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Abstract

The paper reviews recent design procedures available and utilised for
underground coal mine drivage development. The potential application of new
technologies in geotechnical data collection and processing is discussed. Contemporary
support methods are presented and current trends towards the application of roof bolting
in British Coal Measures are also discussed.

Ozet

Bu bildiride yeralt1 komiir madenlerindeki hazirliklarin stirtilmesinde kullannan
glincel tasarim yontemlerinde izlenen yollar gozden gecirilmektedir. Ayrica, jeoteknik
veri toplanmast ve degerlendirilmesindeki yeni teknolojilerin uygulama olanagi
tartisgilmaktadir. Ilave olarak, cagdas tahkimat yontemleri sunulmakta ve IngStere'de
komiir cevheri kayaclanndaki kaya saplamast uygulamasina yonelik mevcut yaklagimlar
tartisgtimaktadir.
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1. INTRODUCTION

In response to the recent economic climate, UK coa mines have been involved in
extensive cod reduction exercises. One of the principa areasidentified for attention has
been in the support of tunnels. These have involved high development costsin
association with coal mining projects. This paper provides an overview of the excavation
design processes utilised in UK coa mines. It dso highlights the significant advances
which have been made in gpproaches to monitoring, data collection, current design
processes and support selection.

2. DESIGN PROCEDURES

The main objective of a design approach isto indicate whether an underground opening
will be stable. In addition it should establish procedures to enable decisons to be made
on the required support specifications. Currently there are three main gpproaches to the
design of excavationsin UK coa mines. empirica, analytical and dynamic design
methods. These are reviewed within the context of UK mining conditions.

2.1 Empirical Design Methods

The principa empirica design approaches are Rock Mass Classfication syssems which
have for anumber of years provided one of the primary methods of empirical designin
rock engineering. They have been gpplied to a variety of projects ranging from tunne
design to dam and foundation construction. Bieniawski (1988) identifies severd ams
and attributes that arock classification should possess:

AIMS:
(1) Identify the most significant parameters influencing the behaviour of arock
mass.
(2) Provide a basis for understanding the characteristics of each group.
(3) Provide quantitative data for effective design.
(4) Provide a common basis for communication.



ATTRIBUTES

(1) Simple, readily understandable, remembered and applied.

(2) Terminology widely accepted.

(3) The most dgnificant properties of the rock mass included.

(4) Based upon measurable parameters, rapidly determined in thefield.
(5) Based upon arating system.

Severd classifications have been devel oped which are used with the above guidelines, the
most notable being the Rock Structure Rating (RSR), the Q System (Barton et d 1974)
and the Geomechanics Classfication (Bieniawski 1973).

Inal of the above examples, the classfications were produced from the analysis of many
case studies to produce aranking system for various geotechnica parameters. These case
studies were generaly taken from shalow excavations where the principal mechanism of
instability isthe movement of detached blocks when the gravitational |oading exceedsthe
resistance to movement provided by joint shear resistance. However in the deep cod
excavationsthat typify UK conditions, other mechanisms of instability are introduced that
are generdly sress related. This has the tendency to render the classifications unreliable
under certain conditions.

One key area where the gpplication of classfication becomes margind isin discontinuity
determination at depth. Often geotechnica investigations have featured the measurement
of the natural joint system in therock massin order to provide joint spacing information
and potentially the identification of unstable roof blocks using kinematic analyss
techniques. In deep <oft rock excavations, however, the joint syslem developed is
dominated by a series of stressinduced fractures. These fal into three principal
categories:

(1) Fractures associated with the redistribution of stress as the heading advances.

(2) Fractures associated with the development of yield zone conditions around
the excavation.

(3) Fractures associated with the interaction of adjacent workings.

The presence of these stress induced fractures, in addition to any natura joint planes,
makes the task of defining joint characteristics important to stability, difficult. Severd of
the other factors are poorly represented by existing classfications. Mogt joint surfaces
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seen within deep coa mines have little separation, may be shckensided and are sldom
infilled and these conditions are poorly dedlt with in most schemes. In addition the water
conditions described are excessive for Cod Measures strata where 10-15 litres per minute
would be consdered a high rate of inflow.

As a conseguence of the non-sensitivity of these classifications to the val ues expected
under the high stress conditions of deep coa excavations, the results they provide will
often be a best poorly resolved and & worst non-applicable. **

2.2 Dynamic Design Approaches

Dynamic gpproaches base support sdection on actua monitoring of ground movement
during excavation. Although these devel opments have not resulted in useful design

ca culation methods in the sense of established methods; they signal an increasingly
evident change in philosophy to mine support design. This hasled to a grester necessity
for integration of the procedures involved in amgor excavation congtruction project. The
two most utilised and popular approaches are the New Austrian Tunndling Method
(Rabcewicz 1964) and the Rock/ Support interaction anaysis methods (Daemen 1975).

The New Austrian Tunnelling Method (NATM) is a philosophy based upon the
mobilisating and conserving of the srength of the rock mass with the aim being to form a
ring of sdf supporting or reinforced rock around the tunndl. This gpproach is often
associated with the use of rock bolts and shotcrete. The NATM relies heavily on the
implementation of a successful and well designed monitoring programme and an
integrated approach to the utilisation of data. An excellent example of the successful
application of the NATM was for the congtruction of two drifts through water bearing
strata at Barrow-upon-Soar, by British Gypsum (Deacon & Hughes 1988). The use of
the NATM dlowed flexibility while a baance was obtained between rate of progress, and
the requirement for caution and quaity under difficult ground conditions.

The Rock/Support interaction methods of analys's enable cal culation of |oad applied to
the support by congdering the intersection of two characterigtic curves of loadsasa
function of deformation.This approach is away of considering the process of stress
redistribution around a supported tunnel as the head end effect diminishes during tunnel
advance. The principle, likethe NATM, isto conserve and mobilise the available rok
strength thereby minimising the loads acting directly upon the tunnel lining.



With the improved data communication methods and on line monitoring methods which
are becoming available, dynamic approacheswill play agrester part in mining excavetion
design processes in the future. However the ahility to have a continualy changing support
pattern as the conditions changeis currently limited by UK mining legidation.

2.3 Analytical Design Approaches

Analytical'design approaches involve mathematical, numerical and physical modeling
techniques which are used for andysing the stress digtribution and for observing
deformation around an opening (see Table 1)

Table 1: Principal Analytical Design Approaches to Tunnelling

Mathematical Modelling
Finite Element Method
Numerical Modelling Boundary Element Method
Discrete Element Method

Physical Modelling

Closad form solutions obtained in mathematica techniques are based on stress and
continuum analysis. They provide information on stress ditribution in certain ided
elagtic stuations and can be used in specific cases within an integrated approach to give
initial guidance. They are, however, of limited value in most coal mine tunnelling
situations.

Numerical modelling is one of the principa tools of design engineers and is suited to an
integrated approach utilising interactive graphics and rapid communication of up to date,
on steinformation. Due to the consderableinterest in numerical modelling in the
previous 25 years, avariety of mode ling techniques have been developed. Theprincipd
techniques of relevance to rock tunnelling are the Finite Element Method, the Boundary
Element Method and the Digtinct Element Method. Excavation structural andlysis can be
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systematically broken down into elements each of which is assigned behaviourd qualities
in terms of load, diffness and displacement.

The Finite Element Method congtructs matrices representative of the Siffness of the
whole structure alowing solution of load displacement relationships. This method has
been well proven for predicting elastic materia behaviour and by dteration of the
technique non-linear material behaviour of a number of forms can be andysed. This has
particular relevance to cod mine excavation design. A mgor research interest at the
University of Nottingham, Department of Mining Engineering is the influence of the
nature of the stress fidd and the shape of the roadway in relation to gability. This
research has concentrated upon the adaptation and utlisation of anon-linear Finite
Element package (Reddish 1989) for differing conditions and comparison of
underground sites.

The Boundary Element Method is used to describe aclass of numerica solution methods
that involve formulating a given elagticity problem in terms of boundary data. The
common factor throughout this class of methods is the use of fundamenta singular
solutions distributed around the boundaries of the problem.  Input datarequirements
using this method are considerably less than using the F.E.M and consequently can be
adapted to provide rapid on site analysis of aparticular solution.

The Digtinct Element Method introduced by Cundall et a (1975) is acomputer based
andysis which utilises interactive graphics in which the behaviour of discrete semi rigid
blocks which congtitute the roof of an opening can be smulated. Consequently it has
application to the design of tunnels through hard blocky rock ground. Each block may
undergo rotation and displacement while progressive failure is moddled. This method
holds potentia for further development and is characterised by relatively smple principles
and associated mathematical calculations.

Physical modelling techniques offer a solution to modelling specific cases where jointed
rock masses are being excavated. However, they are of limited value where parameter
variaion isrequired in adesign process and are often prohibitively expensive.

Currently the mgor restrictions associated with analytical methods of design are the
difficulties in determination of in Stu stresses and the verification of the vaidity of
results.



3. MONITORING FOR DESIGN

Modern excavation engineering projects utilise an interactive procedure involving
collection of data underground for input to design processes. It isin this context that in
situ fidd measurements are of mgor importance and it isimperative to correctly plan
monitoring procedures. Figure 1 showsthe necessary procedure for the implementation
of a successful monitoring programme and has been developed by the authors as aresult
of previous shortcomings in gpproaches to geotechnical monitoring.

Thereisawide variety of geotechnical questionsthat require on site underground
investigation when monitoring tunne stability. The prime purpose of tunnel monitoring
isto provide the maximum amount of information about the changing geotechnicd
environment that can be readily trandated into support specifications. Other
considerations are the evaduation of the effectiveness of support measures, comparison of
rea performance with theoretical predictions, safety control measures and the evauation
of pecific problem areas. The principa physical quantities which can be monitored are
shown in Table2. A monitoring programme encompassing the above physicd quantities
providesthe best overall picture of acod mine tunnelling project from astahility point of
view.

Table 2 Principal Features of Tunnel Stability Investigation

Strain

Relative Displacement

Absolute Displacement

Changes in Curvature

Stresses in Linings and Rock Mass
Rock Pressures on Linings
Stresses in Rock Bolts

Water (if of significance)

Asthe redlisation of the economic importance of data collection in the various stages of a
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Figure 1: Structure of Monitoring Programme



project has increased, advancesin data collection techniques have rapidly occurred. Much
of the information derived is poorly handled resulting in task duplication. Developments
in technology are enabling awide range of in Stu transducers to be remotely monitored
athough problems are encountered due to the hazardous nature of excavation work. The
utilisation of continuous monitoring systems can provide a Seady stream of information
as events occur dthough there are still serious limitations due to the necessity for
monitoring systemsto be rugged and flameproof.

Another notable advance in computer technology and its application to geotechnica
monitoring is the use of automatic image analysis in the interpretation of photographs
from deformation surveys which enables rapid and extensive surveys to be carried out.
Image analysis systems function by converting a photograph of an arch into a digita aray
of pixcels (picture points) and storing the data. By overlaying survey photographs over
an origina the system can automatically measure changesin area and curvature aswell as
height and width reductions.

Image analysis systems have greet potential for improved deformation surveying. They
provide arapidly accessible visual record and it is possible to automate the whole survey
thereby reducing human errors and increasing efficiency.

4. DATA INPUT TO DESIGN PROCESSES

Having produced a quantity of geotechnica information, the efficient utilisation of these
dataisimperative. Recent advancesin Information Technology ensure easy anaysis,
presentation and transfer of information thus allowing a centrd data source to feed a
number of problem areas.

Advances in data communication methods have produced a Situation where information is
rapidly disseminated from the .actud tunnel Site in a managesble form to the decision
making body. Presentations of a high standard can be rapidly produced through the use
of qudity graphics systems, reading information straight from the origina analysis.
Information can be accessad directly from the board room to the tunnel Site on ared time
scale. In particular, the advent of computer aided planning packages which incorporate
three dimensiond graphicsfacilities will become of greet valueto coa mine planning
engineers, smilar packages are used in many metal mining operations.
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With the complete integration of the geotechnica information into acentral data base,
options are available for improved analysistechniques. A flow chart representing a
completely integrated approach is presented in Figure 2. With the advent of computer
expertise, both design and monitoring processes can be smplified and immediate
digtribution of results to relevant parties can be enacted. Decision support systems can be
applied to the processes of data interpretation and analysis thereby producing savingsin
time and money whilst releasing competent engineers from tedious and repetitive
procedures.

Expert sysems are anotable development in decision support that has received much
attention over the past few years. Their ability to mimic human expertise by the
manipulation of data often of a non numerica form, has led to their development in a
number of fields in mining engineering. The utilisation of a heurigtic or rule based
structure is seen as alogica step dong the route from conventional agorithm based
systems to the artificid intelligence gpplications of the future. The interpretation of
underground information is adomain of expertise that can be readily computerised by the
application of expert systems. For ingtance the interrogation of ggotechnical databy an
expert system could readily convert raw information to meaningfully classfied rock
qudity information. The basic desgn structure of an expert systemis shown in Figure 3.
The development of fuzzy methodologies has aso enabled computer sysemsto ded with
theinterpretation of observations, that do not fal into distinct classes.

5. ASPECTS OF SUPPORT DESIGN DEVELOPMENTS IN
UK COAL MINES

The principa types of support at present utilised in UK coa mines are included in

Table 3. At present the support requirements of the mgjority of coal mine drivages are
provided by sted arch support systems with the remainder being supported by other
passive support systems such as concrete segmentd linings. The use of bolting has been
generdly limited to a supplementary role with one of these systems. Severd methods of
improving support design including grout filled envelopes, TH arches and circular
supports have been developed, especialy for mgor drivages (Newson 1986). However,
these methods have only really involved dight changes to the traditional methods of free
standing supports. /"
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Table 3: Contemporary Support Systems: UK coal mines

Rigid Sted Arches
Rigid Sted Supports Square Work Supports
Circular Stee Supports

. Yielding Arches
Yielding Sted Supports

Yielding Square Sets

Monolithic Concrete Linings

Concrete Supports Sprayed Concrete Linings

Prefabricated Concrete Supports
Prefabricated Panel Supports

Mechanicdly Anchored Boks
Rock Balting Grouted RockSotes

Friction Anchored Roek Bolts

CableBolts

Economic pressures have, however, produced renewed emphasis on efforts to change
the main support type through the widespread application of roof bolting reinforcement &,
primas support systems. Asadirect result it has been necessary to research:-

1) A satisfactory method of evauation of Sites where roof bolt reinforcement
systems would be applicable.

2) A satisfactory method of designing the system wiif esaf e »tandafds

3) Improvements to bolt ingtallation methods in association with
mechanised tunndling.
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The assessment of the viability of roof bolting in coal mine tunndls and establishment of
design procedures has posed amgjor problem. Research has concentrated on identifying
the mechanism of reinforcement (see Table 4) which ismogt gpplicable to British Cod
Mesasures conditions and ng the performance of variations of types of support
systems. These ams are being attained by a combination of effort including a mgjor
programme of underground site ingtallations utilizing borehole extensometers, roof bolt
extensometers and deformation surveys at the tunnel face,

Table 4 : Mechanisms of Reinforcement by Rock Bolts

Formation of a natural arch
lownation of a composite beam from several layatés
Reinforcement of laminated roof by friction astion
Suspension of weak layers to a seowgef taper
Prevention of movement along planes of weataets
Whilst the utilisation of roof bolting has resulted in areduction in support costsin
underground coal mining roadways, it requirescareful design consideration prior to
installation. For instance, the roof conditions encountered in UK Cod Measures rocks
often consists of very weak rock (UCS <25MPa) such that the gpplication of
reinforcement techniquesin these conditions can be limited unless a proper designis
adopted to suit the particular conditions. Monitoring stability is highly desirable especidly
in conditions where there may be difficulties.
6. COMCLWSIONS
This paper has drawn attention to aspects of the underground monitoring, excavation

design, and support selection procedures currently utilised in UK coa mines. Themain
conclusons are;

(1) The gpplication of new technologies to data agusition and processing can



improve efficiency in geotechnical monitoring operations.

(2) Roof bolting has been proven to be effective as a support system and shows
potential for considerable cost reductions.

(3) Application of roof bolting support systems has required a change in emphasis
towards greater flexibility in support design.

Roof bolting has amgor role to play in giving stability and cost reductionsin coad mine
roadways and other underground excavations.
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