaded. Note that many CM’s in use today are capable of simultaneously



bolting, meshing and cutting coal, which avoids delays caused by the support
installation process.

To minimise the total length of drivage, which includes cut-throughs, in the gate entries
of a longwall panel, maximum distances between cut-throughs are favoured, which
consequently increases the tramming distances for the SCs that are limited by the length
of trailing cable carried. Therefore pillar design and section layout are a trade-off

between short tramming routes and the ratio of development to longwall coal.

1.2 Innovative longwall production systems

Longwall mining accounts for a large portion of underground coal production
worldwide and especially in Australia, where it accounts for more than 75% of
underground coal production. It is a popular method mainly due to its:

»  high extraction ratio, up to 90% in some mines;

»  high productivity - a single longwall face can achieve over 7 Mt per year;

»  increased safety.
In 2009, Australia’s 29 longwall mines produced 98.63 Mt of coal, of which 90.15 Mt
was produced by longwall extraction and the remaining 8.49 Mt from roadway
development for the longwalls (Geoscience Australia and ABARE, 2011). In 2010 the
30 longwall mines produced 105.76 Mt of coal with 96.86 Mt of this produced by
longwall extraction (Geoscience Australia and ABARE, 2011). A longwall producing
over 4 Mt of coal annually in a 3.5 m seam height and with a panel width of 250 m,
retreats at around 3,500 m in a year (Gibson, 2005). That requires initial roadways of
over 14 km for a two-heading development in a new area and over seven kilometres for
each subsequent panel, not including the development of main roadways, cut-throughs

and setup room. These rates of development require heading machines capable of
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achieving an average of 585 metres per month. Despite significant reinvestment across
the industry to upgrade development equipment through the late-2000’s performance
has remained stationary at best (Gibson, 2013). The average development rate has

stayed at around 334 metres per month (Figure 1-6).

Annualised Development Rate
Australian Longwall Mines 2011-2012 (m/CM/annum)
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Figure 1-6 Annualised development rate of Australian longwall mines 2011- 2012
(Gibson, 2013)

Roadway development has become a bottleneck for most Australian operations. Indeed
poor roadway development advance rates for underground coal mines is one of the most
important issues facing Australian operations and this situation worsens if changes are
not implemented. Mine engineers can incorporate improvements in existing and new
practices at both the design and operating phases of a development project to minimise
the overall project risks and increase rates of advance.
Various enabling technologies and systems are being introduced to minimise the stop
and start nature of unit mining activities. These innovative systems include:

i.  iIntegration of continuous cutting and support systems such as miner—bolters;

ii.  use of two shuttle cars as well as continuous coal clearance systems;

8



V.

Vi.

adoption of self-drilling bolts and auto bolting and meshing;

utilisation of monorail mounted face services to support ventilation, power,
water and compressed air;

use of extensible self-advancing panel conveyor systems;

use of a Super-Unit development sequence.

The Australian Roadway Development Improvement Project, sponsored by the

Australian Coal Association Research Program (ACARP), set its key objectives for

rapid roadway development technology as follows (Gibson, 2005):

a high capacity roadway mining and support system capable of one metre
roadway advance cycles in 3 minutes, with all the functions being supervised
remotely, without personnel in the immediate face area;

a coal clearance system that enables the mining and support system to achieve
its target cycle times without impacting on the ability to service and support that
(mining and support) system;

a panel advance system that enables services to be advanced without impacting
on the operation of the mining, support and coal clearance systems;

a mine logistics system that ensures on-time delivery of mining and maintenance
supplies and consumables, including panel infrastructure and services. The
system also includes the construction and maintenance of roadways to facilitate
the rapid distribution of personnel, materials and equipment;

pre-mining systems that remove potential impediments to high performance
levels, including gas drainage, seam dewatering and the location and pre-

treatment of faults and other geological anomalies;



Vi.

Vii.

viii.

Xi.

mine design systems that optimise the high capacity roadway development
system;

significant improvements in engineering availability and reliability levels
through improved equipment specification, design, pre-manufacture simulation
and equipment manufacture and improved operating and maintenance standards;
development of people’s behaviour and skills to better lead, communicate, plan,
supervise, operate and maintain technologically complex systems and
equipment;

hazard management and safety compliance systems that enable sustained high
performance levels to be achieved;

process management tools that enable sustained performance levels of 200 m per
day of roadway development to be achieved;

development of mining and ancillary equipment that reduces the exposure of
personnel to work place hazards, eliminates manual handling and improves

ergonomics.

Since there are high investment costs and inherent risks associated with these new

technologies, the coal mining industry must initially appraise how longwall production

can be improved by the introduction of any of the above innovative systems. If the

appraisal was to be conducted on-line, i.e. in the working environment, the risk from a

financial perspective would be extreme. However, there is no existing tool available to

the Australian coal mining industry that can be used to appraise any of these innovative

systems prior their introduction to the mines.
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1.3 Research question and Primary aim

According to Gibson (2005), a longwall operation “is a complex production system with
interacting components affected by high levels of variability and uncertainty. For
production targets to be achieved not only must the longwall perform as expected but
roadway development must be able to keep ahead of the longwall advance”. The
efficiency of longwall operations largely depends on the rate of advance of roadway
development. In recent years, significant progress in longwall production technology
has been made but the development rates in coal mines have struggled to keep up with
these advances (Gibson, 2005). In an underground mining environment, at any time a
number of possible alternatives to improve the productivity may exist.
The aim of this thesis was to develop a model that would simulate a longwall mining
system, including gateroad development that would allow mine operators to compare
alternative ways to improve performance while taking account of the inherent
operational uncertainties. The evaluation of a longwall mining system options involves
the interactions between coal cutting, supporting both rib and roof, tramming mined
coal, clearing coal at the face and outbye services. The high levels of variability and
uncertainty in these operations make it difficult to assess how a particular configuration
may perform, so the primary aim of this thesis can best be achieved by the following
tasks:
i. a study of roadway development and longwall mining technologies and
practices;
ii.  reviewing simulation modelling and analysis theory and technology;
iii.  acquisition of historical data from coal mines for model construction, model

input, model validation and performance analysis;

11



Vi.

Vii.

delay analysis and performance evaluation using historical data;

simulation model construction using Flexsim®;

model validation using historical data;

case studies and problem solving using the proposed model, while conducting

sensitivity analysis with multiple scenarios and multiple objectives.

Development of the model involves the following phases:

model design — selected longwall mines have been contacted to review their
mining processes in order to form the basis of the simulation model. This
industry support involved sourcing historical/operational data from various coal
companies such as BHP Billiton, Illawarra Coal and Glencore;

operational data collection — data such as the cutting rate by the continuous
miner, the bolting cycle and equipment breakdowns vary from mine to mine. An
extensive database of cycle times has been compiled for Australian longwall
mines;

model construction — Flexsim® was used to develop a configurable and
structured model of a gateroad development and longwall production face;
model validation — The mining operational logic of the model was validated by
consulting experienced mine operators. Details including model logic, model
inputs and performance evaluation was verified with the operating data of
various mines;

sensitivity analysis — The validated model was then used to refine various
aspects of production. A range of equipment configurations, operating practices

and mine layouts were assessed in terms of achievable longwall production and

12



roadway development advance rates, along with equipment utilisation and the

analysis of model outputs.

In order to develop such a model, data are required for model design, model input and

model validation. The data collection involves the following tasks:

b)

d)

document the longwall and roadway development processes of Australian
underground coal operations;

obtain task based production data from Australian longwall operations and
complete a detailed statistical analysis to determine the amount of time required
to conduct each job activity associated with longwall mining and roadway
development processes;

obtain and statistically analyse delays associated with longwall and roadway
development operations. These delays could be any of the following (Patten,

2009):

mine process delays are events that prevent equipment operators from getting to
the working face on time. They can include industrial disputes or pit top safety

meetings;

outbye service delays are outside the control of the working panel. For example,
main belt conveyor stoppages, drift winder related delays or mine site power

failures;

panel engineering delays are any delays that are equipment related, including

planned maintenance or equipment that has broken down;

panel process delays refer to any event controlled by the deputy, such as any

process within the mining cycle that includes crib time or brief safety meetings;

13



e) sequence move delays refer to the time taken to move a continuous miner from

one heading to another or advancing the boot end one pillar.

f) unscheduled delays are when no direct labour has been allocated, such as public

holidays;

g) Unrecorded delays are the loss of production time due to operational necessities
such as positioning the miner or waiting on the shuttle car, in effect they are a

measure of the efficiency of the cycle after all other delays have been considered.

1.4 Significance of this thesis

This thesis used a general purpose simulation software called Flexsim® to develop an
object-oriented simulation model for a longwall mining system, including the gateroad
development process. It is an attempt to establish a simple methodology to identify
primary constraints in the roadway development process and offer the most suitable
solution, to ensure that the capital available is spent wisely. The related outcomes
include:
i. a configurable and structured base model of a gateroad development and
longwall production face to assist in process management;
ii.  the capability of assessing the operational limitations of gateroad development
practices and equipment at a mine;
iii.  ameans to assess the operational capacity of a longwall system, i.e. the longwall
and roadway development practices at a particular coal mine;
iv.  provide mine management with a “what if” tool to allow a range of equipment
configurations, operating practices and mine layouts to be assessed in terms of

achievable longwall production and roadway development advance rates,

14



Vi.

including equipment utilisation. For example, the impact on the gateroad
development rate if the development resources, equipment or practices are
altered;

a means of evaluating the impact of new generation high capacity roadway
development systems;

animated displays to view underground coal mining unit operations and

bottlenecks.
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2 SIMULATION OF MINING OPERATIONS

2.1 Models and simulations

Simulation is a powerful analytical tool that can be used to help understand the

behaviour of an existing or new system. Simulation models help to optimise systems

with different input parameters and evaluate alternative “what if” scenarios without the

need for costly field trials. There are many different types of simulation, classically

known as discrete event, continuous and Monte Carlo. They were articulated by Nance

(1993) as:

discrete event simulation utilises a mathematical/logical model of a physical
system to portray state changes at precise points in simulated time. Both the
nature of the change in state and the time at which the change occurred mandates
a precise description. Customers waiting for service, managing a parts inventory
or military combat, are typical domains for discrete event simulations;

continuous simulation uses models, often of physical systems, which do not
portray precise time and state relationships and result in discontinuities. The
objective of studies using these models does not require an explicit
representation of state and time relationships. Examples of such systems are
found in ecological modelling, ballistic re-entry or large scale economic models;
Monte Carlo simulation, the term was initially created to reflect outcomes of
gambling to model uncertainties associated with random processes of systems
over time. A more recent characterisation is that a Monte Carlo simulation is a

method of repetitive trials.
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2.1.1 Discrete event simulation

Discrete event simulation is a field that began to develop in 1957 with the creation of
the General Simulation Program (Bosilj-Vuksic et al, 2007) and over a period of more
than 50 years, many discrete event simulation software and successful applications have
been reported. Page Jr. (1994) defines simulation as: “The use of a mathematical/logical
model as an experimental vehicle to answer questions about a referent system” and
concludes “arriving at the correct decision is the overriding objective of simulation”.
According to Shannon (1998) simulation is “a process of designing a model of a real
system and conducting experiments with this model for the purpose of understanding
the behaviour of the system and evaluating various strategies for the operation of the
system”. Simulation for optimisation and decision making associated with human
resources can be an optimal solution for reducing certain risks associated with cost and
time.

Nance (1993) identified the six characteristics of a discrete event simulation language
including:

i.  generation of random numbers to represent uncertainty;

process transformers to permit other than uniform random varieties to be used,

iii. a list processing capability so that objects can be created, manipulated and
deleted,

iv. statistical analysis routines to provide a descriptive summary of model
behaviour;

V.  report generation to provide a presentation of potentially large amounts of data

in an effective way for decision making;

vi.  atiming executive or time flow mechanism.

17



2.1.2 Paradigms of discrete event simulation

Simulation programming is a form of parallel programming where many different
activities are in progress simultaneously. Various non-procedural simulation languages
have been used in the mining industry to simulate discrete event systems. Each of the
simulation development software and packages possess the following seven desirable
features (Kreutzer, 1986):
i.  time advance to provide an event, an activity or a transaction flow;
ii.  data generation of random numbers and correlated data streams;
iii.  flexible database structure with an efficient storage and retrieval capability;
iv.  file maintenance — automatic filing of data into sets or queues according to
arbitrarily complex priority rules or logical conditions;
v. data output and display — convenient, descriptive statistical and graphic
reporting mechanisms;
vi.  specification of initial system conditions;
vii.  capability of monitoring the dynamic performance of a model to track down
logical errors in its description or study its operation.
Inside a simulation model are logic statements and tangible elements (or entities) e.g.
shuttle cars and a continuous miner. The logical relationships link different entities
together and define the overall behaviour of the model. Another key part of a simulation
model is the simulation engine or executive that controls the time advance. A central
clock is commonly used to keep track of time, so the executive controls the logical
relationships between entities and advances the clock to a new time to provide the
dynamic behaviour of the model. Two other elements that are vital to any simulation

software are the random number generator and results collation and reporting. The

18



random number generator provides random behaviour typical of the real world. Figure

2-1 illustrates a typical simulation process.

Entities / relations

Figure 2-1 Structure of a simulation system (Kreutzer, 1986)

There are three major discrete event simulation paradigms: activity-oriented, event-
oriented and process-oriented (Schwetman, 1990). Under the activity-oriented
paradigm, time is broken into tiny increments and then the code would look around at
all the activities at each time point. Clearly, an activity-oriented simulation program is
very slow to execute, indeed most time increments produce no state change to the
system at all and would waste large amounts of processor time.

Instead of having time “creep along” slowly the event-oriented paradigm takes a
“shortcut” to the next event, SO an event set, which is the set of all pending events, is
stored and the executer simply inspects the scheduled event times of all pending events
and updates the simulation time to the minimum among them. Thus a major portion of
the execution time for the simulation program consists of a find-minimum operation

within the event set. Because of this mode of operation, it is impossible to use this
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paradigm in models where the states are continuous in nature. The event-oriented
paradigm was common in the earlier years of simulation.

For process-oriented simulation software, each simulation activity is modelled by a
process. The idea of a process is similar to the notion of the same name in UNIX, but
these would be inconvenient to write, difficult to debug and, above all, they would be
slow. The old process oriented software such as SIMULA and CSIM, was highly
platform dependent due to the need for stack manipulation. If a queuing system were to
be simulated using the process-oriented paradigm, two application-specific threads
would be required, one simulating the arrivals and the other simulating the operation of
the server. A general thread would also be necessary to manage the event set. Some
widely used open-source process-oriented packages are C++SIM, JavaSim and SimPy.
The process-oriented paradigm produces a more modular code, which is probably easier
to develop and also easier for others to interpret.

Zeigler et al (1976) developed a formal approach for building models by using a
hierarchical and modular approach (latterly integrated with object-oriented
programming techniques) called the Discrete Event System Specification (DEVS)
formalism. This method allowed the developer to build a model base while permitting
easy reuse of validated models.

That many models and approaches have arisen in the more than 50-year symbiosis
between simulation and computing should surprise no one (Jenkins and Rice, 2009).
This symbiosis has not only interested countless doctoral students, but also leading
lights such as Donald Knuth, known as the "father” of the analysis of algorithms and

Harry Markowitz who is generally attributed with the major design of SIMSCRIPT
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(Jenkins and Rice, 2009). In the history of discrete-event programming languages,

Nance divides the period 1955 to 1986 into five periods (Nance, 1993):

1955-1960, the Period of Search. This period saw much experimentation with
ways of simulating. The General Simulation Program, described in 1960, is
credited as the first simulator;

1961-1965, the Advent. The “major” simulation programming languages (such
as GPSS, SIMULA |, SIMSCRIPT, CSL, GASP, OPS and DYNAMO) arose
during this period. SIMULA, of course, would exert a profound influence on the
wider world of analysis and programming by introducing the object—oriented
paradigm;

1966-1970, the Formative Period. During this period, rapidly improving
hardware permitted more focus on consistent and clear concepts, as opposed to
effective implementation, of simulation programming languages. New versions
of GPSS, SIMULA, SIMSCRIPT, GASP, OPS and CSL emerged;

1971-1978 was the Expansion Period that saw major expansions of the
capabilities and scope of languages such as GPSS, SIMSCRIPT and GASP.
Pritsker developed not only GASP 11, but also GERT. Time sharing systems and
advances in terminal systems made possible interactive systems such as the
Conversational Modelling Language, designed not only as a simulation system
but also as a language creation system;

1979-1986 was the Period of Consolidation and Regeneration which saw the
major players adapt their products to additional platforms, especially the
personal computer, without changing the basic character of their simulation

languages. SLAM and SIMAN arose during this period.
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Robinson (2004) identified the above into four distinct periods, referred to as the
periods of pioneering (1950-1960s), innovation (1970s), revolution (1980s) and
evolution (1990s to the present). According to Robinson (2004), the key areas of change
in the decades from 1990 were in the development of visual interactive modelling,
simulation optimisation, virtual reality, software integration and simulation applications
in the service sector and the use of the worldwide web.

The current environments provide larger collections of ready-made resources which
often focus on a particular application area, in fact most simulation languages and
software packages now provide the following (Pidd and Carvalho, 2006):

i.  modelling tools: a graphical modelling environment, built-in simulation objects
with defined properties and behaviour, sampling routines, property sheets and
visual controls;

ii. tools to execute the simulation: a simulation executive to run a model with
animated graphics;

iii.  virtual reality representation and user interaction with the simulation as it runs;
iv. tools to support experimentation: tools to define run lengths and parameters
analysis;

v. tools to enable optimisation, results interpretation and presentation;

vi.  links to other software (links to spreadsheets, databases, ERP systems).

2.2 Applications of simulation in mining industry

Mining engineers have been interested in using computers to build simulation models of
mining operations ever since the computer was introduced and accepted into their
industry (Sturgul, 2000). Since the beginning, in the late 1950s, engineers and

researchers have been using simulation languages to investigate mining systems
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(Schafrik, 2001). Sturgul (2000, 2001) reviewed the simulation research of the mining
industry from the early years of simulation till the end of 20" century in the book, Mine
Design: Examples Using Simulation and the paper, Modelling and Simulation in Mining
- Its Time Has Finally Arrived, while Schafrik (2001) also reviewed the development of
simulation modelling for the mining industry in his master’s thesis. A series of papers
were published in 1999 to include the application of simulation in mining operations in
the 1990s in each major continent and country of the world; these include the United
States by Sturgul (1999), Canada by Vagenas (1999), Australia by Basu and Baafi
(1999), South America by Knights and Bonates (1999) and Europe by Panagiotou
(1999). The most recent review was by Newman et al (2010), who reviewed the
operations research applications in mine planning.

Early work on the simulation of mining systems was conducted by Koenigsburg (1958),
who developed a mathematical solution for a general queue problem for underground
coal production from different faces. The first mine simulation was modelled by Rist
(1961) for an underground molybdenum mine, to determine the optimum number of
trains needed on a haulage level. Rist used an early version of GPSS for his simulation.
As cited by Sturgul (2000), Sanford (1965) was the first to simulate a conveyor belt
system for his master’s thesis, using FORTRAN, this was followed by the development
of BELTSIM in 1968 at the Virginia Polytechnic Institute (Bucklen et al, 1969). Juckett
(1969) designed a coal mine belt system which could handle up to 25 belts and 12
loading points. A belt simulation named BETHBELT-1 was designed by the research
department of Bethlehem Steel Corporation, which was written in GASP V

programming language and was designed for discrete event simulation (Newhart, 1977).

23



Hancock and Lyons (1987) described a package known as SIMBELT4 and reviewed the
work done by the National Coal Board in England.

As cited by Sturgul (2000), a number of computer simulation models of mining
operations were built during the 1960's and 1970’s. Madge (1964) simulated truck
movement in an open pit mining operation in Canada. Manula and Venkataraman
(1967) also simulated truck haulage in an open pit. O'Neil and Manula (1967) used a
simulation model for materials handling in an open pit mine. Suboleski and Lucas
(1969) discussed a FORTRAN program which simulated room and pillar mining
operations. Bauer and Calder (1973) were the first to recognise the tremendous potential
of simulation models and discrete event simulation software for solving mining
problems, as cited by Sturgul (2000). They pointed out the advantages of using GPSS
for open pit operations, especially to simulate load-haul-dump circuits. Manula and
Rivell (1974) described the capabilities of simulation to simulate a wide variety of
operations.

FACESIM (FACE operations SIMulator) was the first simulator in a FORTRAN
dedicated programming language (Trueman, 1983). According to Sturgul (2001), Falkie
and Mitchell (1963) showed how to incorporate Monte Carlo methods into stochastic
simulation models for mine simulations. This work was followed by Morgan and
Peterson who showed how to set up a stochastic simulation of a surface mining
operation (Sturgul, 2001). The first animation of a mine simulation model was
developed for a large open pit bauxite mine in Australia, using CINEMA (with SIMAN)
in the late 1980s (Sturgul, 2001).

Various discrete event simulation programming languages such as GPSS and GPSS/H

and software such as ARENA, AUTOMOD and SIMULA have been used for
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underground and open cut mining operations. The most commonly used simulation
languages for mining operations in the 1990s were GPSS/H and SIMAN. Other
software currently used in the mining industry include SIMIO®, AUTOMOD ©,
Simul8®, WITNESS® (Greberg, 2011), Delmia® (Moignard, 2014) and Flexsim®
(2014). The General Purpose Simulation System (GPSS) is an event-driven version with
GPSS/H as the best documented discrete-event simulation language for use in mining
situations. Programming languages such as FORTRAN, Pascal and Basic have been
used to develop dedicated simulation packages (Schafrik et al, 2004, David et al, 2012).
The following are other examples of simulation applications/models in mining:

i. FACESIM (Bucklen, 1968, Prelaz et al, 1968), which was written in FORTRAN
and used a collection of functions to calculate the various cycle times at a
working coal section with up to three shuttle cars, one continuous miner or
loader and a dump point;

ii.  one of the best early examples of a computer simulation model for a working
mine was by Cross and Williamson (1969) cited by Sturgul (2000). This model
simulated the truck and shovel system of an open pit copper mine in the
southwest of the United States. The model was constructed to determine if a
dispatcher could be used to route the trucks to different shovels so as to
minimize queuing time. The model assumed that all of the cycle times were
deterministic and was able to indicate that a dispatcher would indeed improve
operations;

iii. COMSIM (Topuz et al, 1989) is an update of FACESIM and can simulate

conventional retreat room-and-pillar mining systems using a continuous miner,
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Vi.

Vil.

viii.

while augmenting the capabilities of FACESIM, including the ability to account
for equipment breakdowns;

in the late 1980s the Department of Mineral Engineering at Penn State
University introduced the Underground Materials Handling Simulator
(UGMHS) (Bise and Albert, 1984), a program which is broken into many
different subsections that simulate a single operation. The program was used to
assess and analyse the productivity and feasibility of underground coal
operations;

Ketron Inc. developed MPASS-2 in 1983 (Haycocks et al, 1984) which allowed
the user to create a room-and-pillar mine that can be a conventional or
continuous miner system. The program shows the operation of a miner, shuttle
car and roof bolter.

in the late 1980s the Simulations/Animation Model (SAM) was developed (Zhao
and Suboleski, 1993). SAM graphically showed the simulation process as it
occurred, so the user could watch the simulation in real-time and then get a
report;

the Department of Mining and Minerals Engineering at Virginia Tech also
developed FRAPS (Friendly Room-and-Pillar Simulation) (Haycocks et al,
1984). FRAPS input is user friendly and interactive;

Dornetto (1988) studied equipment designed to extract, store and transport
material in an underground coal mine. The objective was to minimise the
number of extraction cycles needed to fill a shuttle car that transports coal from
a surge bin to a belt feeder by determining optimal values for the position and

rate of mining equipment;
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Xi.

Xii.

Kolonja et al (1993) used SIMAN to study the various dispatch criteria for open
pit mines. The model could simulate six dispatching strategies which were
aimed at minimising truck waiting time, shovel waiting time, shovel production
requirement, truck cycle time and shovel saturation and fixed truck assignment;
McNearny and Nie (2000) simulated a conveyor belt system used with longwall
and continuous miner methods to transport coal to the surface. Their study
identified the bottlenecks in the operation and assessed the effect of adding surge
bins to mitigate these bottlenecks;

Simsir and Ozfirat (2008) constructed a simulation model for a Turkish coal
mine that uses longwall top-coal caving. The model assessed the efficiency of
the loaders, crushers and conveyor belts used in this operation;

Baafi et al (2009) developed ROADSIM using ARENA to help analyse roadway
development with a continuous miner cutting coal, a roof/rib bolter for support
and a shuttle car for transporting coal from the face to the boot end. The
RoadSIM model provided the means to assess the operational capacity of two

heading roadway development systems.

In recent years, discrete event simulation has become very popular because of its

increasing scope and capabilities. Many general purpose simulation environments

provide larger collections of pre-programmed resources, libraries of entities, more

complicated schedules, finer states, features with advanced queuing options and

complex graphics such as visual interactive and virtual reality. The tools/models

mentioned above are limited to a handful of mining strategies, while incorporating

delays and statistical distributions and further analysis still require advanced

development skills. In recent years little work has been done to modernise the

27



simulators by adapting them to the new computing environments available and to allow

for more complicated mining plans and extraction procedures.
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3 USING FLEXSIM® TO SIMULATE UNDERGROUND COAL MINING
OPERATIONS

3.1 Introduction

The use of Flexsim® (Flexsim®, 2013), for the development of an easy to use computer
simulation tool for modelling longwall mining operations will be described in this
section. The model has multi-strategy options for the longwall production face and
development of longwall roadways. It offers the means of accounting for uncertainties
associated with underground longwall mining operations using discrete event
simulation.

The developed model has standard and user friendly interfaces to enhance graphical

editing and allows for integration of analysis tools in a single environment. The basic

elements of this simulation model are shown in Figure 3-1.
Machine

MTBFand MTTR
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Geometry
Configuration Q Configurable
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Roadway Configuration
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deveélopmentsequence)
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2
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By Developer

(e.g. cutting methods and
sequences)

Flexsim Engine

* KPI Report
* Dynamic charts & graphs
* Statistics tracking

Excel or Other

Export or import data 4 Ditibiscs

Figure 3-1 Basic elements of a Flexsim model

A generic architecture and design was intended to simplify model development for a

particular operation, while facilitating its reuse and the ability to extend the model to
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cover other operations by allowing enhanced configurable editing and the integration of
other tools. Well-designed logic and basic sample code templates allow users without
programming skills to configure underground longwall mining models. For example,

delays and operational strategies can easily be modelled with randomness options.

3.2 Simulation platform — Flexsim®

Many discrete event simulation languages and software packages are available in the
market and many successful applications of simulation have been reported (Abu-Taieh
and El Sheikh, 2007). Figure 3-2 shows that manufacturing systems account for 14% of
discrete event simulation applications followed by business process, reengineering and

work flows (11%).
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Figure 3-2 Simulation applications (Abu-Taieh and EIl Sheik, 2007)

A longwall mining system differs from all of the above applications. These include

supply chain management systems, transport systems, manufacturing systems and
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service systems for which most discrete event simulation software and packages were

designed.

3.2.1  Why Flexsim®?

Although there are many similar simulation tools, Flexsim® has some important benefits:
it is easy to use, has quality presentation and graphics, it is flexible and, most
importantly, has extensibility. Flexsim® is a powerful analytical tool for identifying
problems and evaluating alternative solutions in the design and operation of a system
(Lavery, 2008). With Flexsim®, a 3D model of a real-life system can be built and then
the system can be studied in a shorter time period and at a fraction of the cost of an
actual physical system.

Flexsim® provides an object-oriented discrete event simulation environment which can
easily be used to develop a simulation model to visualise and monitor dynamic-flow
process activities of a system. Flexsim® also has a complete suite of development tools
for model development (Nordgren, 2003).

There are three levels of use within the Flexsim® environment: the Flexsim Compiler;
the Flexsim Developer; and Flexsim application products. The Flexsim environment is
completely integrated with a C++ compiler and uses either Flexscript or C++ coding
directly. All the animation is in Open Graphics Language (OpenGL) and boasts
incredible virtual reality animation that can be shown in tree view — the data structure of
Flexsim®, 2D, 3D and virtual reality. All the views can be shown concurrently during
the model development or run phase.

As discrete-event simulation software, Flexsim® was used to model systems which
change state at discrete points in time as a result of specific events. Common states

could be classified as idle, busy, blocked or down. Flexsim® has also been used to
31



model a variety of systems across a number of different industries and has received
quantitative feedback on a number of proposed solutions (Flexsim®, 2013).
Typical problems which can be modelled by Flexsim® include (Flexsim®, 2013):
i. service problems - the need to process customers and their requests at the
highest level of satisfaction for the lowest possible cost;
ii.  manufacturing problems - the need to make the right product at the right time for
the lowest possible cost;
iii.  logistical problems - the need to get the right product to the right place at the

right time for the lowest possible cost.

3.3 3D modelling

Flexsim® can import several popular types of 3D media, these include .3ds, .wrl, .dxf
and .stl type files. After Version 5, Flexsim® supports the .skp 3D file format using files
from Google SketchUp (SketchUp, 2013). SketchUp is a simple but powerful tool for
exploring and presenting ideas in 3D and is supported by Flexsim®. Unlike other 3D
modelling software such as Maya, 3D-Max or AC3D, which is recommended by the
Flexsim® (2013), SketchUp makes it quick and easy to learn 3D modelling as it is
intuitive to use. 3D models can be created by starting from scratch or using existing

models from the Google 3D warehouse.

3.4 Data analysis package

ExpertFit (ExpertFit, 2013) is distribution-fitting software that takes collected data and
turns it into the mathematical formulae that drive Flexsim's simulations. It was designed
by the third party company Averill M. Law and Associates, Inc. and bundled into

Flexsim® especially for people doing discrete event simulation. ExpertFit determines
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the best-fitting probability distribution for data. ExpertFit has 40 distributions, 30 high
quality graphical plots, 4 technically correct goodness-of-fit tests and can process
sample sizes of 100,000. It puts the selected distribution into the correct format for
direct import into Flexsim®, including models for task times and for random equipment

breakdowns.

3.5 The key concepts of Flexsim®

The longwall mining simulation model proposed in this thesis was developed using
Flexsim®. To build such a model using Flexsim requires a good understanding of the
Flexsim architecture and the terminology. This section introduces the fundamentals of
Flexsim in order to facilitate understanding of the model design and development

process discussed in later chapters. For more information, refer to the Flexsim (2013).

3.5.1 Model views

Flexsim® is a Windows based application with a 3D modelling environment (Figure
3-3). It has several panels: menu, toolbar, simulation run control panel and two
separated windows, the library icon grid and the 3D model view, which form the default
display when Flexsim® is loaded. The default model view for building models is an
orthographic view, but it can also be viewed in a more realistic perspective view. Any
view option may be used to build or run a model and Flexsim® can have as many views

as desired, but each additional view requires additional computer resources.
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Figure 3-3 Flexsim® modelling environment

3.5.2 Flexsim® objects

Flexsim objects simulate resources that can be categorised into four different types:
fixed resources, task executers, basic objects and other objects. Flexsim objects are
arranged in the Object Library grid panel by group (Figure 3-4) and can be dragged and
dropped from the Library panel onto the 3D modelling space. The term Fixed Resource
describes a class of objects that handle flowitems in a certain way. They "receive"
flowitems through input ports, process those flowitems, then "release™ the flowitems to
be sent on through output ports. The Fixed Resources (FRs) include Source, Queue,
Processor, Sink, Combiner, Separator, MultiProcessor, Conveyor, MergeSort Conveyor,
FlowNode, Rack and Reservoir. The Task Executers (TEs) include Dispatcher, Task

Executer, Operator, Transporter, Elevator, Robot, Crane and ASRS vehicle. All of these

34



objects can travel, load flowitems, unload flowitems, act as shared resources for

processing stations and perform many other simulation tasks.
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Figure 3-4 Flexsim library icon grid panel
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At the end of the Library panel there are three basic objects that can be used to create
custom made objects, Basic TE, Basic FR and Basic Conveyor. The other objects are
Network Node and Traffic Control which are used to build traffic routes, Visual Tool is

used to display objects or layouts and Recorder is used to dynamically display statistics.

3.5.2.1 Flowitems

Flowitems are the objects that move through the model, e.g. mined coal moving from
the face to a shuttle car. They can represent actual objects such as materials, parts,
assemblies, passengers and products or they can represent abstract concepts such as
orders, phone calls or emails. In Flexsim®, flowitems are generated by a Source object
while different classes of flowitems are stored in the Flowitem Bin (Figure 3-5). In other
words, the source object creates copies of items in the Flowitem Bin at discrete time
intervals, but once the flowitems have passed through the model they are sent to a Sink

which destroys or recycles them.
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Figure 3-5 Flowitem bin
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3.5.2.2 Ports

Every Flexsim® object has an unlimited number of ports through which they

communicate with other objects. There are three types of port: input, output and centre

(Figure 3-6).
In Flexsim - Out
Objects Object a TAwm Objects
Input port?‘ F)utput ports
Centre port:‘ Task
Executers

Figure 3-6 Object ports

Flowitems come out of a fixed resource from an output port and enter another fixed
resource through an input port, following the route link connecting the output and input
ports between the two fixed resources. Centre ports are used to create references from
one object to another; they are commonly used to reference task executers such as
operators, forklifts and cranes from fixed resources. Another example of the use of the
centre port is as a reference for the visual object and chart object to display statistics of
the object. Consider the roadway development process where coal from a coal seam is
loaded onto a continuous miner (CM) conveyor and transported to a boot end (BE) by a
shuttle car (SC). To simulate this process the coal can be seen as discrete flowitems with
the coal seam as a source, the CM is seen as a processor, the BE as a Sink to receive
coal and the SC as a transporter (Figure 3-7). As Figure 3-7 shows, the Source has an

output port linked to the input port of the Processor (CM), the Processor (CM) has one
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output port linked to the input port of the Sink (BE) and one centre port linked to the

Transporter (SC).
] —-'
* Source
Qutput: 0
. » Blocked: 0.0%
Boot End
Input: 0

Shuttle Car
OQutput: 0
Status: idle

Figure 3-7 Simplified model of roadway development

3.5.3 Flexsim® tree structure

The architecture of Flexsim® is based on the concept of a tree structure. All the data in
Flexsim® is stored as nodes in a tree structure, including the library objects, commands
and all the model information that can be seen from the interface. The tree structure is
the key part of Flexsim® that makes data easy to access.

Flexsim's tree structure is divided into the Project Tree and the View Layout Tree. The
project tree contains the executive data, the library, multimedia and the model, while
the view layout tree contains information for standard menus, property editors, pick lists
and other user interfaces. All model information can be found under the project tree
while all open windows, menus, toolbars and buttons have a corresponding
representation in the view layout tree. When a window inside Flexsim is opened, it is
actually a copy of a view object or a combination of several views inside the view layout

tree, the data showing on the active window are stored in the project tree. Based on this
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understanding, users can build custom interfaces very easily using the Flexsim GUI

(Graphical User Interface)builder.

3.5.4 Flexscript

Flexsim® provides two options for writing custom logic: Flexscript and C++. Flexscript
is generally preferred to C++ because this code works immediately in the model without
having to be compiled. When speed is an issue, C++ code runs faster than Flexscript,
but it must be compiled. Flexscript is almost identical to C++ in its syntax and

application, but it has been simplified for ease of use.

3.5.5 Triggers

From an intuitive perspective, it appears that flowitems are what makes the model run,
i.e. events happen when a specific operation starts or ends on a flowitem. This can help
to understand a model but it is not always the case; some events can happen without a
flowitem being involved. Each object may have a different set of triggers which allows
code to be executed at different points during model runs. Figure 3-8 shows how a fixed

resource deals with a flowitem and requests task executers.
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Figure 3-8 The logic of Flexsim inner engine (Flexsim, 2013)

Besides the triggers on the object’s trigger tab, Flexsim objects have some other events
for which code can be written inside as a flowitem flows through an object. Figure 3-9

shows the sequence of these triggers.
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Figure 3-9 Order of execution - pushed flowitem (Beaverstock et al, 2011)

There are also model triggers which allow Flexsim code to be executed at different
points of model runs. These triggers are: On Model Open, On Reset, On Run Start

and On Run Stop.

3.5.5.1 Return values

A code field (trigger) such as process time, sent to port or request transport from is
executed because the Flexsim object is requesting data from the modeller as to how it
should operate. For example, the process time field is executed because the Processor
wants the modeller to select the process time for a given flowitem and the sent to port
area wants to know which downstream port to send the flowitem to for different cases.
Correct information is passed back to the Processor through the return value of that
field, that is, by executing a return statement in the modeller’s code. The return
statement is used to give back the appropriate data that an object needs to operate, as

required. The following is an example of sent to port code:

if (getitemtype (item)==2) return 2;

41



else return 1;

The Processor executes this field each time it wants to send out a flowitem. In this code
the return statement is used to pass back the appropriate downstream port for that
flowitem to the Processor, but if the item type is 2, the item is sent to the object that

linked with port 2, otherwise it is sent out through port 1.

3.5.6 Event scheduling

Event scheduling means the modeller can schedule an event at a certain frequency and
duration, e.g. machine breakdowns, shift schedule, other than the main stream operation

process.

3.5.6.1 Mean Time Between Failures and Mean Time To Repair

These events are defined as:
» Mean Time Between Failures (MTBF): the average time between
failure/stoppage occurrences.
» Mean Time To Repair (MTTR): the average repair time for the
failure/stoppage.
The MTBF is actually the operating time while the MTTR is the breakdown time that
delays normal operations (Figure 3-10). The time between failures and time to repair are
usually random times that can be characterised by a statistical distribution and the

MTBF and MTTR are the mean values of those distributions.
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Figure 3-10 MTBF and MTTR over timeline
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In Flexsim®, MTBF/MTTR objects are used to set random breakdown and recovery

times for groups of objects in the model. Each MTBF/MTTR object can be connected to

more than one object in the model and each object can be controlled by more than one

MTBF/MTTR object.

The MTBF/MTTR window is split into three tab pages: Members page, Functions

page and Breakdowns page.

In the Members page (Figure 3-11) the list of member objects for this MTBF/MTTR

object can be specified. It allows the objects available in the model to be added to or

removed from the member list.
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Figure 3-11 MTBF/MTTR parameters window — Members tab
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The Functions page (Figure 3-12) allows the frequency and duration of breakdowns

(timing and statistical distributions associated with the MTBF/MTTR) to be specified.

¥ MTBF/MTTR Parameters Window o | B |

% Name MTEFMTTR1
- Functions | Breakdowns

First Failure Time

[Sﬁﬁstiml Distribution; exponential(0, 1000,1) ']
MTEF _
[Siaﬁsﬁml Distribution; exponential(0, 1000,1) ']
MTTR. _
[Smﬁsﬁml Distribution: uniform(50,100,1) v]

Down Function

[Stop object Execute stopobject(). ID: 1 Priority: 0 - ]

Resume Function

[Resume object Execute resumeobject(). ID: 1 The resumeochject() cor + ]

OnBreakDown —
OnRepair —
@MY [ Aoy | [ ok ][ cancel |

Figure 3-12 MTBF/MTTR parameters window-Functions tab

The Breakdowns page (Figure 3-13) allows more detail of how the ‘broken down’
objects are to be configured, that is, to specify what state the objects go into when they

go down.
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Figure 3-13 MTBF/MTTR parameters window — Breakdowns tab

3.5.6.2 User events

User Events (Figure 3-14) are Flexscript functions that are executed at set times during
the model run, but are not connected with any specific visible object. The event can be

made to be fired only once or be a repeat event firing at a fixed frequency.
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15 User Events = [ [S] |-
Name UserEvent1

|:| Execute event on reset only

First Event Time: 0.00 [ Repeat event

0.00
Event Code _

[ acd ] [ —— Show Message Dialog |§| |
Ty L oy JL ok J[ cancel |

3.5.6.3 Time tables

Figure 3-14 User events

Time tables (Figure 3-15) are used to schedule state changes, such as scheduled down-

time, for specific objects in the model. For example, it can be used in a mining

simulation to define a shift schedule. Each time table may control many objects and

each object may be controlled by many time tables.
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Figure 3-15 Time table parameters window

3.5.7 Flexsim task sequences

A task sequence is a series of tasks to be executed in sequential order by a Task
Executer. The Task Executer objects include Operators, Transporters, Cranes, ASRS

vehicles, Robots, Elevators and other mobile resource objects.
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3.5.7.1 Task sequence

In addition to being a series of tasks, each task sequence has a priority value which
defines the importance of executing that task sequence with respect to other task
sequences. Each task sequence also has a pre-empt value which defines whether that
task sequence should cause the execution of other task sequences to be halted in order to

execute that task sequence.

3.5.7.2 Automatically created task sequences

Fixed Resources have a default mechanism for creating task sequences to move
flowitems to the next station. This default functionality can be used by checking the
"Use Transport™ box in the Flow tab page of the Fixed Resource's Properties.
Processors also have a default mechanism for creating task sequences to call operators
for setup times, process times and repair operations. This is done by modifying the
Processor or ProcessTimes tab page on a Processor, Combiner or Separator. Each of

these default mechanisms triggers a task sequence to be automatically created.

3.5.7.3 How task sequences work

When the ""Use Transport™ field on a Flow tab page is checked, the following task
sequence is created:
»  Travel to the object currently holding the item;
Load the item from that object;
Break;

Travel to the destination object;

vV VYV V¥V V¥V

Unload the item to the destination object.
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When a Task Executer executes this task sequence, it executes each task in order. Each
task mentioned above corresponds to a specific task type.
Another example of an automatically created task sequence; a Processor object creates
the following task sequence to request an operator to work at the processing station. The
task sequence is described as follows:

»  Travel to the processing station;

»  Be utilised until freed from the processing station.
The first task tells the Task Executer to travel to the station while the second task is an
"Utilise™ task type. This tells the Task Executer to go into a given state, such as
"Utilised" or "Processing™ and then wait until it is freed from that state. The operator is
freed when the frecoperators() command is called. Since the Processor automatically
creates this task sequence, it automatically handles freeing the operator as well.
If no task sequences are pre-empting, then a Task Executer will execute its active task
sequence until that task sequence is finished. It then makes the first task sequence in its
queue the active task sequence and starts executing that one, repeating this until all task

sequences in the queue have been executed.

3.5.7.4 Custom built task sequences

Custom task sequences can be created using three simple commands:

»  createemptytasksequence()

»  inserttask()

»  dispatchtasksequence()
First a task sequence is created by using createemptytasksequence(). The next tasks are
inserted into the task sequence by successive inserttask() commands and finally the

task sequence is dispatched with dispatchtasksequence().
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The following example instructs a shuttle car, linked to the centre port of a current
object (CM), to travel to the CM, load an item into the car, then travel to the out object

(BE) to unload the item.

treenode ts = createemptytasksequence (centerobject (current,1),0,0);

inserttask(ts, TASKTYPE TRAVEL,current,NULL);
inserttask(ts, TASKTYPE FRLOAD, item, current, port);

inserttask(ts, TASKTYPE BREAK,NULL, NULL) ;

inserttask(ts, TASKTYPE TRAVEL,outobject (current,port),NULL);
inserttask(ts, TASKTYPE FRUNLOAD, item,outobject (current,port),opipno (curr
ent,port));

dispatchtasksequence (ts) ;

The "treenode ts" creates a reference or pointer, to the task sequence as a Flexsim node
so that it can be used later when tasks are added to the task sequence.

The createemptytasksequence cOmmand takes three parameters. The first parameter is
the object that handles the task sequence. This should be a Dispatcher or Task Executer
object. The second and third parameters are numbers which respectively specify the task
sequence's priority and pre-empting values. The command returns a reference to the task
sequence that was created.

The inserttask command takes two or more parameters that specify the task's values.
The first parameter is a reference to the task sequence into which the task is inserted, the
second is the type of task and the third and fourth parameters reference the two objects
involved. These objects and what they mean depend upon the task type. For some task
types both objects are needed and have a meaning, whereas for others, the objects are
not used. Some task types may use one object and some have objects which are
optional. If no specific object is used or is optional for a task type, then NULL can
simply be passed into the inserttask command or that parameter can even be left out if

there are no number variables that need to be specified. The fifth through eighth
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parameters are optional and are defined as varl, var2, var3 and var4. By default, these

values are zero and their meaning depends on the task type.

3.5.8 Flexsim® labels

Labels are another key concept to understand when building models in Flexsim®. They
are used to store data on objects which can be used to make decisions in the model.
Some key features are listed below:
i.  each label has a name that is defined by the modeller;

ii.  labels can be defined on any object and flowitem;

iii.  an object can have as many labels as necessary;

iv.  labels can have number or string values and can hold lists or tables of values;

v. with labels, it is necessary to explicitly add the label to the object through its

properties window.

The label's value remains the same unless there is logic within the object that changes
the label's value. If logic has changed the label’s value the modeller needs to reset the
value in the object's reset trigger in order to set the label back to its initial value when

resetting and restarting a model.

3.5.8.1 Global tables and label tables

Tables are used to store a set of numerical or string data. Global tables can be used to
store global input data and output data. The global tables are accessed through the
Tools menu and are created through dialog boxes. This data can be accessed by any
object in the model using the gettablenum(), gettablestr(), settablenum(),

settablestr(), reftable() commands.
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As mentioned above, labels can hold lists or tables of values which can be accessed by
clicking the table view button at the bottom right hand side of the Labels tab page,
Figure 3-16. A table is always attached to the owner object. If a library object is created
with a label table, the table remains there when a customised object is dragged into the
model. The table shown as the 7™ label in Figure 3-16 can be accessed by the following

code:

treenode taskstable=label (current,7);

Processor | Breakdowns I Flow I Triggers | Labels |General I Smﬁsh’cs|
— { tasks_table

animation 1support 0.00

animation2cut 0,00 R: & C: 8

cydecomplete 0.00

cutdepth 0.60 time fweb |from|:|oint |1J:pc|int |heading suppnrttypldelaylnesl-l
CM_ocupied? 0.00 Task 1 2 30.00 120.00 4.00 1.00 | uniform(20
animation3bath 0.00 Task 2 2 0.00 35.00 2.10 1.00 normal{d,
tasks_table 0.00 Task 3 2 0,00 35.00 2.20 1.00 30
planedelays 0.00 Task 4 2 30.00 120,00 1.00 1.00 10
BM1orMBO 1.00 Task 5 2 30.00 120,00 3.00 1.00 10
currentlength 30.00 End of tash 0.00 0.00 0.00 0.00

shift 0.00

PanelAdvancedelay | uniform(D, 1, 0)

totaldevelopmentler 0.00

transporterS 1.00

semi-concurrent 1.00

drawcoal 0.00

currentTransporter 1.00

SC_arrived? 1.00

[Add Number Label] [ Add Text Label ] Tree View ] [LabﬂTabIe
[ Deete || Duplicate |

Figure 3-16 Label tab page with labels and a label table to define tasks

3.5.9 Probability distribution functions

A probability distribution assigns a probability to each measurable subset of the
possible outcomes of a random experiment, survey or procedure of statistical inference,
which is then defined as the process of drawing conclusions from data subject to
random variation in statistics. Data series can be specified and regenerated by a
probability function that is either continuous or discrete, non-cumulative or cumulative.
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Flexsim® has a number of probability distribution functions which are fully supported

by the distribution fitting software, Expert-Fit, that comes with Flexsim®.
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4 DATA COLLECTION AND ANALYSIS

4.1 Underground delays

In an underground coal operation, a delay is recognised as any event that holds up
production or prevents the mining equipment from operating under normal conditions
(Porter et al, 2010). Planned (scheduled) delays are easy to predict because they are
regular delays such as those required for stone dusting, maintenance or safety talks.
Unplanned (unscheduled) delays are typically random in nature and are unpredictable.
These delays include gas trips (where methane gas migrates into the workings at levels
beyond the statutory limit and automatically shuts down equipment), repairs of faulty
equipment or normal mining tasks that take an extended amount of time to complete
(Porter et al, 2010). Figure 4-1 shows a breakdown of the total time available to a piece

of mining equipment.

OP Delays Maint Time

Non
Resourced
Time

Inherent

Other Operating Time
Controllable
Uncontrollable
Breakdown Time
Planned Downtime

Delays

Figure 4-1 Breakdown of a typical equipment calendar time (Baafi and Porter, 2012)

The entire calendar time is the total time that equipment is available. This time equates
to twenty four hours a day, seven days a week and three hundred and sixty-five days a
year. It is usually reduced by non-resourced time during which no labour or resources

are allocated; public holidays are an example of non-resourced time. Hence, resourced
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time is the amount of time that has been assigned to a machine to produce coal.
Potential operating time for a machine is the time left after making allowance for
maintenance times and operational delays. Maintenance time consists of planned
downtime and breakdown time. Planned downtime is usually the scheduled
maintenance time, whereas breakdown time is a maintenance delay factor that was not
expected to occur, but must be completed so that the machine can operate. Figure 5-1
shows that an operational delay can be an uncontrollable or controllable delay.
Uncontrollable delays which include machine breakdowns are random and are not
directly controlled by the crew, but controllable delays such as shift changes and crib
times are predictable and are managed by the face crew.

The total amount of time left after accounting for the above delays defines the operating
time of a piece of machinery. The operating time is further reduced by other times when
equipment such as a continuous miner is not performing its primary function of cutting
coal. For instance, a continuous miner must stop routinely to install roof/rib support
instead of performing its primary function of cutting coal. Although these tasks are
essential, production time is further reduced by inherent unrecorded delays such as
positioning the miner or waiting on the shuttle car. The final time left is the net run time
which is the actual amount of time the machine is performing its primary function.
Utilisation of a piece of equipment can be as low as 17% and in some cases 40% of a
continuous miner’s utilisation is lost from unplanned delays such as broken equipment.
Minimising these delays directly increases equipment utilisation and improves the

development rates.
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4.2 Reporting delays

In Australia coal mines, most delay data is primarily sourced from shift reports and real

time machine monitoring. Delays are collected from, but not limited to:

>
>
>
>

longwall mining faces;
longwall development;
pillar extraction;

coal handling and processing.

The delays are recorded during the shift, shortly after any production delay has occurred

or at the end of shift, to ensure the correct information is recorded for managerial

decision making. The delay reporting process means the following data must be

documented:

»  date of delay;

»  time delay started;

»  duration of delay (starting / concluding time of delay);

»  major delay: the responsible major piece of equipment or general location;

»  minor delay, a detailed sub-description of a major delay. For example, a minor
delay for a continuous miner could be a problem with the conveyor, cutting
head, electrical control, gathering head, hydraulics, main frame, rib bolter, roof
bolter, roof canopy, services, traction, ventilation or the water system;

»  Responsibility for the delay;

»  Remarks and comments on the delay;

»  Scheduled or Unscheduled delay.

These key pieces of information are used to identify what delay occurred, where it

happened and who or what was responsible. This information is then stored and can be
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assessed by management and used to plan ways of reducing delays and improving the

performance of underground machinery.

Real time equipment monitoring (data logging) provides better performance indicators

on the utilisation of machinery, plant or equipment. An example of a continuous miner

data logging systems is shown in Figure 4-2.
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Figure 4-2 A typical operation report from a data logging system

Data logging systems can analyse and report on the operational and bolting

performances of a continuous miner. Such a report provides a visualisation of individual

activities and summarises the performance of equipment over a given period. An

operational and bolting performance report, combined with the visualised machine

activity, provides crucial information for implementing performance improvement

strategies. These reports can also be used to identify operations that have recurring

process delays and inefficient interaction with other machinery.
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4.3 Analysis of production and delay data

Both longwall production and roadway development data from Australian mines across
2008 were analysed to assess utilisation and to identify the major causes of non-
productive time. The performances and delays of these mines have remained relatively
the same over the years. The longwall data was collected from a mine, referred to as
Mine 1 and the two mines for the roadway development data are referred to as Mine 2
and Mine 3. The three development units in Mine 2 were discussed in detail in the
thesis. Mine 3 data were analysed but only used for model validation.
The longwall of Mine 1 produced 3.66 Mt in 2008. The general face and operational
parameters were:

»  longwall face width = 250 m;
AFC capacity = 4,000 tph;
AFC speed = 1.75 m/s;
face height = 3.0 m (average);

web width = 0.85 m;

YV Vv VYV VvV VY

uni-directional cutting sequence.

The development units of Mine 2 were based on a two heading configuration using one
bolter-miner supported by one shuttle car. The pillars were 102 m long and 40 m wide.
The roof and rib conditions required a bolting density of six roof bolts and three rib
bolts on each rib at a spacing of 0.92 metres, with an average time of 12 minutes to
complete the support operations.

Roadway development operations at Mine 3 were based on a two heading configuration
using two miner-bolters each supported by one shuttle car. The pillars were 125 metres

long and 45 metres wide. The roof and rib conditions required a bolting density of six
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roof bolts and three rib bolts on each rib every 1.2 metres, with an average time of 22

minutes to complete the support operations.

43.1

Issues with the data

The apparent duration of delays were mostly in round numbers such as 10, 30,
60 and 100 minutes, which was not accurate and not what really happened and
may have led to wrong conclusions.

Overlap delays: some recorded delays occurred during a long delay from some
other cause or started within another delay. For example some delays were
recorded during weekends and public holidays. This made up more than 4% of
total calendar time which would be operating time.

Some records were not described properly, for instance, in the minor delay
column some delays were described using different terminologies such as
electric motor, electrical, electrical control, power and power supply. These
probably referred to the same cause but they may not have, because there were
general descriptions in some records, such as service, mechanical, with no
further details. This, however, does not affect the validation of the simulation
models.

Some delays may not have been recorded at all, as in some instances a particular
delay was not recorded for several days or even the whole week.

When fitting the data with a statistical distribution, the number of delay events
must equal the number of operating periods, i.e., after each delay there should be
an operating period followed by another delay. If a continuous series of delays
occurs one after another, the delays recorded in the reports must be combined

into one delay to fit with model development.
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vi.  In some instances one delay is soon followed by a similar delay with say a 15
minute gap between them; these delays are not really consecutive but the cause
is the same, so if the gap is not too long they should be counted as one delay in

the modelling perspective.

4.3.2 Features of time durations

When looking into real data from mine reports over a period of one year (after
combining continuous delays), only a few delay events were located in the top (Figure
4-3). The events that should receive more attention are those which occur frequently and
those that last a long time. In the longwall example, about 71% of total delays were less
than 100 minutes and made up 41% of total delay duration. Delays that lasted more than
five hours made up 57% of total delay duration. The other 2% were between 100
minutes and five hours. For roadway development, about 89% of total delays were less
than 100 minutes, which was 40% of the total delay duration, while delays lasting more
than five hours was 30% of the total delay duration, the other 30% were between 100

minutes and five hours as shown in Figure 4-4.
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Figure 4-3 Scatter plot of delay events and operating time durations
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Figure 4-4 Roadway development delay frequency of Mine 2

The time between recorded delays is known as operating time. This data was obtained
by calculating the difference between the end time and starting time of two consecutive

delays. Examples are shown in Figure 4-5.
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Figure 4-5 Delay events and operating time durations

As Figure 4-3 and Figure 4-5 show, there are a few random dots at the top, but the
density varied greatly from those at the bottom. Those abnormal events were very long,
this causes problems when fitting a statistical distribution to the data. The problem can
be any of the following:
»  no existing statistical distribution that can be used in the simulation modelling
fits with the data;
»  a percentage of the abnormal events may not be covered by a statistical
distribution that fits with the majority of the data series. Even if
» only a few of the long delays are missing, it may cause a large amount of delay
time in the simulation to be lost and the simulation would generate the wrong
results;
»  the accuracy of fitting a statistical distribution may be reduced.
As mentioned in section 5.2, a good way to solve these problems is to divide the data
into short delays and long delays. It was easy to fit distributions for short delays because
the volume of data was very large, whereas there are several ways to handle long delays

where the volume of data is small. Most long delays occurred for specific reasons, e.g.,
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panel sequence, relocation, sequence move, power supply, coal clearance or ventilation
(outbye services unplanned). The data can be used to:
»  fit with a statistical distribution;
» integrate into the logic and use a mean value, particularly for those that are
planned and those with regularity;
» use an empirical method, as it uses a data table to generate an empirical

distribution.
4.3.3 Longwall production and delays at Mine 1

4.3.3.1 Operating Time

The utilisation of the longwall over a one year period was 35% or 3094 hours operating
time. Delays of less than 100 minutes made up 14% of total delay time but these short
delays accounted for 71% of total events. Delays longer than 10 hours happened 97
times and made up 55% of total delay time; in particular two longwall panel moves
delayed it from operating for about 47 days (20% of total calendar time). Two longwall
panel moves were recorded between 7" June and 30" July and between 15" December
and 4" January. The two panel moves were considered as a continuous stop, during
which time there was no production at all. But when the records were examined, there
were several long stops shortly before and after the longwall moves happened, when
only a negligible amount of coal was produced. Considering that these stops were
probably related to the longwall moves, the total delay time for longwall moves was
taken as 72.8 days. This made up 38% of total delay time and 20% of calendar time. As
calculated, it was the longwall panel move that made the process utilisation drop from

about 44% to 35%.
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Figure 4-6 shows the total production time and the total delay time for each month. In
general they were almost equal, there being just two periods with a large difference,

during which the longwall panels were moved.
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Figure 4-6 Longwall delay and production duration across one year of Mine 1

Figure 4-7 shows the frequency of occurrence of various daily production time
percentages. Production times were sorted from shift delay reports and may be subject
to the issues with shift reports noted in Section 5.1. Nevertheless it was still valuable
data which could offer some overall ideas about production when the issues were
corrected manually. Figure 4-7 shows 70 non-production days, although utilisation for

most days was between 30% and 70%.
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Figure 4-7 Production time percentage per day of Mine 1

4.3.3.2 Major delays

About 96% of total longwall delay time was contributed by the longwall panel,
extending the infrastructure and services, the shearer, the hydraulic supports, the AFC
and the underground conveyor (Figure 4-8) as recorded. The longwall panel accounted
for 52.3% of total delay time and 17.4% in the extending infrastructure and services
category. These two major delays made up 69.7% of total time because the longwall
move and maintenance delays were included in the former category. As the figure
shows, after the longwall panel and service extensions, longwall delays were mostly
from the three fundamental pieces of equipment; the shearer, the AFC and the hydraulic
supports, which accounted for 21.4% of the remaining 30.3%. The underground
conveyor, pump station and stage loader were responsible for 6.3% of total delay time.
Hence, a good longwall production model must cover at least the longwall panel delays,
service extensions and delays of the shearer, the AFC, the pump station, the hydraulic

supports, plus the underground conveyor and stage loader.
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Figure 4-8 Major delays for a longwall panel of Mine 1
4.3.3.3 Minor Delays
About 85 different delays were recorded in the minor delay column in a period of 366
days. They consisted of issues with maintenance, the coal clearance system, strata
control, stone dusting, meetings, hydraulic control and work preparation. Figure 4-9
shows the top 20 minor delays, with planned maintenance responsible for 14.5% of the
total delay time, travel (production loss) was second at 9.52%, the coal clearance system

was third at 9.2% and strata control was fourth at 6.1%.
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Figure 4-9 Ranking of top 20 minor delays for a longwall face of Mine 1
4.3.3.4 Summary of longwall delays for Mine 1

»  Process utilisation of the longwall face was only 35% or 129 days over one
year (366 days).

»  The longwall panel move contributed 38% of total delay time and made up
20% of calendar time and is the major delay of the longwall. 70% of delay time
was from the longwall panel and service extension categories combined.

»  Three major items of equipment, the shearer, the supports and the AFC were
responsible for 21.4% of total delay time or 70.6% of the total delays after the
panel move and service extensions were discounted.

4.3.3.5 Longwall production of Mine 1

Longwall production was recorded by shift, day by day, as coal produced in tonnes and

also by metres advanced. Table 4-1 shows the summary of longwall face productivity

over one year. The longwall face output was 3.66 Mt in the year at a rate of

approximately 10,000 tonnes/day, with the night shift producing most (46%), day shift

second

(34%) and afternoon shift third (20%). The night shift not only produced the
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greatest percentage of coal, it was also the most productive shift, with a rate of 4,573
tonnes/shift compared to the day shift rate of 3,371 tonnes/shift and afternoon shift at
2,044 tonnes/shift. As the table and Figure 4-10 shows, many of the day shifts and
afternoon shifts were non-productive. If non-productive days or shifts were discounted,
the daily output rate increased by 20% to 12,064 tonnes/day and the shift rates increased

to 5,936, 5,659 and 4,764 tonnes/shift for night, day and afternoon, respectively.

Table 4-1 Summary of longwall face productivity

Total Night Day Afternoon
Total output (tonnes) 3,665,465 | 1,673,871 | 1,233,664 | 747,930
Percentage of total output 100% 46% 34% 20%
Productivity (tonnes/day, | 9,988 4,573 3,371 2,044
tonnes/shift)
Productivity if excluding non-
output day/shift (tonnes/day, 12,064 5,936 5,659 4,764
tonnes/shift)
Number of non-output 70 84 148 209
days/shifts

Figure 4-10 shows the variation in shift productivities over the year. Most shifts
produced between 3,000 tonnes and 10,000 tonnes. This made up 62.3%, 58.7% and
41.0% of total shifts for the night, day and afternoon shifts respectively, with about 10%
of shift output being less than 3,000 tonnes, while a few random shifts produced more

than 10,000 tonnes.
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Figure 4-10 Shift productivity of Mine 1

Daily production divided by the daily production time gives the daily operating hour
productivity. The results are shown in Figure 4-11. The operating hour output rates
showed an ideal normal distribution excluding non-productive days, with an average

rate of 1,183.7 tonnes/operating hour.
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Figure 4-11 Frequency of daily operating hour productivity of Mine 1
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4.3.4 Roadway development delays at Mine 2

4.3.4.1 Operating Time

Table 4-2 summarises the original data from Mine 2. As mentioned in section 5.5.1, the
reports from the mines indicated that some delays overlapped with others, either
occurring within or starting during other delays. When the original delay durations were
totalled, it gave the results summarised in Table 4-2. In each unit, around 4,000 delay
events were recorded, so the operating time was about 27%. One thing that should be

noted is that about half the calendar time was lost because of scheduled delays.

Table 4-2 Summary of roadway development process time and delays of Mine 2
(including overlap delays)

Scheduled Operating
Events Delay delay /calendar | proportion
count Total delay time | proportion | time
Unit 2 4,114 386,271 minutes | 73.5% 49.9% 26.5%
Unit 3 3,824 383,359 minutes | 72.9% 49.8% 27.1%
Unit 5 4,873 378,768 minutes | 72.1% 48.0% 27.9%
Average | 4,270 382,799 minutes | 72.8% 49.2% 27.2%

The overlap delays were corrected by deleting the short ones within long ones and
modifying the starting time of delays that started within other delays to be the time
when the other delays finished. This may cause problems, such as incorrect statistics for
certain types of delays, but the availability and productivity results are more realistic.

Table 4-3 presents the modified results from combined continuous delays and without
overlap delays. Both the number of events and the total delay time were reduced and the

proportion of operating time increased from 27% to 32%.
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Table 4-3 Summary of roadway development process time and delay of Mine 2 (without
overlap delays)

Operating

Events count | Total delay time | Delay proportion | proportion
Unit 2 1657 360,783 minutes | 69% 31%
Unit 3 1730 362,008 minutes | 69% 31%
Unit 5 2188 353,266 minutes | 67% 33%
Average | 1858 358,686 minutes | 68% 32%

Figure 4-12 through Figure 4-14 show the monthly delays and duration of production
across one year for three development units. The three units show similar operating

performances, ranging from 17% to 44% of calendar time.
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Figure 4-12 Monthly delay and operating performance across one year (Unit 2, Mine 2)
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Figure 4-13 Monthly delay and operating duration across one year (Unit 3, Mine 2)
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Figure 4-14 Monthly delay and operating duration across one year (Unit 5, Mine 2)

Delays of less than 100 minutes made up 28% of total delay time, but these short delays
accounted for 72% of total events (probably more if continuous delays were not
combined). Those longer than 10 hours happened about 528 times and made up 64% of
total delay time and those longer than one day (24 hours) made up 32% of total delay

time.
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4.3.4.2 Major delays

Figure 4-15 depicts the summary of major delays for the three roadway development
units and indicates that the equipment only contributed a small proportion to the total
delays. The stoppage of a development unit was mostly from labour availability, panel
extension and maintenance work, which were the top six delays and made up 78% of

total delay time.
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Figure 4-15 Major delays of roadway development of Mine 2
4.3.4.3 Minor Delays
Figure 4-16 shows the top 20 minor delays among the 91 different delays recorded in
the minor delay column; the delays were mostly weekend, holiday, maintenance and
panel extension work. Weekends and public holidays were responsible for about one
third of the total delay time, while sequence move and relocation of unit contributed 9%
of the total delay time. All other delays were distributed equally and each made up less

than 3% and mostly less than 1% of total delay time.
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Figure 4-16 Ranking of top 20 minor delays of roadway development of Mine 2

4.3.4.4 Data from a continuous miner monitoring system

Table 4-4 shows the data summarised from a continuous miner monitoring system over
11 shifts from the same coal mine development unit. The shift output rate varied widely,
from 10 cutting cycles to 42 cutting cycles per shift, with the average cycle time ranging
from less than 10 minutes to more than 40 minutes. As the results were from the same
unit with the same equipment, as noted in section 5.5.4.2, the equipment only
contributed a small proportion to the delay time, this means the variations would most
probably result from operations and changing working conditions.

As Table 4-4 shows, the slowest shift only completed 11 cutting cycles. These cycles
had significant periods without any contribution to the development, while the most
efficient shift completed 42 cutting cycles with only a few cycles taking more than 10
minutes. This show that the equipment and facilities were capable of achieving a high

development rate, but this alone does not mean a high rate can be achieved.
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Table 4-4 Summary of results from a continuous miner monitoring system over 11

shifts
Bolt

No. No. Total | Ave. Total Total while Ave. Ave.

canopy | cutting | pump | SC cutting | bolting | cut bolting | cycle

Index | sets cycles | time | delay | time time ratio time time
1 56 42 | 539.8 0.8 65.3 | 260.0 20% 6.2 8.0
2 23 20| 421.9 1.7 34.2 148.9 39% 7.4 17.3
3 15 10 | 267.2 3.6 311 74.3 29% 7.4 17.8
4 19 18 | 347.5 3.7 36.3 | 1355 39% 7.5 18.8
5 20 17 | 393.5 7.1 30.1 | 106.1 23% 6.2 19.5
6 22 21 | 448.2 0.5 39.2 171.8 37% 8.2 24.1
7 19 16 | 397.6 4.6 36.9 | 138.1 34% 8.6 25.5
8 21 18 | 362.9 9.2 354 | 117.6 31% 6.5 25.9
9 19 19 | 518.4 5.9 329 | 207.1 33% 10.9 28.6
10 16 15 | 390.7 10.8 285 | 137.3 28% 9.2 29.9
11 13 11 | 297.8 23.4 24.8 84.0 22% 7.6 40.8

A production system with equipment capable of a high rate is only one aspect necessary

for high productivity, minimising delays such as non-standard process, rework,

breakdowns, stop-starts and ensuring as little standby time as possible are also very

important.

4.3.4.5 Summary of roadway development delays

>

The average process utilisation for roadway development was only 32% or 117

days over one year (366 days).

78% of the development stoppage was due to labour availability (weekends

and holidays), panel extension and maintenance work. Equipment downtime

only contributed a small proportion of the total delay time.

The minor delays were equally distributed after the top10 delays.
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4.3.5 Fitting statistical distributions

In order to use the recorded data as input for the simulation model, Expert-fit was used
to fit the data with a statistical distribution that could be used by Flexsim®. For the
model input, two data sets must be fitted with statistical distributions, namely the
equipment process capacities (process time and output rates) and the delay time. Process
capacities given for coal mines, are usually average values or maximum values, such as
the coal clearance capacity of the AFC. Some other process capacities, such as the

shearer speed and time to complete a support operation, are very hard to collect and

estimated values are required for input to the simulation model.

4.3.5.1 Fitting statistical distributions to longwall delays and operating time

Figure 4-17

and Figure 4-18 show the fitting results of the longwall operating time and

delay durations.
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Figure 4-17 Distribution of longwall operating time

76




0.81

064

048
Relative Evaluation of Candidato Models

Relative
E Model Score Pacometers
1- Inverse Gaussian 10000 | Location 0.00000
0.32 Scale 136.57433
Shape 34.85154

B Original Data

0.16
B inverse Gaussian

0.00

83.00 893.00 1,703.00 2,513.00 3,323.00 4,133.00 4,943.00 §,753.00
Interval Midpoint

Figure 4-18 Distribution of longwall delay durations

The longwall operating time can be represented in a Flexsim command as gamma(1.0,
74.272, 1.291, <stream>) and the delay time as inversegaussian(0.0, 136.574, 34.852,
<stream>). These two functions are both continuous distributions and return continuous
numbers. For example, the inversegaussian function returns real numbers between 0 and
160 at a possibility of about 80% when executed. However, as Figure 4-18 shows, there
is a long range of large values which have almost no chance of occurring and indeed,
they are not covered by the geometric distribution, so values larger than 2000 must be

considered separately as model input.

4.3.5.2 Fitting statistical distributions to roadway development delays and operating
time
The results are depicted in Figure 4-19 and Figure 4-20 using the data from the

combined data from the three development units.
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Figure 4-19 Distribution of roadway development operating time
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Figure 4-20 Distribution of roadway development delay durations
The operating time can be represented in a Flexsim command as lognormal2(0.0,
56.647, 1.012, <stream>) and the delay time as inversegaussian(0.0, 193.015, 37.646,

<stream>), lognormal2 is also a continuous distribution.
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4.4  Chapter summary

This chapter discussed delays and production data sourced from two longwall coal
mines. A detailed statistical analysis was also discussed to highlight the modelling
features for longwall mining systems, while data for model design, input and validation
was categorised. In those mines analysed, only around 30% of total calendar time was
utilised for production activities in the longwall face and the roadway development
units. A significant amount of time was lost due to delays and other non-productive

activities, this must be considered when modelling the total longwall system.
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5 DEVELOPMENT OF A LONGWALL PRODUCTION MODEL

This research thesis is expected to provide the coal mining industry with a simulation
tool that can map, manage, monitor and improve the performance of longwall mining
and gateroad development. This chapter describes how the longwall model was
constructed and used to simulate and analyse a longwall face production system. This

model can be configured for most standard longwall configurations in Australia.

5.1 Longwall mining system

5.1.1 Elements of the longwall simulation model

Simulating a longwall production face includes the mining process, the flow of coal,
machine interactions and delays. The main longwall mining process and associated
delays are:
»  the shearer cutting coal from the coal seam and loading it onto the AFC;
» the AFC conveying coal to the BSL which conveys it to the outbye belt
conveyor,;
»  the powered supports pushing the AFC and self-advancing ;
»  outbye services (such as breaker feeder and conveyor);
»  face operations (shearer turn around, pick replacement, section flitting, floor
cleaning);
»  breakdown time and other delays.
The other salient features of the shearer, AFC and powered supports from a modelling
perspective are discussed below:
»  the shearer is a combination of a transporter and processor as it travels along

the rail and cuts coal simultaneously. As a transporter it has speed, acceleration
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and deceleration, but as a processor it has cutting and loading rates that are also
dependent on its speed. Moreover, the shearer stops when the AFC is
overloaded or is waiting for slow support operations;

the AFC is a special chain conveyor that is loaded by the shearer, which means
the loading position depends on the position of the shearer. The loading point is
where the shearer is located at any given instance, but it changes dynamically
as the shearer travels along the AFC. The shearer stops if the AFC is
overloaded and resumes when the coal is pulled away from the loading
position;

the powered support supports the roof, pushes the AFC forward after the
shearer passes and then they sequentially pull themselves forward. If the
shearer travels too quickly and the support operation is slow, an expanse of
roof is left unsupported, so the shearer stops;

there can be more than 100 supports, but only those near the shearer (within
one to two supports) are activated at any time, which means the activated
supports are dynamically changing as the shearer is moving. In the model,
whenever a support finishes its operation, it sends a message to the next
support depending on the direction the shearer is travelling;

the coal is also a special object in that it is discrete to some extent but may be
considered to act as a fluid when being cut, loaded and conveyed. In this model
it is treated as a flowitem as defined in section 3.5.2.1, with a label indicating
the amount of coal it represents and the value of this label used to set up the
length of the 3D flowitem. In this way, when the shearer intends to load coal

onto the AFC, two values are used to determine whether the AFC is
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overloaded; one is the position of the shearer and the other is the end position
of the last piece of coal. The amount of coal is calculated by the shearer offset
between two refreshments, the longwall face height, the cutting depth, density
and percentage of coal. If the end position of the last piece of coal is greater

than the end position of the shearer, it means the AFC is overloaded.

5.1.2 Shearer cutting sequences

There are usually four cutting methods and sequences used on longwall faces. They are

as follows (Mitchell, 2009, Nienhaus, et al, 2012):

bi-directional cutting sequence: Figure 5-1 shows a typical bi-directional
cutting sequence characterised by two sumping operations at the face ends in a
complete cycle that comprises a forward and return trip. The whole longwall
face advances the equivalent of two web distances by the completion of each
cycle. The leading drum of the shearer cuts the upper part of the seam while the
rear drum cuts the bottom coal and cleans the floor. The main disadvantages of
this method are considered to be the unproductive time resulting from the face
end activities and the complexity of the operation. Therefore, the trend in recent
years has been to increase the face length to reduce the relative impact of

sumping in favour of a longer production time;
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Figure 5-1 Bi-directional cutting sequence
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uni-directional cutting sequence: Figure 5-2 shows a typical uni-directional
cutting sequence (a, from the end of the face or b, from the middle of the face).
Unlike the bi-directional method, the shearer cuts the coal in only one direction
when in uni-directional mode, as the name implies, and on the return trip, coal
on the floor is loaded and the floor is cleaned. The haulage speed of the shearer
on the return trip is restricted only by the operator’s movement through the
longwall face or the haulage motors in a fully automated operation. The sumping
procedure starts near the main gate, as shown in part a of Figure 5-2, while part

b shows the sumping procedure commencing in the middle of the face.
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Figure 5-2 Uni-directional cutting sequences

The low machine utilisation that results from cutting just one web per cycle is
the main disadvantage of the uni-directional cutting sequence and the flow of
coal can be quite irregular depending on where the shearer is in the cycle;

half web cutting sequence: The main benefit of the half web cutting sequence
is a reduction of unproductive times in the mining cycle, which results in high
machine utilisation. This is achieved by cutting only a half web in mid face with
bi-directional face end sequences. The full web is mined at the face ends, at

lower speeds, because half web cutting enables faster shearing in both directions
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in the largest part of the face length. Apart from higher haulage speeds, the coal
flow onto the AFC is better balanced in both directions;

half/partial-opening cutting sequence: The advantage of the half or, more
precisely, partial-opening cutting sequence is that the face is extracted in two
passes. The upper and middle part of the seam is cut during the pass towards the
tailgate. On the return trip the bottom coal is mined with the advantage of a free
face and a smaller proportion of the leading drum cutting coal, which restricts
the haulage speed less due to the lower specific cutting energy required. The
shearer sumps in mid seam near the main gate to the full web without invoking

unproductive cycle time.

The unique features of this cutting sequence are:

the shearer travels backwards and forwards along the AFC such that a full back
and forwards travel is a cycle;

in each cycle the shearer cuts one web (uni-directional, half web and partial web
sequences) or two webs (bi-directional) of coal;

in each cycle the shearer has various events where the travel distance, speed and
amount of coal sheared vary. For example, during the sumping stage (when the
shearer is being positioned ready to take the next cut) the shearer does not cut
the full width of the web and travels at a relatively low speed; in some stages the
shearer travels back without cutting coal;

in some situations the shearer can also be stopped or slowed down because the
AFC has blocked, machines have broken down or manual advancement of a

section of the support system is necessary.
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5.1.3 Modelling features of longwall delays

Delays can be categorised into those that happen at a certain frequency, called regular
delays and those that happen randomly, called random delays. Regular delays can be
modelled and integrated within the main operation logics, whereas random delays need
to be modelled using the MTBF/MTTR module of Flexsim®.
Regular delays can also be divided into three categories:
. delays associated with certain activities, e.g. shearer turns around whenever it
arrives at a face end;
ii. delays associated with production (per coal output or longwall advancement),
e.g. service retraction when the longwall retreats a certain distance;
iii.  delays associated with time (delays that occur after a certain period of time -

minutes/hours/shift).

5.2  Modelling the physical process

5.2.1 Modelling the longwall equipment using Flexsim objects

Objects in Flexsim® simulate different types of resources. Items of longwall equipment
are examples of resources that can be represented by Flexsim objects, such as the AFC,
the shearer or plough, roof supports, the BSL and the conveyor. However, because
producing coal has some unique features, the production and flow of coal cannot be
represented by normal dragging and connecting the input ports and output ports of these
objects in Flexsim®. For the longwall simulation model, which is intended to be a
general purpose platform, the objects should be easy to re-use and so extend the

functionality.
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5.2.1.1 The working face

The working face is a visual object in Flexsim®. Visual objects are usually used to
display views of working environments or facilities that don’t have any functionality,
but in reality, the working face is not actually an object or a resource, it is a place where
coal is mined. In this model the working face is shown as a floor that carries the
longwall equipment. As Figure 5-3 shows, the machines on the working face are the
AFC, the supports, the shearer, the BSL and a buffer. The buffer is a concept object to

be discussed later.

B Kworking_face Object
@Buffer Object
QAFC Object

: ; , S o e v
gsupport_contamer Object B working_face RIS SR R
3Shearer Object

gbridge_loader Object

Figure 5-3 Tree and 3D view of the working face

The working face is more than just a visual tool. Firstly, most of the longwall equipment
is on the working face and it can advance together with the equipment when the shearer
completes cutting one web. Secondly, the labels of the working face are used to hold
global variables of the longwall such as its length, width and height (Table 5-1).
Thirdly, the “on reset trigger” of the working face is used to initialise the longwall
simulation parameters and the “on message trigger” is used to coordinate some of the

global functions.
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Table 5-1 the label variables of the working face

Label name

Description of the variable

longwall_length

Length of longwall (m)

longwall_width

Width of longwall in metres

longwall_height

Height of longwall in metres

cutting_depth

Cutting depth in metres

coal_density

Coal density in tonnes/m®

animation_front cannopy

Time to flip back the front canopy (s)

animation_push

Time in seconds to push AFC for each
support unit

animation_advance

Time in seconds to advance each support unit

ahead_stopped_support_rank

Index of stationary support in front of shearer

rear_stopped_support_rank

Index of stopped support at the back of
shearer

init_support_num

The number of supports to operate before the
shearer starts cutting.

shearer_stop_webend

Set to be 1 when shearer is stopped at the end
of a cycle waiting for other operations

back cut_coal

Whether the shearer cuts coal when it comes
back from the first half of cycle. 1 means cut,
0 means no.

total_supports

The total number of supports, this is auto
calculated and set by the width of longwall
and supports.

5.2.1.2 The shearer

The shearer has the properties of the transporter and processor as it travels along the
rail and cuts coal simultaneously. Flexsim® does not have an object that can simulate
both the shearer’s functions, so a Task Executer was customised for the purpose of
modelling a shearer. The Task Executer is usually used as a transporter in Flexsim®, it
has the properties of maximum speed, acceleration and deceleration, so can be used to
model part of the functions of a shearer. Using a Task Executer to build a customised
shearer in Flexsim® is the easiest way. Coal production was calculated based on the
travel distance, speed of the shearer, the height of the seam, the depth of the web and the

coal density using the following equation.
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coal production (t) =

distance travelled (time * speed, m) * seam height(m) * web depth(m) * coal density(mLA?’)

5.2.1.2.1 The graphic and animation of the shearer

The 3D graphics were built using Google SketchUp. For a simulation model, it is not
necessary to build a 3D graphic with detailed information. Removing excess polygons
and leaving only the main features of the shearer improves the visual performance of a
model. Figure 5-4 shows a shearer with five parts: the shearer body, front and rear
cutting drums and front and rear arms. Spatial properties such as the location, size and
direction can be set and changed through the property window of the shearer and can be

referred to by using the Flexsim script.

Figure 5-4 3D graphic of the shearer

To change the shape of an existing object, follow the steps below:
i. go to the General properties page of an object;

ii.  select the 3D file you want to import into the 3D shape field,

iii.  scale the imported object by changing the shape factors in Flexsim®;

iv.  to hide the default 3D view of the Task Executer, the “return 1;” code should

be written in the custom draw code trigger of the shearer.

However, this method only supports a 3D shape as one unit and no separate parts of that
unit can be moved individually, i.e., the parts of the imported 3D shape cannot rotate or
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move separately, hence customised animations cannot be applied to a 3D object
imported in this way.

To build the animation of the imported 3D shearer, go to the General properties page of
the shearer and use the edit button under Visuals/Animations. This displays the GUI of

Animation Creator (Figure 5-5).
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Figure 5-5 Animation creator in Flexsim® of the shearer

First, import the parts of the shearer. The five parts of the shearer were saved separately
in .skp format from Google SketchUp and were divided into three levels, with the body
as the first level, the arm the second level and the drum the third. The lower level parts
move and rotate with the upper level parts, while the upper level parts keep relatively
still when the lower level parts move or rotate. For example, when the drums rotate, the
arms and the body won’t rotate; but when the body moves, the arms and drum move
with the body. 3D shapes can be imported using the button under the Shape editing area

while highlighting each part.
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The locations, scales and directions may not be correct when first imported, even
though everything looked perfect in SketchUp when it was saved. To set them properly,
change the values through the left panel of Creator. It is most important to set the
reference points (axes) of the arms and drums, because they are the reference points
when the arms and drums rotate. The reference point should be in the middle of the
drum, but at the end of the arm. When all these parameters have been set properly, use
the Save Base Positions button to save these parameters.

In Flexsim® the animations are made up of key frames. Key frame is a terminology used
in animation and filmmaking; it is a drawing that defines the start and end points of any
smooth transition. In Flexsim®, key frames are the important states of an object, such as
the location, direction and the scale. Flexsim® users can use the animation creator to
create the key frames of a sequence and then Flexsim® fills in the gaps. For example,
smoothly translating the object from the start point to the end point is defined by two
key frames. There are two animations for the shearer, the ranging arms and the rotating
drums (cutting coal), while travelling animation is achieved using Flexsim® Task
Sequence. The arms have two different positions when travelling and cutting along the

longwall face, forward cutting and backward cutting (Figure 5-6).

Figure 5-6 Shearer cutting direction with different arm positions

Steps to add rotating drum animation when forward cutting:

90



I. use the button ||£||of Animation Creator to add a new animation and call it
forward_cutting;

ii.  set the shearer as shown on the left of Figure 5-6, drag the time line to time O,
then use Add Keyframe button to add the starting key frame;

iii.  drag the time line to time 3, change the RY (direction in Y axis) value of the two
drum parts to be 180, then use Add Keyframe button to add the ending key
frame;

iv. choose the Repeat Type to be Repeat Indefinitely. When the animation
commences the two drums rotates continuously until they are stopped.

Animating the rotating drums when cutting backwards can be set by following the same
procedure.

Animating the ranging arms means to change the positions of the arms from those
shown on the right to those shown on the left of Figure 5-6 and vice-versa when the
shearer reaches the end of a cut. The steps used to set these animations are similar to the
rotating drums, by setting two key frames with different RY values, but the Repeat
Type to be chosen is Do Not Repeat.

To run an animation the startanimation() and stopanimation() cOmmands are used as
start and stop triggers. In the model, the animations are referred to by their rank values.

For example,
startanimation (current, 1, 2,getlabelnum(face,7));

This starts the first animation of the current object where the animation type is 2. This
type of animation runs for the period of time that was stored in the 7" label of

working_face object.

5.2.1.2.2 The shearer cutting sequences
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The cutting sequence of the shearer differs from mine to mine so a flexible model that
can be configured to suit various conditions was developed. The key to the model logic
is a table that can be modified by the user to reflect the cutting sequences of any
operation. Table 5-2 shows the configuration of a bi-directional cutting sequence based
on an eight-step cutting operation. In this example the face width was 250 m and shearer

length was 13 m. The shearer’s steps are illustrated in Figure 5-7.

Table 5-2 Bi-directional cutting sequence based on an eight steps task

(face width= 250 m, shearer length = 13 m)

Target |Target Acc  |Dec |Endspeed |Delaytime |Web coal |Face end
offset m |Speed m/s m/s® |m/fs’ |m/s tostarts [tocut% |Yes/No
step 1 30 0.15 0.1 0.1 0 120 50 0
step 2 -30 0.15 0.1 0.1 0 120 50 0
step 3 30 0.35 0.2 0.2 0.2 120 0 0
step 4 207 0.15 0.1 0.1 0 0 100 1
step 5 -30 0.15 0.1 0.1 0 120 50 0
step 6 30 0.15 0.1 0.1 0 120 50 0
step 7 -30 0.35 0.2 0.2 0.2 120 0 0
step 8 -207 0.15 0.1 0.1 0 0 100 1
) Q‘:e_dl
5
3 > Q:O 4 %71
O—

Figure 5-7 Flow chart for bi-directional cutting sequence

The eight steps of the shearer provided in Table 5-2 may be summarised as follows:
step 1: cut half of the web for 30 m, this is the first half of the sumping stage; but
before this step starts there is a 120 seconds delay;
step 2: stop and swap the cutting arms with a 120 seconds delay, travel back and
cut the remaining 50% of the 30 metres of coal web;
step 3: stop and swap the cutting arms with a 120 seconds delay, travel back at a

higher speed without cutting to where it stops at Step 1;
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step 4: start cutting the full web without any delay until the end of web;

step 5-8: repeat Steps 1-4 the other end of the face.

Table 6-2 is flexible so that it is possible to configure any prospective cutting sequences
and longwall width, by adding or removing rows and editing numbers. In each step, the
target offset, speed, acceleration, deceleration and the ‘step-end’ speed of the shearer

can be changed. The percentage of the coal web to cut and the delay to start each step

are also configurable.

A uni-directional cutting sequence based on four-step tasks is presented in Table 5-3 for

a 250 m face width and 13 m shearer length.

The steps, also illustrated in Figure 5-8, are:

step 1: swap cutting arms with a 120 seconds delay and then cut half of the web

step 2:

step 3:

step 4:

for 30 metres;

coal;

step 2 start position without cutting, at a higher speed;

at a lower speed.

Table 5-3 Uni-directional cutting sequence based on a 4-steps task

continue to travel along the face to the end while cutting the full web of

stop and swap cutting arms with a 120 seconds delay, travel back to the

start cutting the coal left by Step 1 without any delay till the end of web,

Target Target Acc Dec |Endspeed |Delaytime|Web coal |Face end

offset m |Speed m/s |m/s® |m/s® |m/s tostarts [tocut% |Yes/No
step 1 30 0.15 0.1 0.1 0 120 50 0
step 2 207 0.15 0.1 0.1 0 0 100 1
step 3 -207 0.35 0.2 0.2 0.2 120 0 0
step 4 -30 0.15 0.1 0.1 0 120 50 1
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Figure 5-8 Flow chart for uni-directional cutting sequence

The Flexsim script for a generalised cutting sequence is provided below:

for(inti = 1; i <= gettablerows(tasktable); i++) /loop through the task table

{

xoffset=gettablenum(tasktable, i, 1)+xoffset;

/1 the shearer location after this step= current shearer’s position + new offset of the i step (row) of the table

inserttask(ts, TASKTYPE_SENDMESSAGE,current, current, 4,i,0);

/] stage i starts

inserttask(ts, TASKTYPE_SETNODENUM, maxspeed, NULL,
gettablenum(tasktable,i,2)*shearer_speedindex);

/I set new target speed of the shearer

inserttask(ts, TASKTYPE_SETNODENUM, acceleration, NULL, gettablenum(tasktable,i,3)) ;

/I set new target acceleration of the shearer

inserttask(ts, TASKTYPE_SETNODENUM, deceleration, NULL, gettablenum(tasktable,i,4)) ;

/I set new target deceleration of the shearer

inserttask(ts, TASKTYPE DELAY,NULL,NULL, executestring(gettablestr

(tasktable, i, 6),NULL,NULL,NULL),1 );

/I delay time previous to start cutting

inserttask(ts, TASKTYPE_SENDMESSAGE afc, current, 1,i,gettablenum(tasktable, i, 7));

/I message to AFC, stage i starts cutting coal. AFC starts to receive coal

inserttask(ts, TASKTYPE_MILESTONE, NULL, NULL, 1);

/I add a milestone tag, in case a breakdown happens, shearer resume dispatching tasks from here.

inserttask(ts, TASKTYPE_TRAVELTOLOC,NULL, NULL, xoffset,-4.2,0,gettablenum(tasktable,i,5));

/I travel to target location

inserttask(ts, TASKTYPE_SENDMESSAGE afc, current, -1,i,gettablenum(tasktable, i, 7));

/I message to AFC, stage i finished cutting coal, stop receiving coal

I/ there is a logic to check whether this step is end of web or not when AFC receives this message

}

inserttask(ts, TASKTYPE_SENDMESSAGE,current, current, 4, gettablerows(tasktable)+1,0);
/I message to shearer, cycle finished, prepare to repeat cycle

inserttask(ts, TASKTYPE_SENDMESSAGE afc, current, 1,0,0,10);

/I message to AFC, ready to start next cycle

dispatchtasksequence(ts);

5.2.1.3 The AFC

The AFC is a customised Basic Conveyor object in Flexsim®. The unique feature of an

AFC is that the loading position is where the shearer is located and it changes as the

shearer travels. The basic conveyor does not have conveyor functions to receive, convey

and release a flowitem, so the code must be modified to do so. The three functions were

coded in three triggers:

i. AFC OnMessage trigger: When the AFC receives a message indicating to

receive a flowitem, the code receiveitem(current) executes. There are two
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cases where this kind of message is sent. One is when the shearer starts cutting
and the other is when an item (a piece of coal object) is loaded onto the AFC;

AFC OnEntry trigger: Whenever coal is loaded onto the AFC, it is loaded
where the shearer is located and the AFC starts to convey the item to the end of

the AFC at a specific speed. The Flexsim script for implementing this is:

treenode shearer=next (next(current));// pointer to the shearer
double position=xloc(shearer);//position of shearer

double speed=getnodenum(node (">variables/speed", current));//afc
speed

double

shear_speed=gettablenum(label (shearer,?2),getlabelnum(shearer,3),2);
//shearer speed

double
direction=sign(gettablenum(label (shearer,2) ,getlabelnum(shearer,3),1
)

//get direction of the shearer

setloc(item,position,yloc(item) ,hzloc(item));//set location of coal
on AFC

bcsetitemconveystate (current,item,position, speed, speed,0) ;

// AFC start to conveyor coal

When coal is loaded onto the AFC at a rate which matches the AFC speed, the
AFC then starts to receive another piece of coal. If the rate of loading is higher
than what the AFC can handle, the AFC is considered to be overloaded and will
not receive new coal. This is detected by the difference in location of the shearer
and the last piece of coal. When this difference in location is greater than a fixed
number, the shearer stops, otherwise a message is sent to the AFC itself to
receive another piece of coal. Before receiving the locations, the shearer’s
location should be updated using command updatelocations;

AFC Decision Point OnCover trigger: The AFC Decision Point is set at the end
of the AFC. It is like a sensor to check whether or not an item enters the point,
so whenever it is fired, the item being detected is stopped and then released. The

main code is as follows:

bcsetitemconveystate (current, item,position, 0,0,0);
releaseitem(item) ;
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5.2.1.4 The powered supports

There can be more than 100 supports on a longwall face depending on the width of the
face, so it would be an extremely arduous job to set up the supports one by one,
especially when the model aims to provide for general use to suit many scenarios of
longwall configurations, including different longwall widths. A good way to solve this
difficulty is to use a loop structure in Flexscript to duplicate support units and set

appropriate locations for each support.

5.2.1.4.1 The original support unit

The idea is to build a fully functioning support and store it under the attribute tree of a
working_face object, Figure 6.9. Objects stored in the attribute tree do not show in the
3D environment, but can be duplicated to normal nodes outside the attribute nodes and

work as normal objects.

@|wnrking_face pbject
{0 1. dasses
{0 2. superdasses
{3, variables
{04 behaviour
(5. visual
{6 spedial
(7. spatial
(8. labels
{39, connections
{0y 10, events
O 11. stats
{012, stored
;313. supportd Object

Figure 5-9 The original support stored in the working_face attribute tree and its 3D
graphic

The support is a Visual Object in Flexsim®. The top part of the support has been made
transparent to make the shearer visible when fully covered by the supports. The supports

communicate with adjacent supports and other equipment such as the shearer by
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sending and receiving messages at key trigger points, e.g. when the shearer is a set

distance beyond a support, initiate support advance.

5.2.1.4.2 Animating the support

The support has five different animations in the model that are created using the same
method as for the shearer (Figure 5-10). These animations have been simplified and are
as follows:
I. init_position: goes to initial position whatever the previous position was;
ii.  push_advancing_ram: push the AFC;
ii.  self_advancing: lower, advance and raise the support;
iv.  push_front_canopy: stretch out the front canopy;

v. retract_front_canopy: retract the front canopy.

" Animation Creator (Beta) = | B ﬂ
[ ()8 ][=)[«=) [ ][ » ] [saveBasePositons |(GoTo Base Positions | (Add Keyframe ] Update Keyframe | [Delete Keyframe
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"
Shape support_push.skp  [1..]
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Figure 5-10 Animation creator in Flexsim® of a support
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In order to enact these animations, the support was separated into four parts: the front

canopy, the top part, the base part and the advancing ram; these parts were saved

separately and imported into Flexsim® through the Animation Creator.

5.2.1.4.3 Setup of a longwall support system

Whenever the model is reset, a number of supports (copies of the original support) are

duplicated to correspond to the new width of the longwall face, stored under the

support_container node and set up along the longwall face. These steps are as follows:

Vi.

reset the model after configuration;

in the OnReset trigger, codes are executed to set the new width of the longwall,
the new length, the output port location of the AFC and new location of the
BSL;

calculate the number of supports on the new longwall face;

width of longwall face

Numb f ts =
Hmber of supports width of support + gap between supports

delete all existing supports if any;
create the number of new copies of the original support with the following
statement:
createcopy(support0,support_container);
Set the locations of each new support relative to the working face, the x-axis

location is calculated as follows:

x_axis offset = rank among all supports * (width of support + gap between supports)

The Flexsim code to set the supports are provided below:

setnodenum(spatialsx(current),width_lonwall);

/I set width of working face
setnodenum(node("/1/1/1",afc_variable),width_lonwall+3);

/I DecisionPoint, set outport position of AFC (a basic conveyor)
setnodenum(node("/sections/1/2" afc_variable),width_lonwall);
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Il set AFC length
setloc(node("/bridge_loader",current),width_lonwall+2,-3.5,0);
[ initial location of beam_stage loader, relative to working_face

int current_number=content(support_container);

/I current number of supports

double width_support=xsize(support0)+getlabelnum(support0,1);

[/l width of support = the width of 3D support + gap between supports
int final_number= width_lonwall/width_support;

/I new number of supports of new longwall

for (int i=1; i<=current_number; i++) // delete all existing supports

{
destroyobject(last(support_container));
}
for (int i=1; i<=final_number; i++) // create new supports for new longwall
{

createcopy(support0,support_container);
// copy object “support0” into support container, support0 is a pre-built
/I object with functions hidden in the attribute node of working_face

}

for (inti = 1; i <= final_number; i++)//set locations of all new supports
setloc(rank(support_container,i),(i-3)*width_support,3.4,0);
/'locations are relative to working_face

}

The lines of code were written in the OnReset trigger of the working_face object and

were executed when the model was reset. The results are as shown in Figure 5-11.

3, support_containerObject
31. supportd2684  Object
32. supportd2685  Object
&3. supportl2686  Object
34. supportl2687  Object
35. supportl2683  Object
&6. supportl268%  Object
&?. supportd2690  Object
HAp8. support02691 Object
39. supportd2692  Object
310. support0 2693 Object
ﬂll. supportd2694  Ohject
312. supportd2695  Object
&13. supportd26%96  Object
Fp14. supportd2697  Object S s ssaannn
&15. supportd2698  Object
O 16, supportd 2699 Obiect |

Figure 5-11 The duplicated supports in tree view and 3D view

5.2.1.4.4 Communications between supports
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The functions of the supports are all written in the OnMessage trigger which is operated
by receiving messages and sending messages to other objects or itself. When the support
receives a message it is known as an active support and when the active support has
finished its animation, it sends a message to the support next to it depending on the
direction of the shearer. If the shearer travels from the tailgate to the maingate
(forward), the next support is the one next to it in the sub-list of support_container; if
the shearer travels from the maingate to the tailgate (backwards), the next support is the

one previous to it in the sub-list of support_container. The script is provided below.

if (getlabelnum(shearer,6) && getlabelnum(face,14))
// backward and cut coal
nextsupport=prev (current) ;
else if (!getlabelnum(shearer,6) && getlabelnum(face,14))
// forward and cut coal
nextsupport=next (current) ;

The senddelayedmessage cOmmand has six parameters - to object, delay time, from
object and three value parameters. The information contained in the parameters can be

referred to when the “to object” receives the message. For example,

senddelayedmessage (current,getlabelnum(face, 8),current, 3) ;

This example is in case 2 of the support OnMessage trigger, which sends a message to
itself from the current object. The support receives the message after the time that was
stored in the 8" label of the working_face as getlabelnum(face,s). This message
requires the input parameter ‘3°, and when the support receives this message, case 3 of
the Switch is executed.

The support OnMessage trigger has one switch structure with six cases, the structure

and functions are provided below:

switch (msgparam(1l))
{
case -1:// Sender: case 4
//backward, start first n supports (retract front canopy).
{
Code block;
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}

case 0:// Sender: working face OnMessage (when model starts).
//farward, start first n supports (retract front canopy).

{

}

case 1:// sender: case -1, case 0, previous support and AFC OnEntry

trigger

}

In the support OnMessage trigger, the active support and shearer locations are assessed
and compared to check whether they are close to each other. The supports’ locations are
fixed, but the shearer’s location changes all the time when travelling and cutting, So its
location must be updated using command updatelocations before being assessed
because with the discrete event features of Flexsim®, the locations of objects are not
updated continuously but at a certain frequency. By using updatelocations, the
location value returned is exactly where the shearer is at the time it is assessed.

Case -1 and case 0 are used to initiate the supports when starting to cut coal and to
retract the front canopy to let the shearer go through. If the shearer goes forward, then

the support animation goes in a descending order commencing from the first support of

break;

Code block;
break;

// start animation of front canopy and send message to next

support

{

}

case 2:// sender: the previous support and the AFC OnEntry trigger

{

}

Code block;
break;

// start pushing AFC animation

Code block;
break;

case 3:// sender: case 2. Start advancing support,

{

Code block;
break;

case 4:// sender: case 3.

}

// the current support has already complete its operation,

Code block;
break;

default: break;
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the sub-list of the support_container, but if the shearer goes backwards then it goes in
an ascending order from the last support.

Case 1 is to start retracting the front canopy during the normal stage of shearer cutting.
If the active support is far away from the shearer, the support stops and waits until the
shearer gets close. To implement this, firstly obtain the distance from this support unit
to the shearer based for whichever direction the shearer is travelling. Then if the
distance is too large (more than 2 supports away), keep a record of this support and
break out of the loop, the support remains motionless and the animation is put on hold.
When a message with a parameter of 1 is assigned, the process restarts. This message is
sent by the AFC OnEntry trigger when an item of coal enters the AFC, which then
signals the shearer to update its location. If the shearer is close to the support, then the
support starts retracting the front canopy and, when the animation finishes, sends a
message with the first value parameter of 1 to the support next to it. That next support’s
case 1 is then fired.

Case 2 is to start pushing the AFC when the shearer passes the active support. There are
several considerations for this case based on the distance from the shearer to the active
support:

i. The shearer has stopped at the end of the face: start pushing the AFC until the
last support has been reached, regardless of the distance between the shearer and
the active support;

ii.  The shearer is far away from this support: start pushing the AFC and stop the
shearer to wait for the support operation;
iii.  The shearer is too close to the support: stop the support operation to wait for the

shearer and keep a record of this active support for the purpose of resuming;
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iv.  The shearer is within normal distance from the support: start the support
operation.

Case 3 refers to the support advancing operation which also pushes the AFC. When the
animation is completed, it sends a message to the active support itself with a parameter
value of 4 to fire case 4.
Case 4 is when the active support completes its operation. If the active support was at
the end of the face, then start a new cutting cycle if the support is the first one in the
supports list or start the other half of the cycle if the support is the last one in the
supports list. Otherwise, send a message of value 2 to the next support, to activate the
next support.
The following script is part of case 4 of the support OnMessage trigger, including

detailed comments. The script shows how a new cycle starts.

else if (current_rank==1)
/I new cycle if the support is ranked the 1%, current_rank is the index of the active support
{
setlabelnum(face,11,current_rank);
I keep record of this active support
setlabelnum(face,13,0);
/1 0 means the first half of cycle, 1 means the other half
setlabelnum(shearer,6,0);
/10 means shearer is going forward, 1 means backward
for(int i=1; i<=total_support; i++)//reset support position
{
startanimation(rank(up(current),i),4);
Il the 4™ animation is the initial position of supports

if (1getlabelnum(face,14)) // the 14" label value is 0, shearer starts offset without cutting

setlabelnum(face,10,0);// no support stoped ahead of the shearer
setlabelnum(face,11,0); // no support stoped behind the shearer

/I AFC onentry trigger, support animation is not activated //if these value are 0
resumeobject(shearer,20000);

I/ start the shearer to execute tasks (without cutting)

else // the value is 1, start support animation, then start cutting

double cutting_depth = -getlabelnum(face,4);
treenode longwall_conveyor=outobject(last(up(up(current))),1);
treenode

longwall_conveyor_length=node("/sections/1/2" variables(longwall_conveyor));
inc(spatialx(longwall_conveyor),cutting_depth);
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/Iset new conveyor location

inc(label(face,1),cutting_depth);

/I set new longwall length — web depth

inc(spatialx(face),cutting_depth);

/lset new face location, moving forward by one unit of web depth

int init_num_support=getlabelnum(face,12);

for (int i=1; i<=init_num_support; i++)

[Istart first n supports, after these initial animations, the //shearer starts cutting

{

senddelayedmessage(rank(up(current),i),getlabelnum(face, 7)*i,
face,0,i,init_num_support); //init support animation

}
5.2.1.5 The buffer and the coal item

In Flexsim® the Source object usually generates flowitems, but to control the model
logic, a Queue object is used instead of a Source object and it is called a “buffer”. A
buffer is not a real object, it is used to generate a special object, in this instance, coal.
Whenever the buffer receives a message, an item of coal is inserted into the buffer. The

code in the buffer OnMessage trigger is provided below:
insertcopy (node ("/1/2/10/1",model ()),current);//insert coal item

The command node ("/1/2/10/1",model () ) refers to the customized coal item in the

Flowitem Bin of Flexsim® (Figure 5-12).

7 Flowitem Bin E=REEE

Box

Cylinder

Sphere
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Person
TaskExecuterFlowltem

[New Item] [Delete Item] I Properties ] l Close ]

Figure 5-12 The coal item in the Flowitem Bin
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The coal object is discrete to some extent but may be considered to act like a fluid when
being cut, loaded and conveyed. In the simulation model it is treated as a flowitem, with
a label indicating the amount of coal it represents. When the shearer starts to execute
tasks that indicate it is cutting coal, the buffer starts to release the coal object onto the
AFC where the shearer is located. And whenever coal is loaded onto the AFC, the AFC
sends a message to the buffer to load another piece of coal. The amount of coal for each
coal flowitem is the product of the shearer offset since the last piece of coal was
released, longwall face height, cutting depth, coal density and the coal percentage (a
percentage of coal defined by web depth, seam height and distance travelled) in the task
table.

As the coal enters the buffer, the following codes in the buffer OnEntry trigger are

executed:

treenode shearer=centerobject (current,l);//pointer to the shearer
updatelocations (shearer);// update shearer's location before getting it
double position=xloc (shearer);// get the shearer's location
double coal been cut=fabs(position-
getlabelnum(current, 1)) *getlabelnum(current,3); //coal since last entry
if (coal been _cut)//coal been cut not 0
{
setsize(item,coal been cut,1,0.3);
// set the size of coal based on the amount
setlabelnum(current, 1l,position);
// setlabelnum, keep record of shear position
inc (label (current, 2),coal been cut);
// increase the total amount of coal stored in the 2nd lable of AFC
moveobject (item, next (current));// move the coal onto AFC
}
Else // no coal been cut
{
recycleitem(item,10);//recycle the coal item since no coal been cut
senddelayedmessage (current, 2, current, 1) ;
// tell to insert another piece of coal

}

Figure 5-13 summarises the interactions between the shearer, the AFC and the buffer to

produce coal flowitems.
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Figure 5-13 Flow chart of coal production

5.2.1.6 The longwall maingate conveyor and the beam stage loader

Conveyor objects can simulate the functions of the longwall maingate conveyor and the
beam stage loader, the only issue being that while the longwall model is running, the
longwall conveyor is shortened as the longwall retreats. In Flexsim®, the visual
representation of the length of a conveyor can be changed, however its actual length

does not change dynamically as the model is running (Figure 5-14). The conveyor does

not update its layout (to allow flowitems to move) until the model has been reset.
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Figure 5-14 Illustration of the problem when attempting to change the conveyor length
dynamically while the model is running.

This problem does not significantly affect the production results of the longwall model.
It can be solved by using a basic conveyor in the longwall model, using the same
method as for the AFC and whenever the working face advances, the length of the main
conveyor is changed and the decision point is also changed at the same time.

The beam stage loader is a normal conveyor with three sections (Figure 5-15) and
whose capacity can be set through the conveyor tab of the properties window. The tree
structure in Figure 5-3 shows that the beam stage loader is inside the working face part
of the model, even though it is actually physically outside the working face. This makes
it easier to advance the beam stage loader and the working face when the simulation

model is running.

rfg beam_stage_loader

[Conveyor] Layout lPhom Eyes I Flow I Triggeq

@ Editor View () Table View Initial Z
Conveyor Section Editor

o))

’ section 1

}section 3

Figure 5-15 Beam stage loader
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5.2.1.7 The longwall coal seam block

The longwall coal seam block is drawn by a script written in the custom draw code of
the working_face object. It is represented by a cube with a length, width and height that
corresponds to the width, length and height of the longwall respectively. This data is
stored in the labels of the working face such that the size of the longwall can easily be
changed and displayed dynamically by changing the values of the labels. Another
benefit of using a draw code instead of a visual tool object is to minimise the total

objects in the final simulation model.

//draw longwall coal seam

drawtomodelscale (current) ;

drawcube (0,-5.3,0, getlabelnum(current,?2),getlabelnum(current,1),
getlabelnum(current,3), 0,0,0, 0,0,0, 0.7, 0);

The command drawtomodelscale returns the current drawing scale to that of the model.
After a call of drawtoobjectscale(), the draw code draws 3D objects according to the
model scale. The drawcube draws a longwall coal seam at the location (0, -5.3, 0)
relative to the working face. The three get1abe1num cOmmands obtain the label values of
the longwall width, length and height as the cube width, length and height parameters.

The cube is black, with an opacity of 0.7 (on a grading which changes from clear (0) to

opaque (1)).

5.2.2 The integrated model logic

The effectiveness of evaluating a longwall production system depends on the interaction
between the mining, strata control and coal clearance operations, which correspond
primarily to the shearer, powered supports and AFC (Figure 5-16) of the production
face. The outbye services including beam stage loader and main face conveyor were

also modelled.
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Figure 5-16 The interaction of the machines and operations

Figure 5-17 shows the integrated logic of the interaction between the equipment by

considering the cutting sequence.
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Figure 5-17 The integrated model logic

The objects are put together and linked using the normal Flexsim operation. The coal
flows through the buffer, AFC, beam stage loader, longwall conveyor and the main
conveyor to a Sink object which recycles the flowitems of coal. These objects are linked
through the output port to the input port. The shearer is linked to the buffer using the
centre connect so they only refer to each other when necessary. A screen shot of the

final running model is shown in Figure 5-18.
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Side view

Figure 5-18 A screen shot of the running model

5.2.3 The delays and shift schedule

Within Flexsim®, planned and unplanned delays can be configured using the
“MTBF/MTTR” module and the “Time Table” module (Figure 5-19). The
“MTBF/MTTR” module is a function that defines mean time between failure and mean
time to repair. This module helps to reproduce similar frequencies and durations of
unplanned delays and some planned delays from historical data collected from a
longwall face. The “Time Table” module helps to build time tables such as a shift
schedule and to schedule state changes such as scheduled down-time or maintenance for

specific machines in the model.
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This object is @ member of the following
MTBF MTTR's:

MineProcessPlanned Remove

MineProcessUnplanned

OutbyeServicesUnplanned_short
OutbyeSevicesUnplanned_long

PanelEnginesringUnplanned
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This object is @ member of the following
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e

Figure 5-19 The configuration of breakdowns (MTBF/MTTR) and shift schedule (Time
Table)

Both MTBF/MTTR and Time Table can be added to or removed from an object through
the object’s properties window or through the Tools menu. A parameters window is

used to edit the details of the MTBF/MTTR (Figure 5-20) or the Time Table (Figure

5-21).

¢ MTBE/MTTR Parameters Window (= E [

% Mame PanelProcessUnplanned
- Functions | Breakdowns

First Failure Time -
[By Expression Expression: 57600 Note: The expression may be a con: ]

MTEF
[By Expression Expression: 57600 Note: The expression may be a cons ~ ]

MTTR
[Smﬁstiml Distribution: triangular(600, 6000, 3060, O} - ]

Down Function

[Stop object Execute stopabject(). ID: 1 Priority: O - ]

Resume Function

[Resume object Execute resumeobject(). ID: 1 The resumecbject() cor ]

OnBreakDown

OnRepair _
@] (Lo | [ ok ][ cancel |

Figure 5-20 The parameters window of MTBF/MTTR
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15 Time Table Parameters Window = [ G [eS-]

Mame:  ShiftSchedule

Model Time Table Members
TaskExecuterFlowItem Buffer
Buffer AFC
AFC Shearer
Shearer beam_stage_loader
beam_stage_loader longwall_conveyor
longwall_conveyor ma&in_conveyor
main_conveyaor
m-h.

Rows: 1.000 Time State Duration
Rowl 0,000 12,000 0,000

Repeat Time: 0,000

Add Table to MTEI

Down Function

[Shop ohject Execute stopobject(). ID: 1 Priority: 0 v ]

Resume Function

[ Execute resumeobject(). ID: 1 The resumeobject() command is dass v]

OnDown

OnResume
E’] [ Apply ][ OK ][ Cancel ]

Figure 5-21 The parameters window of a time table

The member objects for each MTBF/MTTR and Time Table module can be selected

from a list of all the objects in the model.

5.3 Customised Graphical User Interface

Besides the default Graphical User Interfaces (GUIs), a customised GUI (Figure 5-22)

to set up the longwall parameters was designed and attached to the working_face object.
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Front 1500 = Support Width:  1.800 =
Push AFC: 2600 = Gap between Suppor 0,200 =
Self_advance 2600 = shearer length: 13,000 =
Caor ) (ox ] (o )

Figure 5-22 Customised GUI of Longwall

The customised GUI was initially developed using the Flexsim GUI builder tools
(Figure 5-23). The completed GUI was then copied and inserted into the variable tree
nodes of the working_face as shown in Figure 5-24. In this way the default
working_face GUI was replaced by the customised GUI and the new GUI can be called

up directly from the working_face object in 3D view.
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Figure 5-23 Flexsim GUI builder tool
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Qyvariables
({Qybehaviour
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(Qydesciption
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HpOK Object
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aCutﬁng Seguence  Object
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Figure 5-24 The variable tree nodes of the working_face

The GUI was built by dragging and dropping controls from the control panel onto the
proposed GUI. The attributes can be added to the controls by selecting attributes one at

a time from the left panel and then dragging and dropping them to the tree view of the
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desired control. Using the longwall length edit control as an example, firstly highlight
the edit control, then select the “hotlink” (Figure 6.3) and drag and drop onto the tree
view. The “hotlink” is used to link a control with a value in the model. The hotlink
attribute node is then added to the longwall length edit control and the value is set as
“@>objectfocus+>labels/1”. The part “e>objectrocus” refers to the objectfocus node of
the GUI, which contains the text value “mMAIN: /project/model/working face”, the text
being a reference to the working_face object in the model. Hence, the hotlink value
refers to the 1% label of the working_face, which is the longwall length. The edit control
shows the longwall length as text in the edit control.

There are four tab controls in the GUI: General tab, Breakdowns Timetable tab,
Cutting Sequence tab and Statistics tab. The buttons at the bottom are the same as the
default Flexsim objects’ properties window, except the Advanced button, which opens
the default setup window of the working_face object (visual tool object). Other
parameters such as the conveyors and the AFC can be accessed through the default
setup window of each object directly from the 3D object.

The General tab has two main parts: longwall parameters and machine capacities.
Longwall parameters are the longwall length, width and height, the cutting depth and
the coal density; machine capacities include the support process time, support width,
gap between supports and the shearer length. These can be built using the GUI builder
with different “hotlinks”.

The Breakdowns Timetable tab is the same as the default Breakdowns tab of Flexsim
objects.

The Statistics tab tracks three items of information: shearer travelling distance, total

coal output and shearer utilisation.

116



The Cutting Sequence tab is used to set up the cutting sequence of the shearer (Figure

5-25) and contains a table with the same format as Table 5-2 and Table 5-3.

| General | Breakdowns Timetable| Cutting Sequence | Statistics |

Rows(No. of steps) &
MNote:
offset (non 0) | TargetSpeed | Acc Dec Endspeed |delaytime2start |cutting coz|web_end
step 1 30.000 0,150 0,100 0,100 0.000 uniform({0, 1, 0) 0.500 0,000
step 2 -30.000 0.150 0.100 0.100 0.000] 120,000 | 0.500 0.000
step 3 30.000 0,350 0,200  0.200  0.200 {uniform{g, 1, 0) ~| 0.000
step 4 125,000 0,130 0,100 0,100 0,000 bernoulli(50, 1,0, 0) 1,000
step 5 -155.000 0.300 0.100 0.100 0.00p SmPirical("tablename”, 0) 1,000
erlang(0, 1, 2, 0)
0.000 0.000 0.000 0.000 0.000 exponential(0, 1, 0) 0.000
lognormal2(0, 1, 0.8, 0)
normal{d, 1, 0)

triangular(0, 5, 2, 0

E T M (oo )

weibdll(D, 1, 2, 0)
more

Figure 5-25 The Cutting Sequence tab control

The tree structure of the Cutting Sequence tab control is as shown in Figure 5-26. The
object node “labeltableview” is the table control. The link in the viewfocus node refers
to the second label of the shearer. The curfocus contains the reference link to the active

cell of the table when editing in the table.
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Figure 5-26 The tree structure of the Cutting Sequence tab control

The OnClick node contains Flexscript code to show the option list of statistical
distributions when selecting the “delaytime2start” column. There are two optional lists.
One has only the popular statistical distributions, the other has a full list of the
distributions used in Flexsim® and appears when selecting the “more...” option in the

short list. The codes to show the pick options are shown below:

setcurrent (node (" /pickoptions",c)); //set the pickoptions to be the current;
setitem(selectedobject(c)); //set the object on click to be the item;
if ( objectexists(item) && //if item exists and
up (up (item) ) ==node (">viewfocus+",c) &&//the item is cell of the table and
(eq(getrank(item), 6) ) ) //and the cell is in the 6" column of the table;
{
// codes to show the pickoptions at the right place;
// please refer to the model for more information;
}
else
{
windowshow (windowfromnode (current), 0); //hide pickoptions
windowshow (windowfromnode (node (" /pickoptions2",c)), 0); //hide pickoptions?2
}
repaintview (c) ;
repaintview (current);
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The selected statistical distribution is stored in the cell, then accessed and executed in

the following command format to return a value:

returnvalue = executestring(gettablestr (tasktable, i,6),NULL,NULL,NULL) ;

5.4 Experimentation using the model

Once created, the simulation model should be validated using field data. The model can
be used to perform a single run to examine the performance of a given configuration or,
by using the ‘Experimenter’, multi scenarios with several variables can be evaluated. As
discussed, the model can simulate most standard longwall layouts and cutting sequences
used in Australia. The Experimenter tool is under the Statistics menu. Figure 5-27
shows an example with a range of longwall widths, having 10 scenarios with longwall
widths ranging from 160 m to 340 m. Each of these scenarios would last 650,000

seconds and be replicated 10 times.

45 Simulation Experiment Control |. =HEE iu
Experimenter |Perf‘ormance Measures | Aduanced|
Replications
[¥] Use Experimenter [T save state after each replication (states will be saved in the model's directory)
Simulation End Time  650000.000 Replications per Scenario 10,000 Current Replication 1.000
Warmup End Time  0.000 Mumber of Scenarios 10,000 Current Scenario 1.000
Table Editor

Mumber of Experiment Variables 1.000

longwall width -
Path Jworking_face |
Scenario 1 i v]
5 02 I\
cenaria Object Label
Scenario 3 Object Variable e
- Table Valus T
ECTINE Choose from Tree
Scenario 5 240.000
Scenario 6 260.000
Scenario 7 280,000
Scenario 8 300.000
Srenarin O 220,000 i
[ moly ) oc ][ concel |

Figure 5-27 The Experimenter configuration with a range of longwall widths
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There can be as many variables as the user wants in an experiment. The variable path
can be set by selecting the first cell of each variable in the table view. The path can be a
link to any variable that is stored in the Flexsim tree, such as the object label value,
variable value or a table value.

Next, the second tab page of the Experimenter (Figure 5-28) is used to define
performance measures, which can be any variable that is stored in the Flexsim® tree.
Additionally, advanced options can be used to set a performance measure to be a value
determined by a mathematical calculation. Flexsim® stores the results of the

performance measures for each replication.

#% Simulation Experiment Control =NECN X

Performance Measures | Advanced

[ Add ][ Remove ] [ View Results

s Jix]

coal production

Mame coal production
label for Y-axis Tonnes (minutes, dollars, meters, etc

Performance Measure
Label by individual object Object Name: "working_face/Buffer” Label: "totalcoal” - ]
Label by individual object

Object Mame: "working_facefBuffe["
Label: "totalcoal”

"working_face/Buffer”

"working_face/AFC"
"working_face/support_container”
"working_face/support_container/support03177"
"working_face/support_container/support03178"
"working_face/support_container/support03179"
"working_face/support_container/support03180"
"working_face/support_container/support03181"
"working_face/support_container/support03182" -

[ Apply ][ oK ][ Cancel ]

Figure 5-28 Defining performance measures in Experimenter

The results are accessible during the runs or after all of the scenarios are finished by
selecting “View Results”. The results view is as shown in Figure 5-29. Alternatively,
the results can be seen in a tabular form that can be exported to other databases and

Excel spreadsheets for further analysis.
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I",‘ Performance Measure Results = B

coal production - replications plot -
Confidence Intervals Based on Confidence

coal production
Replication
5 10 5

5 10 5 10 5 10 5 10

1500

Tonnes

wiol eeererrees

1 2 3 4 5 6 7 8 9 10
+ Confidence Interval Scenario
Mean Confidence Interval Standard Deviation  Minimum Mandimum
Scenario 1 802.24 802.24 - B802.24 0.00 802.24 802.24
Scenario 2 91144 91144 - |S1L44 0.00 91144 91144
Scenario 3 1020.64 1020.64 - 1020.64 0.00 1020.64 1020.64
Scenario 4 1129.84 1129.84 - 1129.84 0.00 1129.84 1129.84
Scenario 5 1239.04 1239.04 - 1232.04 0.00 1239.04 1239.04
Scenario 6 1348.24 1348.24 - 1348.24 0.00 1348.24 1348.24
Scenario 7 1457.44 1457.44 - 1457.44 0.00 1457.44 1457.44
Scenario 8 1566.64 1566.64 - 1566.64 0.00 1566.64 1566.654
Scenario 9 1575.84 1675.84 - 1675.84 0.00 1675.84 1675.84
Scenario 10 1785.04 1785.04 - 1785.04 0.00 1785.04 1785.04
[ Report Preferences ] [GEnEratE Experiment REDurt] [ View Table ] [ Close

Figure 5-29 Example of experimental results

The Advanced tab offers seven triggers to write customised script, at the start or end of
the experiment, for each scenario, each replication and at the end of the warm up period.
The following codes were extracted from the End of Replication trigger, which was

executed each time one replication ends. The codes were used to record some of the key

values to two global tables.

treenode workingface=rank (model (), 3);

treenode buffer=rank (workingface,1);

treenode AFC=rank (workingface,?);

treenode shearer=rank (workingface, 4);

int total rep scena=getnodenum(node ("/1/11/8",model()));
int cur rows=(scenario-1)*total rep scenatreplication;
settablenum(l,cur rows,1,time());

//record total time to global table 1

settablenum(l,cur rows,2,getlabelnum(buffer,2));

//record total coal to global table 1

settablenum(l,cur rows,3,1000-getlabelnum(workingface,1));
//record total longwall advancement to global table 1
settablenum(l,cur rows, 4,getlabelnum(shearer,8)) ;

//record shearer speed value to global table 1

settablenum (1, cur_rows,5,getnodenum(node ("/speed",variables (AFC))));
//record AFC speed to global table 1

settablenum(l,cur_rows, 6,getnodenum(node ("/totaltraveldist",variables (sh

earer))));

//record total distance travelled by the shearer to global table 1
settablenum(1l,cur rows,7, scenario);

//record scenario index to global table 1

settablenum(1l,cur rows,8, replication);

//record replication index to global table 1
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addtablerow(l); // add one more row of global table 1
treenode state shearer=state profile(shearer); // pointer to shearer
state profile

int j=1;

for (int i=1; i<=50; 1i++)

//record the shearer utilization profile to global table 2

{

double state num=getnodenum(rank(state shearer,i));
if (state num)

{

settablestr (2, 2*cur rows-
1,j,getnodename (rank (state shearer,i)));
settablenum (2, 2*cur rows, j,state num);
J4+; a h
}
}
addtablerow (2) ;

addtablerow (2) // add two more rows of global table 2

5.5 The features of the longwall simulation model

The model has the following features:
»  the model is object oriented with 3D objects. Each object works as a real piece
of longwall equipment and together as a longwall production system;
»  the model performs in a virtual reality longwall environment. What can be seen
from the model is what really happens in a longwall;
» the model can simulate most of the standard longwall layouts by simply
changing the face geometry;
»  the model can simulate most cutting sequences by configuring a numerical
table;
> by using the integrated analysis tool in Flexsim®, it is possible to perform multi
scenario sensitivity experiments;
> there is no need to have advanced knowledge of Flexsim® to use the simulation
model.
However, there are still some issues, as is the case with most newly developed

programs:
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>

the time unit must be in seconds, because the operation of one support unit is
in seconds. If the model was in minutes or hours, the values of the support
operation time would be very small and the speed value of the shearer would
be very large, this causes an interaction problem between the shearer and the
supports;

the run speed of the model cannot be very high, ideally not greater than 500
simulation seconds per one real time second, which means, for example, that if
you want the model to produce coal for 500 hours, you must wait at least 1
hour for the results. If the model runs too fast, the time interval between
location refreshments is large and the shearer may jump to a new location
without waiting for a support operation, the model would then stop and never
resume;

the user must manually convert the conveyor capacity of tonnes/hour to

conveyor speed of metres/second, before configuring the model.

5.6 Longwall simulation model application and validation

5.6.1 Model input and demonstration

The model was configured using data collected from an Australian longwall (Mine 1

discussed in Chapter 5). The annual production of the longwall was 3.66 Mt in 2008.

General face and operational parameters were:

>

>
>
>

LW face width = 250 m;
AFC capacity = 4,000 tph;
AFC speed = 1.75 m/s;

work section height = 3.0 m (average);
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web width = 0.85 m;
uni-directional cutting sequence;

sumping distance = 30 m;

vV V ¥V V¥V

support operation time (total = 6.7 s): front canopy = 1.5 s, pushing AFC = 2.6
s, Self-advancing = 2.6 s.

The operating times and delay times were the results from Chapter 5, as shown in
Figure 4-17 and Figure 4-18. The longwall operating time was configured as
gamma(1.0, 74.272, 1.291, <stream>) and the delay time as inversegaussian(0.0,
136.574, 34.852, <stream>). The delay times consisted of all kinds of delays that stop
the longwall from producing coal, including planned delays such as weekends and
unplanned delays. No shift schedule needed to be configured in this Flexsim model
because it was already included in the delay time. However, the data was modified to fit
the model input and some of the data was estimated within a relatively short period of

onsite observation, for example the shearer speed and support operation time.

5.6.2 Test model report and output validation

The Flexsim model predicted an average output rate of 427 tonnes/calendar hour
compared with an historical performance of 416 tonnes/calendar hour and 1215
tonnes/operating hour compared with 1181 tonnes/operating hour, the historical
performance data being the data from Chapter 5.

Figure 5-30 demonstrates a shearer utilisation of 32.55% of calendar time. If the time of
waiting for support and time when the AFC was blocked because of being overloaded
was included, which are operating delays, the total longwall utilisation was about 36%.
This is very close to the historical longwall utilisation of 35%, which reasonably

validates the model.
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Figure 5-30 Pie chart of shearer utilisation

5.6.3 Sensitivity analysis

After validation the model was used to assess the impact on the output rate of changing
various aspects of the operation. Comparison was made when changes were made to
the:

AFC capacity;

shearer speed;

support operation time;

face width;

YV Vv VY V V¥V

web depth.

5.6.3.1 The impact of AFC capacity

A range of AFC capacities ranging from 1680 tonnes per hour to 4200 tonnes per hour
were set using the Flexsim Experimenter. The results, shown in Figure 5-31, indicate
that the AFC became a bottleneck when its capacity was less than about 3000 tonnes per

hour. The AFC used in the actual longwall, which had a capacity of 4000 tonnes per
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hour, would not be a problem for the system unless breakdowns occurred. This result
can also be supported by Figure 5-30 which shows that AFC overload events only made

up 0.03% of total time.

Face output rate verses AFC capacity
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Figure 5-31 Face output rate verses AFC capacity

5.6.3.2 The impact of shearer speed

The shearer speed can be configured through the cutting sequence table. The speed
varies at different stages of the cutting sequence; so as to make it easy to evaluate its
impact, the speeds at different stages were multiplied by an index factor in the code of
the cutting sequence. For example, if the factor was 0.8, the maximum speeds at all
stages of the cutting sequence defined in the cutting sequence table were cut by 20%. In
this experiment, the factors were set from 0.75 to 1.25. As Figure 5-32 shows, the
shearer speed limits the face output rate. The output rate could be improved to 1300
tonnes/operating hour from the current output rate of 1215 tonnes/operating hour if the
speed was increased by 15%. However, this is the maximum gain that can be made by
increasing the shearer speed if the other equipment of the current system remains the
same. When the shearer was faster than 1.15 times the current speed, the bottleneck

became another part of the production system, for example, the support operation.
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Face output rate verses shearer speed
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Figure 5-32 Face output rate verses Shearer speed
5.6.3.3 The impact of support operation time
The total support operation time was set from 5 seconds to more than 11 seconds. From
Figure 5-33, it is apparent that the optimum support operation time was about 5.5
seconds, so the current support operation, which is about 6.7 seconds, can be improved.
This can also be concluded from Figure 5-30, which shows the support operation

stopped the shearer for 3.18% of calendar time.

Face output rate verses support operation time
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Figure 5-33 Face output rate verses support operation time
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5.6.3.4 The impact of face width

Figure 5-34 shows the results for different face widths ranging from 120 m to 350 m, it
shows that the output rate increased from 1000 tonnes/operating hour to 1300
tonnes/operating hour for the wider longwall. However, the rate of increase declined
because the sumping distance remained the same 30 m in all cases. The output rate
during sumping was low because of the low shearer speed and because only half of the

seam web was cut. As the face width increased the proportion of the sumping stage

reduced.
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Figure 5-34 Face output rate verses face width
5.6.3.5 The impact of web depth
This experiment was only to show the impact of web depth alone, although the reality is
that when the cutting depth increases, the shearer speed must decline. The web depth
impact on the shearer speed cannot be simulated in this model but the results revealed
the trend when changing the web depth. As Figure 5-35 shows, the output rate increased
with the increasing web depth but the increasing rate declined, probably because of the

AFC capacity limiting the system.
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Face output rate verses web depth
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Figure 5-35 Face output rate verses web depth

5.6.4 Conclusion of the case study

The longwall model designed for general use by the Australian longwall mining
industry has been validated. The case study shows that the model can evaluate
alternative ways to improve longwall production while reproducing statistically varied
random and non-random events and analysis over a period of time. This makes it
possible to assess how a particular configuration may perform even with high levels of
variability and uncertainty in real operations. The model can either be configured with
the data from an existing longwall mining face to highlight any bottlenecks or with the
data for a newly designed longwall system to evaluate its performance and suggest
possible changes before investing the high capital costs involved, thus helping to
maximise the return on that investment. The developed simulation model is a “what if”
tool which allowed a range of equipment configurations, operating practices and mine
layouts to be assessed in terms of achievable longwall production and equipment

utilisation.
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6 THE ROADWAY DEVELOPMENT MODEL

Ideally, roadway development must be ahead of the longwall so the longwall equipment
can be installed into the newly developed panel with minimal delay to production.
However, most longwall mines throughout Australia have a history of lagging roadway
development (Gibson, 2005). Various efforts and techniques have been and continue to
be used to reduce the impact that slow development has on longwall production but it is
important to understand the impact of roadway development improvement system prior
to its introduction. This chapter is about how the roadway development model has been
constructed and used to simulate and analyse the development operation. This
simulation model can be configured for most of the standard longwall roadway
development practices used in Australia to evaluate how development rates can be

improved.

6.1 Description of roadway development

6.1.1 Development methods

There are two major methods for developing roadways, the place-change method and
the in-place method. In the place-change method a conventional continuous miner (CM)
is combined with a roof bolter (RB) such that the CM advances a certain distance (i.e. 5
m) then moves to another heading (place) and leaves an unsupported area and then the
RB supports the roof of the previously mined cut while the CM is in another place. The
maximum depth of a cut is restricted by the geology and Australian coal mine safety
law; in this case the roof must be competent and the CM must be equipped with a wet

dust scrubber and a remote control. Because the width of the entry is greater than the
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cutter head the CM must change position to mine the full entry width: i.e. the CM works
in a two-pass mode.

The second method is called in-place because the cutting and bolting operation is done
with a single machine and no moves are required to advance the entry. As is common in
most Australian mines, the miner is equipped with roof bolters and cuts the whole width
of the entry in a single pass. Underground coal development operations in Australia are
generally conducted by in-place systems to avoid excessive flitting between headings
because geological conditions generally limit the length of cut.

There are two cutting and supporting operations within the in-place method, sequential
and parallel which means two different machines are used, the miner bolter (MB) which
conducts non-concurrent cutting and supporting in sequence and the bolter miner (BM)
which conducts concurrent cutting and supporting cycles in parallel. BMs are generally
much quicker because they cut coal in parallel with the support operations and cutting

and bolting maximises the rate of advance.

6.1.2 Development sequences

Figure 6-1 illustrates how a typical two heading roadway is developed with a
continuous miner. The left hand heading is developed first by continuing mining into
the overdrive of the heading, followed by driving the cut-through, and then mining the

right hand heading, including its overdrive.
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Figure 6-1 Cutting sequences of a two-heading roadway development (Birchall, 2007)

Several auxiliary tasks are required to develop a pillar length of a roadway. These tasks
include installation of extra supports and install tell tales (devices to monitor the roof

subsidence), cutting niches for storage and widening the roadway. Because of changes
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in the roadway geometry and geological conditions and consequent changes to the
support plan for different sections, the cutting time per web is not always the same
during each pillar and can differ from pillar to pillar.

The development sequences are also different when two CMs are used, and when
developing three or more headings, all of which must be considered when designing and

modelling the development system.

6.1.3 Roadways support

In terms of ground control, mechanical or resin grouted roof and rib bolts are used,
usually in combination with mesh sheets (Figure 6-2). Roof straps and cable bolts are
utilised when necessary. Roof and rib bolts are usually installed with bolting rigs

mounted on the continuous miner, within 1-3 m of the immediate face.

Figure 6-2 Roof support operation

Chemically anchored roof bolts are installed at densities ranging from two to eight bolts

per metre advance, with bolts typically being 1.8-2.4 m long. In some instances long
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tendons (4-8 m) are also installed as part of the primary face support cycle. Chemically

anchored rib bolts are installed at densities ranging from two to six bolts per metre

advance, with bolts typically being 1.2-1.5 m long. Almost all longwall mines now

install steel mesh sheeting on the roof. The mesh sheets are typically 5 m wide and 1.2

m long and are overlapped by 200 mm. The majority of Australia longwall mines install

rib mesh sheets on both ribs to prevent rib spall, typically from the roof to half seam

height or a strip at around the mid-seam

used in one Australian coal mine.

. Figure 6-3 gives an example of a support plan
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Figure 6-3 Roadway roof and rib support plan (Birchall, 2007)

The support plan varies because the roof conditions change, so several support plans

may be used while developing one longwall panel. This is referred to by colours such as

green, orange and red plans where the density of the bolts range from low to high. For
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areas with good roof conditions, green support is used and for areas that are difficult to

support, the red plan is used.

6.2 Modelling the physical process

In the simulation model the default time unit is the minute and the default length unit is
the metre.
In order to build a roadway development model that can mimic as many scenarios as the
user may encounter, the processes and delays must be well categorised and some
innovative methods used in the model architecture design. The main development
processes and causes of delays are as follows:
i.  CM cutting and supporting cycle;

ii.  SC loading and dumping cycle;

iii.  outby services (e.g. breaker feeder and conveyor repairs);

iv.  face operations (e.g. extend vent tube, cable and miner supply);

v.  breakdowns and shift schedule.
By considering various development sequences and many different types of face
operations and the support types, a simulation model was designed based on three
configurable tables: the Task Sequences table, the Face Operation Delays table and the
Support Types table. These tables were attached to the CM as customised objects in
Flexsim®. In addition to some other options integrated into the simulation model, most
common roadway development options in Australian underground coal mining can be
defined and simulated and objects such as CMs, SCs and belt conveyors can ‘operate’
as real machines.
Unlike the longwall simulation model where items of longwall face equipment were

grouped together, the roadway development model only needs essential machines such
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as a continuous miner, a shuttle car, a boot end and the roadway itself, which is handled

as a machine for modelling purposes.

6.2.1 The Continuous Miner (CM)

A CM has integrated functions such as cutting coal, loading it into a SC, supporting the
strata and performing other face operations. These operations are also associated with
delays before and after cutting such as setting/retracting the stabiliser, isolating/de-
isolating the CM cutter head and traction and positioning the CM. To model it, the CM
has several parts which are grouped together, as shown in Figure 6-4 and Figure 6-5.
Four different Flexsim objects were used for the CM, which are as follows:
i.  Visual tool: the red cube shown in Figure 6-4 to contain the sub parts of the CM;
ii.  Queue object: delay queue and face operation delays;
iii.  Sink object: the objects in blue with a red arrow shown in Figure 6-5, to finalise
the flow logic;
iv.  Processor objects: all other objects used to simulate a time delay or an

operation.

@before_cut
@aftef_cut
@delay_queue
- @panel_delay
@support_cyde

%taskterminal Object

oo™

Figure 6-4 The tree structure and 3D view of continuous miner
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Figure 6-5 Sub-parts of continuous miner

Figure 6-4 shows the tree structure and 3D view of a CM in Flexsim®, the 3D view
being the final work with hidden sub-parts. The CM can be moved freely in the 3D
work place by dragging the red cube that is the root node of the CM. The CM can be
duplicated by copying and pasting the red cube or by right clicking the red cube,
selecting Edit - Add to User Library, then drag and drop from the user library onto the
working environment as for normal Flexsim objects.

Figure 6-5 depicts the sub-parts of the CM and the relationship can be simplified as
shown in Figure 6-6. Two different connections (as discussed in Chapter 4) were used:
normal connection (blue arrow line) for the routes of flowitems and centre connection

(red dash line) for object reference in the programming.
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Figure 6-6 The linkage of the CM sub parts

As Figure 6-6 shows, there are four flow routes:

»  from Before_cut to boot end (BE), to simulate delay before cutting and the coal

flow from CM to BE;

»  from Delay queue to Task terminal, to simulate face operation delays;

»  from After_cut to end of Task terminal, to simulate delay after cutting and

loading;

»  inner flow of Support cycle, to simulate different types of support cycle.
Normally in Flexsim®, an item flow route starts from a Source object which generates
flowitems. To minimise the total number of objects in a model and easily control the
model logic, the command insertcopy IS used instead of a Source object. A copy of a
flowitem is inserted into the starting object of each route whenever a message has been
received. This method makes it easy to start a flow. When the coal flowitem exits the
CM, the newly developed roadway length and accumulated developed roadway length
of the CM are increased by a unit of web depth which can be set by the model user

through a customised GUI.
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6.2.1.1 The flow logic among the flow routes

When the simulation model is reset and starts, a flowitem is inserted into the Before cut
object and is delayed for a specified time. It then enters the CM object and the cutting

and loading cycle starts. At this time, there are two different cases: bolter miner (BM) or

miner bolter (MB).

After_cut delay.

simplified logic is as shown in Figure 6-7.

If the CM is a BM, the support cycle starts at the same time as the item enters
the continuous miner object and when the support cycle and cutting and loading
cycle are finished, another item is inserted into the After_cut object to start the

delay after cutting and loading. Face operation delays start following the

The support cycle is divided into two parts and each part is completed during the
loading of one SC. One complete support cycle requires two loops of the logic,

which loads two SCs of coal — to be discussed in the support cycle section. The

Set stabiliser |«

A

SC Travel to CM
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Downloading
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SC travel to BE
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Retract stabiliser and
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Cutting and
Loading

Both complete

upport cycle
(1% half)

Figure 6-7 Simplified flow logic of bolter miner
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If the CM is an MB, the After_cut object is triggered by inserting an item when
the SC is loaded (when the flowitem exits the CM). The support cycle starts
following the After cut delay. When the support cycle is complete the face
operation delays start. Again, the support cycle is divided into two parts and
each part is completed while one SC is being loaded. The simplified logic is as

shown in Figure 6-8.

De-isolate CM cutter New Cvcle
head and traction | ' Y
SC travel to face
y 4
CM waits till Face operation
SC ready 1%half | If necessary
4 SC ready 2" half
Cutting and
SC travel to BE [« Loading
upport cycle

(1* half)

A
Position CM
& Isolate CM cutter head
and traction

Support cycle
(half)

Figure 6-8 Simplified flow logic of miner bolter

With the BM, there is a sequence that the support cycle continues with two loads
of SC in one cycle; this is called semi-concurrent. The modified logic is as

shown Figure 6-9.
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Figure 6-9 Modified flow logic of bolter miner with semi-concurrent sequence

6.2.1.2 The triggers involved to fulfil the flow logic

When an item exits a Flexsim object (for example a Processor), it means the process
time has been completed and then the OnExit trigger is fired. When the item enters the
downstream object or an item is inserted into an object, then the object begins to be
processed if it is available (not in a down state). This is when the OnEnter trigger is
fired. When an object receives a message, the OnMessage trigger is fired and the
respective codes are executed.
i.  The OnExit trigger of Before_cut object:
When the Before cut delay is complete a message is sent to start the support

cycle, if the CM is a BM. The following is the main code:

if (getlabelnum(outobject (current,1),9))//bolter miner
{

senddelayedmessage (centerobject (up (current), 1), 0,current) ;
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//message to support cycle, to start support cycle
setstate (outobject (current,1),51);//set CM state to be supporting

}
ii.  The OnExit trigger of the CM object:

If the CM is a BM, there are two situations. First, the initial SC load of the semi-
concurrent sequence is cut and then another cutting and loading cycle is started
by inserting a task flowitem into the CM. The cutting and loading cycle starts
when the SC is ready. Second, the concurrent sequence of the second SC load
occurs and then a message is sent to the After_cut object to start the delay after
cutting if the support cycle has already been completed, otherwise the CM is
only labelled as a completed cutting cycle and does nothing but wait for the

cutting cycle to complete. Part of the OnEXxit trigger code is provided below:

if (getlabelnum(current,9)==1)// BM
{
if (getlabelnum(current,15) && ! (getoutput (current)$2))
// the semi-concurrent sequence and the first load of SC (half cycle)
{
Other Codes for recording
insertcopy(taskitem, current) ;
//insert a flowitem into the CM object to start cutting
}
else if (! (getlabelnum(current,15)) || (getoutput (current)$%2))
// concurrent sequence or second load of SC (semi-concurrent)
{
setlabelnum(current,3,1); //label cutting cycle completed
setstate (current,51);//supporting state
if (getlabelnum(support operation, 3))
//support operation complete
{
senddelayedmessage (after CM,0,current, 2);
//message to after cut to start the delay after cutting
setstate (current, 53);//postcutting state

If the CM is an MB a message is sent to the After_cut object to start delay after

cutting. The following is the code:

else if (!getlabelnum(current,9))//MB
{
senddelayedmessage (after CM,0,current, 1) ;
//message to after cut to start the delay after cutting
setstate (current, 53);//postcutting state
}
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The OnEXxit trigger of After_cut object:

If the CM is a BM a new cutting cycle is started. There are two different cases
depending on the itemtypes: iemtype 1 means the first SC load of a semi-
concurrent sequence, while itemtype 2 means the second case; each sends
messages to the CM with a message value of 1 and 2 respectively. The message
with value 1 starts the execution of case 1 of the CM OnMessage trigger, which
starts a new cutting cycle directly. The message with value 2 fires case 2, which
checks whether the task milestone has been completed and whether to perform

face operations.

if (getlabelnum(CM,9))//bolter miner

{
senddelayedmessage (CM, 0, current,getitemtype (item)) ;
//new cut cycle

}

If the CM is an MB, then start the support cycle.

else //miner bolter

{
senddelayedmessage (centerobject (up (current),1),0,current, 1) ;
//support cycle
setstate (CM, 51);//supporting state

}

The OnEXxit trigger of Sink object in the support cycle
First, determine whether the support cycle has been completed. This is when no

flowitems are in the support cycle using the following codes:

forobjecttreeunder (support)

// loop through all sub parts of the support cycle
{
totalcontent=totalcontent+content (a);
//sum up the content (items) of each parts of the support cycle

}
if (totalcontent-content (current)<=0)
//support steps complete.

The support cycle is divided into two parts: part completion of the support cycle
and a final completion of the whole cycle. If the second situation exists, a

message is sent with a parameter value of 2 to start case 2 of the CM
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OnMessage trigger, which checks whether the task milestone has been
completed and whether to perform face operations. If only part of the support
cycle has been completed a new cutting cycle is started without checking.

The following codes show the case when part of the support cycle has been
completed. If the CM is a BM, the support cycle is labelled as completed, but if
the cutting cycle has also been completed a delay after cutting is started,;
otherwise do nothing but wait for the cutting and loading cycle. If the CM is an

MB, then start to cut and load the second SC load.

if (getlabelnum(CM,9))//bolter miner
{
setlabelnum (up (current),3,1);
if (getlabelnum(CM, 3))//cutting and loading finished
Senddelayedmessage(after_cm,O,current,l);
//start after cut delay
}
else //miner bolter
senddelayedmessage (CM, 0, current, -5) ;
// tell to start another cutting

An additional discussion will be provided in the support cycle section.
The OnMessage trigger of the CM object:
The main part of this trigger is a switch statement with five cases. The following

is the simplified script with mostly comments describing the functions.

switch (msgparam(1))
//depending on the first value parameter of the message received
{
case -5: //sender: CM onexit and on message (case 1)
{
treenode taskitem=node (">15",current);
//set the labels values of taskitem to record statistics.
insertcopy(taskitem, inobject (current, 1)) ;
//start cutting, from inobject (current,l)->before cut
break;
}
case 1: //on message (case 3&4),after cut onexit;
//start new cutting cycle
{
if (getlabelnum(current,9))// BM
{
setlabelnum(current,3,0);//initial cut cycle
setlabelnum(centerobject (up (current),1),3,0);
//initial support cycle
senddelayedmessage (current, 0, current, -5) ;
//sendmessage to CM, new cycle
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}
else//MB
senddelayedmessage (current, 0, current, -5) ;
//sendmessage to CM, new cycle
break;
}
case 2: // sender: CM, sink of support cycle and after cut onexit
// planned face operation delays
{
// Codes to start panel operations,
// to be discussed in the face operation delays section
else // no delays, start case 3
{
senddelayedmessage (current, 0, current, 3) ;
break;

}

case 3: // sender: panel delay OnExit and case 2

{

if (getlabelnum(current,10)>=gettablenum
(taskstable, curtaskindex, 3))
//check current length with target length,
//if true start new task

// codes to start new task from task table.
// to be discussed in the task sequences section
}
senddelayedmessage (current, O, current, 1) ;
//sendmessage to CM, start new cycle
break;
}

case 4: // sender: message3. to be discussed in details

{

//Start new pillar if all CMs complete their tasks,

//or end current replication and start new replication if

required pillars are completed.
//otherwise stop current CM,
break;

break;//loop out
}

6.2.1.3 The use of the shuttle car (SC)

To use an SC to transport the coal flowitem from the CM to the BE, the SC should be
linked with the CM using the centre connection method. Then set the option Use

Transport(s) and select one option from the dropdown list of Request Transport

From that was discussed in the shuttle car section.

Because the CM cutting and the SC loading processes occurred simultaneously, an

option Use Operator(s) for Process of the CM object and Pick the SC as an Operator
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was used, as shown in Figure 6-10. This means the cutting process does not start until

the Operator (the SC) is ready.

Process
Timne

Cases by task index Tasktable: label(current, 7) Taskindex: getlak ||E|

| Use Operator () for Process Murnber of Process Operators 1,000

Pick Operator -
stopobject ID 100004, return O, custom TS - ||§]|
Pricrity 0.000 [ | Preempt

Figure 6-10 The Process time and Pick Operator options of the CM

Because the default option of the Pick Operator cannot generate a right travelling route
for the SC between the CM and the BE, a group of customised codes were designed.
The codes in the Pick Operator codes area which are executed prior to each cutting

process, are as follows.

if (!'getlabelnum(current,18)) // The SC is not ready
stopobject (current,10,100004); // Stop the CM

return 0O;
// Return 0 means the default Pick Operator codes won’t execute

6.2.1.4 Labels for the continuous miner (CM)

Two types of variables were used to characterise a CM: machine configuration variable
and logic control variable. CM configuration variables include the cutting depth, BM or
MB, panel advance delay and whether and how many SCs are used for the CM. Two
tables named tasks _table and paneldelays were used respectively to configure the
development task sequence and face operation delays. The logic control variables
include a flag value of CM animations, control of SC routes and a flag value to draw the

coal flow animation during cutting and loading. The cutting and loading time can be set
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through the process time of the CM (Processor object). All the model configuration

variables can be set up using a customised GUI. The CM labels are shown in Table 6-1.

Table 6-1 The labels of the CM

Label (variables) name

Default values

Description

animationlsupport 0,1 1 when support animation starts

animation2cut 0,1 1 when cutting animation starts

cyclecomplete 0,1 1 when cutting and loading cycle
completes

cutdepth 0.5 metre The cutting depth per one load of SC

CM_occupied? 0,1 Whether the CM is occupied by SC

animation3both 0,1 1 when both support and cutting

animation starts

tasks_table

A value of task
index and A task
table

A table to define the development
tasks for one pillar; and a value of
task index

paneldelays A table A table to define face operation
delays

BM1orMBO 0,1 Bolter Miner (1) or Miner Bolter (0)

currentlength 0 The accumulated development
length of current task

shift Day, night, | A string value indicates

afternoon day/night/afternoon shift
PanelAdvancedelay Time in model unit | A string of a statistics distribution in

(second/minutes)

Flexsim format or a value

totaldevelopmentlengt
h

0

The accumulated development
length since model starts

transporters 0,1,2 How many SCs used for the CM. 0
means use continuous haulage
system

semi-concurrent 0,1 A special cutting sequence of BM, 1
means using the semi-concurrent, 0
means use normal one.

drawcoal 0,1 A flag value to draw the coal flow
animation when cutting

currentTransporter 1,2 The 15t SC or the 2" SC currently
services the CM

SC arrived? 0,1 Whether the SC is ready to be

loaded
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6.2.1.5 Enabling concurrent simulation animation of the CM

The animation includes three parts: cutting animation, bolting animation and coal flow
animation (Figure 6-11). They are described as:
»  cutting animation: the drum rotates and moves up and down during the cutting
process;
»  bolting animation: the bolting rigs rotate and move up and down during the
support process;

»  coal flow from the cutting drum to the SC.

Figure 6-11 The cutting animation and coal flow

The cutting and bolting animations were built using Flexsim Animation Creator, the
same method used for the longwall model. Coal flow was done by drawing black boxes
and shifting them backwards and forwards if the CM is in a cutting state (processing).

The Flexscript is in the OnDraw trigger of the CM.

6.2.2 The development task sequences

The task sequence table (Figure 6-12) is one of the key innovative designs used in the

roadway development model. The sequence table instructs the CM where to cut and
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support and how to do it. Each row defines one task, while the last row stops the tasks.
The table defines the CM’s tasks within one pillar and executes top-down. The CM

repeats the execution of the tasks when one pillar is finished.

Rows(Mo. of tasks) &

Mote: In the heading column, ", 1" means RHS Cut-through; . 2" means LHS Cut-through.

time fweb |fru:urn|:unint |1Ilpl:IiI'|t |heading suppurttyp| delayZnexttask |
Task 1 uniform{1.5, 2.5, 0} 30,000 120,000 2.000 1.000 uniform{20, 30, 0)
Task 2 2 0.000 35.000 2,200 1.000 uniform{D, 1, 0) |
Task3 |2 0,000  35.000 2,100 1.000 {uniform{d, 1, 0} -
Task 4 2 30,000 120,000 1.000 1.000 bermoulli(50, 1, 0, 0)
Task5 |2 30.000 120000  3.000 1000 EmPirical(tablename”, 0)
erlang(D, 1, 2, 0)
End of tasH 0 0.000 0.000 0.000 0.000 exponential(0, 1, 0)

lognormal2(0, 1, 0.8, 0)
normal(0, 1, 0)
triangular(0, 5, 2, 0

0
weibull(0, 1, 2, 0)
more. ..

Figure 6-12 The setup table of development task sequence

New tasks can be added by setting the number of rows, inputting numbers and selecting
from the predefined dropdown lists. In each pillar development, the sequence can be
divided into several tasks with different parameters, such as cutting time, supporting
density and delay time between tasks. To define a task, six parameters were used:

i.  time/web (the process time per web): the web depth was defined as the depth of
coal seam for one cut and fully load one SC. The process time per web was time
to cut one web and this parameter can be a constant or a statistical distribution.
This parameter was called in the Process Time codes area of the CM object
(Figure 6-13), the Process Time option being in the General page of CM’s

properties window.
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Vi.

Process
Time

Cases by task index Tasktable: label{current, 7) Taskindex: getlak |E| @

Cases by task index

[|Tasktable: labelfcu rrent,?] 1.000

Taskindex: getlabelnumicurrent,7)
~Value:

Pick executestring{gettablestr{tasktabletaskindex,1),HULL,NU

@ LL,HULL) i

Mote:

pi| Walues must be setup in the first column of tasks

sequence table

[
|
>

Figure 6-13 The Process Time option of the CM object

label (current, 7) IS the task sequence table stored in the labels of the CM;
getlabelnum(current,7) returns the current task index;
executestring(gettablestr(tasktable taskindex,1),NULL,NULL,NULL)
returns a process time value;
start point: the start location of the task relative to the cut-through;
end point: the end location of the task relative to the cut-through;
heading location: the heading where the task is located. This entails a tricky
design where the integer part of a number means the heading index, while the
first decimal means cut-through. For example, “2.1” means cut-through to the
right hand side of heading 2; “1.2” means the left hand side cut-through of
heading 1;
support type: the numbers in the support type column are the support type index
defined in the support type table;
delay2nexttask: the delay time between the end of this task and the start of next

task.
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Figure 6-12 defines a 3-heading roadway development sequence with five tasks:
develop heading 2, develop cut-through to the left of heading 2, develop cut-through to
the right of heading 2, then heading 1 and heading 3.

Figure 6-12 shows that the simulation of different roadway layouts and sequences was
very flexible. For example, if a niche is required to be cut at the 90 m point of heading
2, which requires three hours, then just divide task 1 into two tasks, one from 30 m to 90
m and another one from 90 m to 120 m and then set the delay2nexttask to be 180
minutes. As another example, consider part of heading 3 spanning from 40 m to 100 m
which requires a different support density. In order to implement the difference in
support density, task 5 is divided into three tasks, 30 m to 40 m, 40 m to 100m and
100m to 120 m. The support type of the second task is then set a new support type
which can be defined in the support cycle through a customised GUI.

Figure 6-14 summarises the logic used to execute the task table. In each cycle, if the
new length of the roadway is greater than or equal to the required length of the current
task, it means the current task has been completed and then the task index increases by
one (Task index++) and moves to the next task. Information for the new task, such as
the new location, support type and required target length is updated to the corresponding
new task index. The logic is executed once each time that one cycle is completed (two

loads of SC) by case 3 and case 4 of the CM OnMessage trigger.
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Current length
>=required length in task
table?

Task index++;
The 1% cell in the
new task row =0?

Heading n is
integer?

Start new cutting
cycle

N
Panel advance
delay

Complete all pillars
as required

N
N

Y

Figure 6-14 The logic to execute the task sequence table with the capacity for more than
one CM

If the new task is not the last row of the table, then the parameters of the new task are
initiated and the new location of the CM is set. The corresponding script, which is part

of case 3, is provided below:

int newheadingnum=trunc (gettablenum(taskstable,getlabelnum(current,7),4));
// the integer part of the heading number

Codes ellipsis
//variables to calculate new CM location, please refer to the model

double diff heading=newheadingnum-BE heading;

//to check current heading is on the left or right of BE

double roundheadingnum=round (frac(gettablenum(taskstable,
getlabelnum(current,7),4)),1);

//the decimal part of the heading number

setlabelnum(support operation, 9,gettablenum(taskstable,curtaskindex+1l,5));
//set new support type of new task section
if ((diff heading<0) || ((!diff heading) && (roundheadingnum==0.2)))
// left of BE heading or BE heading’s left hand side CT,
// correction of CM location
{
SCsngle=CT_angleL-180; //direction of SC and CM at CT

//the following are to calculate new location of CM at CT
CMCT xoffset=-0.5*gettablenum(offset table,8,1);
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CMCT yoffset=-0.5*gettablenum(offset table,8,2);
xCT_meter:gettablenum(offset_table,8,1)/xsize(current);
yCT meter=gettablenum(offset table,8,2)/xsize(current);

}

else //right of BE heading, correction of CM location

{
//direction of SC and CM at CT
//the following are to calculate new location of CM at CT

}

if (roundheadingnum==0.1)//right hand side cut-through
{
setlabelnum(current, 10, startlength);
//set new length of developed roadway
setrot (CMcontainer, 0,0, SCsngle) ;
//set new direction of CM
double newxloc=gettablenum(loc table, newheadingnum, 5)
-startlength*xCT meter+ (getlabelnum(roadway, 3)
—l)*gettablenum(road_geo_table,3,l)*Meter_xoffset
-CMCT xoffset;
double newyloc=get€éblenum(loc_table,newheadingnum,6)
-startlength*yCT meter+ (getlabelnum(roadway, 3)
—l)*gettablenum(road_geo_table,3,l)*Meter_yoffset
-CMCT yoffset;
setloc (CMcontainer,newxloc,newyloc,0);
//set new location of CM
}
else if (roundheadingnum==0.2)//left hand side cut-through
{
//set new length of starting point
//set new location and direction of CM
}
else//normal heading road
{
//set new length of starting point
//set new location and direction of CM
}
setstate (current,21);// set CM state to be “setup” during delaytimeZnewtask
double delaytimeZ2newtask=executestring(gettablestr (taskstable,
curtaskindex, 6) ,NULL, NULL, NULL) ;
senddelayedmessage (current,delaytime2newtask, current, 1) ;
//sendmessage to CM, to start new cycle after the delay,

If the new task index points to the last row of the table, the CM has finished its tasks
and then, if the model has only one CM or all the other CMs have finished their tasks, a
panel advance delay occurs before moving to the next pillar; otherwise the CM is
labelled “tasks completed” and just waits for the other CMs. This makes multi-CMs in
one model possible by dragging and dropping another CM object to the model from the

user library of Flexsim®. The following is the simplified codes for the above function.

if (stringtonum(gettablestr (taskstable,curtaskindex+1,1))==0)
//end of tasktable, stop CM and Waiting to start new pillar cycle
{
int finishindex=0;
setlabelnum (support operation,9,gettablenum(taskstable,
curtaskindex+1,5));
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//set new support type of new task section
stopobject (current,42,2000);//stop CM and set the state to be standby
for (int i=1; i<=content (connectionsin (dumploc));i++)
// loop of all CM
{
finishindex=finishindex+gettablenum(label (inobject (dumploc,i),
7) ,getlabelnum (inobject (dumploc,i),7),1);
//sum up the first cell values in the current task of each CM.
}
if (!finishindex)
// finishindex =0, all CM complete,
// to panel advance delay, then new pillar
{
setstate (current,13);//panel advance delay
double paneldelaytime=executestring(getlabelstr (current,12)
,NULL, NULL, NULL) ;
senddelayedmessage (current,paneldelaytime, current,4);
//a delayed message to start new pillar cycle
// the delay time is the panel advance delay
break;//loop out
}
break; //loop out

6.2.3 The face operation delays

Face operation delays are regular delays that can be characterised into three categories:

time based, distance based and those based on both time and distance. For example, the

vent tube is usually extended based on developed length, every two metres; the vent

extension activity usually lasts for four minutes; Stone dusting is based on both time

and happens every 30 metres or every 24 hours, whichever comes first. Figure 6-15

highlights the setup of face operation delays. In Figure 6-15 each column represents one

operation consisting of five parameters, the first three being delay setup parameters and

the last two the logic control variables:

check length: the length interval between events;

check time: the time interval between events;

delay time: how long the event lasts (this parameter can be a statistics
distribution);

current length: the accumulated length since the last delay event; it was used to

control the logic and the value was updated each time a SC was loaded;
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v. time of last: to record the time a delay event happens; it was used to control the
logic. Using the command time() to get the current time, minus the time of the

last event returns the time elapsed since the last event happened.

Columns{Mo. of delays): 3 SetSize I Show Table I I Showe Editor I
extend vent tube |supply miner |sb:une dusting |

checklenagth 4,000 15,000 25,000

chedktime 0.000 0,000 1440,000

currentlenagth 0,000 0,000 0,000

delay time 4 15 uniform(, 1, 0) |

time of last 0,000 0,000 | uniform{0, 1, 0) I
bernoulli{50, 1, 0, 0)
arnniric ™ 2blarama™

Figure 6-15 The setup table of face operation delay
New delays can be added using the face operation delay editor or by simply adding new
table columns. If the operation is time based only, set the “check time” to be the
required time, which must be non-zero and the “check length” to be 0; similarly, if the
operation is distance based, set the “check length” to be the required length and the
“check time” to be 0.
The face operation delay logic (Figure 6-16) was triggered by case 2 of the CM object

OnMessage trigger, each time one cutting and supporting cycle was completed.
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For each column in the face operation
delay table, get current length(Lcu),
check length(Lch), time last(Tl) and

check time(Tc)

4—Next column

If Yes, set Lcu=0
Tl=time()

If Lcu>=Lch
Or (TI+Tc)<=time()

If one or more Yes

Face operation
delays
All No

|
4
Next Logic

Figure 6-16 Flow chart of face operation delays and the configuration GUI

When the logic was fired each time a For loop statement went through each column of
the face operation delay table and compared the length and the time. When the “current
length” was greater than or equal to the “check length” or the results of current time
minus the “time of last” was greater than or equal to the “check time”, a message was
sent to the delay queue object to start the delay (Figure 6-17). Meanwhile, the “current
length” was set to be 0 and the “time of last” was updated to be the current time for the

next delay event.
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“ueue taskterminal
rContent: 0 Input: 0
MaxContent: 0 panel_delay
AvgStaytime: 0.0 Output: 0
%ldle: 0.0

%Processing: 0.

Figure 6-17 The objects to simulate face operation delays

Two values were assigned to the message for the Queue object and set to the labels of
the task flowitem each time it received a message: the value of the delay time and the
column index of the delay, which indicated the reference of the delay in the table. The
two values were then referenced by the Processor object — panel_delay to set the
processing time and states. After all the face operations were completed, the logic
following the operation delay was fired.

A gueue object was used before the Processor (panel_delay) because possible multiple
face operations could happen at the same time. If this situation occurs, all the delays are

queued in the Queue object and then processed one at a time by the processor.

6.2.3.1 The face operation triggers

Five triggers were involved in the face operation delay:
i. the CM object OnReset trigger: to reset the delay table and set the CM state
profile for each operation to record delays during simulation;
ii.  part of case 2 of the CM OnMessage trigger: to check whether to start a face
operation delay in the table and send a message to delay queue to start delay

tasks if necessary; otherwise start case 3;
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iii.  the delay_queue object OnMesssage trigger: to insert a task flowitem for face
operations on each message and set the item label values to the corresponding
delay time and delay index in the table;

iv.  the panel_delay object OnEntry trigger: this is the time each delay starts. When
an item enters the Processor, the new state of the CM is set to be the
corresponding operation stored in the face operation delay table. The process
time was set to be the 1 label value by using get1abelnum(item, 1) Statement;

v. the panel_delay object OnExit trigger: this is the time when one face operation
delay completes. If all of the delays are completed, a message is sent to start
case 3 of the CM object OnMessage trigger.

The CM object OnReset trigger was implemented by the following codes:

treenode delaytable=label (current,8); // pointer to the face operation table
int delaynum=gettablecols (delaytable); // total number of delays (columns)
for (int i=1; i<=delaynum; i++)//reset delay check point length to be 0
{
setnodenum(cell (delaytable,i,3),0);//length
setnodenum (cell (delaytable,i,5),0);//time
}
int statenum=content (state profile (current));
// pointer to the CM state profile list node
if (statenum>53) //from the 54" are face operation states
{
for (int i=statenum; i>=54; i--)//delete extra state profiles
{
destroyobject (rank(state profile(current),i));
}
}
for (int i=54; i<=54+delaynum-1; i++)
//reset delay check point length to be 0
{
nodeinsertafter (rank(state profile(current),i-1));
// insert new node from new delay states
treenode newnode=rank(state profile(current),i);
// pointer to the new node
setnodename (newnode, gettableheader (delaytable,2,i-53));
// set the state name to be the delay name in the table
nodeadddata (newnode,1); // set the node data type to be number type

Part of case 2 of the CM OnMesssage trigger:

treenode delaytable=label (current, 8);

int countn=0;

for (int i=1; i<=gettablecols(delaytable); i++)
//check delays, if true, send messages to delay queue
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if ((gettablenum(delaytable,3,1i)>=gettablenum(delaytable,1,1))
| | (gettablenum(delaytable, 2,1i) !=0
&& (gettablenum (delaytable, 5, 1) +tgettablenum(delaytable,2,i)<=time())))
{
double delaytime=executestring(gettablestr (delaytable,4,1i),
NULL, NULL, NULL) ;
// return a number of statistics distribution
settablenum(delaytable, 3,1i,0);//reset length
settablenum(delaytable,5,1i,time());//reset time
senddelayedmessage (delayqueue, 0, current, 1l,delaytime, i) ;
// send message to delay queue to start face operation delay
countn++;
}
}
if (countn>0)
// there are some face operation delays, go to face operation delays
break; //loop out

else // no delays
{
senddelayedmessage (current, 0, current, 3) ;

//start case 3 of CM OnMessage
break;

The delay_queue object OnMesssage trigger:

// the newitem is a flowitem stored in the last variable node of the
delay queue

setlabelnum(newitem, 1, msgparam(2));//value of delay time
setlabelnum(newitem, 3, msgparam(3));//column index of delay

insertcopy(newitem,current); // insert a flowitem of delay task

The panel_delay object OnEntry trigger:

treenode delayqueue=inobject (current,1); // pointer to the delay gueue
treenode CM=first (centerobject (delayqueue,l)); // pointer to the CM object
int state num=53+getlabelnum(item,3); //get the state index in the list

setstate(CM,state_num);//set CM state

The panel_delay object OnExit trigger:

if (content (current) +content (delayqueue)<=1)
//face operations all completed, tell CM to start
senddelayedmessage (CM, 0, current, 3) ;
//fire Case 3 of CM OnMessage trigger

6.2.4 The support cycle

The support process is one of the major delays in roadway development. The modelling
of support cycle was designed to enable different support types to be simulated because

they vary considerably from mine to mine due to geological conditions and safety
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issues. The logic shown in Figure 6-18 can be configured as most standard support type

used in Australia by editing the support type table (Figure 6-19).

Bolting cycle Start
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Figure 6-18 Flow chart of support type and the configuration GUI

The support cycle is fired at the same time as the cutting starts when using a bolter

miner (BM) or after the SC is loaded when using a miner bolter (MB).

Type 1} - 6 [ Set Mo. of steps ] [Number Tabl
m_Dc

Type 2 |step2 |[step3 |[step4  |[step5  [step6
_[--Q-'\I—_'!II,I';HI_:|,|1lE : =00 2,000 -1.000 2,000 0,000 0,000
RIE 0,000 2,000 -1.000 0,000 2,000 0,000

Figure 6-19 The support type configuration table

The bolting step is represented by the column index of the setup table (Figure 6-19) and

each column contains two cells — a value for the roof and the other for the rib.
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flow chart shown in Figure 6-18, “bolting step ++” means the bolting step is increased
by 1. By default, the bolting step is equal to 0. Hence, when the cycle first starts, the
bolting step increases from 0 to 1 and the logic starts to execute the support type from
the first column. If both values are less than or equal to “0”, the support type ends to fire
the following script. There are two different situations with cycle ends, namely ending
in the middle and full cycle end. If both cells are “0”, it means a full stop of the support
type. Before ending the support cycle, the bolting step is set to be 0, which means the
next support cycle starts from step 1; but if both values are “-1”, the program executer
loops out without changing bolting step value. The current value is maintained till the
next cycle, indicating that the next support cycle follows the current step.

In the example shown in Figure 6-19, when the cycle completes step 1 for 4 roof bolts
and step 2 for 2 roof bolts and 2 rib bolts, step 3 ends the cycle and keeps the bolting
step at 3. When another SC has been loaded the cycle is fired again and the support
cycle starts to execute from step 4 for 2 roof bolts and step 5 for 2 rib bolts. Step 6
resets the bolting step to be 0 so that the cycle following restarts the support cycle from
step 1.

Apart from “0” and “-1”, integers in the table mean how many bolts are used in each
step, but if the first digit of the table decimal value is non-zero, a mesh must be installed
before the bolts. For example, if the roof value of step 1 is changed to be 4.1, it means
before installing 4 roof bolts in step 1, a roof mesh must be installed.

The support type can be referred to by the index number in the CM task sequence table.

The delay time can be set up separately for each support type.
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6.2.4.1 Objects of the support cycle

The support cycle of the simulation model is as shown in Figure 6-20. Three kinds of
Flexsim objects were used: the Visual tool as a container to group the objects named as
support_cycle, Processor to simulate the installation of mesh and bolts and a Sink object

to end the operations.

rib_rig1

roof_mesh
Output: 0
%ldle: 0.0 .
%Processing: 0.0 ibTig2
Output: 0
y %ldle: 0.0
sunnart cucle = %Proceccing-00 |

Figure 6-20 Objects of the support cycle

As shown in Figure 6-20 from left to right, the first red processor simulates a roof mesh
operation which is linked with one of the four green processors. The four green
processors are used to simulate the four roof rigs of a CM. The two red processors in
the middle simulate two sides of rib mesh operation and are linked to the two green
processors which are to simulate the two rib rigs of a CM. All of the green processors
are linked to the sink object. Each of the processors adds a flowitem to itself to start the
corresponding operation whenever it receives a message. Each of the green processors

which are linked to the red processors can either receive a flowitem from the upstream
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objects (the red processors) or insert one to itself by the insertcopy cOmmand upon

receipt of a message.

6.2.4.2 The triggers involved in the support cycle

To start the support cycle, a message is sent to the support_cycle object - the Visual
tool. There are two different possible situations to start the support cycle: BM and MB.

»  BM: the before_cut object OnEXxit trigger

if (getlabelnum(outobject (current,1),9))//bolter miner
{
senddelayedmessage (centerobject (up (current),1),0,current) ;
//message to support cycle
setstate (outobject (current,1),51);//supporting state

}

»  MB: the after_cut object OnExit trigger

else//miner bolter
{
senddelayedmessage (centerobject (up (current),1),0,current, 1) ;
// message to support cycle
setstate (CM,51);//supporting state
}

When the support_cycle receives a message it begins to execute the logic shown in
Figure 6-18. The objects of support cycle are arranged in a specified order which can be

referred to by their rank in the tree (Figure 6-21).

=HHp0. support_cyde  Object
il roof_mesh Object
Fp2. roof_rigl Object
Hp3. roof_rig2 Object
334. roaf_rig3 Ohject
E_-,E. roof_rig4 Ohject
E_-,E. rib_rig1 Ohject
E_-,?. rib_rig2 COhject
E_-,B. rib_mesh1 COhject
E_-,EI. rib_mesh2 COhject
Dp 10. Sink 10 Ohject

Figure 6-21 The tree structure of the support cycle

The codes of the support_cycle OnMessage trigger are used to start support operations

depending on the values in the support type table. The codes are provided below:
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if (rib op != 0)//rib operation
{
for (int i=6; i<=trunc(rib op)+5;i++)
// from the 6% object in the support cycle
{
treenode ribs=rank (current,i); // the rib rig
if (frac(rib op) !=0)// need to install rib mesh
ribs=inobject (ribs,1); // the rib mesh object
senddelayedmessage (ribs, 0, current, 1) ;
// send message to rib mesh
}
setlabelnum(current,10,1);//support animation

}

if (roof op!=0)//roof operation
{
if (frac(roof op)!=0)//need to install roof mesh
senddelayedmessage (rank (current,1),0,current, 1) ;
// start roof mesh
Else // start roof bolting operation
{
for (int i=2; i<=trunc(roof op)+1;i++)
// start from the 27 object in the support cycle
{
senddelayedmessage (rank (current, i), 0,current, 1) ;
// start roof bolting operation
}
}

setlabelnum(current,10,1);//support animation

When the roof mesh is completed, roof bolting commences; this is done in the

roof _mesh OnExit trigger by the following codes.

for (int i=3; i<=roof op+l; i++)
// to roof bolting rigs (start from the 374 object in the support cycle,
// as rigl is linked with current)
{
treenode rigs=rank (support,i);
senddelayedmessage (rigs, 0, current, 1) ;

When the last flowitem (indicating one support operation) enters the sink, it means one
support step has been completed. There are three different situations for the following
step: a whole cycle of support completes (both values of the rig and roof cells are 0),
part of the support cycle completes (both values of the rig and roof cells are -1) and
normal support operation (the total value of the rig and roof cells is greater than 0). The

codes are as follows:

if (totalcontent-content (current)<=0)//one step completes

{
inc (label (support, "step"),1); // increase the step value by 1
setlabelnum(up (current),10,0);// stop support animation
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if (roof op+rib op<0)
// part of the support cycle completes, wait for another load of SC
{
if (getlabelnum(CM,9))// bolter miner
{
setlabelnum(up (current),3,1);
// set the support cycle as completed
if (getlabelnum(CM, 3))// cutting and loading finished
senddelayedmessage(after_cm,O,current,l);
// start to cut for another load of SC
}
else // miner bolter
senddelayedmessage (CM, 0, current, -5) ;
// start to cut for another load of SC
inc (label (support, "step"),1);
// next step starts from next column
}
else if (roof op+rib op==0)//completely end of cycle
{
if (getlabelnum(CM,9))//bolter miner
{
setlabelnum (up (current),3,1);
if (getlabelnum(CM, 3))
senddelayedmessage (after cm,0,current, 2) ;
//new cycle, CM OnMessage trigger case 2
}
else //miner bolter
senddelayedmessage (CM, 0, current, 2) ;
// new cycle, CM OnMessage trigger case 2
setlabelnum (support, "step",1);
}
else//continue to support the next step
senddelayedmessage (support, 0, current, 1) ;

6.2.4.3 Labels for the support cycle

The parameters of the support cycle are stored in the Visual tool object called
‘support_cycle’. Three variables were used: configuration variables, statistic variables
and logic control variables. The configuration variables for the support cycle were
stored in the “bolting types” and “bolting time” labels. The statistics variables recorded
the number of meshes and bolts used while running a simulation. The logic control
variables included a support step control value, a flag value to mark whether the support
cycle completes, a value of the current task support type and a flag value to start/stop

support animations. The labels are shown in Table 6-2.

165



Table 6-2 The labels of the support cycle object

Variable name Default values Description

step 0 To control the steps of the support
cycle

bolting types A group of tables Tables to contain support types

cycle_done 0,1 Set to be 1 when support cycle
completes; 0 when restart a new
cycle

rib_bolts 0 To record total rib bolts

roof _bolts 0 To record total roof bolts

rib_mesh 0 To record total rib meshes

roof_mesh 0 To record total roof meshes

bolting time A table A table to contain the time of each
step for different support types

current_type 1,23, .. The support type for the current task

animation_draw? 0,1 Whether to start support animation

Figure 6-22 depicts the tree structure of the two table labels, the data on the left

represents the bolting types and data on the right represents the bolting time.

B (ylabels
{Tystep 1.000
B (ybolting types 0.000
B Type 1 0.000
B ROOF 0.000
Cystep 1 4,000
Cystep 2 2.000
Cystep 3 -1,000
Cystep 4 0.000
Cystep 5 0.000
Cystep 6 0.000
B (RIE 0.000

. 0.000 B (ybolting time
9] 2,000 B OTyvpe 1
. -1.000 {ORoof meshing 2
9] 2,000 {ORoof balting 2
9] 2,000 {3Rib meshing 2
9] 0.000 {ORib belting 2

DTypE 2 0,000 OTypE 2

O Type 3 0,000 O Type 3

Figure 6-22 The tree structure of the two table labels
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6.2.5 The Boot End (BE)

The BE is a Sink object in Flexsim® to receive the coal from the CM and the coal
flowitem ends up in this Sink object. The outbye services downtime can be applied to the
BE object and when the BE is down, it stops receiving coal from the SC of a CHS. The

BE’s location influences the travel routes of SCs.

6.2.5.1 Labels of the BE

Most of the BE labels were used to control the SC routes, with one label defining the
location heading of the BE and two tables containing the location and offset values.

They are as shown in Table 6-3.

Table 6-3 The labels of the BE object

Label name Description

location_heading Which heading the BE is located in

occupied Whether the BE is occupied by a SC

SCwaiting@BE 1 if SC wait at the end of BE and insert a sub-node to
record the reference of the SC

SCwaiting2go_in_BE 1 if SC waiting to go into the BE area and insert a sub-

node to record the reference of the SC

SCwaiting2go_in_BE(if 2 | 1 if SC waiting to go into the BE area and insert a sub-
SCs at the same time) node to record the reference of the SC

location_table A table containing landmark locations of a roadway; the
locations are calculated when the model is reset. This is
to save computer resource as the locations are used
many times during simulation for the SC travel routes.

offset_table A table containing important offset values of a roadway
due to the angle of the cut-through and the possible
angle of the roadway; the values are calculated when the
model is reset.

Each pillar heading has four landmark locations: the boot end, two cut-through
intersections and the end of overdrive (Figure 6-23). Each location has an x axis value
and a y axis value, so for each heading, eight variables must be stored in the table for

possible use during simulation.
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Figure 6-23 The four landmark points of roadway headings

The statement vectorprojectx/vectorprojecty CONVerts the x and y coordinates into the
model coordinate system because the SC routes follow the model coordinate system.
The two commands help to get the locations in the model coordinate system, no matter
where and what direction the roadway is. The example codes for one heading are as

follows:

settableheader (location table,1,i,concat ("Heading ", numtostring(i))):;

//row name
settablenum(location_table,i,l,vectorprojectx(road_view,xoffset+xsize(sc)/2,(l
-i)*pillar width,0,model()));

//xloc of BE to set the initial location of SC

settablenum(location table,i,2,vectorprojecty(road view,xoffset+xsize(sc)/2, (1
-i)*pillar width, 0, model()));

//yloc of BE to set the initial location of SC
settablenum(location table, i, 3,vectorprojectx(road view,xoffset+gettablenum(ge
o table,5,1), (1-i)*pillar width,0,model()));

//xloc of CT1l intersection

settablenum(location table,i,4,vectorprojecty(road view,xoffset+gettablenum(ge
o _table,5,1), (1-i)*pillar width,0,model()));

//yloc of CT1 intersection

settablenum(location table,i,5,vectorprojectx(road view,xoffset+gettablenum(ge
o_table,5,1)+pillar length, (1-i)*pillar width,0,model()));

//xloc of CT2 intersection
settablenum(location table, i, 6,vectorprojecty(road view,xoffset+gettablenum(ge
o _table,5,1)+pillar length, (1-i)*pillar width, 0,model()));

//yloc of CT2 intersection

settablenum(location table,i,7,vectorprojectx(road view,xoffset+xlength-

xsize (CM), (1-i) *pillar width,0,model()));

//init xloc of CM at heading
settablenum(location table, i, 8,vectorprojecty(road view,xoffset+xlength-
xsize(CM), (1-1i) *pillar width,0,model()));

//init yloc of CM at heading

The values in the offset table are the degrees and radians of the cut-through angle, the
degrees and radians of the roadway direction and values projected onto the x/y-axis of
the model coordinate system of items such as the SC length, the CM length, the cutting

web depth and one unit length (one metre) of the cut-through. These values were used to
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correct the location of the CM and SC and the SC travelling route due to the angle of

cut-through and the direction of the roadway. The codes are as follows:

double xlength=(gettablenum(geo table,2,1)+gettablenum(geo table,5,1));
// overdrive+ bootend location

double pillar length=gettablenum(geo table,3,1);

double pillar width=gettablenum(geo table, 3,2);

double BEoffset=(be heading-1)*pillar width;

double degree RD=zrot (road view);

setrot (current,0,0,degree RD);//set BE direction

setloc (current, xloc(road view),yloc(road view),0);//set BE location
double be x=vectorprojectx(road view,0,-BEoffset,0,model ())-

vectorprojectx (current, 0, -ysize (current) /2,0, model ()) ;
double be y=vectorprojecty(road view,0,-BEoffset,0,model ())-
vectorprojecty (current, 0, -ysize (current) /2,0, model ()) ;

setloc (current, xloc(road view)+be x,yloc(road view)+be y,0);
// set BE location, referring to roadway

//offset table

double CT degreel=gettablenum(geo table,1,1);

double CT degreeR=gettablenum(geo table,1,2);

double CT RadiansL=degreestoradians (degree RD+CT degreel);
double CT RadiansR=degreestoradians (degree RD-CT degreeR);
double RD Radians=degreestoradians (degree RD);

double cutdepth=getlabelnum(CM, 4) ;

settablenum(offset table,1,1,zrot(road view)+CT degreel);
//degree of Left CT

settablenum(offset table,1,2,CT RadiansL);

//Radians of Left CT

settablenum(offset table,2,1,zrot(road view)-CT degreeR);
//degree of right CT
settablenum(offset table,2,2,CT RadiansR);//Radians of right CT
settablenum(offset table,3,1,degree RD);//degree of RD
settablenum(offset table,3,2,RD Radians);//Radians of RD

settablenum(offset table,4,1,xsize(sc)*cos(RD Radians));//xoffset of SC
settablenum(offset table,4,2,xsize(sc)*sin(RD_Radians));//yoffset of SC
settablenum(offset table,5,1,xsize (CM)*cos (RD_Radians));//xoffset of CM
settablenum (offset table,5,2,xsize(CM)*sin(RD_Radians));//yoffset of CM

settablenum(offset table,6,1,xsize(sc)*cos (CT_Radiansl));
//xoffset of SC at left ct
settablenum(offset table,6,2,xsize(sc)*sin(CT_RadiansL));
//yoffset of SC at left ct
settablenum(offset table,7,1,xsize(sc)*cos (CT_RadiansR));
//xoffset of SC at left ct
settablenum(offset table,7,2,xsize(sc)*sin(CT_RadiansR));
//yoffset of SC at left ct

settablenum(offset table,8,1,xsize(CM)*cos (CT _RadiansL));
//xoffset of SC at left ct

settablenum(offset table,8,2,xsize(CM)*sin(CT_Radiansl));
//yoffset of SC at left ct

settablenum(offset table,9,1,xsize(CM)*cos (CT _RadiansR));
//xoffset of SC at left ct

settablenum(offset table,9,2,xsize(CM)*sin(CT_RadiansR));
//yoffset of SC at left ct

settablenum(offset table,10,1,cos(RD _Radians));

//xoffset of Ilmeter at heading

settablenum(offset table,10,2,sin(RD Radians));

//yoffset of lmeter at heading

settablenum(offset table,11,1,cutdepth*sin(degreestoradians (CT_degreel)));
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//left offset of cutdepth at ct
settablenum(offset table,11,2,cutdepth*sin(degreestoradians (CT_degreeR)));
//right offset of cutdepth at ct

6.2.6 The Shuttle Car (SC)

The SC was modelled as a task executer object in Flexsim®. Task executers can travel,
load flowitems, unload flowitems and perform many other simulation tasks. The task
executer used in this model can transport coal flowitems from the CM to the BE. The
easiest way to use a task executer in Flexsim® is to connect the task executer (the SC)
with the CM using the centre connection method and check the “Use Transport” option
(Figure 6-24). The default method cannot manage the complexity of the SC travelling
routes, which is handled using customised task sequences in the codes area of Request
Transport From (when a SC is loaded and requested) and the SC OnUnload trigger

(when the SC is unloaded).

Qutput
Send To Port -
|First available Open all ports. - |@|
V| Use Transport Priority 0.000 Preempt
Reqguest Transport From -
|-:ustom code T ||i]l

Figure 6-24 The Flow page of CM properties window
6.2.6.1 Shuttle Car travelling routes
The SCs are largely constrained by the roadway layout and mine safety issues. The
interactions between SCs are unlike cars on a surface road because underground space
is very narrow. Moreover, a SC is powered by electricity through a cable linked
between itself and a hook anchored to the side of the roadway. SCs cannot cut across
each other or pass in the heading; they must wait for others at a specific location,

usually near the intersection of a cut-through.
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The routes have a huge impact on how the SCs interact and the distance from the CM to
the BE, which adds other practical complexities to the model. All possible routes can be
seen as two parts: from the CM to the point before going into the intersection of the cut-

through (CM part) and the left part to the BE (BE part) (Figure 6-25).

1=t Cut-through |y 2" Cut-through
|
A 1
|
Boot End |‘ 1 Heading A ,
' |
- |
|: Heading B ‘.
] — '
| |
1
BE part | CM part
L

Figure 6-25 The two parts of SC travelling routes

For the CM part, the SC has different routes when the CM is in the heading and when
the CM is in the cut-through. There are three instances depending on the location of the
CM: heading, right hand side cut-through and left hand side cut-through (Figure 6-26).
When the CM is in the heading, the SC travels directly to the CM’s location (for
example in Figure 6-27, the red lines labelled 1 and 3). When the CM is in the cut-

through, the SC travels a full pillar length before travelling to the CM’s location.
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2" Cut-through
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2nd Cut-through

Heading
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Figure 6-27 to Figure 6-31 illustrate the SC tramming routes when two SCs were used
and a CM is in the heading. SC1 follows the red routes; SC2 follows the blue routes.
The red routes are when only one SC is used for one CM. The routes are divided into
several steps and between steps, the SC either stops to wait for the other SC or sends a

message to start the other SC which is waiting. For modelling purposes, the routes can

Figure 6-26 The three cases of SC travelling routes of the CM part

be classified as follows when the CM is in the heading:

one CM:

a) the CM is in the same heading as the BE (Figure 6-27):

>

>

SC2 waiting area is in the right hand side cut-through (Left of Figure 6-27);

SC2 waiting area is in the left hand side cut-through (Right of Figure 6-27).
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Figure 6-27 SC travelling routes (CM is in the BE heading)

As shown in Figure 6-27, the routes are divided into four steps. The same
number means the two SCs could begin to travel at the same time. SC1 (the red
routes) must check whether the BE is occupied before going into the BE area
and send a message to SC2 waiting aside immediately when coming into the BE
area. After SC1 finishes dumping, it waits at the end of the BE area until SC2
reaches its waiting area from the CM. When SC1 leaves the BE area, it also
signals SC2 which is waiting to go into the BE area. After dumping, SC2 must
not go to the CM, but to its waiting area until it receives a message from SC1.
When SC2 is loaded, it goes to the waiting area again and sends a message to

SC1 if SC1 is waiting at the end of the BE area.

b) the CM is not in the same heading as the BE: The routes are divided into three
steps. SC2 (blue routes) must wait at the waiting area before going into or when

leaving the BE area. There are two cases as follows:

»  CMiis in the left hand side heading from the BE heading (Figure 6-28);
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Figure 6-28 SC travelling routes (CM is in left hand side heading)

»  CMiis in the right hand side heading from the BE heading (Figure 6-29).

CM is on the right
hand side Of BE

'
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Figure 6-29 SC travelling routes (CM is in the right hand side heading)

ii. two CMs and two SCs: Each SC must check whether the BE is occupied before
going into the BE area. If the BE area is occupied by the other SC, it should wait
at the end of the intersection until it receives a message indicating the other SC

has left the BE area. There are two situations:

a) the second CM is in the left hand side heading from the BE heading (Figure

6-30);
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Figure 6-30 SC travelling routes — the 2" CM is in the left hand side heading
b) the second CM is at the right hand side heading from the BE heading (Figure

6-31).
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Figure 6-31 SC travelling routes — the 2" CM is in the right hand side heading
6.2.6.2 The scripts for SC routes
To simplify writing the scripts, five Flexscript nodes were created and stored in the
variable treenode of the CM object ranked from 16" to 20" (Figure 6-32). To create a
script node, a normal node was created first by using the spacebar when highlighting the
15" node and then right clicking on the newly created node and selecting Build | Toggle
Node as FlexScript. The codes can be written inside the Flexscript node in the same

way as the triggers.
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[5]16. SC1_BEtoCMnoStreenode current = ownerobject(c);
[5]17. 5C2_BEtoCTstoptreenode current = ownerobject(c);
[5] 18, SC1_CMtoCTnoStreenode current = parnode(1);
[5]19. 5C2_CMtoCTstoftreenode current = parnode(1);
[5]20. 5C2_CTstoptoCMreenode current = parnode(1);

Figure 6-32 The Flexscript nodes of SC travelling routes under CM variable tree

The functions of the respective nodes are:

As

>  the 16" node : dispatch the first SC linked to the CM travelling from the BE to

the CM;

>  the 17" node: dispatch the second SC linked to the CM travelling from the BE

to the waiting point near the first cut-through;

> the 18" node: dispatch the first SC linked to the CM travelling from the CM to

the waiting point near the first cut-through;

> the 19" node: dispatch the second SC linked to the CM travelling from the CM

to the waiting point near the first cut-through;

>  the 20" node: dispatch the second SC linked to the CM travelling from the

waiting point near the first cut-through to the CM.

may be noticed, there is no node to dispatch the SC travel to the BE and unload the

coal flowitem to the BE. This must be done in the BE OnMessage trigger.

The five nodes can be divided into two categories:

leaves the CM, the SC must be loaded with the coal flowitem processed by the

CM. So the header of the two nodes are three involved parameters as follows:

treenode current = parnode(l); // should be the CM
treenode item = parnode(2); // should be the coal flowitem
int port = parval(3); // the port index of the CM linked to the SC

To execute the nodes, use the command nodefunction (fstravelsc,

tonum(current), tonum(item), SCindex), where fstravelsc refers to the 18th
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node or the 19" node; tonum(current) is the CM object; tonum(iten) is the coal
flowitem and SCindex is the port index of the CM linked to the SC;

ii.  those that dispatch the SC travel towards the CM (the 16", the 17" and the 20™):
There is no load and unload task. The SC only travels to its destination and

sends a message to the other SC. The header of the nodes is as follows:

treenode current = ownerobject(c); // should be the CM
treenode transporter= i; // should be the SC

To execute the nodes, use the command executefsnode(fstravelsc, c, i), where fstravelsc
refers the FlexScrip node; the owner object of the node is the CM. Actually, the two
commands executefsnode and nodefunction have the same function to execute a
Flexscript node, but nodefunction has more customised parameters. For more
information about the two commands, please refer to the Flexsim (2013).
The five nodes use the same idea to handle different cases of SC travelling routes:
calculate the landmark points, then create a series of task sequences and dispatch it.
Four task types were used:
»  TASKTYPE_FRLOAD: this task loads a flowitem from a fixed resource (CM)
to a task executer (SC);
» TASKTYPE_TRAVELTOLOOC: this task makes a task executer (SC) travel to
a specified location;
»  TASKTYPE_SETNODENUM: this task sets a node value that is used to
change the SC direction when the SC enters a cut-through from a heading or
enters a heading from a cut-through;

»  TASKTYPE_SENDMESSAGE: This task sends a message to an object.
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6.2.6.3 The triggers involved in the SC routes

To simulate the travelling routes, five triggers were used in the Flexsim model:

i. the CM Pick Operator codes area: stops the CM from cutting if the SC is not

ready;

ii.  the SC OnReset trigger: sets the initial location of the SC when the model is

reset;

if ( cpcpno(current,1l)>1)
// the second SC
{
//set its initial location at the BE area,
//and dispatch the SC to its waiting area
}
else // the first SC of CM, set location to the CM
{
// set its initial location to be the rear of the CM

}

iii. the CM Request Transporter From codes area: dispatches the SC travelling
from the CM or waiting area to the BE and unloads the coal flowitem when the

cutting and loading process is completed (the actual loading time of the SC

object was set to be 0);

if (nrcp(current)==1)//only one SC
{
fstravelsc=node (">18",current); // SCl from the CM to the BE

}

else //two SCs
{
if (SCindex==1 || nrcp(current)==1) // the first SC
{
fstravelsc=node (">18",current) ;
// SCl from the CM to the BE
setlabelnum(current,17,2);
// SC1l leaves, set current SC to be SC2

Else // the second SC

fstravelsc=node (">19",current) ;
// SC2 from the CM to the waiting area
setlabelnum(current,17,1);
// SC2 leaves, set current SC to be SC1
}
}

nodefunction (fstravelsc, tonum(current), tonum(item), SCindex) ;
// executes the SC travelling node
setlabelnum(current, 18,0);
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// SC leaves, set SC not ready to be loaded

iv. the SC OnUnload trigger: dispatches the SC travelling from the BE to the CM

or waiting area when it is unloaded:

if (SCindex==1) // the first SC
{
if (!getlabelnum(CM,5))//CM is not occupied
{
setlabelnum(station, 3,0);//no SC waiting at BE area
fstravelsc=node (">16",CM); //Dispatch SCl from BE to CM
executefsnode (fstravelsc, fstravelsc,current) ;
}
else //CM is already occupied
setlabelnum(station, 3, tonum(current)) ;
//record itself to restart (set the BE being occupied) .
//The SC waits at the BE
}

else if (SCindex==2) // the second SC

{
fstravelsc=node (">17",CM) ;
// Dispatch SC2 from BE to waiting area
executefsnode (fstravelsc, fstravelsc, current) ;

v. the BE OnMessage trigger: dispatches a SC travelling to its destination in case

it is waiting somewhere.

case 1: //sender:SCl CMtoCTnoStop && SC2 BEtoCTstop

//&& SCl_CMtoCTnoStop (&& SCl1 _BEtoCMnoStop if 2 CMs),
{

//SCl from waiting point to BE to unload,

//please refer to the model

break;

case 2: //sender: SCl BEtoCMnoStop,to resume shuttle car 2 of CMI,

//SC2 from waiting point to BE to unload
//please refer to the model
break;

case 3://sender: SC2 CMtoCTstop

treenode transporter=tonode (msgparam(2));//sender object
setlabelnum(centerobject (transporter,1),5,0);
//CM not been ocupied
int SC numID=getlabelnum(current, 3);
if (SC_numID)
{
treenode fstravelsc=node (">16",inobject (current,1));
executefsnode (fstravelsc, fstravelsc, tonode (SC_numlID)) ;
}

break;
case 4://sender: case 1

treenode transporter=centerobject (inobject (current,1),2);
//2nd SC of CM1
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setlabelnum(centerobject (transporter,1),5,1);

//CM not been ocupied

treenode fstravelsc=node (">20",inobject (current,1));

nodefunction (fstravelsc,centerobject (transporter, 1),
first (transporter),?2);

break;

}

default: break;

6.2.6.4 Some important strategies for the SC routes

The following approaches were used to monitor the SC routes:

to determine whether a working heading is in the heading to the left or right
hand side of the BE heading: subtract the heading number from the number of
the BE heading. If the difference is 0, the CM is in the BE heading; if less than
0, it is in left hand side heading, while more than 0 means the CM is in the right
hand side heading;

to determine whether the CM is working in a cut-through or a heading: calculate
the difference in direction for the CM and the roadway (as a whole unit). If the
difference is 0, the CM is in the heading; otherwise, the CM is working in the
cut-through. When the CM is in a cut-through, find the value in the heading
column of the current task in the task sequence table. If the decimal part of the
value is 0.1, the cut-through is to the right hand side of the heading, while 0.2
means the left hand side cut-through;

to determine whether a CM is served by more than one SC, use the command
nrcp t0 find the total centre connections of the CM object which is the total

number of SCs used for the CM.
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6.2.6.5 Setting the SC empty and full loaded frame

Two 3D files were imported into Flexsim® through the menu Tools | Media Files, one
was called ShuttleCar.skp for the empty SC, the other was called
ShuttleCarFRAMEL.skp for the loaded SC (Figure 6-33). After the SC was loaded (SC
OnLoad trigger), the command setframe (current, 1) Was used to set the 3D view of
the SC in the 3D environment as the loaded one; and after the SC was unloaded (SC
OnUnload trigger), the command setframe (current, 0)Was used, which resulted in the
SC view being the default 3D view, which is empty. When the model was reset, the SC

was set to be empty by the SC OnReset trigger.

Empty

Loaded

4

(‘,

Figure 6-33 SC loaded and empty frames

6.2.7 The use of a Continuous Haulage System (CHS)

To simulate the use of a CHS, one easy way is to remove the SCs and uncheck the
options Use Operator(s) for Process and Use Transport, then the coal flowitem goes
directly to the BE without any delay. This does not really happen when a CHS is used in

a coal mine, but the impact of the CHS capacity can be set up by changing the CM
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cutting process time per web. To make the model easy to use, the following scripts were
written in the CM OnReset trigger to set whether to use an SC or not, depending on a

label value.

int shuttlenum=getlabelnum(current,14); // label value of SC number
setnodenum (node (" /usetransport",variables (current)), shuttlenum) ;
// Use Transport, if shuttlenum=0, uncheck the option, otherwise, check
it.
setnodenum (node (" /useprocessoperators",variables (current) ), shuttlenum) ;
// Use Operator(s) for Process, if shuttlenum=0, uncheck the option,
// otherwise, check it.
for (int i=1; i<=nrcp (current) ;i++)
//hide SCs if not use them (shuttlenum = 0), otherwise show them
{
switch hideshape (centerobject (current, i), !shuttlenum);
switch hideconnectors (centerobject (current, i), !shuttlenum);

}

6.2.8 The roadway

The roadway, which is actually the outcome of a roadway development system is a very
special object. It extends as mining advances but it is not one-directional like a
motorway, its shape depends on the design of the roadway layout. A good aspect of
Australian roadway development is the layouts usually entail mostly repeated blocks. In
the modelling work, nine variables of roadway development geometry were considered,
with all the data being stored in the labels of the roadway object. These variables are:
i. the total number of headings;

ii.  the location heading of BE;

iii.  the angle of cut-through;

iv. the width of the pillar;

v. the length of the pillar;

vi.  the width of the roadway section;
vii.  the height of the roadway section;
viii.  the overdrive length; and

iX.  the distance from the BE to the cut-through.
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Flexsim® does not have an object such as a roadway shape which changes its shape as

the CM advances. Such an object was designed using a Visual tool object in Flexsim

®

and a 3D view of the object was drawn by customised codes located in the roadway

object’s OnDraw trigger (Custom Draw Code). Two key draw methods were used:

drawcube: this command draws a cube with its origin positioned at its bottom left
corner. Its length, width and height respectively correspond to the length, width
and height of a section of roadway. This command is easier to use than the other
method and was used to draw the headings. There were two different cases
involved in drawing the headings:

a section of heading with a fixed length, such as finished headings and finished

tasks in the task sequence table (a task means a section of roadway);

a section of roadway with a changing length in which a CM is working. The

length was the length accumulated from when the task started.
OpenGL method: g1Begin (c1. ouap sTrip) Was used to mark the beginning of a
set of givertex3d() commands. The givertex3d() command was used to define
the vertices of the specified shape. Using the ¢ ouap strre primitive method,
the first four vertices created a quad and every two vertices after that created a
quad with the previous two. The set of givertex3d() commands must be
followed by the g1end() command to mark the completion of the primitive
definition. The command givertex3d() has three variables to define the position

of the vertex in the 3D environment.

This method was used to draw cut-throughs because they may not be at right
angles to the headings, making a non-rectangular shape and the drawcube

command cannot handle this situation.
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Figure 6-34 Using OpenGL method to draw the 3D view of the roadway

As Figure 6-34 shows, the cube was defined by 8 dots and each dot was defined by
three values of location. This gives enough flexibility to draw a roadway of any

standard shape. An example of a section of codes is provided below:

glBegin (GL QUAD STRIP);
glColor4d(cR, cG, cB,Opacity2); // set color and opacity
glvertex3d(ctloc offsetleftl+i offsetleft2, 0, z offset2);// dot 1
glVertex3d(init ct loc+i offsetleft2, 0, z offsetl);// dot 2
glvertex3d(ctloc_offsetleftl+i offsetleft2, way height, z offset2);
// dot 3
glVertex3d(init ct loc+i offsetleft2, way height, z offsetl);// dot 4
glVertex3d(ctloc offsetleftl+way width newR+i offsetleft2, way height,
z offset2);// dot 5
glVertex3d(init ct loct+way width newR+i offsetleft2, way height,
z offsetl);// dot 6
glVertex3d(ctloc offsetleftl+way width newR+i offsetleft2, O,
z offset2);// dot 7
glVertex3d(init ct loc+way width newR+i offsetleft2, 0, z offsetl);
// dot 8
glVertex3d(ctloc offsetleftl+i offsetleft2, 0, z offset2);// dot 1
glVertex3d(init ct loc+i offsetleft2, 0, z offsetl);// dot 2
glEnd () ;

In this example the dots 1, 3, 5, 7 are fixed by the location from where the roadway
starts and dots 2, 4, 6, 8 are the fixed four dots, 1, 3, 5, 7 plus the length of the section of
roadway, which is either a fixed length of a finished part or the accumulated length of
the current task. As in the longwall model, to draw a 3D Vview,

drawtomodelscale(current) must be used before the draw codes start.
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The following variables make the 3D roadway’s colour and opacity changeable.

double cR=getnodenum(rank(color (current),1)); // Red value from 0 to 1
double cG=getnodenum(rank (color (current),2)); // Green value from 0 to 1
double cB=getnodenum (rank(color (current),3)); // Blue value from 0 to 1

double colorR=cR*255; // convert the value to be 0 to 255
double colorG=cG*255; // convert the value to be 0 to 255
double colorB=cB*255; // convert the value to be 0 to 255

// Opacity value stored in the roadway labels
double Opacity=getlabelnum(current, 6);

double Opacity2=getlabelnum(current,?7);
double Opacity3=getlabelnum(current, 8);

The three opacity values were used to distinguish between different parts of the
roadway and to make objects visible inside the roadway object. The colour values are
default variables of Visual tool object in Flexsim®, which can be set up from the object
properties window. The drawcube command has three parameters responding to red,
green and blue values in the format of 0-255 and an opacity parameter. In the OpenGL
method the following must be used, as in the previous example. The colour values of

this method are from 0 to 1.

glColor4d(cR, cG, cB, Opacity); // set colour and opacity
The draw codes were divided into 3 parts, the initial part, the finished pillars and the
current working part. There are three sub-parts within each part: parts to the left of the
BE heading, parts to the right of the BE heading and parts to left of the BE heading.
Like the design of the SC travelling routes, the key task was to calculate the landmark

points (the start and end point of each section of roadway) as is discussed below:

Figure 6-35 Initial roadways to draw
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i.  draw initial part
The initial part consists of the roadways that existed before the model began,
which include the part from the BE to the 1% cut-through, the overdrive part and
the 1% cut-throughs (as shown in Figure 6-35, in black and red). Originally the
red part had the same colour as the parts in black in the model. The red section
was added afterwards. The heading marked in red is where the BE was located.
This part was drawn by two steps:

» draw the BE heading using a drawcube command which is implemented as

follows:

drawcube (0,pillar width* (1-be heading)+half waywidth, 0,
xlength,way width,way height, 0,0,0,
colorR,colorG,colorB,Opacity?);// heading with BE

The starting point is (0, pillar_width * (1 - be_heading) + half_waywidth,
0) relative to the origin of the roadway itself (left bottom corner). The
length is the sum of the overdrive length and the distance from the BE to
the cut-through, the width is the width of the roadway and the height is the
height of the roadway;

»  the second parts at the sides of the BE heading are symmetrical with repeated
units. The repeated neighbouring units have a difference in location that is the
width of a pillar and the difference in location in the heading direction is the
width of a pillar multiplied by the cotangent of the cut-through angle. These
units can be drawn using the For loop statement where each unit has part of a
heading that can be drawn using the drawcube cOmmand and a cut-through that
can be drawn using the OpenGL method.

ii.  draw finished pillars
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The white and red parts in Figure 6-36 form a completed unit of one pillar length
of panel advance. The red and white colour were added to demonstrate only,
which were originally in the same colour as the parts in grey. This part has the

same features as the initial part and can be drawn using the same method.

Figure 6-36 Completed roadways plus initial roadways

The pillar lengths of panel advance are repeated units when more than one pillar
length is configured, with each pillar being a repeat of the white and red parts in
Figure 6-36. The number of completed pillars is the current pillar index stored in
the label of the roadway, minus 1. A For loop statement was used to draw the
repeated pillars, with another two For loop statements nested into it to draw the
left and right parts of each pillar.

To preview the geometrical setup of the roadway a flag value was used and then
stored in the label of the roadway. If the preview is true, draw all the pillars
being set up with model user, but if it is false or when the model is running, only

draw the completed pillar/pillars. The simplified codes are provided below:

if (getlabelnum(current,"preview") || cur _pillar num > 1)

{
int pillar num=gettablenum(rd geo table,6,1);
// the required number of pillars to develop by model user
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if (cur pillar num > 1)

// currently developing the 27 pillar,

// at least one completed pillar in the model
pillar num=cur pillar num-1;

for (int i=O;_i<=pilIér7num;i; i++)

{
// draw codes

}

}

draw active part.

The active part is the pillar where the CM or CMs are currently working (the
black part in Figure 6-37). This is the most difficult part to draw because it has
an irregular shape which depends on the task sequence table (or tables if multi

CMs), completed tasks and the percentage completed of current task.

Figure 6-37 Current pillar (the black part)

Loop through all possible task sequence tables - there may be more than one
CM and each CM has its own task sequence table. All the active CMs working
in these roadways must be linked to the BE object, so the number of CMs can
be accessed by checking the number of BE connections. The following are the

codes that were used to loop through all the tables of each CM.

int num CM=content (connectionsin (bootend)) ;
for (int i=1; i<=num CM; i++)
// for each CM, draw roadways based on CM's task table
{
treenode iCM=inobject (bootend,i); // the ith CM
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treenode tasktable= label (iCM, 7);
// the task sequence table of the ith CM

//draw codes

}

»  For each CM, draw roadways of completed tasks. The completed tasks are the
rows above the current task row in the task sequence table. The value of the
current task index is stored in the 7" label of the CM. A For loop statement
was used to loop through the completed tasks and the roadway for each task
was determined by the frompoint, topoint and heading index of the task
sequence table (Figure 6-12), in addition to the geometrica variables of the
roadway, i.e. the height and width of the roadway.

»  For each CM, draw the roadway of the current task like the completed task, but
the roadway length of the current task is determined by the length that

accumulated since the current task began.

6.2.9 Integrated flow logic of the model

Figure 6-38 shows the integrated logic of all the pieces of logic discussed above,
including different miner types, cutting, loading and supporting cycles, face operation

delays, multiple CMs, multiple pillars and the use of task sequence tables.
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Figure 6-38 Integrated flow chart of the Flexsim roadway development model
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6.3 The GUI design

To ensure the model is easy to use, a customised setup GUI was designed for each

object, the CM, the SC, the BE and the roadway. The GUIs were designed using the

same method discussed in Chapter 6 - the longwall model and were then stored in the

variable nodes of each object. They can be called up by a double click on the 3D object.

Figure 6-39 shows an example of the CM setup GUI tree node. Only some of the key

points have been discussed here.

B (6. special
O 1. title Fixed Resource Multiservice
{0 2. description
{3 3. guifocus VIEW: fstandardviews ObjectProperties

B (4. guifocusdass =spedial fguifocusdass/1
=] @ 1. CMsetup GUI  Ohbject

[=] B) 1. averlay Ohject

B)l. Advanced Ohject
=] Bﬁ. Cancel Ohject
B 4. OK Object
=] B:.E. Apply Ohject
B:.E. tabcontral Ohject

B:.I-". showhide Ohject

Figure 6-39 The tree structure of the CM setup GUI

There are seven objects in the GUI:

>

v VYV VWV V¥V

overlap: the default base window of the GUI,;

the Advanced button: to open the default properties window of a processor;
the Cancel, OK and Apply buttons;

Tab control: several tab pages are arranged in the tab control;

a show/hide button: to show or hide the sub-parts of the CM.

Apart from the show/hide button, all the items were shared by all the objects’ GUIs, the

only differences being the title, the links and the pages (Figure 6-40) of the tab control.
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{013, pagelist .. »thepages
{014, thepages
B 3 15, pages
E) 1. Continuous Miner Ohject
E)E. Breakdowns TimeOhbject
533. Tasks Sequence  Object
Fp+. Supporting Setup Object
B)E. Face operation deQbject
E)E. Statistics Object

Figure 6-40 The variable treenode of the CM setup GUI tab control and the tab pages

There were six tab pages in the CM setup GUI (Figure 6-40) with each having unique
Flexscript nodes in each page variable treenode which are triggered when the GUI is
open or when the Apply button is clicked:

»  PageOnOpen: to initiate the values on the page view when first opened;

»  PageOnApply: to apply the setups when the Apply button is clicked on;

»  Refresh: to update the view whenever the page is refreshed or opened.
Under the variable tree of the GUI root node, there are two Flexscript nodes, OnOpen
and OnApply. They are the same as in the default windows of the Flexsim object and

were used to run the Flexscript nodes in each page when the GUI is open or applied.

6.3.1 The shared tab page

The Breakdowns Timetable page (Figure 6-41) is shared by the CM, the SC and the BE

object and is the same as the Breakdown page of normal Flexsim objects.
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General | Breakdowns Timetable | Statistics |
This object is a member of the following
MTBF MTTR.'s:

This object is a member of the following
Time Tables:

Figure 6-41 The Breakdowns Timetable page

6.3.2 The setup GUI of the Continuous Miner (CM) object

The CM was the main object for a roadway development model. The CM setup GUI
contains five pages besides the Breakdowns Timetable page, namely general setup page
(Figure 6-42), tasks sequence page, support setup page, face operation delays setup

page and a statistics page.
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¥ Continuous Miner8/Continuous Miner Properties = | E .

Continuous Miner Setup | Breakdowns Tlmeiablel Task Sequence I Supporting Setup | Face operation delays | Siatistics|

Miner Balter or Bolter Miner
") Miner Bolter @) Bolter Miner [¥] semi-concurrent {Only works when BM)

Continuous Miner Setup
Cut Time per Web

Cases by task index Tasktable: label{current, 7) Taskindex: getlabelnum{current, 7) Value: exec v]

Cutting Depthfweb  g,500 use shuttle car

Time Before Cutting
[By Expression Expression: 0.83 Note: The expression may be a constant value or the result of V]

Time After Cutting
[By Expression Expression: 1 Mote: The expression may be a constant value or the resultof a c V]

Appearance

color | E]

[ Hide/Show Sub-parts of CM ] [ Apply ][ oK ][ Cancel

Figure 6-42 The general setup page of the CM

6.3.2.1 The general setup page

In the general setup page (Figure 6-42), the user can set up the miner type - either a
miner bolter or bolter miner. If it is a bolter miner, the cutting sequence is concurrent or
semi-concurrent, while other parameters such as the cut time per web, the cutting web
depth, the delay time before and after cutting, the appearance colour of the CM and
whether or not to use a shuttle car, can be set up. The miner type setup options are
linked to the corresponding label values and are changed by the codes written in the
OnPress attribute node. The semi-concurrent option has a coldlink attribute which is
linked to a label.

The three drop down options of the CM setup were modified from the default process
time list and linked to the process time variable of each object by setting the
pickprimary attribute. For example: the pickprimary attribute of the process time per
web (Figure 6-43) is set to be “@=>objectfocus+/../before_cut>variables/cycletime”. By

default the cut time per web was set to the value defined in the task sequence table
194



corresponding to the task index. If the time is the same for all the tasks, the option can

be changed to By Expression and have a fixed value or a statistical distribution.

Cases by task index Tasktable: label{current, 7) Taskindex: geﬂabelnwn{mrrent,?} Value: exec -

By Expression
Cases by task index
By Global Table Lookup
Statistical Distribution
By Percentage

Custom Code

Figure 6-43 The dropdown list of the cut time per web options

6.3.2.2 The tasks sequence setup page

As discussed in the CM tasks sequence section, the tasks table (Figure 6-44) was used
to define the development tasks of a CM. A pillar development can be divided into
several tasks, with each task having its own parameters. The number of tasks can be set
by setting the rows of the table, with the last row ending the task. The table can be used
to configure a development sequence of a pillar by simply inputting numbers and
selecting from the options. When the first and last column is clicked, a statistics
distribution drop down list appears with the same function that was discussed in the

longwall model chapter.

Rows(MNo. of tasks) 4

Note: In the heading column, *. 1" means RHS Cut-through; ™. 2" means LHS Cut-through.

timefweb |frompoint |topoint |heading supporttypl delay}lnesll
Task 1 2 30.000 130,000 3,000 1.000 5
Task 2 0,000 35.000 2,200 1,000 hernnulli[Sll

2
Task3 |2 0,000  35.000 2,100 1.000 | bernouli(50, 1, 0, 0) v’
End od tas|0 0,000 0.000 0,000 [l bernoulli(50, 1, 0, O
empirical("tablename”, 0)
erlang(0, 1, 2, 0)
exponential{0, 1, 0}
lognormal2(0, 1, 0.8, 0)
normal{d, 1, 0)
triangular(0, 5, 2, O)
uniform({0, 1, 0)
weibull{D, 1, 2, 0)
mare. ..

Figure 6-44 The tasks sequence setup page
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6.3.2.3 The support type and time setup page

The support type and time setup page has three parts (Figure 6-45):

»  pick list of support types and steps edit: a picklist control to select the types.

Use the button B to add one new type or the button (] to delete the selected

type. The setup of support type steps is actually to set the size of the table by

changing the number of columns;

»  support type table: the table is the same as the label in the support cycle except
that this table has two drop down lists when any cell of the table is clicked. The

maximum number for the bolter to operate at one step (operate in parallel) is

four bolts for the roof row and two bolts for the rib row;

» operating time configuration table: this table contains the time for each

operation of all the support types. The time can be a constant or a statistical

distribution.
Type 1 - E = 5 Set Mo, of steps
step 1 |step 2 |StE|:| 3 |StE|:| 4 step 5

ROOF 4,100 0,000 -1.000 2,000 0,000

RIB 0,000 2,000 -1.000 2.000 | 1 balt - ]
1 bolt
2 bolts

Support Time setup table
4 bolts

Roof meshing |ch:-f boltin| Rib meshinl Rib bc
Type 1 2 2 2 2

cut 2nd part
no boltingfend of cyde
1 bolt with mesh

Type 2

2

Type 3

1

3
B!

2
1

2 2 bolts with mesh
3 bolts with mesh
1 4 bolts with mesh

bernoulli{50, 1, 0, O)

-

When a support type is selected from the drop down list on the top lest corner, the link
of the support type table is redirected to the selected type and the view is refreshed. This

was achieved by codes written in the OnSelect attribute node and the “refreshlist”

Flexscript node.

Figure 6-45 The support type and time setup page
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6.3.2.4 The face operation delays editor

The face operation delays editor (Figure 6-46) is the setup view in the face operation
delays page. Each delay corresponds to a column in the face operation table. The Add
button is used to add a copy of the highlighted delay to the list on the left and the

parameters then can be edited on the right of the panel.

Face Operation Delays Editor

| Add | | Remave |
stone dusting
extend vent tube -
supply miner For 30 vor [minutes
(e ]
Every 25,000 metres
ar 1440.000 minutes

Panel Advance Delay:  uniform(0, 1, 0)

Figure 6-46 The face operation delays editor

In the page root variable tree, two Flexscript nodes were created: “refreshlist” node to
refresh the list and “refeshdata” node to refresh the data in the edit boxes when any
change is made. The two nodes are executed when a new delay is added, when a delay

Is selected and when any information about a delay is changed.

6.3.2.5 The statistics page

The statistics page (Figure 6-47) displays the throughput of completed roadway, the
support material used and the current state of the CM object. A pie chart (Figure 6-48)

of state profile is shown through the Chart button.
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Throughput

Total Completed Roadway: 0.000

Supporting Material Used

Rib Mesh: 0,000 Roof Mesh: 0,000
Rib Bolt: 0,000 Roof Bolt: 0,000
State
Current:  idle

Figure 6-47 The statistics page

#% MAIN:/project/model/Continuous Miner/Continugus Minel:sta‘lsfstah.fstate_pml...' ==

State

B 2 cutting (2736.0, 17.4%)

Bl 13. panel_advance_delay (3780.0, 24.0%
B 21 setup (845.0, 5.4%)

B 51 supporting (6624.0, 42.1%)

[l 54 stone dusting supply miner (1383.2, 1
[l 55 extent vent tube (359.0, 2.3%)

Figure 6-48 The pie chart of the continuous miner state profile

6.3.3 The setup GUI of the roadway object

The setup GUI of the roadway object (Figure 6-49) was used to set up the geometric
parameters and the appearance configuration of the roadway, which are linked to the

labels of the roadway object.
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J-"f Roadway3 Properties I | n Sl et

General
preview
| Preview
RoadwayGeometry
Pillar Size Roadway Section Size
Mo. of Pillars: 5,000 = L 100.000 = W 5.000 =
Mo. of Heading: 5.000 = W 40,000 = H  3.000 =
Cut-through angle Other
LHS of Boot-End Heading:  75-000 pE2CT: 20,000 5
RHS of Boot-End Heading:  75.000 = OverDrive: 30,000 =
Appearance
Opacity of Fineshed 0,550 = Opacity of Current 0,400 =
Advanced | Apply | | oK | | Cancel

Figure 6-49 The setup GUI of the roadway object

The edit boxes were linked with the labels by adding a hotlink attribute to the variable
tree of each edit and setting the path referring to the corresponding label. A hotlink
attribute was used to link a control with a value in the model. The preview checkbox
was only used when the model user wanted to preview the pillars when configuring the
model. The checkbox was linked with a flag value stored in a label of the roadway
object by the OnPress attribute and whenever the checkbox was clicked, the label value
was changed to a value that was opposite the current value. For example, it changed to 0
when the current value was 1 on one click and then changed back to 1 after another

click. The codes are as follows:

treenode preview = node ("@>objectfocus+>labels/preview",c);

setnodenum(preview, !getnodenum(preview));
When the page is open, the following codes in the PageOnOpen attribute node of the

general page is executed to initiate the checkbox:
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treenode preview = node("../3/1",c);
setchecked (preview, getlabelnum(focus,?2));

6.3.4 The setup GUI of the boot end (BE) object

The BE object has only one parameter to configure, apart from the size and colour,
which is the heading location of the BE (Figure 6-50). The BE is then automatically
placed at the correct location by codes when the model is reset. The size and colour can
also be changed but this does not affect any aspect of the simulation except the

appearance of the BE object.

P

-
;5 BootEnd Properties \ ‘ _l_: -
General | Breakdowns Timetable

Position, Rotation, and Size

¥ -197.537 RX 0.000 SX 4,055 2| Location at Heading
Y 26.830 RY 0.000 5Y  4.055 = 2,000 th heading
| Z 0.000 RZ 0.000 5Z 0.608 =
|
Appearance
color B

]
Throughput
Total Counts of Shuttle Car Download: 0,000
Total Coal Received (Tonnes): 0.000
|
|

State
Current:  collecting H
(o) (o) ()

L o

Figure 6-50 The setup GUI of the BE object

At the bottom part of the General page, some statistics are shown, as are the total counts

of SC downloads, total coal received and the state of the BE.
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6.3.5 The setup GUI of the Shuttle Car (SC) object

The setup GUI of the SC object (Figure 6-51) has three tab pages: General, Breakdowns

Timetable and Statistics. The Breakdowns Timetable is a shared page, as discussed

previously, while the Statistics page has items that are similar to the bottom part of the

BE General setup page.

-
% Shuttle Car Properties

General | Breakdowns Timetable | Statistics |

Shuttle Car Speed
Max Speed Q0,000 Acceleration 180,000
Speed@Intersection 10,000 Deceleration 180,000

Loading Time equals to Continuous Miner Cutting Time

Unload Time

[By Expression Expression: 2 Mote: The expression may beao - ]

Appearance

color |

(-]

[y J[ ox

H Cancel ]

L —

Figure 6-51 The setup GUI of the SC object

The General page has two main parts, the speed setup and the unload time setup. The

speed setup includes the SC max speed, speed at roadway intersections and acceleration

and deceleration. The speed at the roadway intersections is the speed when the SC

travels through the intersection of the heading and the cut-through and this value is

stored in a label of the SC object. The other three speed parameters are default variables

of the Task Executer object (the SC). The unload time setup is the default picklist

control of a Task Executer. Actually, the Task Executer object also has a picklist option

to set the time to load but this value has been set at 0 and the model user cannot access it
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through the customised GUI because the load time of a SC is assumed to be equal to the

CM cutting time.

6.4 User object library

Unlike the longwall model where all the essential items of equipment were grouped
together and made into one unit, the four fundamental equipment items for roadway
development were designed separately. New objects can be added to the user library by
right clicking on the 3D objects and selecting Edit | Add to User Library. The final
roadway development objects user library is as shown in Figure 6-52, including CM, SC,

BE and roadway layout with prewritten scripts.

Library @

= & E2/E3

L) ) ()
=)

| Roadway develo -

== Roadway

’. Boot End

i | Shuttle Car

™ Continuous Miner

Figure 6-52 User library of roadway development objects

6.4.1 Building models with the user library

The objects in the user library act as normal Flexsim objects and can be added into a
model using the drag and drop method. To build a model, drag the required objects and
drop them into the 3D working environment and then connect the objects by following
the rules below:

»  press the A key to connect the CM to the BE. This is a normal connection that

indicates coal flows from the CM to the BE;
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»  press the S key (centre) to connect the CM with the SC. This SC now serves
the CM and transports coal from the CM to the BE if the CM is configured to
use the SC;

»  press the S key (centre) to connect the BE with the roadway. This is for
referring objects by prewritten scripts.

Only two SCs can be added for each CM, but each BE can have more than one CM.
After completing all the drag and drop procedures and all the required connections, a
model with a default configuration can then be built. To change the configuration,
double click on the 3D object to show the customised GUIs or use the Advanced button

to access the default properties window. An example of a model view is shown in

FpReset ®Run @stop [#fStep  RunTime: 12512710 StopTime:  -none - B Run Spesd: I 10.12 B
77 30 View - model =8 F=R5
Libr
C1 e D 8, 16:32:42
] BE ay 8 N

UserLibrary 1 -

/) Roadway

) Continucus Miner

“ Shuttle Car

!BDD{ End

7C Continuous Miner8/Continuous Miner Properties = 8] %
Continuous Miner Setup | Breakdowns Timetable | Task Sequence | Supporting Setup | Face operation delays | Statistics |
Miner Bolter or Bolter Miner
() Miner Bolter (@) Bolter Miner semi-concurrent (Only works when BM)
Continuous Miner Setup
Cut Time per Web
Cases by taskindex Tasktable: 7) Taskindex: rent,7) Value: exec_~|E](A]

Cutting Depthjweb 5,600 use shuttle car
Time Before Cutting
By Expression Expression: 0.83 Note: The expression may be  constant value or the result of_~| (] [A]
Time After Cutting
By Expression Expression: 1Note: The expression may be a constant value or the resultofa e v | E](A]

Appearance
olor o]
[ Advanced | " ride/Show Sub-parts of cM_|

Figure 6-53 The final view of a model

Figure 6-54 shows four scenarios using different haulage strategies using the library.
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Figure 6-54 The scenarios of using different haulage strategies

6.5 The features of the roadway development simulation model

The simulation model has the following features:

>

the model is object oriented with 3D objects. It performs in a virtual reality
environment and what can be seen from the model is what really happens. Each
object can work as a real piece of roadway development equipment or together
as a roadway development system;

the configurable and structured model design with optional strategies and user
friendly GUIs makes the model easy to use and advanced knowledge of

Flexsim® is not required;
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the model can simulate most standard roadway layout by changing the values
of the width and length and it is flexible enough to simulate multi-heading
panels by using the task sequence table;

the model can simulate different miner types and complicated development
sequences by configuring a numerical table;

the model is flexible enough to configure any face operation delays;

the design of the support cycle makes it possible to configure any standard
support type and multiple support types can be applied in different sections of
one pillar;

multiple haulage strategies such as one SC, two SCs or CHS can be applied
and real time SC interactions can be simulated,

multiple scenario experiments can be performed using the integrated analysis

tool of Flexsim®.

The simulation model has the following limitations in its current form:

>

the shape of the roadways must be in repetitive blocks. The model only repeats
one pillar development and all the configurations such as pillar size and
development task sequence, are based on one pillar, except the downtime
which may be collected over a long period of time;

the model cannot simulate the place change method of roadway development.
At present it can only simulate the in-place method using CMs with mounted

rigs.
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6.6 Model validation

As with the longwall model, the roadway development model can perform a single run
to examine the performance of a given configuration or use the Experimenter to
evaluate and compare multiple scenarios with several changing variables.
Two separate companies’ data were used to validate the roadway development model
and the base configuration of the sensitivity analysis. Their historical data comprised:

»  roadway geometry data;
process parameters;
cycle times;

historical delays information; and

vV V V¥V V¥V

development rates achieved.

6.6.1 Mine 2 scenario

As mentioned in Chapter 5, the development units of Mine 2 were based on a two
heading configuration using one bolter-miner supported by one shuttle car. The pillars
were 102 m long and 40 m wide. The roof and rib conditions required a bolting density
of six roof bolts and three rib bolts on each rib every 0.92 metres, with an average time

to complete the support operations of 12 minutes.

6.6.1.1 Basic data input

Table 6-4 gives the basic configuration data of Mine 2, including the roadway geometry,
machine capacities, miner type and face operations. However, the data was modified to
fit the model input and some of the data was estimated within a relatively short period

of onsite observation, for example the SC speed and the time per web.
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Table 6-4 Basic configuration data of Mine 2

‘ ‘Units Value \
Pillar length m 102
Cut-through length m 40
Overdrive m 20
Cut-through to Boot End m 20
Heading width m 5.2
Mining height m 3.4

Type Bolter-Miner
Web depth (One load of SC) m 0.46
Time perweb (cutand load one SC) min 1.74

Type

Car capacity t 13
Discharge time per one load min 1.74
Max wheeling speed m/min 95
Number of loads in each supportcycle |# 2

Concurrent

Total bolting time

min

12

Panel advance

Install vent tubes every m 4
Install vent tubes duration min 4
Stone dusting every (distance) m 25
Stone dusting every (time) h 24
Stone dusting duration min 30
Supply CM every m 15
Supply CM duration min 15

24

Coal density

t/m’

15
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In the Flexsim model the cutting web depth was set at 0.46 m which is half the advance
in one cycle (two SC loads). The total amount of coal per one web was 12.12 tonnes
resulting from the web depth, size of the roadway section and density of the coal. The
support cycle was divided into two steps, with each step having six minutes of roof

bolting time. The support type was set to be 4, -1, 4 and 0 in the roof row of the support



type table and set to be 0, -1, 0 and 0 in the rib row. This set up was only to simulate the
12 minutes total support time in one cycle, regardless of the number of bolts. The miner
type was set to be BM with a concurrent cutting sequence which means the cutting and
loading process only started when both SCs were ready and half the support cycle was
completed. The cutting processing time depended on the amount of coal and the SC
loading rate, which was about 1.74 minutes on average. The SC unloading time was
also 1.74 minutes. All the other values were set as shown in the table, so in each cycle
the sequence was:
i. cut and load one SC, which lasted for about 1.74 minutes and when it finishes
loading, the SC left to go to the BE;
ii. at the same time the cutting and loading started, the support cycle began and
lasted for 6 minutes;
iii.  when the SC returned and the support cycle was completed, the other half of the

cycle began.

6.6.1.2 Development sequence setup

The development sequence of Mine 2 is shown in Figure 6-55 and is as follows:
i. develop heading A from the end of the last overdrive for 102 m;
ii.  the miner flits back for 20 m and starts to cut the cut-through for 40 m (actually
35 m as the distance is from centre to centre and the roadway width is 5 m);

iii.  the miner flits back to the end of last overdrive of Heading B and cuts for 102 m.
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Boot End Heading A

Heading B

Figure 6-55 Development sequence of Mine 2

The setup of the development sequence in the Flexsim model is shown in Figure 6-56.
From task 1 to task 2 and task 2 to task 3, there should be some delays moving the
working unit to the new location, extra time to cut the break away and extra time of
holing through. However, these delay times were not separated in the historical data and

was probably included in the down time, so in the task sequence table, they were all set

to be 0.
time fweb |Frnmpoint |topoir1t |heading |supporttyfpe delay2neskiask
Task 1 1.74 20.00 122,00 1.00 1.00/0
Task 2 1.74 0.00 35.00 1.10 1.00/0
Task 3 1.74 20,00 122,00 2.00 1.00/0
End of task (0 0.00 0.00 0.00 0.00 0

Figure 6-56 The development (task) sequence setup of Mine 2

6.6.1.3 The MTBF/MTTR and shift schedule time table

The delay data of Mine 2 is as shown in Table 6-5. All the categories of the delays fully

stop the model from producing.

Table 6-5 The delay data of Mine 2

ion (% Delay Duration (min) Mean Time
Delay Category Total Duration (% of Between Events
Operating Time) h
Min  Aw  Max (hours)
Mine Process Unplanned 0.2% 49 50 51 460
Outbye Services Unplanned (short delay) 9.0% 10 36 70 g
Outbye Services Unplanned (long delay) 16.7% 150 530 900 4
Panel Engineering Unplanned 6.3% 10 46 150 114
Panel Process Unplanned 5.0% 10 Gl 100 16
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Mine 2 operated on a shift schedule consisting of
»  three 10 hour shifts per day Monday to Thursday;
»  two 12 hour shifts were scheduled for Fridays; while a single
» 12 hour shift was scheduled for Saturdays and Sundays;

»  atotal of 15 hours of planned maintenance was scheduled per week.

> 10 hour shifts have a one hour break at the 5 hour;

> 12 hour shift have two 45 minute breaks every 4" hour; except the last

» one hour delay before starting work and one hour delay after finishing work.
So the 10 hour shift had only 7 hours working time and the 12 hour shift had only 8.5
hours working time to operate the CM and SC. A table consisting of a one week plan
was designed and configured as shown in Figure 6-57. The table has 49 rows and
repeats every 10080 minutes (one week). As can be seen, the table has many rows with
a duration of 0.01 minutes. This is the time when a new shift starts to work and the
duration was used to record this event. The codes were written in the Down Function

and Resume Function.
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Figure 6-57 The time table configuration of Mine 2 shift schedule

6.6.1.4 Model reports

The model was then run for 10 replications. Each replication simulated 20 pillars but
with a different seed in generating the random occurrences of unplanned delays. A
comparison of average key performance indicator (KP1 ) results of the Flexsim model

and the historical data provided by the coal mine were summarised in Table 6-6.

Table 6-6 KPI comparison between Flexsim output and historical data of Mine 2
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From Flexsim

Mine Output
MODEL OUTPUT
Development Rate (days/Km) 108 105.9
First Coal - First Coal (days) 11 10.8
Confidence interval (days -/+) -- 0.3
Pillar Advance (days) a 1

Advance rate
m/planned hour 1.8 1.8
m/operating hour 4 3.6

Miner Utilisation (%)

Scheduled Production Time 61 61.5
Planned Process Time 52 D2
Operating Time -- 25.9
Net Cutting Time - 7.9

The Flexsim model predicted an average pillar cycle time of 10.8 + 0.3 days compared
to an historical performance of 11 days at Mine 2. The results of the advance rates were
the same in m/planned hour which was 1.8 and similar to m/operating hour which was
3.6 compared to 4.0.

When considering utilising the miner, the scheduled production time is the total
calendar time minus the time when no labour was scheduled and the planned process
time is the scheduled production time less the planned delay, which was the panel
advance time in this model and then the operating time was the planned process time
less breakdown time which was about 36.3% of total calendar time. The model
predicted almost the same scheduled production time and planned process time and also
predicted the operating time and net cutting time which had not been included in the
historical data. As can be seen, the operating time was only slightly more than a quarter

of the total calendar time while the net cutting time was only 7.9%. It follows that every
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percentage of calendar time that can be changed from other operations or delays to the
cutting process results in a major increase to the advance rate.

Before the previous experiment, the initial validation involved simulating the
development of between one and thirty pillars to determine the minimum number of
contiguous pillars required to produce a stable simulation. This initial validation was
required as the Shift Scheduler’ and MTBF/MTTR within Flexsim® resets at the end of
each replication. If less than a minimum number of pillars were modelled then the effect
of long weekend shifts and breakdowns could not be taken into account accurately or
add much variation to the results. It was found that a minimum of 20 pillars were

required to produce a stable model (Figure 6-58).

Days per one pillar
13

12
11

10

days per one pillar

1 2 3 4 5 6 10 15 20 30

Pillar number/replication

Figure 6-58 Days per pillar versus a range of pillar numbers per replication for Mine 2

Comparative histograms of the actual and simulated metres cut per shift at Mine 2 are
provided in Figure 6-59. The model predicted the same range of metres cut per shift and
the frequencies of metres cut per shift were similar to the most frequent shift advance

rates of around 10 to 20 metres.
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Figure 6-59 Histograms of Mine 2 simulated and actual metres cut per shift

6.6.2 Mine 3 scenario

As mentioned in Chapter 5, roadway development operations at Mine 3 were based on a
two heading configuration using two miner-bolters each supported by one shuttle car.
The pillars were 125 metres long and 45 metres wide. The roof and rib conditions
required a bolting density of six roof bolts and three rib bolts on each rib every 1.2

metres, with an average time to complete the support operations of 22 minutes.

6.6.2.1 Basic data input
Table 6-7 gives the basic configuration data of Mine 3, including roadway geometry,

machine capacities, miner type and face operations.
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Table 6-7 Basic configuration data of Mine 3

‘ ‘Units ‘Value \
Pillar length m 125
Cut-through length m 45
Overdrive m 20
Cut-through to Boot End m 30
Heading width m 5
Mining height m 3
Type Miner-Bolter

Web depth (One load of SC) m 0.6
Time perweb (cut and load one SC) min 2.52
Car capacity t 13
Discharge time per one load min 1.01
Max wheeling speed m/min 80
Number of loads in each supportcycle |& 2
Type Noncurrent

Total bolting time min 22

Install vent tubes every m 2.4
Install vent tubes duration min 2
Stone dusting every (distance) m 30
Stone dusting every (time) h 24
Stone dusting duration min 30
Supply CM every m 30
Supply CM duration min 30
other ]
Panel advance h 22
Coal density t/m> 14

The major difference between Mine 2 and Mine 3 was that Mine 3 used two MBs while
Mine 2 used one BM. The support cycle has the same setup as Mine 2, but the roof

bolting time was set at eleven minutes instead of six minutes.
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6.6.2.2 Development sequence setup

The development sequence of Mine 3 is shown in Figure 6-60. The CM2 at Heading B
starts to cut Heading B from the end of the last overdrive while CM1 follows the
sequences as follows:
i.  develop heading A from the end of the last overdrive for 105 m;
ii.  cut the cut-through for 45 m (actually 40 m as the distance is from centre to
centre and the roadway width is 5 m);

iii.  miner flits back into Heading A and continues to cut the overdrive for 20 m.

A

Boot End Heading A CM1

Heading B CM2

Figure 6-60 Development sequence of Mine 3

6.6.2.3 The MTBF/MTTR and shift schedule time table

The delay data of Mine 3 is as shown in Table 6-8. All the delay categories fully stop

two CMs from producing coal and supporting the roadway.

Table 6-8 The delay data of Mine 3

Total Duration (%  Delay Duration (min) ~ Mean Time
of Operating Time) e
Avg Max Events(hours)
Mine Process Unplanned 2.3% 180 200 240 144
Outbye Services Unplanned 6.7% 15 45 180 104
Panel Engineering Unplanned 8.5% 10 52 120 93
Panel Process Unplanned 7.1% 10 48 92 105

Mine 3 operated on a shift schedule consisting of:
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>

>

three shifts per day Monday to Friday. The day and night shifts lasted for 10
hours, whilst the afternoon shift lasted 8.5 hours;

two 12 hour shifts were scheduled for Saturdays and Sundays;

A total of 17 hours of planned maintenance was scheduled per week (one 12
hour shift on Saturday and one 12 hour shift on Sunday) and

10 hour shifts have a one hour break at the 5" hour;

12 hour shifts have two 45 minute breaks every 4" hour except the last;

One hour delay before starting work and one hour delay after finishing work.

The same method as Mine 2 was used to configure the timetable as a one week shift

plan for the Mine 3 scenario.

6.6.2.4 Model reports

An initial validation involved simulating the development of between 1 and 32 pillars to

determine the minimum number of contiguous pillars required to produce a stable

simulation. As Figure 6-61 shows, when the number of pillars in each replication is

more than 4, the model can produce a stable result of days per one pillar. When less

than four pillars were modelled the apparent rate of development dropped dramatically

because the shift pattern did not have enough weight in the simulation and some long

term breakdowns may not be taken into account.
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Figure 6-61 Days per pillar versus a range of pillar numbers per replication of Mine 3

The model was run for ten replications and each replication of the model simulated ten
pillars. A comparison of the average KPI results of the Flexsim model and the historical
data provided by Mine 3 are summarised in Table 6-9. The Flexsim model predicted an
average pillar cycle time of 8.9 + 0.4 days compared to an historical average of nine
days at Mine 3. The advance rate predicted by the model was slightly higher at 1.2
m/planned hour than the historical data of 1 while 1.9 compared to 1.8 using the

measure of m/operating hour.
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Table 6-9 KPI comparison between Flexsim output and historical data of Mine 3

From Flexsim
Mine Output
MODEL OUTPUT
Development Rate (days/Km) 72 71.2
First Coal - First Coal (days) 9 8.9
Confidence interval (days -/+) -- 0.4
Pillar Advance (days) 0.9 0.9
Advance rate
m/planned hour 1 1.2
m/operating hour 1.8 1.9
Miner Utilisation (%)
Scheduled Production Time 70 68.4
Planned Process Time S 58.1
Operating Time 40 36.3
Net Cutting Time - 6.3

The miner utilisation in the Flexsim output was an average of the two MBs and the
CML1 had a higher net cutting time than the CM2 because it cut fewer roadways than
CML1 and had to stop and wait for CM1. The results for the miner utilisation were
satisfactory.

The actual and simulated metres cut per shift at Mine 3 were more satisfactory than
Mine 2. As Figure 6-62 shows, Flexsim® predicted almost the same range and the same

frequency of metres cut per shift.
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Figure 6-62 Histograms of Mine 3 simulated and actual metres cut per shift

In both case studies the Flexsim® simulation results were satisfactory compared to the

mines’ historical performance, which means the Flexsim® model was validated.

6.7 Sensitivity analysis

The validated Flexsim model was then used to assess how changing various aspects of

the operations impacted on the development rates when using the same data and mining

sequence as Mine 2. A comparison was made when changes were made to the:

>

v Vv V¥V VYV VYV

miner type: bolter miner versus miner bolter;

cycle time for bolting;

shuttle car tramming speed,;

shuttle car loading time;

haulage system: shuttle car versus continuous haulage system;

cutting and loading cycle time of the continuous miner at the development

face.
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6.7.1 Single impact factor

The following two experiments demonstrate the impact of only one change of the

system.

6.7.1.1 Bolter-miner versus miner-bolter

As discussed, this was easy to simulate in the developed Flexsim model by using the
options of miner bolter and bolter miner. The results comparing the performance

between a bolter miner and a miner bolter using mine 2 data are shown in Figure 6-63.

Days/pillar

—4—Miner-Bolter

days/pillar
o
wv

—— Bolter-Miner

0 5 10 15 20 25 30
Number of Consecutive Pillars Simulated

Figure 6-63 Days per pillar of bolter-miner versus miner-bolter
As the Figure 6-63 shows, the BM was about half a day faster per pillar than the MB.
This difference was smaller than expected because a BM was expected to give a major
increase in the development rate because the cutting and supporting operations are in
parallel mode. Numeric calculation shows the average shuttle car away time is about 5
minutes and the corresponding support operation took 6 minutes, the support operation
was almost done within the shuttle car away time. A bolter miner only improves the
primary cutting, loading and supporting cycle by about one minutes from about 7

minutes, which is 14%. However, the operating time is only about 26% of total calendar
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time. The delays and breakdowns cut the expected improvement to about 4%, which is

only a small improvement with a BM compared to an MB.

6.7.1.2 Impact of bolting cycle time

Figure 6-64 shows the results of the development rate versus a range of support cycle
times from two to eighteen minutes while all other factors remained the same. The
support cycle times in excess of 11 minutes had a significant impact on the development
rate and implied that if new bolting technology was introduced the cycle time must be

less than 11 minutes to ensure that bolting was removed as a bottleneck.
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Figure 6-64 Impact of bolting cycle time

As the figure shows, when the bolting cycle time was less than 11 minutes the
development rate fluctuated around 104 days/1000 m and when the time was more than
11 minutes, the development rate was slowed down by the support cycle and increased
from about 105 days/1000 m to more than 120 days/1000 m. This means that the current
support operation was almost optimised by twelve minutes. A faster support operation

would not improve the development rate much because the bottleneck was elsewhere,
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most probably the SC, because the CM must wait for the shuttle car after the bolting

cycle when SC away time is longer than about 4.3 minutes.

6.7.2 Multi impact factors

As shown in the previous experiments, it can be difficult to promote productivity by
changing a single aspect of the system. The following experiments respectively show
the combined effects on the development rate of:

»  SC unloading time and the bolting cycle (support cycle) time;

»  SC travelling speed and bolting cycle time;

»  CM cutting and loading time and the bolting cycle time.

6.7.2.1 Impact of shuttle car download time and bolting time

Figure 6-65 shows the impact on the development rates in units of days/pillar of a range
of shuttle car download times from 0.5 minutes to 4 minutes and a range of bolting
cycle times from 10 minutes to 20 minutes. The fastest rate of development was about
9.5 days/pillar at the bottom left corner of the figure with the fastest bolting cycle time
and SC download time. When one of the two factors was fast, the other became a
determining factor on the development rate, which constrained the development rate if it
was very slow because the support operation and the SC away time are mostly in

parallel.
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Figure 6-65 Impact of shuttle car download time and bolting time

6.7.2.2 Impact of shuttle car speed and bolting time

Figure 6-66 shows the impact on the development rates in units of days/pillar of a range
of shuttle cars maximum travelling speeds from 70 m/minute to 110 m/minute and a
range of bolting cycle times from 6 minutes to 22 minutes. This figure shows a similar
feature to Figure 6-65, as both the SC download time and the SC travelling time (max
speed) are part of the SC away time. The graphs converge when both support cycle and
SC travelling speed are slow, but if the bolting cycle is very slow, no matter how fast

the SC travels, the development rate does not change.
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Figure 6-66 Impact of shuttle car speed and bolting time
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6.7.2.3 Impact of CM cutting and loading time and bolting time

Figure 6-67 shows the impact on the advance rate in units of m/operating hour of a
range of CM cutting and loading times from 0.5 minutes/web to 3.5 minutes/web and a
range of bolting cycle times from 10 minutes to 24 minutes. This figure showed a
different feature from the previous two scenarios. The graphs had a slow convergence
rate and the rate of decrease of the curves stayed almost the same when the bolting cycle
slowed. Thus, in Mine 2, the advance rate can be promoted by improving the support
operation or the CM cutting and loading process. Since most of the support cycle was
done after cutting and loading, the CM acted mostly like an MB which does cutting and

supporting in sequence, even though it is a BM.
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Figure 6-67 Impact of CM cutting and loading time and bolting time

6.7.3 Impact of Continuous Haulage System (CHS)

The previous experiments showed that the fastest advance rate was slightly faster than 4
m/operating hour and the fastest pillar cycle time was always more than 9.5 days. There
was no significant improvement to the system by changing the support cycle, cutting

and loading cycle and the SC.
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Continuous haulage systems, which were expected to make a marked improvement in
roadway development performance, have been introduced into underground coal mining
for some time but have not been widely used. What would happen if a CHS is
introduced into Mine 2?

Figure 6-68 shows that the CHS improved the advance rate considerably. The same CM
and working schedule can obtain about 10 m/operating hour or even more when the
bolting cycle time is less than 6 minutes which is not difficult to achieve. This is more
than twice the rate obtained when using a SC. Across the range of 6 to 15 minutes of
bolting cycle time there was a marked but decreasing improvement using a CHS from
almost the same advance rate of 3.5 m/operating hour obtained with the SC. However,
the CHS made almost no difference when the bolting time was more than 15 minutes
compared to using a SC. A CHS was expected to improve roadway development quite

considerably when the bolting cycle is fast.
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Figure 6-68 Comparison of SC against CHS Mine 2

The same experiment was done for the Mine 3 scenario (Figure 6-69), but as the figure
shows, the development performance only doubled to 4.6 m/operating hour with an
extremely fast support cycle because Mine 3 used MBs, which must stop repeatedly for

support operations in each cycle.
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Figure 6-69 Comparison of SC against CHS of Mine 3

6.8 Analysis of constraints - support constrained or transport constrained

In a roadway development environment a number of cyclic processes and a range of
equipment exists and in a given scenario, any of these processes or equipment can be a
potential constraint. A process might appear to be support constrained at the start of the
pillar cycle but transport constrained at the end when the distance from the boot end has
increased above a certain threshold.

One of the most suitable techniques for determining whether a process is support or
transport constrained is to plot the process rates (metres advanced/operating hour)
against the increasing distance (metres) from the boot end (Porteous, 2008). Based on
the slope of the resulting graph, conclusions about the nature of the constraint can be

made. For example, consider the following graph (Figure 6-70):
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Figure 6-70 Process rate of non-concurrent bolting
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As the graph shows, the process rate in this scenario remains more or less constant
irrespective of the distance from the boot end, but as the distance from the boot end
increases, the demand placed on the transport system increases as well. Now, if the
capacity of a transport system is equal to or greater than the demand placed on it, the
process rate tends to remain constant despite the increasing distance from the boot end.
In such a case, it is reasonable to deduce that the system is support constrained.

Now, consider another scenario illustrated by the graph below (Figure 6-71):
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Figure 6-71 Process rate of concurrent bolting

In this case the process rate tends to drop as the continuous miner moves away from the
boot end so it is reasonable to deduce that the system is transport constrained because
here the capacity of the transport system was less than the demand placed on it.

In general, if the process rate drops considerably with increasing distance from the boot
end, then the system is likely to be transport constrained but if the process rate remains
constant then the system is most likely to be support constrained (Porteous, 2008).
However, much more complex scenarios than the one described above may be
encountered, such as where the process rate may remain constant for a considerable
distance and then begin to drop. In such ambiguous cases, a delay state analysis

combined with the above methodology can be used to identify the nature of the
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constraint. The roadway development model was used to demonstrate how a process

rate analysis can be combined with a delay state analysis for this purpose.

6.8.1 The model configuration

Using the Flexsim model, a series of two-heading roadway development scenarios were

simulated to demonstrate how a combination of delay state and process rate analysis can

be used to continually improve the efficiency of the pillar development cycle:

>

Scenario 1: miner bolter (MB) continuous miner (CM) configuration with only
one bolting rig on either side, i.e., a total of only two bolting rigs;

Scenario 2: MB CM configuration with two bolting rigs on either side of the
CM, i.e., a total of four bolting rigs;

Scenario 3: bolter miner (BM) CM configuration with two bolting rigs on each
side of the CM, i.e., a total of four bolting rigs;

Scenario 4: BM CM configuration with two bolting rigs on each side of the
CM, i.e., a total of four bolting rigs along with self-drilling bolts (SDBs);
Scenario 5: BM CM configuration with two bolting rigs on each side of the
CM, i.e., a total of four bolting rigs and two shuttle cars (SCs);

Scenario 6: BM CM configuration with two bolting rigs on each side of the
CM, i.e., a total of four bolting rigs and two SCs along with self-drilling bolts
(SDBs);

Scenario 7: BM CM configuration with two bolting rigs on each side of the
CM, i.e., a total of four bolting rigs and a continuous haulage system (CHS);
Scenario 8: BM CM configuration with two bolting rigs on each side of the

CM, i.e., a total of four bolting rigs with a CHS and SDBs;
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The main model configuration parameters used for the various scenarios are listed
below:
»  roadway dimensions: W=5m,H=3m;
pillar dimensions: L =110 m, W =40 m;
boot end to cut through = 20 m;
over drive length =20 m;
length of gas drainage stub =5 m;
overdrive = 20 m;

support density: six roof bolts and four rib bolts per metre advance;

>

>

>

>

>

>

»  average time per web = 1.5 minutes;
»  average time before cutting = 0.33 minutes;

»  average time after cutting = 0.5 minutes;

»  average time of normal bolts = 3 minutes;

»  average time of self-drilling bolts = 1.88 minutes;

»  average time to relocate the miner to a different heading = 20 minutes;

»  average time of panel advance delay = 22 hours.

The simulation times were recorded automatically for every five metres advance. The

time taken to develop five pillars improved from 568 operating hours in scenario 1 to

293 operating hours in scenario 8 (Table 6-10).

Table 6-10 Summary of the scenarios and the cycle times to complete 5 pillars

Scenario  Miner Type  Number of Type of Bolts Haulage Total Hours

Bolting Rigs Type for 5 Pillars
1 Miner Bolter 2 normal bolts 1SC 568
2 Miner Bolter 4 normal bolts 1SC 490
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3 Bolter Miner 4 normal bolts 1SC 461

4 Bolter Miner 4 SDBs 1SC 461
5 Bolter Miner 4 normal bolts 2 SCs 410
6 Bolter Miner 4 SDBs 2 SCs 405
7 Bolter Miner 4 normal bolts CHS 366
8 Bolter Miner 4 SDBs CHS 293

6.8.2 Analysis of the simulation results

Figure 6-72 to Figure 6-89 illustrates the results obtained from simulating the above
scenarios. The graphs included in this section indicate the variations in the process rate
over a single pillar development cycle, so they did not include the panel advance delay.

In the first scenario, a miner-bolter CM configuration with two bolting rigs and one

shuttle car was simulated. The results of the simulation are as shown in Figure 6-72.
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Figure 6-72 Simulation results for scenario 1

The slope of the graph indicates that the process rate did not vary much as the distance
from the boot end increased, indicating that the process was support constrained.

The above scenario was simulated without taking the face operation delays into account
and did not include delays due to activities such as ventilation tube extension, stone

dusting and supplying the continuous miner. Figure 6-73 shows the process rate graph
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when delays such as these were considered. This graph also shows that these ancillary
operations or the parallel processes tended to have a negative effect on the process rate,
whereas a linear trend line plotted through the graph indicated that the process rates did

not vary much as the distance from the boot end increased.
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Figure 6-73 Simulation results for scenario 1 including the face operation delays

For subsequent scenarios the results were presented without taking delays of these face
operations into account to ensure clarity of illustration for the purposes of this study as
they would add unnecessary fluctuation to the results. However, in practical scenarios
such delays would have a considerable impact and as a consequence the actual process
rate may be quite different from the simulation results shown in Figure 6-73.

Figure 6-74 is a pie chart generated by Flexsim®, which illustrates the states profile of
the development process and shows that supporting was the main constraint and it took

up 61% of the total calendar time.
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Figure 6-74 Delay state analysis for scenario 1

The introduction of additional bolting rigs in scenario 2 was expected to improve the
process rate compared to the original scenario. The results of this simulation are as
shown in Figure 6-75, with the graph showing that introducing additional bolting rigs
improved the process rates. Indeed the system was in a transition state and was moving
towards being transport constrained. However, variations in the process rates with
distance from the boot end was only minor, while the delay state chart (Figure 6-76)
suggests that support activities were still the biggest source of delays and indicates that

the process was still support constrained.
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Figure 6-75 Simulation results for scenario 2
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Figure 6-76 Delay state analysis for scenario 2

In a number of practical scenarios, the process rate analysis might not be conclusive
enough to determine the nature of constraints, such as with scenario 2 for example,
where the process rates varied to a certain extent making it difficult to ascertain whether
the process was in a transition state or had become transport constrained. In such
complex scenarios, the process rate analysis can be combined with a delay state analysis
to yield conclusive results. The delay charts included in this section depict the delay
state of the system over a five pillar development cycle and have been generated using
the Flexsim simulation model.

Figure 6-77 illustrates the results from the simulation of scenario 3. The slope of the
graph suggests a shift in the nature of the constraints compared to scenario 2. A bolter-
miner allowed the cutting and bolting operations to be performed in parallel which
improved the performance considerably and resulted in a shift in the nature of the

constraint. The delay state chart (Figure 6-78) confirmed this shift because the transport
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system was then the biggest source of delay. Clearly, the system was then transport

constrained.
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Figure 6-77 Simulation results for scenario 3
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Figure 6-78 Delay state analysis for scenario 3

The reason for simulating scenario 4 was to prove that an improvement in the
productivity of a non-bottleneck process would not lead to an improvement in system
performance. As discussed before, the roadway development configuration represented
by scenario 3 was transport constrained, so an improvement in the support mechanisms
should not lead to an improvement in system performance. In scenario 4, self-drilling
bolts in replace of conventional bolts were used while keeping all other parameters the

same as in scenario 3. The results from the simulation are depicted in Figure 6-79. The
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graph shows that the overall process rate remained unchanged, while the delay state
chart shown in Figure 6-80 confirmed this view while indicating that the process was
transport constrained. The time taken to develop five pillars as determined from the

simulation model was 461 operating hours, which is exactly the same as scenario 3.
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Figure 6-79 Simulation results for scenario 4
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Figure 6-80 Delay state analysis for scenario 4

In scenario 5 a second shuttle car was introduced to keep all the other parameters the
same as scenario 3. An improvement in capability of the transport system further
improved the process rate, as illustrated by the results from the simulation shown in
Figure 6-81. It must be noted here that although the productivity of the system was

improved, the nature of the constraint was still not changed. This scenario is another
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good example of complex cases where a combination of process rate analysis and delay
state assessment is required to ascertain the true nature of the constraint. In this case, by
using the process rate analysis alone, it may be difficult to determine the nature of a
constraint but the delay state chart (Figure 6-82) shows that “waiting for SC” is still the

biggest source of delay and also indicates that the process is still transport constrained.
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Figure 6-81 Simulation results for scenario 5
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Figure 6-82 Delay state analysis for scenario 5

In scenario 6, self-drilling bolts were used while keeping all the other parameters the
same as in scenario 5. Figure 6-83 shows that although the process rates were higher at
the start of the cycle, the overall process rate remained unchanged compared to scenario

5 because the system was transport constrained (Figure 6-84) and therefore an
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improvement in support capability did not improve system productivity. The time taken
to develop five pillars as determined from the simulation model was 405 operating
hours, which is a marginal improvement over scenario 5 (410 operating hours) but not

substantial enough to justify an investment in self-drilling bolts.
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Figure 6-83 Simulation results for scenario 6
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Figure 6-84 Delay state analysis for scenario 6
The introduction of a continuous haulage system (CHS) in scenario 7, however,
produced some considerable improvement. The system process rate improved
considerably, as shown in Figure 6-85 and the system was now support constrained.

This was expected because a CHS has a much higher transport capacity than a shuttle
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car. The time taken to develop five pillars as determined from the simulation model was

366 operating hours, which was a considerable improvement over scenario 6.
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Figure 6-85 Simulation results for scenario 7
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Figure 6-86 Delay state analysis for scenario 7

The introduction of self-drilling bolts instead of normal bolts in scenario 8 improved the

process rates, as shown in Figure 6-87 and Figure 6-88.
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Figure 6-87 Simulation results for scenario 8
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Figure 6-88 Delay state analysis for scenario 8

As illustrated above, once a productivity improvement measure has been implemented,
the system performance must be re-assessed to identify changes in the nature of the
constraint and then the whole cycle of improvement must be repeated again. The time
taken to develop five pillars improved from 568 operating hours in scenario 1 to 293
operating hours in scenario 8. However, the on-going improvement process does not
stop here. From the delay state charts (Figure 6-86 and Figure 6-88) of scenario 7-8, it is
evident that a major delay was initiated by the panel advance processes.

The simulation results for the eight scenarios are summarised in Figure 6-89.
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Figure 6-89 Simulation results for the eight scenarios

6.9 Summary of the roadway development model

A general purpose roadway development model has been designed. Because of its
configurable and structured design, the model can evaluate alternative “what if”
scenarios and reproduce statistically varied random and non-random events and analysis
over a period of time. This makes it possible to assess how a particular configuration
may perform with high levels of variability and uncertainty in operations.

The case studies demonstrated a great use for the developed model in the way of single
impact, multi impacts and an analysis of the constraints. As the case studies show,
because roadway development is a stop start process, the main bottlenecks are either the
support cycle or the SC tramming cycle. The support cycle tends to have more impact
on the development rate than the continuous miner cutting cycle, so for longer support
cycles, the SC’s speed and its dumping time had a limited effect on the development
rate. For an existing system, only enhancing one or two processes would mean little
improvement to the overall performance; improvements should be made to a set of

processes or the bottleneck of the system. Utilisation of a CHS can significantly

241



improve the development rates, but any improvement is restricted by the bolting time.
Also, the impact of a CHS in combination with a BM is much more than in combination

with a MB.
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7 CONCLUSION AND RECOMMENDATIONS FOR FUTURE RESEARCH

7.1 Summary

This thesis described the modelling, simulation and analysis of longwall mining systems
using Flexsim®. The study successfully modelled the longwall production face and the
roadway development process using discrete event method and studied the longwall
mining delays, production, technologies and strategy optimisation using the developed
models. The research offered critical insights into mining performance by analysing
mine data, systems modelling and sensitivity analyses.

Original delay and production data were sourced from Australian longwall coal mines.
Historical data collected from Australian mines was analysed to highlight the features
for modelling perspective and data for model design, input and validation was
categorised.

In one of the longwall faces only around 30% of total calendar time was utilised in
production activities and in the roadway development units analysed, a large amount of
time was lost due to delays and other non-production activities. Therefore, the delay
time had to be considered when modelling the system and the production processes.

The delay data had to be processed before fitting appropriate statistical distributions to
the data. Processing included combining continuous and overlapping delays and
removing long and abnormal delays, outliers which would skew the statistical fit, for
special consideration.

Two models of longwall mining systems were developed and used to evaluate various
potential strategies for increasing production. The models can either be configured using
data from an existing longwall to highlight any bottlenecks, or with projected data for a
newly designed longwall system in order to evaluate its potential performance and make
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changes before committing to the purchase of expensive equipment for the actual mine.
The models allow for many replications of multiple scenarios to be run with multiple
sets of variables, while integrating a full range of mining processes and delays, with
randomness and variability, into a single and best practice simulation platform. It means
that an entire process can be analysed and improved in context.

The case studies showed that the validated models can evaluate potential alternative
ways to improve longwall production and roadway development, while reproducing
statistically varied random and non-random events over a period of time.

A sensitivity analysis was made using a calibrated longwall model to examine how a
range of AFC capacities, shearer speeds, support operation times, face widths and web
depths would impact on production. The results demonstrated the impact that individual
machine parameters and the design of the longwall would have on production,
highlighted the constraints and offered potential alternatives to improving production.
The simulation of the roadway development process revealed that in the stop-start
nature of the roadway development process the support cycle or the SC tramming cycle
are the main bottlenecks. The support cycle tended to have more impact on the
development rate than the CM cutting cycle, whereas the SC’s speed and unloading
time had a limited effect on the development rate when the support cycle is long. With
an existing system, enhancing only one or two processes makes almost no contribution
to the overall performance; improvements should be made to a set of strategies or the
bottleneck of the system. Utilisation of a CHS can significantly improve development
rates, but any improvement is restricted by the bolting time and the improvement

obtained is much greater in combination with a BM than with a MB.
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7.2 Methodological contribution

The major outcomes of this study were the development of general purpose simulation
models of the longwall production face and the roadway development process. The
research incorporated the complicated systems, different types of machines and
potential alternatives into discrete event simulation models. This benefits the mining
industry by demonstrating a new philosophy for evaluating the performance of longwall
mining and roadway development cycles in undergrounding coal mines. While it takes
longer to develop a general purpose model compared to models that only work for one
or a few scenarios, the additional effort resulted in a more detailed analysis and the
work of potential model users and analysts will become easier. This study provides the
means for a diversity of perspectives and new ideas for thinking about changes to be
examined and offers methods for assessing the uncertainty of the performance of
longwall production systems and roadway development processes. These include:
i. a framework to enable a longwall mining face and roadway development to be
modelled in a structured way;
ii. an innovative way to model the longwall mining process with configurable
cutting sequences;
iii.  an innovative way to model the interactions among supports, the shearer and the
AFC, which allows the size of the longwall face to be easily changed;
iv.  aninnovative way to model the roadway development process with configurable
development sequences and allow many possible roadway layouts, including

multi-headings, to be simulated;
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V.

an innovative way to model the face operational delays and the support cycle;
the model is flexible enough to be configured with as many face operation

delays and support types as the user may encounter.

7.3 The features of the models

The models have the following features:

the models are oriented with 3D objects. Each object can work as a real piece of
longwall face or roadway development equipment and work together as a
longwall production system. The models perform in a virtual reality
environment. What can be seen from the model is what would actually happen in
a longwall mining face and a roadway development unit. 3D views and
animation of the model allow users to view the dynamic production system as it
operates, resulting in a far better understanding of the actual operation;

the models incorporate real-world interactions and delays such as breakdowns,
shift schedules and interactions between machines;

the configurable and structured model design with optional strategies and user
friendly GUIs makes the model easy to use. There is no need to have advanced
knowledge of Flexsim® to use this model, making it a useful tool for those
without a programming background, while still having ultimate flexibility for
advanced users;

the longwall model can simulate most longwall layouts by changing values such
as the width and length. It can also simulate most cutting sequences by
configuring a numerical table;

the roadway development model can simulate many standard roadway layouts

by simply changing the values such as the width and length, while having the
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Vi.

flexibility to simulate a gateroad or mainway of multi headings using the task
sequence table. The model can also simulate different miner types and
complicated development sequences by configuring a numerical table, while
retaining the flexibility to configure any face operational delay. The design of
the support cycle makes it possible to configure any standard support type and
multi support types can be applied in different sections in one pillar. Multi
haulage strategies such as one SC, two SCs or CHS and real time SC
interactions can also be represented:;

the ability to evaluate alternative “what if” scenarios, reproduce statistically
varied random and non-random events and analyses over a period of time. Using
Flexsim’s integrated analysis tool makes it easy to perform multi-scenario
experiments and an entire development process can be easily analysed and
improved in context. The ability to evaluate an existing system or potential
longwall mining technologies and practices, integrating emerging technologies
and subsystems, prior to costly field trials, can lead to a rapid adoption of new
technology while minimising uncertainty and risk. It offers high quality
information and identifies high quality solutions rapidly, which is a key to the

success of any ongoing project.

7.4 Limitations

The longwall model and the roadway development model work separately, but ideally

they should be modelled as one interdependent system.

As discussed, the longwall model has the following issues:

the time units must be in seconds because the operation of one support unit is

in seconds. The model needs to be modified so that the time unit for any piece
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of equipment can be pre-defined and therefore act seamlessly with other
equipment;

the run speed of the model is limited, ideally not greater than 500 simulation
seconds per real time second, which means, for example that, if the model is
required to simulate production for 500 hours, it would take at least 1 hour to
obtain the results. If the model runs too fast, the time interval between location
refreshments is large in real time, the shearer may jump to a new location
without waiting for the support operation and the model would then stop and
never resume;

the user must manually convert the conveyor capacity of tonnes/hour to

conveyor speed of metres/second, before configuring the model.

The issues of the roadway development model are as follows:

>

the design of the roadways must be in repetitive blocks. The model only
repeats one pillar of development and all the configurations such as the pillar
size and the development task sequence are based on one pillar, apart from the
downtime which may be collected over a long period of time;

the model cannot simulate the place change method, it can only simulate in-

place methods by a CM with mounted rigs.

7.5 Recommendations for Future Research

This thesis is on integrating discrete event simulation modelling into longwall mining

including the development process using Flexsim®. Apart from the limitations identified

above, which need further effort to overcome, some other work is required to further the

integration of discrete event simulation into longwall mining systems.
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First, more data should be obtained from mine sites. For this research, only one mine’s

longwall data for a one year period and two mines’ roadway development units were

collated and analysed. As discussed, data recorded by machine data loggers and

reported by shifts are not sufficient for a realistic model. Some of the data, such as the

longwall shearer speeds at different stages, support advance time, CM cutting and

loading time, the SC travel speed and discharge time, are not recorded by any data

logger. This kind of data is hard to collect unless additional data loggers are installed in

key areas.

Second, the models developed in this study can only work with a licensed version of

Flexsim® and there are several short comings:

>

anyone who wants to use the models and perform some analysis must initially
have access to a licensed Flexsim® or buy a Flexsim licence, which is
expensive. Also the compatibility among different Flexsim versions is not
satisfactory and some unexpected errors may occur when using a different
version from the version in which the models were created;

it is difficult to change some of the basic functions because Flexsim® is a
closed source commercial software. It is a general purpose simulation software,
it was not designed specifically for mining. Mining equipment often has special
features. For example, a conveyor that dynamically changes its length during
simulation; there is no way to get access to the background codes and change
the properties of the Conveyor object of Flexsim®, unless the developer of
Flexsim® updates it upon request. Flexsim® does offer the feature to use
external .dll files or write customised codes using C++. It would probably take

about the equivalent amount of work to develop such features for all mining
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equipment in Flexsim® as it would take to develop a new simulation tool using
an open source code;
> there are many functions and terminologies in Flexsim® that mining engineers
may not be familiar with. Although Flexsim® is a good tool and relatively easy
to learn, it would still be hard work for a mining engineer who knows nothing
about simulation or Flexsim®, to perform an analysis using the developed
models. For example, if the user wanted to perform a multi-scenarios
experiment, it is necessary to know what a tree structure is and where a
variable is stored.
By using an open source discrete event simulation software and developing a standalone
longwall simulation tool, there would be no such problems. Although there are always
some difficulties and risks when developing a new program, the benefits would surpass
these. Open source codes have more flexibility for designing a tool for mining
simulation from the very beginning. Every imaginable function can be designed without
worrying about constraints. Constant development can be carried on from basic

functions and expanded in future updates.
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1.1 The Tree structure of Flexsim

The main sub tree nodes of the project tree (Figure 1) are as follows:
> exec: this tree contains simulation executive data that includes the
simulation time, the event list, variables, functions, command list,
Experimenter, OptQuest, and other information for running a model;
> library: the information for all library objects;
» model: the data for objects in the model built by the user, plus a Tools
branch which contains Flowitem Bin;

» media: stores images, 3D models and sounds.

15 Tree Edit Window

= _'lpru:uject

CojENec

_'Ilibrary

Eg.mndel Ohject

_'.meu:lia
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_'.release 5.0
yrevision 4 Built on 25-Jun-2010
_'.userlil:urary 0,000
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_'.ﬁlelist

_'.unu:ln:n

Figure 1 Project tree

The main sub tree nodes of the view layout tree (Figure 2) are as follows:
> active: every window opened by the user appears here;
» standard views: all the standard interfaces of Flexsim, including items such
as the tree structure view, GUI builder, library view, charts view, and
views of the tools;
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» views library: the prebuilt view elements to build custom GUIs using
Flexsim GUI builder;
» pages: the page views of object property setup interfaces;

> pick lists: all prebuilt pick lists used in Flexsim.

75 Tree Edit Window

_',au:ﬁve
_'.standardviews
_'Ivie'.f'.'slil:urary
jpages
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Figure 2 View layout tree

1.2 Tree nodes

Flexsim trees are made up of individual nodes that link together and hold information.
A node is a building block with a text name. There are five different types of nodes in
Flexsim: standard, object, attribute/variable, function (C++) and function (Flexscript).
A node can be toggled to any one of the types through the Build menu or shortcut keys.
The symbols and usage for the different types of nodes are as follows:

» standard: =2, a standard node that holds data;

> object: 2 an object node;
> attribute/variable: ©, attribute /variable node that holds data;

> function (C++): ‘&, C++ node that holds C++ code;
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> function (Flexscript): B , Flexscript node that holds Flexscript code.

Nodes can be a keyword used to define an attribute of an object or an item of data.
There are four data types: number, string (text), object or pointer.

Every kind of node can contain a sub list of nodes that are called the content branch. If
a node contains sub nodes it can be expanded by clicking the B button. Nodes can be
added and deleted from the tree.

An object node contains a second sub list of nodes called the object attribute tree. This
separate tree branch contains data that describes the properties of the object with many

special attribute nodes. When you click on an object node you see a greater than symbol

2 to the left of the node; clicking on this button opens the object attribute tree branch.

Figure 3 shows an expanded object attribute tree for a processor object in the model.

E| %|F‘rnn:essu:ur4 |OI:|jE|:t

{Odasses

{Dsuperdasses

{Oyvariables

(Dbehaviour

Oy visual

{Oyspedial

{Oyspatial

{Dobjectinfo
{Dignoredraw 0.000
{ydisplaygroup standard

{ydisplaygrouplist
{ylabels

{Cyconnections
{yevents

(ystats
{Dystored

Figure 3 Attribute tree of a processor object

1.3 General rules

The following are some general rules for creating logic using Flexscript:

» language is case sensitive, i.e. Upper case A is not the same as lower case a;
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> no specific format is required, the free use of spaces, tabs, and line returns
Is encouraged;

» numbers are double precision floating point values unless otherwise
specified;

» text strings are usually entered between quotes. Example: “mytext";

» parentheses follow a function call and commas separate the arguments of
the function. Example: moveobject(0bjectl,object2);

» afunction or command always ends with a semi-colon;

» parentheses can also be used freely to make associations in maths and logic
statements;

» curly brackets are used to define a block of statements;

> to comment out the rest of a line use //;

» do not use spaces or special characters in name definitions. underscore ( _)
is ok;

» named variables and explicit values can be interchanged in a statement.

1.4 Maths operations

Table 1 lists common mathematical operations that can be performed on values.
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Table 1 Maths operations

Floating Point Example

Integer Example

Operation (=solution) (=solution)

+ 1.6+4.2 (=5.8) 2+3 (=5)

- 5.8-4.2 (=1.6) 5-2 (=3)

* 1.2 * 2.4 (=2.88) 3*4 (=12)

/ 6.0/4.0 (=1.5) 20/7 (=2)

% (integer mod) 34%7(=6)

sqrt() cqrt(5.3) (=2.3)
pou() po(3.0,2.2) (=11.2) pow(3,2) (=9)
round() round(5.6) (=6)

frac() £rac(5.236) (=0.236)

fabs() fans(-2.3) (=2.3)

fmod() £m0a(5.3,2) (=1.3)

Table 2 shows typical assignment statement in Flexscript.

Table 2 Operations of setting and changing variables

Operation Example
= X=X+2;
+= X +=2; (same as X = X + 2)

X -=2;(sameasx =X - 2)

X*=2; (sameasx =x*2)
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/= X/=2; (sameasx =x/2)

++ X ++; (sameas x =x + 1)

-- X --; (sameasx =x-1)

1.5 Variables comparisons

Examples of logical operations in Flexscript are shown in Table 3.

Table 3 Operations of variables comparison

Operation Example (solution)

> (greater than) 1.7>1.7 (false)

< (less than) -1.7 < 1.5 (true)

>= (greater than or equal to) 45 >= 45 (true)

<= (less than or equal to) 45 <= 32 (false)

== (equal to) 45 == 45 (true)

1= (not equal to) 45 1= 35 (true)
comparetext() comparetext(getname(current),"Processor5")

1.6 Logic operations

Table 4 shows different operations for relating several comparisons.

Table 4 Logic operations

Operation Example

&& (logical AND) x>5 && y<10
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|| (logical OR) x==32 || y>45

I (logical NOT) I(x==32 || y>45)
min() min(X, Y)
max() max(X, Y)

1.7 Variable types

Flexsim only uses four variable types, each of which can be used in an array structure.

The following explains each of these types.

1.7.1 Single variables

Table 5 shows the variable types used in Flexsim.

Table 5 Variable types

Type Description
int integer type
double double precision floating point type
string text string
treenode reference to a Flexsim node or object

1.7.2 Array variables

Table 6 shows the array variable types used in Flexsim.

Table 6 Array variables

Type

Description

intarray

an array of integer types
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doublearray an array of double types

stringarray an array of string types

treenodearray an array of treenode types

1.7.3 Declaring and setting variables
The following are some examples of how to declare and set variables.

intindex = 1;
double weight = 175.8;
string category = "groceries";

treenode nextobj = next(current);

1.8 Executing commands

The procedure for executing a command in Flexsim is as follows:
» start with the command name, followed by an open parenthesis;
> next enter each parameter of the command, separating multiple parameters
by commas; each parameter can be a variable, an expression of variables,
or a command itself;
» finally, finish the command with a close parenthesis and a semi-colon.

Examples of execution commands are presented in Table 7.

Table 7 Example of executing commands

Syntax Examples
commandname(parameterl,p coloryellow(current);
arameter2,parameter3...); setrank(item, 3 +7); _

setitemtype(item, getlabelnum(current, "CUritemtype™));
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1.9 Flow constructs

Flexscript uses similar conditional statement structures as in other languages. There are
four conditional statements, If statement, While loop, For loop and Switch statements,

and they can be combined to become a more complicated statement.

1.9.1 If statement

The if statement allows one piece of code to be executed if an expression is true, and
another piece of code if it is false. The else if and else of the construct are optional, and
one can have as many else if’s as required but only one else can be used. The construct

is shown with an example in Table 8.

Table 8 Construct and example of If statement

Construct Examples

it (test expression) if (content(item) == 2)

code block colorred(item);
¥ ¥
else if else if

{

code block colorblack(item);
k }
else else

code block code block
¥ ¥

1.9.2 While loop

The while loop statement continues looping through its code block until the test
expression is recognised as false. Table 9 shows the While loop construct with an

example.

Table 9 Construct and example of While Loop statement
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Construct Examples
while (test expression) while (content(current) == 2)
¢ code block ¢ destroyobject(last(current));
} }
1.9.3 For loop

The for loop is similar to the while loop, but it is usually used when it is known exactly
how many times to loop through the code block. The start expression is executed only
once, to initiate the loop. The test expression is executed at the beginning of each loop
and the loop stops as soon as this expression is false, just like the while loop. The count
expression is executed at the end of each loop, and typically increments a loop variable,
signifying the end of one iteration. Table 10 shows the For loop construct with an

example.

Table 10 Construct and example of For Loop statement

Construct Examples

for(start expression; test expression; count | for (int index = 1; index <=

expression) content(current); iIndex++)
{ { .

code block colorblue(rank(current, index));
¥ ¥

1.9.4 Switch statement

The switch statement allows one piece of code to be used to execute from several
possibilities, depending on the value of a variable being switched on. The switch
variable must be an integer type. The example shown in Table 11 sets the colour of

items of type 1 to yellow, type 2 to red, and all other types to green.
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Table 11 Construct and example of Switch statement

Construct Examples
int type = getitemtype(item);
switch (typE)
{
switen (switchvariable) case 1:
{ {
case Casenum: coloryellow(item);
{ break;
code block; }
break; case 2!
} {
default; colorred(item);
{ break;
code block; }
break: default:
} {
} colorgreen(item);
break;
}
1

1.9.5 Redirection

Each of the above statement flows can be redirected during execution with either a

continue statement, a break statement, or a return statement. Table 12 explains how

each of these statements works.

Table 12 Redirection statements

Construct

Examples

continue;

Only valid in For and While loops. Halts the current
iteration of the loop and goes on to the next iteration in the
loop. In a For loop the counter is incremented before
continuing.

break;

Only valid in For, While and Switch statements. Breaks out
of the current For, While or Switch block and continues
with the line immediately following this block. Nested
statements only break out of the current statement and
continue on in the containing statement.

271




Returns out of the current method entirely and continues
return; with the line following the code that is called this method. A
return value may be required if the method returns a value.

1.10 Tree object referencing

When all the model information is stored in a Flexsim tree access must be gained in
order to make changes such as node attributes using Flexscript. There are many ways to
gain access to tree nodes, node names, and values (attributes), and ways to set node
information such as name and data value.

Table 13 summarises Flexscript referencing commands

1.10.1 Referencing commands

Table 13 Examples of referencing commands

Command(parameter list) Explanation Example

current=

This is used to reference the | ownerobject(c);

active node during a function's | So, currentis a
execution. If the function was | reference to the object
called using nodefunction(), ¢ | that owns the node.

c returns a reference to the node on
which the function is written. If
the function is an event function, ] ]
¢ returns a reference to the object | SO item is a reference to

that contains the event. the involved flowitem
for a trigger or function.

item=parnode(1”

This is used only in event
functions. It is used to reference

I the object that was passed to the getname(i);
function as the involved object.
first(node) | .
This returns a reference to the flrSt(cu“_e“t)’
next(node) cizar (last, next) ranked object | "e*(iten)
inside of the object passed _
last(current%

1ast(node)
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node(relativepath[,startno
de])

This returns a pointer to the node
in the tree that is found by
following the path specified as
relativepath, starting at the node
specified as startnode.

node("/Processor”,
model());

main(), model(), viewso,

and library()

These are commonly used as the
start node of node function, refer
to the project tree, model tree,
view tree, and library tree
respectively.

main();
model();
views();

library();

inobject(0Object,portnum)
outobject(0Object,portnu
m)

centerobj ect(ObjeCt,pOI't
num)

This returns a reference to the
object connected to the
input(output, centre)port number
of the object passed

inobject(current,l);
outobject(current,l) ;

centerob] ect(current,l

);

The attribute/variable nodes of the Flexsim tree in blue (Figure 4) can be used as a

command to access the node. For example, variables (longwall conveyor) returns the

variables node of a 1ongwall conveyor Which must be a reference to the longwall

conveyor treenode; spatialx(face) returns the node that stores the width of the

longwall face because race is a reference to the longwall face object in the model.
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[ o
{Dydlasses
{Dsuperdasses
yvariables
{obehaviour
{yvisual
{yspedial
{Oyspatial
{Dyobjectinfo
{Dyignoredraw 0.000
{Oydisplaygroup standarg
{Oydisplaygrouplist
{Dylabels
B (Tyconnections
{Zyconnectionsin
{Jyconnectionsout
{Jyconnectionscenter
(events
{Jystats
{Ostored

Figure 4 Flexsim attribute tree with nodes in blue

Unlike unix or windows, Flexsim uses a path syntax for file paths. There are several

path symbols that can be used to traverse the tree, as listed below:

>

YV VWV VYV V¥V

/ go into the current node's sub-tree;

> go into an object's attribute tree;

.. go to the current node's parent tree, or up one level;
@ go to the owner view of the current node;

+ read the current node's text as a path to an object, and go to that object.

For the most part, only the / and > symbols are used, and occasionally the .. symbol.

The @ and + symbols are only used to build a custom GUI. For example:

the wvalue of the objectfocus node of the shearer’s customised GUI is

“MAIN:/project/model/working face”, While the link of an edit box on the GUI is

“@>objectfocus+/Shearer>labels/2”. The part “e>objectfocus+” equals the value in the

objectfocus node. Then the link is the same as “vMaIn: /project/model/
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working face/Shearer>labels/2” Which refers to the second label of the Shearer object

which contains the shearer task table.

1.10.2 Data access

In Flexsim the values for objects are mostly obtained using commands starting with
“get”, while the node values are mostly set by using commands starting with “set”.
These are the two groups of commands that are most frequently used. Commands for
other functions can easily be found by the name of the function in the commands

reference manual, provided the command required is known in the Flexsim

terminologies. Table 14 shows the examples of data access commands.

Table 14 Examples of data access commands

command(parameter list) Explanation Example

qet????(ObjeCt, parameter “St) Getname, getoutput,

This returns the
number/string/name
value of the variable
with the given

get22num(Object, parameter list)

Gettablenum, getnodenum,

get22str(Object, parameter list)

getnodestr, getvarstr,

qet??name(ObjeCt, parameter paramEters getnodename,

list)

set?222(0bject, parameter list) setcolor; setrank;
This sets the

set?2num(0Object, parameter list) | number/string/name setlabelnum;
value of the variable

set?2str(0Object, parameter list) | with the given settablestr]
parameters

set??name(0Object, parameter list) setnodename,

1.10.3 Node Ranks

In a Flexsim tree the nodes are arranged in a specific order (Figure 5). To show their

ranks, right click at any part of the tree view and then select View | Show Node Ranks.
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file:///C:/ProgramData/Flexsim/Flexsim6/help/commands.html%23getoutput
file:///C:/ProgramData/Flexsim/Flexsim6/help/commands.html%23getnodenum
file:///C:/ProgramData/Flexsim/Flexsim6/help/commands.html%23getnodestr
file:///C:/ProgramData/Flexsim/Flexsim6/help/commands.html%23getvarstr

In Flexscript, a node can be referred to by the node name or the node rank. Using the
node name can make the code more readable but may slow the model execution down
because Flexsim must compare each of the nodes in the list from the top with a specific
name until it is found. Flexsim directly executes the one required if using the rank index,
but this can lead to confusion by the numbers over time. The recommended way to refer
to a node is to use rank values and put comments at the end beginning with the symbol

1.

{710, events
B 11, stats
B 1 state
{0 1. state_current 1.000
{0 2. state_changetime 0.000

{0y 3. state_since 0.000
B (4. state_profile State
O 1 idle 0,000
{732, processing 0.000
{0 3. busy 0,000
{04 blocked 0,000
{73 5. generating 0.000
{6, empty 0.000
{0 7. collecting 0,000
{08, releasing 0,000

{09, waiting_for_opera0,000
{10, waiting_for_tran,000
{311, breakdown 0,000
{012, scheduled_down 0,000
{7313, conveying 0,000
{14, travel_empty 0,000
{15, travel_loaded 0,000

Figure 5 Node ranks

1.11 Code comments and editable dropdown menu

There are two ways to document comments in Flexscript, the first is the one-line
comment which is done with two forward slashes: //. The example below shows a one-

line comment

// this is my one-line comment, it ends at the end of this line
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The other comment is a multi-line comment where the start of the comment is signalled

with the combined symbol /* and the end with the symbol */ as shown below:

/*
this is my multi-line comment
it can span as many lines

as I want it to

*/
In the Flexsim template code some text can be edited in a drop-down when is

clicked on. The text is split into black text which is fixed and blue text which can be

edited (left part of Figure 6).

IBy Expression Expression: 1 Note: The expression may be a cons | 1 treenode current = ownerckject{c):

[}

By Expression 2 treenode item = parncde (1)
Expression: fl| cditr] | 5

Mote: The expression may be a constantvalue or the result 4

of a command (getitemtype(itern), getlabelnum{item, 5 double wvalus = 1
“labelname™), etc). 5

g return wvalue;

Figure 6 Drop-down menu with editable text and the template code

In the template code fields (the right part of Figure 6 can be opened by clicking on the

@l symbol), variables called current and item can be seen: “current” refers to the
object whose code is being edited, and “item” refers to a flowitem associated with a
specific execution of the field. These two variables are common for most template
codes.

In the template code the grey parts are comments that only the Flexscript executer sees:
double value = 1. In this format the dropdown menu is as shown on the left of Figure 6

with editable blue text. The advantage here is that any user can quickly change the 1

value to something else by pressing the button and editing the blue template text.
The functions are as follows:
» bernoulli(prob, succeed-value, fail-value, stream);

» peta(min, max, shapel, shape2, stream);
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A\

vV Vv Vv Vv YV ¥V VvV V V¥V VYV ¥V V¥V ¥V VYV ¥V VYV VY V V

binomial (trials, prob, stream);

cempirical (tablename, stream);

dempirical (tablename, stream);

duniform (MiN, Max, stream);

empirical (tablename, stream);

erlang (location, scale, shape, stream);
exponential (location, scale, stream);

gamma (location, scale, shape, stream);

geometric (prob, stream);

inversegaussian (location, scale, shape, stream);
invertedweibull (location, scale, shape, stream);
johnsonbounded (MiN, max, shapel, shape2, stream);
johnsonunbounded (location, scale, shapel, shape2, stream);
loglaplace (location, scale, shape, stream);
loglogistic (location, scale, shape, stream);
lognormal (lOcation, scale, shape, stream);
lognormal2 (location, scale, shape, stream);
negbinomial (SUCCESSES, prob, stream);

normal (Mean, stddev, stream);

pearsont5 (location, scale, shape, stream);
pearsonté (location, scale, shapel, shape2, stream);
poisson (Mean, stream);

triangular (MiN, max, mode, stream);

uniform (MIN, Max, stream);
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» weibull (location, scale, shape, stream).

The“stream” parameter in the commands is a reference to one of Flexsim's random
number streams; for more information, please refer to Flexsim commands help manual
(2013).

Three of these functions are worth discussing in some detail: empirical, cempirical and
dempirical; empirical and cempirical are both continuous empirical distributions but
return different ranges of continuous numbers, while dempirical is a discrete empirical
distribution that returns explicit values listed in the table. These three functions can be
used when the data sample is small or when no distribution function fits with the sample
data.

In Table 15 the section on the left is an example of reference tables created by the user
with 4 rows and 2 columns. In column one the percentages are 10, 20, 30 and 40, which
add up to 100 per cent. In column two the values are 0.1, 0.2, 0.3 and 0.4. The table

may have as many rows as needed to define as many values as desired.
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Table 15 Summary of the three distribution functions

Reference Table
(table name: Possible Return Values ("X")
mytable)

Percentag Val Dempirical Empirical Cempirical

e alues (mytable) (mytable) (mytable)
10 0.1 X=0.1 0.1<X<=0.2 0.0<X<=0.1
20 0.2 X=0.2 02<X<=03 0.1<X<=0.2
30 0.3 X=0.3 0.3<X<=04 0.2<X<=0.3
40 0.4 X=04 No value 03<X<=04

The right hand section of Table 15 lists the possible return values of the three
commands. The discrete command only generates random variates that exactly match
the values entered into column two of the table at the specified possibility. The
continuous commands generates random variates that are real numbers distributed
uniformly between two adjacent numbers in column two of the table. The difference

between the two continuous commands is how the bounds of the uniform ranges are

defined.
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