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EXECUTIVE SUMMARY
The aims of the Project were to undertake research into the safe application of mine
support systems, to provide a high level of technical input for development and/or
revision of the appropriate ACOPs, Guidance Documents, Codes of Practice and
British/EN Standards and to produce a Coal Mine Roadway Support System
Handbook.
In addition to the HSE funding, this work received significant support from the
European Coal and Steel Community and included aspects of research carried out by
Rock Mechanics Technology Ltd under 3 ECSC Research Projects. These were:
x ECSC RTD Project PR058, entitled, “Improved Support Systems for Highly
Stressed Roadways”.
x ECSC RTD Project PR055, entitled, “Stress Distribution Analysis by Numerical
Models for the Optimisation of Underground Coal Mine Design”.
x ECSC RTD Project PR059, entitled, “Development and Demonstration of
Automatic Ground Hazard Monitoring Systems”.
The work also received support from many mine operators and consumable
manufacturers.
Since the major fall of roof which occurred at Bilsthorpe colliery in 1993, there has been
significant progress in research into standard UK coal mine roadway support systems
such as standing support, AT rockbolts and double birdcaged cable bolts and, in
particular, a much improved appreciation of the geotechnical environments in which
these support systems can be applied safely. However this period has also seen the
introduction of many new support systems which, at the start of the Project, had not
yet been fully evaluated in terms of their safe areas of application. There is currently
considerable uncertainty amongst mining engineers as to which support systems are
safest for different mining situations and how to obtain and evaluate a safe design. This
presents them with a particular problem in view of the less prescriptive nature of the
new Control of Ground Movement Regulations 1999, which came into force on 1st
December 1999.
Objective technical guidance is required in this area in addition to the information
provided in the new ACOP and DMCIAC Guidance documents.
Research under this Project was designed to improve understanding of the
performance and application of recently developed roof support and reinforcement
systems. It therefore included development and application of numerical modelling
techniques and of improved coal mine geotechnical monitoring instrumentation.
By the completion of this Project, numerical modelling had been firmly established as
an accurate and reliable design method for rockbolt support systems. A true three
dimensional approach to bolting pattern modelling and a combination of 2D and 3D
methods for junctions were successfully developed. The rapid development of both
computer hardware and software will continue to give opportunity for further
development and increasing sophistication in computer modelling in the near future. In
particular, a big increase in the use of three-dimensional modelling of roadway support
is expected. The work carried out under this Project has shown this to be both feasible,
and valuable, in adding proper evaluation of the essentially three-dimensional nature of
1

most support design problems. The report recommends that the numerical modelling
approach should be extended to encompass other coal mine support systems, for
example steel and mixed support systems and pretensioned tendons.
The Project provided logistical support for a successful full-scale application of RMT’s
Remote Reading Telltale (RRTT) system employing 67 telltales which was completed
in a 1300m long maingate roadway during retreat of 183.0 longwall panel at West Mine
in Germany between June 2001 and October 2002. The data obtained probably
represents the first large scale data set obtained on bolted roof deformation behaviour
at relatively short sampling frequencies. The successful development and field trial of
the RRTT system is a significant step forward in support monitoring technology. It is
concluded that wider use of this type of system to monitor rockbolt support would
reduce reliance on manual data collection and processing, which is potentially one of
the weak links in current systems. Use of the system transducers to monitor roof
movement development promises to improve significantly knowledge of roof behaviour.
The Project also provided data on support system performance and testing which was
necessary for revision of the British Standard 7861:1996 “Strata Reinforcement
Support System Components used in Coal Mines” a draft of which was completed in
2003. In particular, the technique of laboratory short encapsulation pull testing (LSEPT)
was developed and adapted, for performance measurement of target support systems,
both as a research tool and to ensure suitability for incorporation in the new standard.
Comparison of LSEPT results obtained was made with the existing standard test, the
Double Embedment Test (DET). It was concluded that the LSEPT is a more
representative test than the DET for assessing in-situ load transfer characteristics.
LSEP testing of a range of alternative steel rockbolts, flexible bolts, cablebolts, resins
and grouts was undertaken in Hollington sandstone. Two styles of steel thread bar, the
SAT KT Bar and the Exchem Threadbar, had a performance better than the standard
AT rockbolt. The KT bar is now in widespread use in UK coal mines as both roof and
rib reinforcement. Galvanised and Polish versions of the AT bar and a new Fosroc
resin were all shown to have good performance. LSEPT results with flexible bolts were
variable. Two types of MMTT flexible bolts exhibited lower bond stiffnesses than
previously measured with the Osborn Reflex bolt. Bond length change from 160mm to
250mm had a large effect on results obtained, suggesting that longer test bond lengths
may be required. The Garford bulb 23mm diameter bulbed cable in grout with 450mm
bond length had a similar peak bond strength but a lower stiffness than the equivalent
birdcaged cablebolt. A South African pretensionable cablebolt system was found to
have very low bond strengths in resin and grout.
Work was undertaken in preparation for possible new standards covering Flexible Bolts
and Smaller Diameter Birdcaged Cablebolts. The main test procedures employed were
the Double Embedment Tensile (DET) and Shear Tests. One aim was to identify the
appropriate test embedment lengths for each tendon type.
A new type of tensionable flexible bolt- the Megastrand- was tested in resin and grout,
without pretensioning. DET results indicated that performance in grout was equivalent
to a double birdcaged cable, and in resin was better than the AT bolt. Shear strength in
grout (450mm bond) was higher than in resin (125mm bond). The shear strength of
Osborn Reflex Bolts in resin however consistently increased as embedment length was
reduced, presumably because reduced bond length allows additional deformation and
wire bending prior to shear.
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Development of the Field Short Encapsulation Pull Test was undertaken so that the in
situ bond strength of bolts installed using the “Spin to Stall ”method could be
measured. The Split Bolt Method developed under the Project is potentially more
accurate than the conventional test method, and could be substituted for it. The work
on “Spin to Stall” highlighted both the importance of spin time and the significant
reduction in bond strength that occurs towards the top of a fully encapsulated rock bolt,
ascribed to the effect of remnant capsule packaging.
It is important for European resin manufacturers to consider whether this loss of
reinforcement at the top of the bolt, measured with both AT and South African
consumables is likely to be relevant to their products and, if so, whether this effect
could be reduced. Further investigation of the influence of spin (mixing) time is also
recommended. With modern high-energy installation equipment, optimum spin time
may be shorter than indicated by laboratory mixing tests.
It was considered that early experience of the working of aspects of the new Control of
Ground Movement Regulations (1999) and associated guidance, including factors such
as choice of support and implementation of new support measures, would be gained
during the course of the project. In the event, RMT did not have sufficient involvement
in work aimed directly at complying with the Ground Movement Regulations 1999 to
have formed a comprehensive view of technical aspects of the implementation of the
new Regulations. However, it is probable that at least one roof fall has occurred since
the Regulations came into force which may have been caused by a lack of
understanding of the changing nature of the geology along a rockbolted roadway which
could have been revealed by a closer examination of available borehole data. We
would suggest that it is an appropriate time for HSE to review whether Regulations 5, 6
and 8 are working as intended. Another area of study was related to the use of steel
supports, where the new legislation seems to have resulted in the production by mine
operators of significant additional documentation relating to steel supported roadways.
The study indicated that the focus of the ground assessment documentation produced
should be on demonstrating that relevant risk factors have been properly considered,
and for the low risk case of D shaped steel arches used at a consistent horizon this can
be achieved using a simple checklist format.
The research showed that ground control technology and safety procedures available
to UK mines are equal to the best available worldwide. However, we must continue to
identify and strengthen weak links in roof control procedures. The RRTT system, by
eliminating the requirement for manual telltale data collection and processing,
facilitates operation of the roof movement monitoring scheme, and reduces the risk of
the scheme not being properly implemented. The use of risk assessment, in addition
to roof movement monitoring, is recommended to detect local risk of roof falls between
monitoring points, particularly prior to face retreat, and to audit the roof movement
monitoring scheme. It is considered that the combined use of the normal roof
monitoring and the recommended risk assessment procedures can reduce the risk of
falls of ground to an extremely low level.
The prominence of instrumented field trials as a stage in the introduction of new
consumables in the UK has diminished in recent years, despite the fact that a wider
range of instrumentation is now available. In RMT’s view this is unwise as the
performance of systems installed underground can fall far short of laboratory
determined values. Field verification of system characteristics and performance should
always form the final step in the introduction of new support systems.
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It was considered that it would be of great benefit to the Industry if the results of the
recent and new research were drawn together into a Coal Mine Roadway Support
System Handbook to provide the required technical guidance on support selection and
design. This Handbook has been completed and is included as an Appendix in a
separate volume to the main Project report. It includes sections describing the main
steel and GRP bolt types in use in Europe as well as tensioned and untensioned
cablebolts, and associated resins, grouts, and lagging systems such as mesh panels.
Selected standing support systems are described. These are generally recently
introduced types including proprietary packing and prop systems. It is anticipated that
the Handbook will be of value across all sectors of the industry, including the Mines
Inspectorate, large and small mines, mine owners and Trade Unions. It can be
expected to be of particular value to Managers of high productivity, technically
advanced mines who wish to adopt innovative support systems in a safe manner within
the framework of the new Regulations.

4

1. INTRODUCTION
1.1 BACKGROUND TO PROJECT
Since the major fall of roof which occurred at Bilsthorpe colliery in 1993, there has been
significant progress in research into the standard coal mine roadway support systems
such as standing support, AT rockbolts and double birdcaged cable bolts and, in
particular, a much improved appreciation of the geotechnical environments in which
these support systems can be safely applied. However this period has seen the
introduction to the industry of many new support systems which have not yet been fully
evaluated in terms of their safe areas of application. There is currently considerable
uncertainty amongst Mining Engineers, as to which support systems are safest for
different mining situations and how to evaluate a safe design. This presents a particular
problem considering the less prescriptive nature of the new Control of Ground
Movement Regulations 1999, which came into force on 1st December 19991.
Objective technical guidance is required in this area in addition to the information
provided in the new ACOP and DMCIAC Guidance documents.
Research by RMT under this Project was designed to improve understanding of the
performance and application of recently developed roof support and reinforcement
systems. It was also intended that the Research Project would provide the data on
support system performance and testing and necessary RMT input for revision of the
British Standard 7861:1996 “Strata Reinforcement Support System Components used
in Coal Mines” which was planned for 2000/2001. In particular it was anticipated that
the technique of laboratory short encapsulation pull testing would need to be developed
and adapted, for performance measurement of target support systems, both as a
research tool and to ensure suitability for incorporation in the new standard.
It was also considered that early experience of the working of aspects of the new
regulations and associated guidance, including factors such as choice of support and
implementation of new support measures, would be gained during the course of the
project. The end of the project would form a suitable point at which to review this
experience and draw conclusions on the effectiveness of the procedures adopted and
any need for improvement.
Another HSE sponsored project, “Stability and Support of the Sides of Mine
Roadways”, concentrating on ribside support, ran concurrently with this roof support
project, and the final report has been submitted2. There are inevitably some areas of
overlap between the two final reports and, where this is the case, reference has been
made in this report to the other, rather than repeating information unnecessarily.
It was considered that it would be of great benefit to the Mines’ Inspectorate if the
results of the recent and new research were drawn together into a Coal Mine Roadway
Support System Handbook to provide the required technical guidance on support
selection and design. Such a Handbook will also be of value across all sectors of the
industry, including large and small mines, mine owners and Trade Unions and would
be expected to be of particular value to Managers of high productivity, technically
advanced mines who wish to adopt innovative support systems in a safe manner within
the framework of the new Regulations. A main aim of the Project was therefore to
produce the proposed handbook.
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1.2 PROJECT FUNDING
This Project was primarily funded by the European Coal and Steel Community and
forms part of research carried out by Rock Mechanics Technology Ltd under 3 ECSC
Research Projects. These were:
x ECSC RTD Project PR058, entitled, “Improved Support Systems for Highly
Stressed Roadways”3.
x ECSC RTD Project PR055, entitled, “Stress Distribution Analysis by Numerical
Models for the Optimisation of Underground Coal Mine Design”4.
x ECSC RTD Project PR059, entitled, “Development and Demonstration of
Automatic Ground Hazard Monitoring Systems”5.
All three of these ECSC Projects commenced on 1st November 1999, the first two
being 3 year Contracts and the latter being a 3½ year Contract.
These ECSC Research Projects included partners from Spain, Germany, UK and
France as follows:
x
x
x
x
x

Geocontrol S.A., Spain
Deutsche Montan Technologie GmbH (DMT), Germany
Deutsche Steinkohle AG (DSK), Germany
UK Coal Ltd (formerly RJB Mining), UK
Houilleres Des Bassins Du Centre et du Midi (HBCM), France

The final reports on these research projects have now been completed and are
available from the relevant research coordinators. Whilst much of the content is similar
to that contained in the two HSE Project Reports, there is also significant additional
detail in the ECSC reports, on areas of work not covered by HSE funding, and
reflecting the contributions of the other research partners. Each of the research
partners also contributed towards the compilation of the Support Systems Handbook.
The Safe Application of Mine Roadway Support Systems Project was co-funded by the
Health and Safety Executive under Contract 4088/R33 082, which was a 36 month
Contract commencing on 1st January 2000. Coal operators, consumable
manufacturers and suppliers and RMT itself provided additional funding for the work. In
particular the following contributors should be acknowledged:
x
x
x
x
x
x
x
x
x
x
x

UK Coal (UK) Ltd
Scottish Coal Ltd
Anglo Coal Operations
Fosroc (UK) Ltd
Minova International
Megabolt (UK) Ltd
MMTT Ltd
SAT Systems (UK) Ltd
Strata Products Ltd
Exchem (UK) Ltd
Arnall Poland Sp.z.o.o.
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1.3 RESEARCH PROGRAMME UNDERTAKEN
The aims of the Project were to undertake research into the safe application of mine
support systems, to provide a high level of technical input for development and/or
revision of the appropriate ACOPs, Guidance Documents, Codes of Practice and
British/EN Standards and to produce a Coal Mine Roadway Support System
Handbook.
These aims were met, although, as might be expected, the detailed work programme
varied to some extent from that originally envisaged in the detailed objectives. This was
due to a combination of factors including changes in priorities, difficulty in obtaining co
sponsorship for some work items, and unexpected results which changed the focus of
some investigations. Consequently some important investigations, not originally
identified, were undertaken.
The main items of work carried out were as follows:
Production of the Support Systems Handbook
The Handbook, including contributions from European partners was completed as
scheduled.
A range of laboratory test work was carried out on some novel systems to provide data
for the Handbook.
Work in support of the revision of BS7861-1 including in particular the
development of the Laboratory Short Encapsulation Pull Test (LSEPT) as a
System Performance Test and comparison of results with those from the Double
Embedment Tensile Test
This work proved more complex than originally envisaged, but was ultimately
completed successfully.
Measurement of System Performance for a range of novel rockbolts and long
tendons using the new LSEPT
This work was completed in Hollington sandstone, but time constraints following initial
difficulties with LSEPT development prevented testing in other rock types as originally
planned. Monitored field trials with selected novel systems including pretensioned and
yieldable reinforcement systems were also envisaged, but no work was done due to
lack of co-sponsorship from Mining Companies.
Selected Laboratory Investigations of Performance Test Parameters For Long
Tendons
This work was undertaken in preparation for possible new standards covering Flexible
Bolts and Smaller Diameter Birdcaged Cablebolts. The main test procedures
investigated were the Double Embedment Tensile and Shear Tests with the aim of
identifying the appropriate test embedment lengths for each tendon type.
Investigation of the Effect of Installation Procedure on Rockbolt Resin Bond
Strength
This was originally planned as a relatively short study of a South African bolt
installation method, known as “spin to stall”. In order to carry out the study it was
necessary to develop a method of measuring the bond strength profile along a resin
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column. This was successfully achieved, and unexpected results were obtained, which
have important implications for bolting system performance worldwide. Consequently
the study was extended to look for similar effects for a UK sourced resin, and these
were confirmed.
Field Pull Test Development
Development of the Field Short Encapsulation Pull Test was undertaken so that the in
situ bond strength of bolts installed using the “Spin to Stall ”method could be
measured. The Split Bolt Method developed under the project is potentially more
accurate than the conventional test method, and could be substituted for it.
Testing of Crib Systems
Laboratory tests were carried out on a recently introduced hardwood crib system, and
work begun on the evaluation of a computer program that predicts crib performance
based on the properties and dimensions of the timber components.
Development of Numerical Modelling Design Techniques for Support Systems
More work was carried out in this area than originally planned. This reflected both rapid
technical advances and the success of the design work undertaken, with consequent
demand from mining companies for further studies. By the completion of this work,
numerical modelling had been firmly established as an accurate and reliable design
method for rockbolt support systems. A true three-dimensional approach to bolting
pattern modelling and a combination of 2D and 3D methods for a junction were
successfully developed.
Extended Field Trial of the Remote Reading Telltale System
A successful full-scale application of the system employing 67 telltales was completed
in a 1300m long maingate roadway during retreat of 183.0 longwall panel at West Mine
in Germany between June 2001 and October 2002. The data obtained probably
represents the first large scale data obtained on bolted roof deformation behaviour at
relatively short sampling frequencies.
Review of the Current Situation Regarding Regulations, Guidance and Standards
A summary of the current situation regarding relevant aspects of mining regulations,
guidance documents, and standards forms the final chapter of this report.
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2. TEST METHOD DEVELOPMENT
2.1 TEST METHODS AND TEST METHOD DEVELOPMENT UNDERTAKEN
The following tests were utilised during the research to evaluate the support systems
and components:
Double Embedment Tensile Test (DET)
This is the laboratory test specified in BS7861-1:1996 6 to measure system rockbolt
bond strength and stiffness, and was, at the start of the project, the standard means of
measuring system performance. It is also used for a similar purpose for birdcaged
cable systems (BS7861-2)7.
The test is essentially an axial tensile test on the bolt or tendon/resin system. The basic
apparatus for the DET is shown in Figure 1. The tendon under test is embedded in
hand mixed resin (or in grout as appropriate) in two steel tubes with an internal thread
designed to ensure that, when the assembly is axially loaded, bond failure occurs
between the tendon and the resin. Thus the DET measures the maximum load transfer
capability of a tendon/resin system in an ideal host medium. The specified internal tube
diameter and length varies as follows:
Steel bolt 27mm diameter, length 2 x 125mm
GRP bolt 27mm diameter, length 2 x 450mm
Double birdcage cable bolt/grout 52mm diameter, 2 x 450mm length
By implication, for other tendons, tube internal diameter should be equal to the
intended underground installation hole diameter.
The test assembly is axially loaded, the load displacement graph plotted, and for
rockbolts the bond strength and system stiffness between loads of 50kN and 150kN
determined. The yield bond strength is defined as the load at which the system
stiffness falls below 20kN/mm. For steel rockbolts the Standard specifies that the
minimum mean bond strength for 3 tests shall be 200kN and the minimum mean
system stiffness shall be 70kN/mm between loads of 50 and 150kN. For Double
Birdcage Cablebolts the corresponding figures are 560kN and 100kN/mm (between
200 and 400kN).
The Double Embedment Shear Test (DEST)
The double embedment shear test is a type test described in the British Standard
BS7861: Parts 1 and 2 for assessing the shear strength of roofbolt and cable bolt
systems. It uses the same type of specimen assembly as the DET. The assembly is
however placed in a shear frame, and maximum force and displacement measured as
shearing takes place. The British Standard stipulates a shear force capacity exceeding
250kN for rockbolt/resin systems and 350kN for the Double Birdcage cable. Figure 2
shows a schematic diagram of the double embedment shear test apparatus used for
bolts and stranded tendons.
Laboratory Short Encapsulation Pull Test (LSEPT)
This test was first developed under previous Projects8,9 and is designed to simulate the
underground installed load transfer performance of a rockbolt. Early experience with
this test suggested that it was potentially a more representative measure of
reinforcement system performance than the DET, primarily because of the use of a
rock test medium rather than a thick walled steel tube.
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The detailed test procedure is given in Appendix 1. The LSEPT is undertaken by axial
loading of a bolt installed in a confined rock cylinder, in order to measure system bond
strength and stiffness. The test hole, originally of 250mm length, is drilled using normal
drilling consumables used underground. Shear failure occurs at the weaker of the
rockbolt/resin and resin/rock interfaces or some combination of the two. The detailed
test set up is shown in figure 3.
Considerable work was undertaken under this Project to develop the LSEPT procedure
to a level suitable for incorporation into the revised British Standard. This work,
described in section 2.2 below, included reduction in the bolt encapsulation length to
160mm and other changes designed to improve test accuracy. Once fully developed,
the test was used to measure the system bond strength and stiffness of a range of
support systems and results compared in detail with those obtained from the DET.
The LSEPT was also used to assess the performance of pretensioned flexible bolt and
cablebolt systems. This was based on the following logic:- the role and effectiveness of
pretension in rockbolts and cablebolts is uncertain10 . Consequently no laboratory test
to evaluate the pretensioned performance has been established. In the worst case,
where pretension has no real effect on performance, or pretensioning is not carried out
(or the pretension load is subsequently lost) the tendon performance will be
determined, as for conventional flexible tendons, by the untensioned installed bond
strength. Consequently the LSEPT on an untensioned tendon should also be a
representative measure of minimum system performance, ignoring any benefit from
pretension.
The Field Short Encapsulation Pull Test
The field short encapsulation pull test (SEPT) is an internationally recognised method
of measuring the resin anchorage or bond properties of fully bonded roofbolts11 (figure
4). A recommended test method is given in DMCIAC guidance12 and the test is used in
UK coalmines to confirm roofbolt system performance. The short encapsulation pull
test was used in Project field trials of both roof and rib reinforcement.
Although widely used, the SEPT tends to give variable results using the current
procedure. This is due to the short test bond length which leads to uneven mixing and
‘end’ effects, including the influence of remnant packaging. Consequently a modified
procedure for field pull testing was developed which allows the bolt to be installed with
a normal resin column length. Subsequent axial loading is resisted only by the bolt test
section which separates from the rest of the bolt. The development of this method,
which was used in conjunction with spin to stall bolt systems in RSA, (see below) is
described in section 2.4. The new test procedure is suitable for adoption as a more
reliable and representative field method of short encapsulation pull testing.
Measurement of Resin Bond Strength Profile
“Spin to stall” roofbolt installation is being used in some South African mines13. This
entails spinning the bolt in the resin until resin cure “grabs” the bolt, and stalls the
installation drill (figure 5). This is a simple technique which may improve installation
quality by eliminating reliance on the operator adhering to resin “spin” and “hold” times,
and therefore has potential for use in European Mines. However there is concern that
the curing resin may be damaged in the process, so reducing the bond strength
achieved. Because this damage could be concentrated over part of the resin column
(most probably near the base, which should cure first) investigation of this effect
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required a method of measuring the resin bond strength at intervals along the resin
column.
A method of measuring this resin bond strength profile was devised and developed,
based on bolt installation into steel tubes underground, with subsequent laboratory
bond strength measurement of tube sections using the ‘push test’.
The push test, developed in Australia (AMIRA 1994)14, is a simple strength test for
bonded bolt sections (typically 50 to 100mm long) installed into steel cylinders (figure
6). The cylinders have an internal thread to ensure bond failure occurs at the bolt/resin
boundary.
Plotting the push test results against test sample position along the bolt gives the bond
strength profile along the resin column. To the best of our knowledge, this is the first
time bond strength variation along the resin column has been measured in this way.
Bond strength profile measurement was used to investigate the effect of spin to stall
installation on the resin bond.
The development of this new test procedure is described in more detail in section 2.5.
Torque Nut Breakout Torque Measurement
Measurement of the breakout torque of rockbolt torque nuts is specified in BS78611:1996 using a dynamic method in which the rockbolt is spun in a lathe and the nut
breakout torque measured using a torque meter. However a simple static test using a
torque wrench is more often used by suppliers to check breakout values and is the
method specified in the draft revision of the standard for GRP bolts. Both tests were
used in this research and the results compared.
2.2 LSEPT DEVELOPMENT
At the commencement of this project the LSEPT was being used as a comparative
laboratory test with an embedment length of 250mm. A standard sandstone test
material (Hollington Sandstone) was in use 8. The first priority of work on the LSEPT
undertaken under this project was a close comparison with the DET, in order to
examine the suitability of the test for inclusion in the revised British Standard (BS7861
1). For this purpose, testing in the sandstone was continued. Initially it had been
planned to extend LSEPT investigations to include other rock types, but development
of the test into a reliable and repeatable standard form took much longer than
expected. This had to be completed before the DET comparison could be undertaken.
Consequently work was confined to sandstone only, due to the time constraints of the
project.
Initially a series of tests was undertaken at 250mm embedment length with standard
and galvanised AT bolts to examine the repeatability of LSEPT results (table 1).
Several problems were highlighted by this test series. At a bond length of 250mm,
bond yield was not always achieved at the proposed maximum test load of 200kN, and
results were also variable. Low results came mainly from what were deemed “bad
tests”. This was determined from the degree of “sleeving” of the resin capsule, which
was seen to have occurred when the sandstone core was cut open after the test.
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LPT/0498/DH1
LPT/0498/DH2
LPT/0498/DH3
LPT/0498/DH7
LPT/0498/DH8
LPT/0498/DH9
LPT/0500/DH1
LPT/0500/DH2
LPT/0500/DH3
LPT/0500/DH4
LPT/0500/DH5
LPT/0500/DH6

AT Galvanised
AT Galvanised
AT Galvanised
AT Control
AT Control
AT Control
AT Galvanised
AT Galvanised
AT Galvanised
AT Galvanised
AT Galvanised
AT Galvanised

System
stiffness
50-100 kN
(kN/mm)
333
151
217
294
208
312
18
47
217
80
384
250

LPT/0500/DH7
Mean of good
tests

AT Control
AT Galvanised
AT Control

714
259
382

Test ref. no.

Test

Yield
bond
strength
(kN)
>208
>208
170
122
150
189
75
104
>208
150
>208
197

Peak bond
strength

181
>200
160

>208
>205
>186

(kN)
>208
>208
188
151
180
>205
106
112
>208
188
>208
>208

Good
or bad
test
Good
Good
Good
Good
Good
Good
Bad
Bad
Good
Bad
Good
Good
Good
Good
Good

Table 1. Results Of Laboratory Short Encapsulation Pull Tests at 250mm Bond
Length, Spun Through Resin Capsules.
Consequently the LSEPT underwent a process of development and enhancement in
order to eliminate these problems. After considerable experimentation it was decided to
reduce the bond length to 160mm to ensure that bond yield with AT bolts occurred at
less than 200kN.
The tests with galvanised and standard AT bolts were repeated and the results are
listed in Table 2.
The greater number of “bad” tests at this bond length indicated that as the bond length
reduced the test became more susceptible to failure due to poor resin mixing and
capsule “sleeving”. It was considered that the amount of test variability at this bond
length was unacceptable. The test procedure was therefore changed to reduce this
variability by pre mixing the resin, pouring it into the hole and installing the bolt by
hand. The tests with galvanised and standard AT bolts were repeated and the results
are listed in Table 3.
The changed test procedure eliminated capsule sleeving and ‘bad’ installations, and
results were comparable with good tests previously obtained when “spinning through”
resin capsules
Work was also undertaken to ensure repeatability of hole rifling, investigating the
effects of drill rod eccentricity, drill rod length, bit type and bit diameter. A drilling
regime using 575mm free length of drill rod, including 27mm twin wing bit, and
concentric mounting of the drill rod was found to give consistent rifled holes in the
target sandstone with a mean hole diameter between 28 and 29mm, as per the draft
Standard. Figure 7 shows typical test data obtained with the AT bolt/resin system once
these modifications were in place.
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Test ref. no.

Test

LPT/0101/CS1
LPT/0101/CS2
LPT/0101/CS3
LPT/0101/CS4
LPT/0101/CS5
LPT/0101/CS6
LPT/0101/CS7

AT Galvanised
AT Galvanised
AT Galvanised
AT Galvanised
AT Galvanised
AT Galvanised
AT Galvanised

LPT/0101/CS12
LPT/0101/CS13
LPT/0101/CS14
LPT/0101/CS15
Mean of good
tests

AT Control
AT Control
AT Control
AT Control
AT Galvanised
AT Control

System
stiffness
30-70 kN
(kN/mm)
48
235
181
NA
333
85
44

Yield
bond
strength
(kN)
66
122
160
38
160
85
76

Peak
bond
strength
(kN)
85
157
170
48
179
104
95

266
60
307
81
250
287

141
66
170
85
147
155

170
85
189
94
169
179

Good
or bad
test
Bad
Good
Good
Bad
Good
Bad
Bad
Good
Bad
Good
Bad
Good
Good

Table 2. Results Of Laboratory Short Encapsulation Pull Tests At 160mm Bond
Length, Spun Through Resin Capsules

LPT/0201a/CS1
LPT/0201a/CS2
LPT/0201a/CS3
LPT/0201b/CS1
LPT/0201b/CS2
LPT/0401/CS1
LPT/0401/CS2
LPT/0401/CS3
LPT/0401/CS4
LPT/0401/CS5
LPT/0401/CS6
LPT/0401/CS7

AT Galvanised
AT Galvanised
AT Galvanised
AT Control
AT Control
AT Control
AT Control
AT Control
AT Control
AT Control
AT Control
AT Control

System
stiffness
30-70 kN
(kN/mm)
286
400
266
333
307
363
357
227
267
142
200
235

Mean of all tests

AT Galvanised
AT Control

317
270

Test ref. no.

Test

Yield
bond
strength
(kN)
122
141
104
188
198
132
122
132
195
85
169
104

Peak
bond
strength
(kN)
170
141
126
198
198
150
128
160
195
88
194
107

122
147

146
158

Good
or bad
test
Good
Good
Good
Good
Good
Good
Good
Good
Good
Good
Good
Good
Good
Good

Table 3. Results Of Laboratory Short Encapsulation Pull Tests At 160mm Bond
Length, Using Premixed Resin
Considerable work was also undertaken to achieve a satisfactory method of ensuring
repeatability of the core used in the tests. These are batch checked using a standard
control test. This test also ensures that appropriate hole rifling is being attained.
Several alternative methods were trialled. The adopted system uses a high yield
threaded bar embedded in hand mixed AT resin, with a rifled hole drilled with standard
consumables. It was found that this system ensures bond failure at the resin/rock
interface and so achieves a test of the bonding/shear properties of the rock. The core is
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acceptable if the results of a series of tests fall within a pre-determined envelope on the
load /displacement curve (see Appendix 1).
Following the conclusion of this development work, the test procedure as described in
Appendix 1 was finalised and the test programme at 160mm encapsulation length was
undertaken as described in chapter 3 and elsewhere2. The results of this work were
used to draw up revised acceptance criteria for the LSEPT as shown in Table 4.
Minimum system bond
strength
Minimum system stiffness
(between measured loads)

Steel rockbolt systems
130 kN

GRP rockbolt systems
120 KN

240 kN/mm (40kN-80kN)

100kN/mm (40kN80kN)

Table 4. Recommended LSEPT Reinforcement System Test Acceptance Levels
for Revised BS 7861 Part 1.
The results were also used to compare the DET and LSEPT as measures of
reinforcement system performance. This comparison is reported in more detail in
section 7.1. In summary, it was concluded that the LSEPT is a more representative test
than the DET for assessing in-situ load transfer characteristics. However the loads
generated in the LSEPT are relatively low, and additional testing is necessary to
assess GRP bolt behaviour at loads approaching the tensile strength of the bar.
Consequently the 160mm LSEPT may not show up differences in load transfer
between smooth and ribbed GRP bolts that may exist at higher loads. It was decided to
recommend that the DET be retained in the draft revised Standard as a means of
assessing the overall strength of a GRP bolt. This will also ensure that any drop in
bond strength due to decreased bolt diameter at high loads is taken into consideration.
2.3 FIELD SEPT DEVELOPMENT
In order to reduce results variability in the underground SEPT and to allow testing of
bolts installed using the spin to stall method (section 3.1) an alternative procedure for
the SEPT, known as the ‘split bolt’ SEPT was devised, developed and successfully
trialled. The spin to stall installation procedure cannot be used to install normal SEPT
test bolts, because the length of bond is insufficient to induce nut breakout and drill stall
as the nut is tightened.
In the ‘split bolt’ SEPT, a two part decoupling roofbolt is installed using full column
bonding. The modified bolt has two sections connected together by a stepped keyway,
figure 8. The keyway allows the bolt to be pushed into the hole and installed normally.
When the bolt is subsequently pull tested, the section below the joint detaches freely,
allowing measurement of the bond strength over this bolt section. The position of this
section, relative to the bolted horizon, can be varied by changing the overall test bolt
length. This procedure also reduces the influence of end effects at the top end at least
and uneven mixing found when test bolts are installed with short lengths of bond, as in
the conventional SEPT.
In order to accurately control the test bond length to 250mm a debonded section is
created by machining the bolt smooth and wrapping in insulating tape, figure 9. Once
the test bolt is installed the pull test procedure is the same as the standard SEPT.
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A comparison was made between Split Bolt SEPT results and those obtained by
conventional testing, at two roof horizons in shale roof at Mine G. The Split Bolt
installations used FASLOC 15 second spin to stall resin, with the spin time determined
by the torque nut breakout value. The results (figure 10) indicate that the bond
strength achieved for 250mm bond length was in excess of the required specification
and exceeded 100kN in five of the tests. Bond stiffness was also high. The
conventional results were from spin and hold installation with Fasloc 30 second resin.
Mean results were very similar, but the Split Bolt results demonstrate the improved
consistency expected.
Following this development, the Split Bolt SEPT was used for field pull testing of spin to
stall bolt systems in RSA. In principle there is no reason why the same procedure
should not be adopted for field pull testing with conventionally installed bolts both in the
UK and elsewhere. This would both simplify the test bolt installation process and
reduce the results variability associated with the test by minimising end effects.
Installation could be carried out with either fast or slow resin. It could also be used in
conjunction with the LSEPT (when this is used as a research tool rather than a
standard test) to allow installation through capsules with longer column lengths.
2.4 DEVELOPMENT OF A METHOD FOR MEASUREMENT OF THE RESIN
BOND STRENGTH PROFILE
In order to investigate the effect on resin bond strength of the ‘spin to stall’ installation
method, a means of measuring the bond strength variation along a resin column was
needed. A method of bolt installation into steel tubes underground was devised, with
subsequent laboratory bond strength measurement on tube sections using the ‘push
test’.
The push test, developed in Australia14, is a simple strength test for bonded bolt
sections (typically 50 to 100mm long) installed into steel cylinders (figure 6). The steel
bolt section is pushed through the cylinder using a compressive load-hence the test
name. The cylinders have an internal thread to ensure the resulting bond failure occurs
at the bolt/resin boundary.
Test bolts were installed underground into internally threaded steel tubes similar to a
DET tube, but of the same length as the bolt. These tubes had previously been
secured in predrilled roof holes (figure 11). Normal bolt installation equipment and
techniques were used. The steel tubes were retrieved and cut into sections for testing
(figure 12). In the first two sets of tests the initial encapsulated bolt section, complete
with threaded end, was used for pull rather than push testing. The value of these
results was however limited, because many of these tensile load tests reached bar
yield. (It should be noted that pull and push tests should not be directly equated, even
with identical test lengths, because of the differing loading regimes).
The relation between the maximum push test load for each section and its position
along the bolt is the bolt bond strength profile. In practice, individual test results were
found to be quite variable and a mean of three tests was used at each position to
determine the profile.
To the best of our knowledge, this is the first time bond strength variation along the
resin column has been measured in this way. The results revealed some unexpected
effects associated with bolt installation into resin capsules, which merit further
investigation, as described in section 3.1.
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3. SUPPORT SYSTEM PERFORMANCE TESTING
3.1 INVESTIGATION OF THE EFFECT OF HOLT INSTALLATION PROCEDURE
ON ROCKBOLT BOND STRENGTH
3.1.1 Initial Tests
It has been suggested that, rather that using a ‘spin and hold’ procedure for installing
rockbolts, a ‘spin to stall’ procedure could be advantageous in that it would eliminate
potential for operator error and also speed rockbolt installation13. However, the reason
for using the current ‘spin and hold’ procedure in Europe is concern that stalling the
rockbolt installation drill as the resin gels is likely to damage the resin bond. The bond
may then be further damaged as the nut is tightened. An opportunity to investigate
these issues further was found at a South African coal mine which is currently using
‘spin to stall’ rock bolt installation.
An initial set of tests was undertaken to study the distribution of bond strength along
the bolt for a range of installation conditions, using a combination of pull and push tests
in steel tube (see section 2.5).
The rockbolt resin system investigated comprised:
x 20mm nominal diameter JAE L/R step bar with M20 thread and torque nut
x Fosroc Fasloc ‘A’ 15-second resin in 20mm diameter capsules, 500mm long.
The rockbolts were installed underground into steel embedment tubes of 27mm internal
diameter. This allowed the consumables to be installed in a more realistic manner
using the standard drilling machine and operators. Bolts were installed using either spin
to stall or spin and hold techniques. During bolt insertion, the installation drill was
rotated to mix the resin in some cases, and in others the bolt pushed in with the drill not
rotating, to minimise the mixing effect. Finally the tightening of the torque nut was
undertaken in some cases and not others.
The embedment tubes were then sectioned for testing as shown in figure 12. The
pull tests were undertaken as for standard double embedment tests except that
only a single embedment set-up was used. 100mm of tube was machined from
the bolt to allow pulling, leaving 250mm of encapsulation. The push test samples
were evenly distributed along the tube remnants and numbered 1, 2 and 3,
number 3 being the sample nearest the back of the tube.
The push test involved using a compressive testing machine to push a 100mm
encapsulated bolt section through the tube section in which it was embedded. The
following installation configurations were completed:
a)
b)
c)
d)
e)
f)

Spin and hold.
Spin and hold.
Spin and hold.
Spin to stall.
Spin to stall.
Spin to stall.

Push through.
Mix through.
Push through.
Push through.
Mix through.
Push through.

Nut tightened.
Nut not tightened.
Nut not tightened.
Nut not tightened.
Nut not tightened.
Nut tightened.

3 samples.
3 samples.
3 samples.
3 samples.
3 samples.
3 samples.

The pull test results are summarised in Table 5 and the push test results are
summarised in figure 13.
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Series A
Series B
Series C
Series D
Series E

Series F

Test no.
A1 - A3
B1 - B3
C1 - C3
D1
D2, D3
E1
E2
E3
F1
F2
F3

Bond strength (kN)
+ 160
+ 160
+ 160
130
+ 160
140
+ 160
120
+ 160
145
35

Table 5. Bond Strengths from Steel Tube Pull Tests, 250mm bond length
The results suggested that the bond strength differences between ‘spin to stall’ and
‘spin and hold’ installation prior to nut tightening, were confined to within the pull test
zone area (the first 350mm of bolt length). Above this region there was no significant
difference between the two installation methods, prior to nut tightening. It is possible
this difference arises because the resin near the bottom of the bolt is the first to cure
sufficiently to stall the bolt, and is damaged in the process.
Mixing through the resin during bolt installation, rather than pushing through, did not
result in any measurable increase in bond strength for ‘spin to stall’ or ‘spin and hold’
installation.
The push test results revealed that mean bond strength decreased progressively from
the first push test position 400mm along the bolt to the last position, 100mm from the
top of the bolt. The effect was variable and not dependant on the installation
procedure, suggesting that this decrease arises either from the influence of remnant
resin capsule packaging materials obtained or to variation in resin/catalyst distribution
following mixing. Notwithstanding the above, a reduction in load transfer of 24% in the
top section of the rockbolt was a significant and important finding, which if present for
European consumables, would have major implications for the European industry.
Tightening the nut following bolt installation had no effect on the results obtained for
‘spin and hold’ installation. However, for ‘spin to stall’, it had a significant adverse
effect on two out of the three installations. This is almost certainly caused by the action
of tightening the nut inducing sufficient tension in the bolt to overcome the resin bond
shear strength, and causing permanent bond strength reduction after full hardening of
the resin. This did not happen with ‘spin and hold’, because the resin had hardened
sufficiently during the hold time to resist the subsequent tension applied.
3.1.2 The Effect of Spin Time
One major difference between the two installation methods was the resin spin time.
The spin to stall method resulted in spin times exceeding 10 seconds, compared with 5
seconds for the spin and hold method. It was considered that the effect of spin time
should also be included in a more detailed investigation of the relation between
installation parameters and resin bond strength.
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A further series of test bolts were therefore prepared and sectioned for push testing in
the same way. Pull test sections were not prepared, because these often reached bolt
yield loads in the previous tests. These tests were designed to examine the effects of
spin time on bond strength profile along the bolt length, without the added complication
of final nut tightening. Consequently final nut tightening was avoided in all cases,
although for spin to stall installation spinning was carried out until nut breakout
occurred. The bulk of the testing was carried out on nominally 15 second gel time
Fosroc “Fasloc A” South African resin. All tests along the bolt profiles were push tests
and the relevant test zones are shown in Figure 14.
The results for the 15-second resin are shown in Figure 15. In order to limit the number
of tests required, only zones 1, 3, 5 and 6 were push tested. For all tests except D5, 6
and 7 the bolts were pushed through the resin and then spun for the period shown. D5,
6 and 7 were spun during installation, the spin time shown including the installation
time.
The results confirmed the earlier findings with a consistent reduction in bond strength
at the top of the bolts in zones 5 and 6 with zone 6 being worst. Examination of the
samples suggested that this reduction could be attributed to contamination of the resin
by plastic capsule material carried to the top of the resin column by the installation
process.
The most striking aspect of the results is however the dominant effect of spin time on
bond strength achieved. The optimum spin time for the resin used appeared to be
around 3 seconds but could be less. Spinning for any longer than this resulted in over
mixing and bond strength reduction, which appeared to commence at the bottom of the
resin column and progress upwards as spin time increased. Consequently pushing the
bolt into the hole rather than spinning during insertion actually appeared advantageous
in that it resulted in a more even mix throughout the resin column.
Two further sets of tests were undertaken with nominal 30 second and 60-second gel
time resin with spin times of 5 seconds and 10 seconds respectively. The results from
these tests have been superimposed on the other data in Figure 16. It can be seen that
the curves fit remarkably well within the general pattern established for 15-second
resin. This suggests that slower speed resins could require much lower spin times
than previously thought, possibly of a similar order to the 3-4 seconds required for 15
second resin. Modern installation equipment, used with a small resin annulus, imparts
much more energy into the resin as it is mixed than either older equipment or
laboratory tests typically used to check resin properties. This could explain the
unexpectedly short optimum spin times implied by these results. However the data for
the 30 and 60 second resins is relatively limited and further tests are required to fully
confirm these findings.
3.1.3 Tests with AT Resin
The above findings, if generally applicable to bolt/resin systems could have major
implications for system performance, and the installation procedures and resin
properties needed to maximise this. Consequently a series of tests was undertaken
with UK AT Fast Set Resin to determine if the same effects occurred as with the South
African resins.
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The ‘AT’ consumables were installed into steel tubes with an internal diameter of
27mm, located for installation in a roof hole at an underground site at Mine G. For test
purposes, the bolts were 1m long and installed in tubes 800mm long, using a 450mm
long fast set ‘AT’ resin capsule.
The installed configurations are listed in Table 6, below.
Test
Ref
D1.1
D1.2
D1.3
D2.1
D2.2
D2.3
D3.1
D3.2
D3.3
D3.4

Configuration
Spin through. Spin to breakout. Nut tightened.
Spin through. Spin to breakout. Nut tightened.
Spin through. Spin to breakout. Nut tightened.
Spin through. Spin to breakout. Nut not tightened.
Spin through. Spin to breakout. Nut not tightened.
Spin through. Spin to breakout. Nut not tightened.
Spin through. Spin & hold. No breakout.
Spin through. Spin & hold. No breakout.
Spin through. Spin & hold. Breakout not tightened.
Spin through. Spin & hold. Breakout not tightened.

Spin
Time
20
28
29
25
27
27
7
7
7
7

Hold
Time
N/A
N/A
N/A
N/A
N/A
N/A
15
15
15
15

Table 6. Installed Test Bolt Configurations-AT Bolts and Resin
With AT resin the spin to stall installation method resulted in relatively long spin times
with the torque nuts used and consequently this limited the range of data obtained.
Test D1.1 was stopped prematurely at 20 seconds; immediate resumption of rotation
caused the torque nut to breakout and tighten.
Following installation, the tubes were sectioned for push testing as before, with six test
samples retrieved from each tube. These were tested in the RMT stiff machine. The
section positions are again numbered 1 to 6 from the bottom to the top of the rockbolt.
Each test sample was given an additional number to indicate its position in the original
installation tube, so that D1.1.1 was a sample at the bottom or mouth of the tube, and
D1.1.6 was a sample from the top of the tube.
Figure 17 compares results for the spin and hold method (D3 series tests) with
comparable results for Fasloc 15 second resin and with AT resin and spin to stall
installation (without tightening the nut).
The AT spin and hold results gave a significantly higher average bond strength
compared with the Fasloc resin but the shape of the bond strength profile was similar,
with a maximum bond strength towards the middle of the bolt and a significant
reduction towards the top. In the case of the AT bolt this reduction exceeded 50%. The
AT resin results with spin to stall installation are for 25 seconds spin time and not
surprisingly the bond strength is lower than for spin and hold. However the bond
strengths measured are remarkably high, considering the gross over spinning, and
comparable with the Fasloc spin and hold results.
Figure 18 summarises the spin to stall tests – where the bolts were spun through the
resin to the top of the installation tube, and rotation continued until resin curing /
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hardening caused breakout of the torque nut shear pin. The curves all show a similar
trend in that bond strength was highest near to the centre of the bolt, and lowest at
each end. Overall, two effects are introduced into these results – nut tightening (or not)
and spin time. Maximum bond (at the bolt centre) was achieved with a tightened bolt
(D1.1) but this bolt also had the lowest spin time – due to premature halt of rotation
which may have affected the result.
Comparing tightened and non-tightened results with similar spin times (D1.2, D2.2), the
non-tightened bond strengths were highest in 5 out of 6 test sections. The bond
strength values for these tests are given in table 7.
Tube
Position
D1.2
Tightened
D2.2 Not
Tightened
% Difference

1

2

Bond Strength (kN)
3
4

5

6

49

66

121.5

129

144.5

83.5

57

109

160

165

107

142

-14%

-40%

-24%

-22%

35%

-41%

Table 7. Spin to Stall Results – Effect of Bolt Tightening
Average reduction in bond derived from bolt tightening was 18%. These results should
be treated with caution however due to the long spin times.
Because all the spin to stall results had long spin times it is not possible to fully
separate the effects of spin time and installation method from these results.
Nevertheless the same effects measured for South African resins were seen with AT
resin –including the large reduction in strength at the top of the resin column. There is
insufficient data to confirm the optimum spin time. One reassuring feature of the
results was that AT fast set resin still developed significant strength after gross over
spinning during spin to stall installation.
3.1.4 Summary of Rockbolt Resin Bond Strength Investigations
These investigations, originally planned simply to examine the practice of spin to stall
installation, have highlighted some important effects of installation procedure on resin
bond strength for both South African and AT resins. The following effects were noted
for both spin to stall, and spin and hold configurations:
x Spin time has an important effect on the resin bond strength achieved. The
results suggested that the optimum spin time, with modern installation
equipment, for the Fasloc resins tested is no more than 3 seconds. Resins may
often therefore be over spun. More testing is required to confirm optimum spin
times for a wider range of resins, including AT Resin.
x For all cases, bond strength close to the top of the bolt was poor. This is
believed to be the result of remnant resin capsule packaging which tends to be
carried to the top of the resin column during installation.
x Generally speaking, maximum bond strength is achieved at or near the centre
of the bolt, with reduced bond strength towards the base, particularly for spin to
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stall installation. The resin close to the bottom of the column is subject to the
maximum spinning (mixing) time and may therefore be over spun. This would
also be the part of the resin column which ‘grabs’ the bolt in spin to stall
installation.
x The data obtained gave no indication that UK installation practice should be
changed from the spin and hold method at the present time, although a closer
examination of the optimum spin time should be made. The AT resin bond
strengths measured compared favourably with the Fasloc resins and appeared
less affected by over spinning. However the average reduction in bond strength
close to the top of the bolt exceeded 50% with a 7 second spin time. It is
important for European resin manufacturers to consider whether this loss of
reinforcement at the top of the bolt, measured with both AT and South African
consumables is likely to be relevant to their products and, if so, whether this
effect could be reduced. Increasing bond strength at the top of the bolt would
increase the reinforcing effect; in the case of AT resin the results suggest it
could double it in the right circumstances.
Work continues in South Africa to optimise the spin to stall method, which is in use at a
number of large mines. Although this work is outside the scope of this project, it is
described briefly below for the sake of completeness.
The results indicated that ‘spin to stall’ installation, as currently practiced at the study
mine, had two drawbacks in terms of bond strength achieved:
1. Bond strength reduction within the lower part of the bolt due to damage as the
bolt is stalled during resin cure
2. Bond strength reduction throughout the bolt length due to the nut being
tightened before the resin is strong enough to resist the imposed axial loading.
The second effect is more serious. Technical solutions to reduce or eliminate the
problems are under consideration as follows:
a) Delay nut tightening until the resin has hardened. This could be achieved in a
number of ways. However, the most practical would be to increase the nut
breakout torque so that the tightening occurred later. This however increases
spin time and so reduces the final bond strength
b) Reduce or eliminate the tightening of the nut. This could be achieved by
reducing the stall torque of the machine (and at the same time possibly reduce
the breakout torque of the nut to maintain separation). Alternatively not
tightening the nut at all could be considered, in which case a forged head bolt
with a breakout facility is feasible.
c) Improve resin properties to minimise both spin time and hardening time.
Work is currently in progress examining these options. The potential benefit of the spin
to stall technique, in terms of simple, consistent and fast installation, is significant as
demonstrated in South Africa. It would therefore be of benefit to the UK and European
industries to re examine the use of the technique, once any adverse effects on resin
bond strength have been overcome.
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3.2 STEEL ROCKBOLTS AND RESINS
3.2.1 AT Steel Bolt and AT Resin
The UK sourced AT Bar and AT resin system was used as a test control and for
comparison purposes throughout the test programme, and also as the ‘standard’
reinforcement system used during development of the LSEPT. A version of the AT bar
manufactured by Arnall (Poland) was also used for comparison purposes. This bar had
been found to differ in terms of detailed metallurgy from UK sourced AT bar15 but also
met BS7861 and exhibited relatively good fracture toughness. The results of
performance tests undertaken with UK sourced AT bolts are shown in Tables 8 and 9.

Test

Date

AT bar / AT resin (1)
May 2000
AT bar / AT resin (2)
July 2000
AT bar / AT resin (3)
July 2000
AT bar / AT resin (4)
July 2000
AT bar / AT resin (5)
April 2001
AT bar / AT resin (6)
April 2001
AT bar / AT resin (mean)
Current BS requirement for steel rockbolts (mean)

System
stiffness
50-150kN
kN/mm
83
77
77
83
91
77
81
70

Yield bond
strength
kN
220
231
232
200
238
243
227
200

Table 8. DET Results for UK Sourced AT Bolts/AT Resin
Test ref. No.

Test

AT bolt/AT resin
LPT/0201b/CS1
AT bolt/AT resin
LPT/0201b/CS2
AT bolt/AT resin
LPT/0401/CS1
AT bolt/AT resin
LPT/0401/CS2
AT bolt/AT resin
LPT/0401/CS3
AT bolt/AT resin
LPT/0401/CS4
AT bolt/AT resin
LPT/0401/CS5
AT bolt/AT resin
LPT/0401/CS6
AT bolt/AT resin
LPT/0401/CS7
AT bolt/AT resin
Feb 2003/1
AT bolt/AT resin
Feb 2003/2
AT bolt/AT resin
Feb 2003/3
AT bolt/AT resin
Feb 2003/4
AT bolt/AT resin
Feb 2003/5
Mean
AT bolt/AT resin
Draft revised BS7861 requirement
steel rockbolt systems

System stiffness
40-80 kN
(kN/mm)
310
310
310
310
310
320
108
300
230
267
245
177
371
256
273
240

Yield bond
strength
(kN)
188
>198
132
122
132
195
85
169
104
144
173
106
154
154
147
130

Table 9 LSEPT Results for UK Sourced AT bolts/AT Resin (160mm embedment
length)
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The Double Embedment Test results meet the current BS requirements.
The LSEPT results meet the draft BS requirement. In comparison the expected yield
bond strength result from “good” tests at 250mm embedment length (see section 2.2)
would be close to 200kN.
The LSEPT results for Polish sourced AT style bolts are given in the companion
research report 2. These confirm that the LSEPT results from AT bolts from the two
suppliers did not vary significantly.
3.2.2 Galvanised AT Bolts and AT Resin
A galvanised version of the AT rockbolt had been developed and initial laboratory and
underground pull tests undertaken during an earlier research project in response to
concerns over rockbolt corrosion 16. In preparation for the possible inclusion of
galvanised bolts in the revised BS 7861 Part1, the comparative load transfer
performance of galvanised AT rockbolts was measured using DET52 LSEPTS. The
results are given in Tables 10 and 11 below.

Test ref.

DET/0500/DH1
DET/0500/DH2
DET/0500/DH3
DET/0500/DH4
DET/0500/DH5
DET/0500/DH6

Test
BS7861
requirement
AT galvanised
AT galvanised
AT galvanised
AT galvanised
AT galvanised
AT galvanised

System
stiffness
50-150kN
(kN/mm)

Yield
bond
strength

70

(kN)
200

200
100
167
83
111
83

243
212
235
216
232
236

Average
system
stiffness
50-150kN
(kN/mm)
70

Average
yield
bond
strength
(kN)
200

124

229

Table 10. Results of Double Embedment Pull Tests for Galvanised AT Bolts
The galvanised AT bolts satisfied the requirements of the DET as set out in BS 7861
Part1. The average yield bond strength for the galvanised bolts (229kN) was the same
as for standard AT bolts. Mean system stiffness between 50 and 150kN for the
galvanised bolts (124kN/mm) was nearly 50% higher than that typically measured for
the AT bolt (80kN/mm).
Galvanised AT bolts were tested with normal AT bolts during development of the
LSEPT (section 2.2). The final results of the 160mm bond length LSEPTs, where the
resin was pre-mixed and the bolts placed into the resin by hand, are repeated in Table
11.
The results indicate that the galvanised AT bolts may have a slightly lower bond
strength than standard AT bolts. However these tests were undertaken prior to
finalisation of the hole rifling procedures and could have been undertaken with less
rifled holes than more recent tests on standard AT bolts. Measured bond stiffness was
again high, but still within the expected range for AT bolt results.
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Test ref. no.

Test

LPT/0201a/CS1
LPT/0201a/CS2
LPT/0201a/CS3
Mean

AT Galvanised
AT Galvanised
AT Galvanised
AT Galvanised

System stiffness
40-80 kN
(kN/mm)
285
390
250
308

Yield bond strength
(kN)
122
141
104
122

Table 11. LSEPT Results for Galvanised AT Bolts/AT Resin
(160mm embedment length)
Results for galvanised bolts with 250mm and 160mm embedment, spun through resin
capsules are reported in section 2.2. Eliminating “bad” installations, these indicated
equivalent or better performance for the galvanised AT bolts when compared with the
AT controls.
3.2.3 AT Bolts and Fosroc Indian Resin
In order to compare the performance of AT resin against newly available resins on the
International market, the new LSEPT procedure with 160mm encapsulation length was
used to measure the performance of a new Fosroc rockbolt resin, manufactured in
India. A series of LSEPTs were carried out with the new resin using the fast and slow
set resin capsules. The resin was used to bond standard ‘AT’ rockbolts. Results are
summarised in Table 13.
Test Ref
Fast set resin
LPT/0802/CS16
LPT/0802/CS17
LPT/0802/CS18
Mean Values
Slow set resin
LPT/0802/CS9
LPT/0802/CS10
LPT/0802/CS11
Mean Values
Draft revised BS7861
requirement steel
rockbolt systems

System stiffness
(kN/mm)
30 – 70 kN Range
326
304
396
342

Yield bond strength
(kN)

382
236
699
439
240 (40-80kN)

182
195
201
193
130

182
211
182
192

Table 12. LSEPT Results: ‘AT’ Rockbolts / Fosroc India Fast and Slow Set Resin
/ 160mm Embedment
The system results for both slow and fast set versions of the Indian Fosroc resin
comfortably exceeded the draft revised BS requirement and compare favourably with
AT resin, indicating that the Indian manufactured Fosroc resin is potentially suitable for
use in high performance rockbolt systems.
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3.2.4 SAT KT Bolt and Exchem Thread bar
The SAT KT steel rock bolt was first introduced to UK coal mining, initially as rib
reinforcement, just prior to commencement of this Project in 1998. This is a fully
threaded 22mm diameter bar supplied, under the name KT bar, by SAT Systems (UK)
Ltd. A similar product, known as 65 Thread bar has been supplied by Exchem Ltd.
These bars are intended as direct replacements for AT bar, differing in terms of rib
profile and end nut. By the end of the project the KT bolt was in widespread use in UK
Coal mines as support in both roof and ribs. Results of performance tests on these two
fully threaded steel bolt types are given in full elsewhere2,3. The mean results are
summarised as follows:Test System
BS7861 requirement
Exchem Threadbar
SAT KT Bar

Mean System Stiffness
35-150 kN
(kN/mm)
70
328
289

Mean Yield Bond
(kN)
200
202
209

Table 13. Results of Double Embedment Pull Tests For Fully Threaded Steel Bars
System stiffness
30-70 kN
(kN/mm)

System stiffness
40-80 kN
(kN/mm)

Exchem thread bar/AT resin
(mean)

364

376

Yield
bond
strength
(kN)
175

SAT KT bar/AT resin (mean)

378

317

179

LSEPT

Draft revised BS7861
requirement

NA

240

130

Table 14. LSEPT Results for Exchem Thread Bar and Sat KT Bar/AT Resin
(160mm embedment length)
Both the SAT KT and Exchem threaded bar just met the BS specification in terms of
DET yield bond strength. In contrast the measured system stiffnesses were very high,
being over 4 times greater than the minimum required by the British Standard.
The LSEPT results indicate that both styles of steel thread bar have a performance
better than the standard AT bolt and meeting the draft revised specification.
3.2.5 South African Rockbolt Systems
The performance of a range of South African rockbolt systems was measured during
the course of the project. A number of bars were investigated, mainly of 20mm
diameter in 25mm diameter drilled holes, with one of 16mm diameter in a 22mm drilled
hole.
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The results of a series of LSEPTs are summarised in Table 15. In all cases, 250mm of
encapsulation was used in order to ensure comparability of these tests, as the
programme was begun prior to the decision to adopt 160mm encapsulation for the draft
revision of BS7861 Part1. Three types of Fasloc resin were used in capsule form.
Boart 25mm twin wing drill bits, similar to those used in South African coal mines for
20mm diameter rockbolt installations, were used to drill the rock cores for all the
system tests with a nominal bolt diameter of 20mm. A 22mm diameter bit was used for
the single test where a 16mm diameter bolt was tested.
The results of these tests have been plotted as load displacement curves on a single
graph (figure 19). The data is presented as a representative curve selected from each
group of tests (with up to 3 tests having been conducted).
Only the best system combinations tested approach the load transfers characteristics
of the UK AT system although system performance improved significantly for later tests
as upgraded consumables were introduced.
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Rockbolt

Resin type
(All Fosroc)

JAE 16mm rockbolt

Fasloc

JAE 20mm ‘Aussie’
rockbolt
JAE 20mm ‘Aussie’
rockbolt
JAE Original ‘AT’
19.5mm core dia 0.6mm
rib
JAE new ‘AT’ 20.2mm
core dia 1.1mm rib
JAE New ‘AT’

Fasloc

RSC Original 20mm L/R
Step Bar
RSC New Profile 20mm
L/R Step Bar
RSC Dec 2000 Profile
20mm L/R Step Bar
RSC Dec 2000 Profile
20mm L/R Step Bar

Fasloc HS
Fasloc
Fasloc
Fasloc
Intermediate
Strength
Fasloc
Intermediate Set
Fasloc
Intermediate Set
Fasloc ‘A’ 30s
Fasloc

Hole
drilled
using
22mm
bit
25mm
bit
25mm
bit
25mm
bit

Reported

Nomenclature on charts

74.6

Stiffness
(0-50 kN)
kN/mm
91.9

Stiffness
(50-100 kN)
kN/mm
11.7

Feb 1999

16mm SA bar - Fasloc

111.5

Feb 1999

20mm Aussie – Fasloc

71

51.5

37.9

-

Feb 1999
April 1999

20mm Aussie – Fasloc
HS
JAE Original ‘AT’ - Fasloc

147.2

117.4

177.2

65.4

71

51.5

38

-

25mm
bit
25mm
bit

April 1999

JAE New ‘AT’ – Fasloc

99

61

71

16

June 1999

JAE New-Fasloc Inter

169

134

249

94

25mm
bit
25mm
bit
25mm
bit
25mm
bit

June 2000

Orig L/R Step-Fasloc

158

127

274

41

July 2000

New Profile L/R Step Bar
Fasloc’A’
Dec 2000 L/R Step Bar –
Fasloc ‘A’
Dec 2000 L/R Step Bar Fasloc

152

132

521

82

196.3

183.3

360

287

197

185.3

432

231

200

180

-

250

Feb 2001
Feb 2001

Typical AT
Bolt/ Resin Result
250mm embedment
capsule installation

Peak bond
strength

Yield bond
strength

Table 15. Average LSEPT Results for South African Rockbolt/Resin Systems Tested (250mm embedment)
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3.2.6 Testing of Rockbolt Torque Nuts
Dynamic tests, according to BS7861-1:1996, and static tests were undertaken to
compare the breakout torque levels of nuts intended for use with steel and GRP bolt
designs. The results for GRP bolts are given in the companion report2. The results for
steel bolts are shown in Table 16 below. It should be noted that the dynamic tests were
undertaken at 75rpm, rather than the 60rpm specified in the Standard due to limitation
of available equipment. The free length of the bar in the static test was the same as
that used in the dynamic test (250mm).
The SAT bolt torque nut design evolved as the result of early experience with field
installation of rib bolts by UK Coal. Inconsistent breakout was cured by modifying the
shear pin to a short staple type, embedded into the bolt on one side.
Steel bolt torque nuts generally exhibited consistent and satisfactory levels of breakout
for a given nut/bar combination. Although the two methods of measurement did not
always give the same result, there was no clear pattern to any differences. The draft
revised standard retains the dynamic test method for steel bolt nuts and uses the static
method for GRP nuts.
Bolt

Test
Number

SAT
Threaded
Bar

Exchem
Threadbar

1
2
3
4
5
6
Mean
Standard
Deviation
1
2
3
4
5
6
Mean
Standard
Deviation

Low Breakout Nut
Torque (Nm)
Dynamic
Static Test
test at
75rpm
70
64
73
74
74
67
84
64
87
66
66
68
75.7
67.2
8.2
3.7

129
138
118
116
131
122
125.7
8.5

132
119
129
124
125
122
125.2
4.7

79
65
64
70
65
79
70.3
7.0

126
126
116
127
117
126
123.0
5.1

149
124
129
129
126
134
131.8
9.1

71
49
55
54
64
63
59.3
8.1

High Breakout Nut
Torque (Nm)
Dynamic test
Static
at 75rpm
Test

Table 16. Steel Rockbolt Torque Nut Breakout Values from Static and
Dynamic Testing
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3.3 LONG TENDONS
3.3.1 The Megastrand Bolt
The Megastrand system (figure 20) is a recently developed example of a tensionable
flexible (steel strand) bolt. These are being increasingly used internationally as
alternatives to conventional cablebolts17. The Megastrand is available in the UK and
was therefore selected for detailed evaluation. It consists of high tensile steel wires
grouped around a central steel injection tube and is designed for a 32-35mm diameter
hole. The ultimate tensile strength of the 8-wire strand is 560kN. The bolt has a bulbed
section near the top, designed to allow dispersion of the thixotropic grout pumped up
the injection tube. The bolt is intended for initial anchorage with rockbolt resin to allow
pre-tensioning to a typical level of 200kN.
The bolt is designed to be used in conjunction with both resin and cementatious grout,
and tests were therefore carried out to determine the bond performance when used
with both materials.
Tests carried out are listed in the table below. The DET was used as a measure of
minimum fully encapsulated system performance, ignoring any benefit from pretension,
as described in section 2.1.
Test Reference
Number
DETT/1201/BC1-3
Samples A, B & C
DETT/ 0102/ CS1-3
Samples RD, RE & RF
DEST/1201/ CS1-3
Samples G, H & J
DEST/1201/CS4-6
Samples K, L & M
TT/1201/BC1-5
Samples N, P, Q, R & S

Type Test
Double embedment tensile test in CBG
grout - 900mm overall embedment
Double embedment tensile test in resin250mm overall embedment
Double embedment shear test in CBG
grout - 900mm overall embedment
Double embedment shear test in resin250mm overall embedment
Tensile test on bolt/end fitting assembly

BS 7861
Reference
Part 2:1997
6.1
Part 1:1996
4.1.3.3
Part 2:1997
6.2
Part 1:1996
4.1.3.2
Part 1:1996
4.1.3.1
Part 2:1997
4.3.2

Table 17. Megastrand Performance Tests
All embedment tests were carried out in embedment tubes with an internal diameter of
35mm and an outside diameter of 63.5mm. This internal tube diameter reflects the hole
size recommended for underground application by the manufacturer but differs from
the tube size specified in BS7861 for testing Double Birdcaged Cable Bolts. Samples
for Double Embedment tensile and shear tests were prepared using 450mm long tubes
for the samples prepared with CBG grout and 125mm long tubes for samples prepared
with AT resin. Samples in grout were allowed to cure for 14 days before testing, and
those in resin for at least 24 hours
The British Standard BS7861: Part 1: 1996 specifies tensile tests for determining the
mechanical properties of the steel rockbolt and the tensile strength of the rockbolt
threaded end. BS7861: Part 2: 1997 specifies a tensile test for determining the failure
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load and mode of failure of the anchor end assembly of a birdcaged cablebolt, normally
a barrel and wedge type arrangement.
Neither of these tests was directly appropriate for the design of the Megastrand, which
utilises a threaded end and nut section and a spherical doughnut and plate system for
bolt alignment and pre-tensioning, and is a stranded tendon. Therefore, a test
arrangement was developed that utilised elements from both standard tests.
One metre long samples of Megastrand were supplied with end fittings at both ends.
The samples were assembled with nuts, plates, and spherical doughnuts on each end
and these were then placed in a tensile test machine. Tensile load was applied at a
controlled rate until failure occurred.
DETs in CBG Grout
Table 18, below, summarises the results of DETs carried out on Megastrand flexible
bolts prepared in CBG grout.
Test Reference
Number
DETT/1201/BC1/ A
DETT/1201/BC2/ B
DETT/1201/BC3/ C
BS 7861 requirements
For Double Cables
Table 18.

System Stiffness
(kN/mm)
200 – 400kN
Mean
125.3
109.97
91.3
113.3
100

Maximum
Load
(kN)
559.6
557.3
561.2
-

Mean
Maximum
Load
(kN)
559.4
560

Megastrand Double Embedment Tensile Test Results in CBG Grout

Although only one of the samples met the BS load requirement for birdcaged cable
bolts in grout, the average of the three tests was only 0.6kN below the requirement.
Two out of the three tests met the requirement for system stiffness, and the average of
the three tests met the stiffness requirement for birdcaged cable bolts in grout. The
mode of failure in all cases was sudden failure in tension of the steel strands.
DETs in ‘AT’ Slow Set Resin
Table 19, below, summarises the results of DETs on Megastrand flexible bolts
prepared in AT resin.
Test Reference
Number
DETT/0102/CS1/ RD
DETT/0102/CS2/ RE
DETT/0102/CS3/ RF
BS 7861 requirements

System Stiffness
(kN/mm)
50 – 150 kN
Mean
113.6
120.8
109.9
138.9
70

Bond
Strength
(kN)
329
270
331
-

Mean
Bond
Strength
(kN)
310
200

Table 19. Megastrand Double Embedment Tensile Test Results in ‘AT’ Resin
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All the samples exceeded the existing BS rockbolt bond strength and stiffness
requirements, by an average of 55% and 73% respectively. Mode of failure was
progressive pull out of the cable assembly through the resin bond. None of the wires
fractured.
DESTs in CBG Grout
Table 20, below, summarises the results of DESTs carried out on Megastrand bolts
prepared in CBG grout.
Test Reference
Number

Maximum
Load
(kN)

DEST/1201/CS1/ G
DEST/1201/CS2/ H
DEST/1201/CS3/ J
BS 7861 requirements for
Double Birdcaged Cable Bolts

Mean
Maximum
Load
(kN)

496.8
434.6
408.7

446.7

-

350

Table 20. Megastrand Double Embedment Shear Test Results in CBG Grout
All samples exceeded the BS shear strength requirement, by a mean of 27%.
DESTs in ‘AT’ Slow Set Resin
Table 21, below, summarises the results of the 3 double embedment shear tests on
Megastrand flexible bolts prepared in AT resin.
Test Reference
Number

Maximum
Load
(kN)

DEST/1201/CS4/ K
DEST/1201/CS5/ L
DEST/1201/CS6/ M
BS 7861 requirements

383.9
414.6
424.8
-

Mean
Maximum
Load
(kN)
407.8
250

Table 21. Megastrand Double Embedment Shear Test Results in ‘AT’ Resin
The results exceeded the BS requirement by an average of 63%.
Tensile Tests On Bolt End Fittings
Table 22 below summarises the results of tensile end assembly tests carried out on the
Megastrand flexible bolt system.
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Test Reference
Number
TT/1201/BC1 – Sample N
TT/1201/BC2 – Sample P
TT/1201/BC3 – Sample Q
TT/1201/BC4 – Sample R
TT/1201/BC5 – Sample S
Mean
BS7861 : Part 1
requirement for threads
BS7861 : Part 2
requirement for end plate

Failure
Load
(kN)
514.3
509.2
505.0
500.3
514.9
508.7
295
279
558

Mode of Failure
All five samples failed similarly.
One outer wire fractured inside the
threaded anchor assembly. There
was no failure on the threads and
minimal deflection on the end plates
Rockbolt System
Single Cable Bolts
Double Cable Bolts

Table 22. Tensile Test Results For Megastrand Bolt End Fittings
The results show that all five samples comfortably exceeded the load requirements
specified for steel rockbolt threads. The end plates also exceeded the load
requirements for single cable bolt end plates. Strand failure occurred in each case
before the load specified in BS7861 for double cable bolt end plates was reached.
The test results for the Megastrand suggest that it could be used (with resin
encapsulation) as an alternative to flexible bolts as part of systematic support on
drivage, or (with grout encapsulation) as an alternative to bird caged cables as
remedial support installed later. Bond strength and stiffness measurements indicate
comparable performance in each case, once grouting is completed, without considering
any additional benefit from pretensioning.
3.3.2 The MMTT Flexible Bolt
The MMTT Flexible Bolt (figure 21), a recently introduced flexible strand bolt of 23mm
(nominal) diameter, was selected for detailed evaluation. Two forms were tested. The
first consisted of a 19 wire group with a central king wire of 6.5mm diameter, a 9 wire
3.1mm diameter group wound around it, and a 9 wire outer group wound around the
inner cluster to give a right hand lay length of 225mm. Individual outer group wire
diameter was 5.5mm. The outer wires were ribbed in a chevron pattern, the ribs being
2mm wide, 0.3mm deep and having a pitch of 4mm.
The second form, known as the Flexi-Ten bolt, consisted of a central 8.7mm diameter
king wire with a six wire outer group wound around it to give a right hand lay length of
330mm. Individual wire diameter was 7.4mm. The outer wires were ribbed in a chevron
pattern, the ribs being 3.5-4.0mm wide, 0.1mm deep and having a pitch of 8mm.
As supplied for testing, end fittings consisted of steel tubes swaged onto the strand
together with forged ball washers. The swaged ends were tubes 85mm long with
38.5mm outside diameter and an embedment length of strand within the fittings of
147mm, on average.
The tests carried out consisted of tensile tests on flexible bolt assemblies, complete
with end fittings, and axial and shear double embedment tests on samples of flexible
strand. In addition LSEPTs were undertaken at two encapsulation lengths.
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For the DETs and DESTs, the samples were embedded in two 125mm steel test tubes
using Exchem AT slow set resin. LSEPTs were carried out at bond lengths of 160mm
as in the proposed standard, and at 250mm. The purpose was to examine performance
variation with bond length with a view to establishing optimum bond length for
evaluation of flexible strand.
Tensile Tests
Load was applied axially against the swaged ends. The results of the tensile tests on
the MMTT flexible bolt assemblies are given in Tables 23 and 24:
Test Reference
Number
TT / 0402 / CR1
TT / 0402 / CR2
TT / 0402 / CR3
TT / 0402 / CR4
TT / 0402 / CR5

Maximum Tensile
Strength
(kN)
467.5
467.9
492.2
461.3
475.3

Mean Maximum
Tensile Strength
(kN)
472.8

Table 23. Tensile Test Results for MMTT 19 Wire Flexible Bolts with
Swaged Ends
Mode of failure for the 19 wire bolts was similar in all cases and consisted of fracture of
most or all of the outer group of wires, and pull out of the inner group and king wire,
with fracture of two inner wires in two cases – all at one end only. In two cases there
was a small amount of pull out (3-4mm) of the inner group and king wire at the other
end.
Test Reference
Number
TT / 1002 / CR1
TT / 1002 / CR2
TT / 1002 / CR3
TT / 1002 / CR4
TT / 1002 / CR5

Maximum Tensile
Strength
(kN)
498.2
467.5
476.3
480.5
488.2

Mean Maximum
Tensile Strength
(kN)
482.1

Table 24. Tensile Test Results for MMTT Flexi-Ten Bolts with Swaged Ends
Mode of failure for the Flexi-Ten bolts was similar in all cases and consisted of fracture
of the entire strand. In four cases this occurred inside the swaged fitting, and in the fifth
case, 25mm outside the end fitting.
The mean tensile failure loads for the two cable types were very similar.
Tests were also undertaken with threadbar end fittings. These consisted of threadbar
studs swaged into the end fittings, so that approximately 38mm of thread bar was
embedded in the tube and 100mm protruded from the end. Failure loads were around
33 tonnes for the 19-wire version (stud fracture) and 31 tonnes for the Flexi-Ten Bolt
(stud pull out).
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DETs
The results of the double embedment tensile tests are given in Tables 25 and 26.
Test Reference
Number

Bond
Strength
(kN)

Mean Bond
Strength
(kN)

DETT / 0502 / BC1
200
Sample A
DETT / 0502 / BC2
205
Sample B
DETT / 0502 / BC3
180
Sample C
BS requirement for rockbolts

System
Stiffness
kN/mm

Mean
System
Stiffness
kN/mm

60.04
195

62.18
55.01
71.49

200

70

Table 25. Double Embedment Tensile Test Results for MMTT 19 Wire Flexible
Bolts
Test Reference
Number

Max Load
(kN)

DETT / 1002 / CR1
171
DETT / 1002 / CR2
144
DETT / 1002 / CR3
159
Mean
158
BS requirement for rockbolts

Bond
Strength
(kN)
112
96
97
101.7
200

System
Stiffness
kN/mm
25.94
N/A
18.79
N/A
70

Table 26. Double Embedment Tensile Test Results for MMTT
Flexi-Ten Flexible Bolts
The bond strength and stiffness were on average slightly below the BS rockbolt
requirement for the 19 wire bolt, and considerably below for the Flexi-Ten version. The
bond stiffness over the required load range (50 –150 kN) could not be determined for
the latter in two cases because of the low failure load. Mode of failure in every case
was via pull out of the strand through the resin encapsulation.
DESTs
The DEST results are summarised in Tables 27 and 28 below:
Test Reference
Number

Maximum Shear
Strength
(kN)

DEST / 0502 / CS1
DEST / 0502 / CS2
DEST / 0502 / CS3
BS requirement for
rockbolts

432.2
427.6
459.6

Mean
Maximum
Shear Strength
(kN)
439.8
250

Table 27. Double Embedment Shear Test Results for MMTT 19
Wire Flexible Bolts
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Test Reference
Number
DEST / 1002 / CS1
DEST / 1002 / CS2
DEST / 1002 / CS3
BS requirement for
rockbolts

Maximum Shear
Strength
(kN)
401.09
413.6
424.25

Mean Maximum
Shear Strength
(kN)
413.0
250

Table 28. Double Embedment Shear Test Results for MMTT Flexi-Ten
Flexible Bolts
All of the tests met the requirement for maximum shear strength specified for rockbolts.
For the 19-wire strand the mode of failure was shear of one or more of the wires of the
outer group, and severe deformation of the other wires in that group. For the Flexi-Ten
strand the failure load was below that obtained with the 19-wire strand, and the mode
of failure was partial pull out and severe shear deformation of the strand. In one case
the strand fractured.
LSEPT Results
Tables 29 to 32 below summarise LSEPT results in terms of bond strength and system
stiffness:
Test Ref

Yield bond strength (kN)

LPT/0502/CS2
LPT/0502/CS3
LPT/0502/CS4
LPT/0502/CS5
LPT/0502/CS6
Mean of best three
Mean of all

115
115
86
86
115
115
104

System stiffness (kN/mm)
30 – 70 kN Range
74.3
60.4
37.1
47.9
81.2
72
60.2

Table 29. LSEPT Results MMTT 19 Wire Flexible Strand Rockbolts / Slow Set AT
Resin/160mm Embedment
Test Ref

Yield bond strength (kN)

LPT/0502/CS8
LPT/0502/CS9
LPT/0502/CS10
LPT/0502/CS11
LPT/0502/CS12
Mean of best three
Mean of all

182
192
192
202
224
206
198

System stiffness (kN/mm)
30 – 70 kN
Range
60.7
44.6
62.8
62.7
56.6
62.1
57.5

Table 30. LSEPT Results MMTT 19 Wire Flexible Strand Rockbolts / Slow Set AT
Resin / 250mm Embedment
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Test Ref

Yield Bond
Strength (kN)

LPT/1002/CS2
LPT/1002/CS3
LPT/1002/CS4
LPT/1002/CS5
LPT/1002/CS6
Mean of best
three
Mean of all

105.6
134.4
124.8
105.6
124.8
128

System Stiffness
(kN/mm)
30 – 70 kN
Range
100.5
88.9
141.1
123.5
103.9
122.8

119.04

111.6

Table 31. LSEPT Results MMTT Flexi-Ten Strand Rockbolts / Slow Set AT Resin /
160mm Embedment
Test Ref
LPT/0502/
CS8
LPT/0502/
CS9
LPT/0502/
CS10
LPT/0502/
CS11
LPT/0502/
CS12
Mean of
best three
Mean of all

Yield Bond
Strength
(kN)
192.0

System Stiffness (kN/mm)
30 – 70 kN
Range
129.1

192.0

125.3

172.8

153.5

192.0

101.3

192.0

129.8

192.0

137.5

188.2

127.8

Table 32. LSEPT Results MMTT Flexi-Ten Strand Rockbolts / Slow Set AT Resin /
250mm Embedment
The results indicate that the LSEPT bond strengths of the two strand types are similar,
but the Flexi-Ten cable has higher bond stiffness. Bond failure was predominantly at
the strand/resin interface in all cases.
Increasing the bond length to 250mm increased the bond strength for each cable, as
expected. The increase was in exact proportion to the bond length change for the FlexiTen cable, but significantly greater for the 19 wire strand, suggesting a non- linear
relation between the variables in the latter case. The bond stiffness remained the same
for the 19-wire strand and increased only slightly for the Flexi-Ten strand as the bond
length was increased. A larger increase would be expected.
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Unusually, the results from the LSEPTs and DETs are in disagreement for the MMTT
cables, the former indicating comparable bond strengths, with superior stiffness for the
Flexi-Ten cable, and the latter reasonable performance for the 19 wire cable and poor
for the Flexi-Ten version. In addition the LSEPT results indicate a non- linear effect of
increasing bond length on bond strength for the 19-wire cable and no significant effect
of bond length on bond stiffness for either cable. Taken together these results indicate
unusual behaviour for the MMTT Flexible Bolts in these performance tests. It is
considered that the likely explanation lies with the lay lengths of the cable, which differ
between the two cables and are longer than the bond lengths employed in the tests. It
is possible that the bond lengths used, intended for rockbolts, may allow strand rotation
and reorientation of wires during testing, and are therefore too short to fully evaluate
the performance of twisted wire strand.
3.3.3 The Osborn Reflex Bolt
The Osborn Reflex bolt is a 7 wire flexible bolt introduced into the UK in 1995. It is now
in widespread use in conjunction with rockbolts for immediate support, and the Health
and Safety Executive has issued guidance covering this application18. The Reflex bolt
is relatively rigid, and this facilitates installation into rockbolt resin in a small diameter
hole using standard rockbolting equipment. It is currently being fully encapsulated in
lengths up to 5 metres. In European coal mines, cementatious grouts have been used
recently with the Reflex Bolt to fully encapsulate longer lengths. A combined resin/grout
system has also been utilised with pretensioning. These systems are installed in
slightly larger diameter holes. Tests were therefore undertaken to investigate the bond
strength achieved with these alternative configurations. A series of shear tests were
also undertaken to assess the shear strength characteristics of the Reflex Bolt/resin
system.
The Reflex flexible strand consists of a seven-wire group, with six wires wound around
a central king wire to give a right hand lay configuration with a lay length of 200mm.
The individual wires have a rib profile rolled in at the drawing stage of production. The
outer wire group have an individual diameter of 7.4mm. The king wire has a diameter of
8.4mm. Overall diameter of the strand is a nominal 23mm.
Double embedment shear tests were carried out on samples of Reflex bolt supplied by
Osborn Strata Products Ltd. The bolts were embedded in 27mm internal diameter steel
tubes using Exchem ‘AT’ Slow Set Resin. In order to comply with all published test
criteria, and to develop a fuller understanding of the behaviour of flexible bolts in shear,
a range of embedment lengths (250mm, 500mm and 900mm) was used.

38

DEST Results
The test results are summarised in Table 33 below:
Test Reference
Number

Embedment
Length
(mm)

Maximum
Shear
Strength
(kN)

DEST / 0102 / BC1
DEST / 0102 / BC2
DEST / 0102 / BC3
DEST / 0102 / BC4
DEST / 0102 / BC5
DEST / 0102 / BC6
DEST / 0102 / BC7
DEST / 0102 / BC8
DEST / 0102 / BC9
BS7861-1:1996
requirement for
rockbolts
BS7861-2:1997
requirement for
single birdcaged
cables
BS7861-2:1997
requirement for
double birdcaged
cables

250
250
250
500
500
500
900
900
900
250

410.13
440.88
392.81
381.86
389.42
372.55
358.4
360.84
367.37

Mean
Maximum
Shear
Strength
(kN)

Std
Deviation
about
Mean
(kN)

414.6

31.4

381.3

15.5

362.2

4.62

250

900

200

900

350

Table 33. Double Embedment Shear Test Results for Osborn Strata Products
Reflex Flexible Bolts
All tests met the requirements for maximum shear strength specified in BS7861-1:1996
and BS7861-2:1997. The mode of failure in every case was the shear of one wire of
the strand group, rapidly followed by further individual wire failures until the assembly
was completely sheared.
Maximum shear load consistently increased as embedment length was reduced. This
is presumably because a longer assembly is axially stiffer and produces a ‘cleaner’
shear. A shorter embedment length has reduced axial stiffness and allows more
deformation and wire bending and consequently higher loads.
DET Results
A range of DETs was undertaken to investigate alternative configurations. Figure 22
illustrates typical results obtained for the Reflex Bolt in AT resin, CAPRAM capsule
grout and Pozament HPRG thixotropic grout (14 day cures) using 250mm or 900mm
total embedment length and 27mm ID tubes. The Reflex Bolt bond strength in AT resin
(178kN) for 250mm embedment was slightly lower than the AT bolt, but the mean
stiffness (120kN/mm) was high. HPRG grout gave a slightly lower yield bond strength
(175kN). Tube lengths of 450mm were found to result in yield bond strengths close to
the full bolt yield load capacity (450kN) using extra slow set AT resin. CAPRAM grout
gave an average yield load of 384 kN. Further grout tests with 28mm and 30mm inside
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diameter tubes gave very similar results, suggesting that for grouted Reflex Bolts, the
bond strength is not sensitive to hole diameter within the range 27-30mm.
Tests were also undertaken to investigate possible contamination effects for the
combined resin/grout system, where the bolt is installed through thixotropic grout and
anchored into a resin capsule. This installation technique was simulated by spinning a
section of Reflex Bolt through a grout filled tube into an AT resin capsule in a 450mm
embedment tube. The bolt was then pull tested and results compared with those
obtained when no grout was present to contaminate the resin. Post test inspection
confirmed that grout had mixed with and contaminated the resin, but the resulting bond
strength reduction was less than 20%.
LSEPT performance for the Reflex Bolt has been measured previously at 250mm bond
length and been found to be comparable with an AT bolt19. Therefore the DET and
LSEPT results do not entirely agree, although the discrepancy is less marked than for
the MMTT cables. This again points to the test bond length for strand bolts as the likely
source of the disagreement. The lay length of the Reflex Bolt is significantly shorter
than for the MMTT Flexi-Ten cable and this may be why it exhibits less discrepancy
between the two test results.
3.3.4 RSA Cablebolting Systems
Representative samples were obtained of cable bolting systems currently being applied
in South African coal mines where approximately 25,000 are installed each year. These
cables are anchored in resin and usually pretensioned and post grouted. Most systems
use plain single strand (7 wire), which may have one or two ‘bulbs’ per cable bolt
length. The bulbs are located at the top end of the cable to ensure mixing of the resin
anchor.
LSEPTs were undertaken on two 7 wire systems, one being a standard cable and the
other being a notched cable. In all cases a 250mm encapsulation length and a 36mm
diameter bit were used. The cable system specification was as follows:
Strand diameter
Ultimate strength
Hole size
Working/pre-tension
load
Resin type
Grout type
Dome plate
Barrel and wedge
anchor

15.2 mm
25-26 tonnes
36mm minimum, 38 mm nominal
16 tonnes
Fosroc Slow set 32mm diameter resin capsules
Typically CAPRAM
150mm x 12mm with holes for grout tubes if post grouted,
Capable of being pre-tensioned, pre-tension anchor locking
devices available

Table 34. South African Coal Mine Cable Bolt Specification
The test samples were as follows:
x
x
x
x
x

Bulbed section, smooth strand, installed in Fosroc resin
Un-bulbed section, smooth strand, installed in Fosroc resin
Un-bulbed section, notched strand, installed in Fosroc resin
Un-bulbed section, smooth strand, installed in Capram grout
Un-bulbed section, notched strand, installed in Capram grout.
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Section tested
Bulbed section in resin
Unbulbed smooth strand in resin
Unbulbed notched strand in resin
Unbulbed strand (notched and smooth) in
grout

Yield bond
strength (kN)
19
28.5

Peak bond
strength (kN)
170
7.5
37.8

<8.5

8.5

Table 35. Average Results of LSEPTs - South African Coal Mine Cable Bolt
(250mm bond length)
The results (Table 35 and Figure 23) indicated that although it was possible to
generate significantly greater loads in the resin/bulbed section of the anchor than in
any other part of the system, this still gave relatively low bond strength and low system
stiffness compared to conventional grouted birdcaged cable bolts or resin encapsulated
rock bolts. Using notched strand in resin was seen to improve both bond strength and
system stiffness. However this benefit was not evident in grout and the performance of
the notched strand in resin was still poor when compared to rockbolts installed in resin.
It was concluded that the system was a hybrid of the birdcaged and flexible bolt
systems but did not benefit from the advantages of either. This system would not be
appropriate for European high stress situations.
3.3.5 Garford Bulb Cable
The Garford bulb cable is a slimline version of the birdcage cable bolt and has been
used in Australia and elsewhere for some years. It became available on the UK market
during the course of the project. Tests were undertaken on one single and two double
bulb versions.
The single cable bolts comprised 7 die formed steel strands with an unbulbed diameter
of 18mm, with six 35mm diameter bulbs per metre. One type of double cable bolt was
made from the same strand with the same bulb frequency. However the samples
supplied had bulbs that were 23mm outside diameter. The two cables were wired
together such that the bulbed section of one cable lay against the unbulbed section of
the other. The second type of double cable was formed from 15.2mm diameter 7-wire
strand. Bulb frequency was again 6 per metre but bulb diameter was increased to
27mm.
DETs and LSEPTs were undertaken on versions of the Garford bulb cable
encapsulated in Pozament CBG grout. At the manufacturer’s request, DETs were
undertaken in tube sizes complying with BS7861, Part 2 for single and double
birdcaged cable bolts (43mm and 53mm internal diameter respectively) although the
cables themselves were designed for smaller diameter holes.
LSEPTs were undertaken with 450mm bond length in order to ensure two full bulbs
were embedded in each cylinder. The experimental technique differed from that
described in section 2.2 in that a steel tube rather than a biaxial cell was used to
confine the rock test sample. This is an alternative LSEPT procedure for bulbed
tendons 9 . Installation holes were drilled with 35mm (single cable) or 43mm (double
cable) bits.

41

DET Results
Results are shown in Tables 36 to 38 below.
Test reference
number

System stiffness
(kN/mm)
150 – 200kN

Peak bond
strength
(kN)

19.4
26.3
16.4
20.7
50

302
304
301
302.3
280

DET/1000/CS1
DET/1000/CS2
DET/1000/CS3
Mean values
BS7861 requirements

Table 36. DET Results for Single Garford Bulbed Cable/ CBG Grout

Test reference
number

System stiffness
(kN/mm)
200 – 400kN

Peak bond
strength
(kN)

DET/1000/CS4
DET/1000/CS5
DET/1000/CS6
Mean values
BS7861 requirements

108.6
32.3
53.3
64.8
100

599
586
604
596.3
560

Table 37. DET Results for Double Garford Bulbed Cable/CBG Grout
(23mm diameter bulbs)
Test reference
Number
DET/0202/CR1
DET/0202/CR2
DET/0202/CR3
Mean values
BS7861 requirements

System stiffness
(kN/mm)
(200 – 400kN)

Peak bond
strength
(kN)

120.2
103.1
83.7
102.3
100

623
604
598
608
560

Table 38. DET Results for Double Garford Bulbed Cable/CBG Grout
(27mm diameter bulbs)
In most cases the Garford bulbs met the BS7861 cablebolt requirement for peak bond
strength, but the system stiffnesses for the single and 23mm bulb diameter cables
were, in all but one case, below the BS requirement. The larger diameter bulb double
cables however met the BS requirement in terms of both bond strength and stiffness.
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LSEPT Results
These are given in Tables 39 and 40 below.
System stiffness (kN/mm)

Test reference
Number

0-50kN

LPT/1000/CS7
LPT/1000/CS8
LPT/1000/CS9
Mean values
BS7861 requirements

28
23.8
26.3
26
-

50
100kN
33.3
10.2
18.5
20.7
-

100 –
150kN
7
6.3
5.4
6.2
-

150 –
200kN
7.8
4.5
3.8
5.4
-

Yield
bond
strength
(kN)
120
75
90
95
-

Peak
bond
strength
(kN)
282
254
304
280
-

Table 39. LSEPT Results for Single Garford Bulbed Cable /CBG Grout
Test reference
Number
LPT/1000/CS10
LPT/1000/CS11
LPT/1000/CS12
Mean values
BS7861 requirements

System stiffness (kN/mm)
0 - 200kN

200 – 400kN

34.5
39.2
29.4
34.4
-

14.2
11.2
11.9
12.4
-

Yield bond
strength
(kN)
206
250
225
220.3
-

Peak bond
strength
(kN)
566
522
498
528.7
-

Table 40. LSEPT Results for Double Garford Bulbed Cable/CBG Grout
(23mm diameter bulbs)
The LSEPT results are also compared with typical results from the same test
procedure with standard birdcaged cables in figure 24. Comparison of the single
Garford bulb system with the single birdcaged cable bolt system indicated that both
systems have a similar peak bond strength (280kN) but the system stiffness of the
Garford bulb system was marginally lower than the birdcaged system.
Comparison of the double Garford bulb system with the double birdcaged cable bolt
system indicates similar peak bond strengths (528kN) for both systems. However,
again, the system stiffness of the Garford bulb system is lower than that of the
birdcaged system.
Overall the results indicate that the Garford bulb cable has a similar peak bond
strength but a lower stiffness than the equivalent birdcaged cablebolt. The DET results
with 27mm diameter cables however suggest that the use of larger diameter bulbs
could result in improved stiffness, matching the birdcaged cable.
3.4

CRIB TESTING

3.4.1 The Link-n-Lock System
Testing of standing support under the project was limited to crib systems. Tests were
carried out on the Link-N-Lock System supplied by Strata Products. This product is
designed to replace conventional timber cribs and consists of interlocking timber blocks
which can be built up to form a crib. The interlocking mechanism results in a more
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stable structure with 100% contact between layers, and consequently, it is claimed,
less timber used for a given load capacity. Lengths from .5m to 1.8m are available to
form square or rectangular cribs, based on 150mm or 200mm height blocks (figure 25).
A series of tests was undertaken on 0.6m square cribs constructed from 152mm high
blocks in a range of English hardwoods. Two forms of crib were tested- standard with
89mm wide blocks and shortwall with 76mm wide blocks. The usual notch size in the
timbers was 98mm long by 38mm deep, but some shortwall types had a modified notch
size of 92mm by 38mm.
Each crib was constructed to a height of 1.42m in a purpose designed compressive
test rig of 500 tonnes capacity. Load was applied at a controlled rate until 300mm of
crib compression had occurred.
Figure 26 illustrates a typical result obtained for Ash. The results obtained are
summarised in Table 41.
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TEST REF
RMT/LAB/T01/DH1

RMT/LAB/T01/DH2
CT/0440/DH1
CT/0440/DH2
CT/1199/DH1
CT/1199/DH2
CT/1199/DH3
CT/1199/DH4
CT/1199/DH5
CT/1199/DH6
CT/1199/DH7
CT/1199/DH9

CT/1199/DH10
CT/1199/DH8

SYSTEM

MAX LOAD
(TONNES)

610mm x 610mm x 1420mm Standard Link-N-Lock constructed
from English Beech

202

AV.MAX
LOAD
(TONNES)
202

610mm x 610mm x 1420mm Standard
constructed from English Oak
610mm x 610mm x 1420mm Standard
constructed from English Sycamore
610mm x 610mm x 1420mm Standard
constructed from English Sycamore
610mm x 610mm x 1420mm Standard
constructed from English Ash

Link-N-Lock

174

174

Link-N-Lock

218

Link-N-Lock

195

Link-N-Lock

208

LOAD @50mm
DISPLACEMENT
(TONNES)
138

AV.LOAD @50mm
DISPLACEMENT
(TONNES)
138

124

124

207

133
120
128

213

610mm x 610mm x 1420mm Standard Link-N-Lock
constructed from English Ash
610mm x 610mm x 1420mm Shortwall Link-N-Lock
constructed from English Beech
610mm x 610mm x 1420mm Shortwall Link-N-Lock
constructed from English Beech
610mm x 610mm x 1420mm Shortwall Link-N-Lock
constructed from English Beech
610mm x 610mm x 1420mm Shortwall Link-N-Lock, with
modified notch, constructed from English Beech
610mm x 610mm x 1420mm Shortwall Link-N-Lock, with
modified notch, constructed from English Beech
610mm x 610mm x 1420mm modified Shortwall Link-NLock, with modified notch, constructed from English
Beech
610mm x 610mm x 1420mm modified Shortwall Link-NLock, with modified notch, constructed from English
Beech
610mm x 610mm x 1420mm Shortwall Link-N-Lock, with
modified notch, constructed from English Ash

133

218

138

178

122

208

185

170

106
113

230
139
228
104
262

243

250
160

134

123

114
160

123

Table 41 Laboratory Compressive Test Results For Link-N –Lock Cribs
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114

123

The results indicate that a range of UK sourced hardwoods give similar performance
when utilised in Link-N –Lock Cribs. For the Standard Cribs, the mean load at 50mm
displacement was in the range 124 –138 tonnes for four different species, with Beech
being marginally the best. The Shortwall Cribs with modified notches (Beech and Ash)
gave a load of 123 tonnes at 50mm displacement. The modification appeared to have
increased the load capacity of the cribs, the unmodified Shortwall type in Beech giving
114 tonnes at 50mm displacement.
There was a greater range of maximum loads; in every case except one this was the
load at 300mm displacement. For most of the cribs, loads were still increasing when
the tests were stopped. However the crib stiffness was higher below 100mm
compression and this should probably be regarded as the working range.
Comparing the results with equivalent standard 4 point and 9-point hardwood cribs, it is
clear that the Link-n-Lock system has superior performance. A 0.75m square 4 point
crib, for example, would give a load of around 40-50 tonnes at 50mm displacement,
and a 9 point crib around 80 tonnes. The maximum load capacity of the 0.6m Link-n
Lock system is similar to that expected for a 0.75m 9-point hardwood crib.
3.4.2 Evaluation of the Support Technology Optimisation Program (STOP) for
Cribs
RMT are currently evaluating the STOP Computer Program produced by NIOSH (USA)
to determine its suitability for analysing European standing support systems. The
program predicts the performance of cribs, based on their configuration and the
properties of the timber used. The work commenced under this Project and continues
under ECSC Project 7220/PR115.
Laboratory testing was carried out to determine the mechanical properties of samples
of chockwood used underground at a UK evaporite mine. The testing was carried out to
ASTMS standards, in order to comply with the requirements of the STOP software.
The test data was used to modify the information contained in the NIOSH STOP
Program to generate load vs. displacement characteristics for configurations of wood
crib typical of those used at the mine.
Samples of chockwood were obtained from underground storage sites at the mine. The
moisture state of the samples was not known or determined but the samples had been
underground for some time and were at least partially dried. The chockwood pieces
were sized as per the mine specification and were approximately 1.2 metres long,
125mm high and 150mm wide.
Compression Test Perpendicular to the Grain
Tests were carried out to determine the strength in compression of samples sawn from
the chockwood pieces. Test samples 150 x 50 x 50mm were placed in a stiff testing
machine fitted with a 100kN load cell. The machine was calibrated according to UKAS
standards of calibration. Load was applied through a steel bearing plate 50mm in width,
and placed across the upper surface of the specimen at equal distances from the ends,
and right angles to the length. Loading was applied via displacement control at a rate of
0.005mm / sec over a total displacement range of 2.5mm. Results were data logged for
analysis on a PC. The results are summarised in Table 42.
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Sample

Wood Species

A
E
F

Pine
Larch
Spruce

Compressive Strength at 1mm
Compression
lbf/in2
MPa
501
3.455
331
2.283
101
0.697

Table 42. Uniaxial Compression Test Results on Samples from Chockwood
Hardness Test Perpendicular to the Grain
Tests were also carried out to determine the hardness of samples sawn from the
chockwood. Test samples, 150 x 50 x 50mm, were placed in the same stiff testing
machine fitted with a 100kN load cell. Load was applied through a steel ball 11.3mm in
diameter. Two penetrations were made on a tangential surface, two on a radial surface,
and one on each end. Loading was applied via displacement control at a rate of
0.100mm / sec over a total displacement range of 7.0mm. Results were data logged for
analysis on a PC. Hardness load was defined as the load at which the ball had
penetrated to one half of its diameter. The results are summarised in Table 43.
Wood
Species

Pine

Larch

Spruce

Sample

A1
A2
A6
E1
E2
E5
F12
F4
F10

Combined Radial / Tangential Hardness
Of Sample
Average
Lbf
KN
lbf
kN
514.5
2.287
545.3
2.424
683
3.036
438.3
1.948
497
2.209
555.8
2.470
677
3.009
493.5
2.193
440
1.956
478.8
2.128
584.8
2.599
411.5
1.829

Table 43. Hardness Test Results on Samples from Chockwood
This work is continuing under ECSC sponsorship. A range of cribs used in the UK
mining industry are currently under test, both in the UK and the USA to compare results
with computer prediction.
3.5 SUPPORT SYSTEMS HANDBOOK
A main aim of the Project was the compilation of a Support Systems Handbook based
on testing, evaluation and experience with support systems in use, or being considered
for use, in EU coal mines.
The Handbook, reproduced as Appendix 2 in a separate volume, was compiled during
the course of the Project, and as part of the larger European Coal and Steel
Community funded RTD Project No. 7220-PR 058, entitled “Improved Support Systems
for Highly Stressed Roadways”. The larger Project included other partners from the UK,
Germany and France who also contributed to the contents of this Handbook. These
partners were as follows:
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x
x
x
x

UK Coal Limited (UK)
Deutsche Steinkohle AG (Germany)
Deutsche Montan Technologie GmbH (Germany)
Houilleres Des Bassins du Centre at du Midi (France)

The Handbook contains details of coal mine roadway support systems used in the UK,
Germany and France plus some from South Africa, Canada and Australia which have
been tested by the authors for their potential application in Europe
The purpose of the Handbook is to provide a useful reference for European mining
engineers who wish to obtain unbiased comparative information on the more innovative
support systems that have become available in Europe in recent years. As such it does
not include details of arch type supports and tends to concentrate on rock
reinforcement systems and their related accessories.
One problem encountered in compiling the Handbook has been that the three
European countries involved have different regulations, national standards, acceptance
criteria, codes of practice and testing methods for coal mine support systems.
Therefore it has not been possible to provide directly comparable test data for each
support system. For systems tested and used in the UK and France, the relevant
testing methods, regulations and standards etc. have been directly summarised and
referred to in the main body of the text. In the case of systems used in Germany, the
regulations and testing regimes are described in a set of Appendices to the main text.
The contents include sections describing the main steel and GRP bolt types in use in
Europe as well as tensioned and untensioned cablebolts, and associated resins,
grouts, and lagging systems such as mesh panels. Finally selected standing support
systems are described. These are generally recently introduced types including
proprietary packing and prop systems.
Where possible the Handbook provides information on the history of application, results
of testing and appropriate applications for the various support systems. Also, in most
cases it includes photographs of the systems, to help in identification and
understanding their construction, and information on how the system’s performance
can be properly monitored underground.
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4. SUPPORT MONITORING SYSTEM DEVELOPMENT
4.1 INTRODUCTION
Under a previous ECSC project20, and with additional sponsorship from the HSE, Rock
Mechanics Technology has developed an intrinsically safe remote reading telltale
system (RRTT) which allows up to 4 sets of 100 dual height, water diverting telltales in
a mine roadway to be remotely monitored from a surface PC. The system now has US
MSHA approval and European ATEX approval for use in gassy mines. The principal
support monitoring development work carried out under the current project was a
successful full-scale application of the system employing 67 telltales in a maingate
roadway at West Mine in Germany between June 2001 and October 2002. This
application is described below.
Data obtained during the trial provided new insight into the deformation behaviour of
mine roof. This is considered in section 4.5, where the current situation regarding
support-monitoring practice is reviewed.
4.2 THE REMOTE READING TELLTALE SYSTEM
4.2.1 The Dual Height Telltale
The mechanical dual height rockbolting telltale (Figures 27 and 28) has become a
standard tool for monitoring differential roof movements in rockbolted coal mine
roadways. A full description of the development of this device is given by Bigby and
DeMarco21. A strong case can be made that this device has been amongst the most
important developments which have allowed rockbolting to be applied safely and with
confidence in difficult mining conditions involving weak roof and/or high local rock
stresses, particularly in Europe and Canada22. It provides the workforce and colliery
management with immediate feedback on the stability of the roof and important clues
as to the most appropriate remedial support required if instability begins to develop.
The operating principle of the dual height telltale23,24 is that two freely suspended
concentric cylinders are anchored into a borehole such that the visible length of the
upper “AA” cylinder indicates roof movement within the rockbolted height and the
visible length of the lower “BB” cylinder indicates roof movement above the rockbolted
height. This is achieved by anchoring the “AA” cylinder just below the top of the
rockbolts and anchoring the “BB” cylinder at about twice the rockbolted height. The
cylinders are suspended from stainless steel cables attached to stainless steel spring
anchors. In most designs a reference tube is used at the mouth of the hole to ensure
stable “AA” readings
Telltales are low cost, simple to install and can be read approximately, by noting the
colour of the upper visible band (green, yellow or red each 25mm wide), or to the
nearest millimetre of movement, by reading the scale markings.
4.2.2 The Remote Reading Telltale
In the late 1990s RMT began development of a remote reading version of the dual
height telltale. The requirements of the system were as follows:
x up to 100 dual height telltales to be connected along a single roadway at 20m
intervals (standard UK spacing),
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x simplicity of installation and connection to the system for each individual telltale
as added with roadway advance,
x retain immediate visual indication quality of standard telltale,
x separate power supplies not required for individual telltales,
x resolution of +/- 0.5mm,
x minimise cost of each telltale,
x data to be displayed on surface computer with alarms based on absolute
movement and rate of change,
x hazardous area intrinsic safety approval.
As well as its obvious safety advantages, it was envisaged that the system would be
particularly beneficial for mines with long lengths of strategic rockbolted roadways,
such as main belt roads, where the cost of a roof fall could be immense.
The system received European ATEX approval and US MSHA approval in the summer
of 2000.
4.2.3 Measurement Principle
Figure 29 shows a section of the RRTT transponder. The measurement principle used
is that of the inductance of a coil varying depending upon the position of a ferrite rod
within the coil. This has the advantage over potentiometric devices of being contact
less, requiring very low power and not being susceptible to moisture. Also the
components are low cost, they can easily be integrated into an “in hole” design, and the
signal conditioning electronics are well suited to an analogue, frequency based
interrogation system.
4.2.4 Communications Principles
Figure 30 shows a schematic system diagram. The heart of the system is the local
interrogation unit (LIU), which is mounted at one end of the monitored roadway and is
connected to an intrinsically safe 12-volt power supply. Communications between this
unit and the surface PC is via the Surface Barrier and Communications Units and is by
conventional signalling using modems and a standard twisted pair cable, such as a
telephone line. The current system has a range of over 10km.
Communications between the LIU and the transponders uses a frequency-based
system. This allows the transponders to be organized in a daisy chain configuration on
a single 2-conductor cable, which carries the power supply, the addressing information
and the return data. The LIU is basically a “dumb” unit controlled either manually, in
local mode, or remotely by the surface PC. When the PC wishes to take a reading from
a particular transponder, it requests a reading from the LIU. The LIU responds by
placing a signal with a unique frequency, corresponding to the “address” of the
transponder in question, on the transponder cable. The relevant transponder responds
by placing two sine waves on the cable whose frequencies are proportional to the
positions of its “AA” and “BB” ferrites. These sine waves are detected by the LIU which
measures the two frequencies and transmits them back to the surface PC as BCD
data. This reading cycle takes between 2 and 10 seconds, including the necessary
data checks and verifications, allowing 100 transducers to be interrogated in no more
than 20 minutes.
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A great advantage of a frequency based underground communications system is that
operation is not dependent upon high quality cable connections between transponders.
This allows a simple crimp connection to be employed when a new transducer is added
to the end of the chain. It also allows the system to operate with non-standard
transponder connection configurations. For instance, combinations of serial and
parallel connection can be used to place additional telltales in crosscuts, as shown in
Figure 31. There are other advantages with regard to achieving power segregation for
intrinsic safety and avoidance of power hungry digital electronics.
4.2.5 Software
As mentioned above, the system is driven by the software running on the surface PC.
There are two programs involved in this process.
“Boltmon” Basic communications is controlled by the “Boltmon” program which is
configured to obtain readings consecutively from the system transponders. When
configured for a particular installation “Boltmon” is told which transponder numbers may
be connected and is given a monitoring period or scan rate. From thereon “Boltmon”
works its way around the transponders, taking frequency readings in hertz, placing
these in an array and saving them to disc at the prescribed scan rate. Actual
communications with underground are asynchronous and the time taken to read a full
set of transponders will depend on the number connected and the “clarity” of the
underground signal. Once configured, “Boltmon” will continue to run in the
background with no need for further operator intervention. Additional transducers, when
connected underground, are automatically detected and read. “Boltmon” also provides
a graphical display of selected transponder readings in real time and other diagnostic
tools.
“RRTelltales” The main user interface is provided by the “RRTelltales” program. This
accesses the frequency data stored by “Boltmon”, converts them to millimetres of
movement and displays them on the screen in tabular form. An example of the main
“RRTelltales” screen is shown in Figure 32. This is from the West colliery. The
connected telltales are shown in the first column under “Telltale Details”. In this case
the roadway name (1830) and the meter mark where each telltale is installed are
shown. Where more than one screen capacity of telltales is connected it is possible to
scroll up and down to look at any particular telltale.
The right hand half of the screen shows the current condition of each telltale. This is
shown in terms of “AA”, “BB” and “Total” movement in millimetres, rate of movement
(ROM) for “AA” and “BB”, in millimetres per hour, and the alarm condition for “AA”,
“BB”, “Total” and “ROM”. The background colour in the “AA” and “BB” reading columns
corresponds with the visible coloured band on the transponder itself (< 25mm green, <
50mm yellow >25mm, red >50mm). The readings on this display are updated at the
scanning rate set for both “Boltmon” and “RRTelltales”. A suitable rate for a full system
would be every 20 minutes.
The remaining columns on the left hand side of the screen show the roof
displacements for each telltale for previous days during the current week. The operator
can scroll back for up to one week to allow recent trends to be examined.
An “alarm” level can be set for each of the monitored telltale indicators, for both
absolute movement and rate of change. This is achieved through a set of global,

51

default values set for the whole system which can be overridden with a local set of
values for each individual telltale.
It can be seen that the screen also indicates whether any new telltales have been
added to the system and whether any have been removed. When a telltale is added, it
is necessary for an operator to determine some basic information, such as where it is
located and whether it is new or a replacement for a faulty or out-of-range telltale, and
input this into the program using a simple set of forms. A delay in entering this
information does not result in a loss of readings for the new telltale. If a telltale is
removed then it has to be “archived” by the operator to remove it from the system.
4.2.6 Data Analysis
The main function of the RRTT system is to provide real time data on the state of all
the connected telltales to allow remedial action to be taken before a roof fall develops.
However it also acts as a data logger allowing historical data to be stored for
subsequent analysis. This is achieved in a number of ways. The raw frequency data is
stored in both text file and random access formats at the configured scan rate. This
data can be accessed by the “Boltmon program” or read into an Excel spreadsheet for
plotting and analysis.
The “RRTelltales” program stores the recorded data in millimetres for each telltale in a
random access file which can be accessed for subsequent analysis by a purpose
written program. Also the current readings for all telltales in millimetres at midnight
each day are stored in an Access database. This data can be recalled and plotted at
any time using a program called “Telltale for Windows”, which is already used by most
UK mines to store and plot the data from standard mechanical telltales. Alternatively
the Access database can be analysed using purpose written software or an Excel
spreadsheet.
4.3 RRTT APPLICATION AT WEST COLLIERY
4.3.1 Mine Description
Friedrich Heinrich colliery, situated in the western part of the Ruhr coalfield in
Germany, has recently been merged with the neighbouring Neiderberg Colliery, and
has been renamed the West Mine. It is operated by Deutsche Steinkohle AG (DSK), a
subsidiary of RAG. The West mine accesses its workings via 6 shafts, the oldest of
which was sunk in 1907. In 2002, the colliery produced 3.45 million tonnes of cleaned
coal from 3 longwall faces in 3 different coal seams. As is the case for most German
hard coal mines, current workings are at significant depth, the Prasident seam, where
the RRTT system was first used, being some 1000m below the surface. Figure 33
shows a simplified plan of recent workings at the colliery.
4.3.2 183 District
183 district was the last longwall face to be worked in the Prasident seam in this part of
West colliery. The maingate was some 1300m long and the 300m face was planned to
retreat some 1230m in total. The tailgate of the panel re-used the steel arch supported
maingate of the previously worked 182 panel. The maingate was not to be re-used and
was driven on a rectangular section with rockbolt support. As is usual practice in
Europe, the gate roadways were single entry drivages.
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In this area, the seam was approximately 2.34m thick with a moderately strong roof
and floor. The roof comprised laminated shaly siltstone generally grading up into more
sandy siltstone and occasionally pure sandstone some 7m above. An important feature
of the roof was the presence of another coal seam (Johann-Jacob 2) at an interval
varying between 2m and 20m. The thickness of the overlying seam varied from a few
millimetres to 1.4m along the length of the panel, the thickest area coinciding with the
smallest seam interval in the central length of 183-panel retreat. Two strata sections
are shown in Figure 34, borehole 468 being close to the face start line and borehole
470 being in the central length of panel retreat (opposite the 620m mark in the
maingate).
The panel was generally destressed by overlying continuous areas of previous longwall
workings, the closest being 148m and 192m above. However there were three areas
where lengths of the maingate crossed a pillar edge in the seam 148m above and
these were expected to be subject to increased vertical stress. These were the outbye
200m of the maingate, 490 - 510m inbye and 750m - 830m inbye. (Gate road positions
are generally referred to in this report as metre marks from the outbye end of the
roadway).
The neighbouring 181 district had been the first at the colliery to employ rockbolting to
support the tailgate (181.1) on a rectangular profile during drivage and face retreat.
This used a pattern of eight, 25mm diameter, 2.5m long resin anchored rockbolts (2.4m
full encapsulation) every 0.8m. The installation was carefully monitored using
endoscopic devices, strain gauged rockbolts and mechanical telltales25.
It was decided to use a similar support system for 183 maingate (designated roadway
183.0. In addition, it was decided to maintain access to the gate behind the retreating
longwall and a remedial support system was devised employing a combination of
monolithic cementatious packing (Bullflex) and Pink AS pumpable steel supports to be
installed behind the face on the face side.
There were two main reasons for maintaining the roadway behind the face in this case.
One was in order to provide ventilation for other workings and the second was as a trial
of the packing and support systems which were to be used in a major trial of
rectangular rockbolted roadway re-use at another DSK colliery in the Ruhr (Lippe).
The Bullflex pillar is a pumped, cylindrical geotextile bag reinforced with an outer layer
of steel mesh. A Bullflex pillar under test at DMT’s laboratory is shown in Figure 35.
The Pink-AS prop works in a similar manner to standard hydraulic props. A valve for
pre-filling with water is located at the bottom of the prop. During setting the water
pressure raises the inner part of the cylinder. The active support force depends on the
water pressure. When the setting procedure is finished, the prop locks mechanically
with an interior wedge system, so that even if water pressure is lost, the support load is
maintained. The upper valve is then used for filling the prop with mortar. The final
support resistance depends on the mortar compressive resistance and the diameter
and height of the prop used.
4.3.3 RRTT Installation at West Colliery
DSK chose to employ the Remote Reading Telltale System for its first full underground
application during the retreat of 183 longwall in order to obtain detailed information on
roof behaviour in the front abutment area and to help to understand the performance of
the roof and support system behind the longwall. A system comprising up to 80
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transducers, including spares, was planned. This particular configuration differed from
a “classic” RRTT system installation in that;
x The transponders were not installed at the face of the roadway during
development, but in several batches after the roadway had been driven.
However the existing monitoring systems (mechanical telltales) indicated that
very little roof movement had occurred prior to installation.
x The desire to maintain reading behind the face meant that great care would be
needed to prevent damage to the transponders and cable in the face-end area.
However the facility to install the system several months before it was required to
operate in earnest was very useful in the context of allowing any unforeseen problems
to be identified and corrected prior to full operation. With this in mind a pilot system
comprising 10 transponders was installed during November 2000 some eight months
prior to face start-up and prior to manufacture of the main batch of 70 transponders
Three unforeseen problems were quickly identified and remedied. The first was that the
data cable length between underground and surface was longer than had originally
been expected. This was overcome by adjusting the modem signal levels within the
overall intrinsic safety constraints. The second problem was that the LIU did not always
“lock” onto every transponder. This was overcome by a simple change of capacitor.
The final problem was associated with an unexpected drop in signal level along the
transponder cable. This required a minor redesign of the transponder circuit board and
modification of the IS certification which was obtained within 2 weeks.
Following these design modifications and manufacture of the remaining transponders,
the full system was installed during June 2001 and went live early in July 2001 with a
total of 67 transponders installed between the 123 and 1108 metre marks. The face
commenced production on 25th June 2001.
Soon after the system went live, an un-anticipated RRTT system problem was
encountered, caused by the colliery’s practice of spraying the full roadway profile with
calcium chloride solution for dust suppression. This proved highly corrosive to the
crimped cable connections and required all connections to be remade using grease
filled connectors. As a result of this problem, data collection was not possible until early
August 2001.
Data was collected during August but a further problem was encountered in late August
due to transponder number 18 remaining permanently on and consequently dominating
all other transponder readings. Unfortunately, this was not replaced by the colliery until
late November when the system became fully operational.
The face passed the last transponder on the system in October 2002.
During the period of operation the scan rate was set at 20 minutes such that the
system display was updated and data was recorded from all connected telltales 72
times a day. The rate of change warning function of the system was not activated as
insufficient data was available at the time to ensure a suitable alarm level.
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4.3.4 Outbye Roof Conditions During Face Retreat
Maingate roof conditions ahead of the longwall were excellent throughout the face
retreat with generally less than 3mm of total roof movement being indicated by the
telltales outbye the direct influence of the front abutment. This behaviour provided an
excellent opportunity to study the stability of the instrumentation which performed well
within specification. Figure 36 shows a graph of roof displacement against distance
from the longwall face on 19 December 2001, 6 months after the full system began
recording. In this case, where the face was at 882m, the face had no effect on telltales
only 20m away. Only one area of the maingate showed slightly greater movement. This
was the area between 580m and 645m (300-235m from the face in Figure 36), which
was in the vicinity of borehole 470 where the overlying coal seam thickened and came
within 5m of the Prasident seam. In this area moderate amounts of movement occurred
outbye of the longwall (14mm of movement on the “AA” had occurred at the 580 metre
mark at this time, 300m from the face). On other, nearby telltales most movement
occurred on the “BB” above the rockbolts. It can be seen that there was a greater
concentration of telltales in this vicinity as the greater vulnerability to instability had
been noted during the planning stage.
4.3.5 Roof Behaviour in the Longwall Front Abutment
As seen above, at the inbye end of the maingate, the face did not generally begin to
affect the roof until it was less than 20m away. Figure 37, which shows detail of telltale
data from Station 52 at 862m, indicates that movement did not begin in this case until
the face was some 16m away. This graph shows each 20 minute data point and it can
be seen that this level of detail shows several interesting aspects of roof movement
which could only be observed with a monitoring system of this type. In particular, the
“BB” telltale shows roof movement occurring in several distinct steps of up to 4mm. The
“AA” indicator also shows these steps but, except for the 4mm step on 7th January,
they are generally of a lesser degree.
Similar steps in movement as the face approached were seen on many of the telltales
in the roadway. It is not possible to completely rule out human interference from being
the cause of these phenomena, as the indicators were read visually every day and
cleaned regularly. However, it is difficult to construct a logical model of such
interference especially where such similar phenomena were seen so often.
Another example can be seen at Station 20, shown in figure 38. Here, the first marked
influence of the front abutment was indicated by a very similar stepped displacement to
that seen at Station 52 but, on this occasion, on the “AA” indicator, with no
corresponding step on the “BB”. If the “AA” had been manually pushed up then a
corresponding “BB movement would be expected. The most likely explanation for this
phenomenon is shear failure occurring in the immediate roof under the influence of the
horizontal stress concentration ahead of the face, resulting in downward roof
movement. At this station, and at the others towards the outbye end of the face, the
front abutment effects were seen further from the face, in this case at 33m. The
maximum distance of measurable face influence was 55m. This was seen at most of
the telltales outbye of Station 18 at 400m.
It can also be seen at Station 20 (figure 38) that, coinciding with the time that the “AA”
indicator reached its maximum physical travel of 80mm some 7m ahead of the face, an
apparent upward movement of some 36mm occurred within the rockbolted height, with
no corresponding movement above the bolted height (”BB”). Again it is not possible to
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be sure of the cause of this phenomenon. The only possible explanation involving
direct human interference would be that the telltale reference tube was pushed up into
the roof by 36mm. However, there is no evidence of it having slipped down in the first
place, so this would have required it to have been originally set extremely low, which is
very unlikely. Possible geotechnical explanations are that the bed separations in the
roof were closed by the setting of powered supports or hydraulic props nearby, or that
the upper roof moved down en-masse from above the “BB” anchor associated with the
caving phenomena occurring a few metres away.
4.3.6 Roof Behaviour Behind the Longwall
Despite the excellent roadway conditions ahead of the longwall face, roof conditions
behind the face were less good than had been hoped, particularly in the areas of
increased vertical stress and where the overlying seam was closer. The maingate was
successfully maintained behind the face, as a ventilation roadway and to house the
ancillary maingate equipment such as the hydraulic power packs. However, after the
first 300m of retreat, this required the installation of a considerable volume of
expensive secondary support in the form of hydraulic props, running girders and
additional Bullflex pillars set towards the face side of the gate. Figure 39 shows an
illustration of the mode of roof deformation generally occurring behind the face. It can
be seen that, due to pack failure, there was considerable downward movement of the
roof resulting in an inclined failure surface running up over the solid side rib. In many
places the immediate roof broke into small pieces which were contained by the heavy
mesh and secondary support.
Figure 40 shows a photograph of the face side rib behind the face. In this case the
Bullflex was located too close to the roadway, so that the pillar could not stand the
compression and the subsiding roof. An improvement in performance was achieved by
a combination of changing the position of the Bullflex packs and setting a double row of
Bullflex. In a few roadway sections a double row was not applied and here the side
packs were widened by using additional wood cribs. Investigation also showed that the
packs were subject to internal thermal cracking due to the large quantities of heat
generated during the setting process. These problems led to a detailed testing
programme at DMT’s laboratories to investigate alternative compounds for filling the
Bullflex bags in anticipation of the planned rockbolted roadway re-use at Lippe colliery.
Figures 41 and 42 show the condition of the gate behind the face and, in particular, the
secondary support in “good” and “bad” areas.
The roof support difficulties behind the face meant that the RRTT system could not
function in this area as planned. Transponders were regularly destroyed just behind the
face during the setting of secondary support and the connecting cable was also
vulnerable.
However some data were obtained from behind the face, particularly at the inbye end
of the gate, as can be seen in figure 43, which shows Station 54 at 900m. This graph
covers December 2001 and January 2002, the period from the telltale being inline with
the face until the loss of signal which occurred when it was some 70m behind the face.
Conditions behind the face in this area were much better than experienced as the face
progressed further outbye. It can be seen that, at the face line itself, only 5mm of
movement had occurred on the “AA” and 11mm on the “BB”. Behind the face, roughly
twice as much movement developed above the rockbolted height (“BB”) as within the
bolted height (“AA”).
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Similar steps can be seen in the data as discussed above, often coinciding with periods
of increased gradient on the “BB”. In this case the two largest steps (8mm and 5mm
respectively) comprised an increase in the “AA” and a corresponding decrease in the
“BB”. These events seem to be “real” as, if they had been the result of human
interference, a continuing increase in the “AA” after the step, as seen, would not be
expected. These phenomena appear to indicate a closure in upper bed separation
coinciding with an increase in lower bed separation and are likely to be related to the
mass movement of beds during the caving process.
4.4 RRTT APPLICATION SUMMARY
A remote reading dual height telltale (RRTT) system has been developed by Rock
Mechanics Technology Ltd in the UK and the first full scale application was
successfully completed at DSK’s West colliery in the Ruhr coalfield. This is an excellent
example of pan-European collaboration in the coal mining industry.
The system, comprising 67 telltales, was installed in the 183.0 maingate, in the 2.3m
Prasident seam, which was maintained open behind the 300m longwall face. The
rectangular profile roadway was supported by a pattern of eight, 2.5m long resin
grouted rockbolts at 0.8m spacing. The RRTT system operated for 16 months during
2001 and 2002 whilst the longwall face retreated, transmitting data every 20 minutes to
the strata control engineer’s office on the surface some 10km from the gate roadway.
A number of early “teething” problems with the RRTT system were identified and
quickly resolved. A problem with one transponder remaining “on” and preventing data
capture from the others was solved at the time by replacement of the faulty
transponder. This fault has subsequently been identified as being associated with
component tolerances and these have been tightened to prevent further occurrence. A
full system has now been operating in the laboratory for nearly 2 years without failure.
Data recorded by the RRTT system showed the excellent roof conditions ahead of the
longwall face. It also showed the high level of stability and resolution of the system
which was significantly better than the +/- 0.5mm originally specified.
The longwall front abutment did not generally affect the roof until it was less than 20m
away. This distance increased somewhat towards the outbye end of the face. The
detailed data recorded by the RRTT system showed that the onset of this effect was
often quite sudden with an initial step of up to 7mm occurring on either the “A” or “B”
indicator during the 20 minute scan interval. This is likely to have been associated with
shearing of the roof under the influence of the horizontal stress concentration ahead of
the face.
Close to the face, larger steps in the data were recorded, which could have been
associated with physical lifting of the roof by the powered supports or with lowering of
the upper roof en-masse due to the caving process.
Ground conditions behind the face were generally worse than originally expected,
especially in areas affected by overlying pillar edges and where the overlying coal
seam came down into the immediate roof. This necessitated widening of the pack, by
addition of a wooden crib to the pumped “Bullflex” packing system and installation of
considerable amounts of secondary standing support behind the face including extra
pumped pillars and hydraulic supports in the roadway itself.

57

This experience provided very valuable data for the full scale trial of re-use of a
rectangular rockbolted roadway at Lippe colliery which is planned to commence shortly.
It showed that an inadequate packing system for the geotechnical conditions
encountered could result in severe roadway damage. It has prompted a major
laboratory testing exercise of pumped cementatious packing systems in a search for a
system which can achieve high early strength, can provide some degree of yield and
will not be subject to thermally induced failure due to the exothermal setting process.
These poor conditions behind the face made maintenance of the RRTT system very
difficult and little data was obtained from the system in this area. However, where data
was obtained from behind the face, some interesting phenomena were observed,
including sudden steps in roof movement similar to those observed ahead of the face
and probably associated with the caving process.
This exercise has shown that the RRTT system is a practical geotechnical tool with the
potential to provide the support engineer with valuable detailed data on roof
deformation processes as well as acting as a real time warning system to prevent roof
falls in strategic rockbolted roadways. DSK are currently considering application of the
system as part of the roadway re-use trial at Lippe colliery
The system is also being used in various forms at other mines and tunnelling
operations around the world, including an Indian coal mine, a South African platinum
mine and a British tunnel in granite. Various spin-off transducers have been developed
based on the RRTT system components and measuring principle. A multipoint
borehole extensometer based on these principles is currently under development.
4.5 SUPPORT MONITORING SYSTEM STRATEGIES
4.5.1 Monitoring System Development
The most important purpose of a support monitoring system is to give warning of
impending ground control/support failure in time for actions to be taken to prevent
failure and ensure personnel safety. The most widely applied example, used
systematically in UK coal mines, is the roof movement-monitoring scheme for rockbolt
support based on dual height telltales. Variations on this basic scheme are used in coal
mines in Germany, Poland and elsewhere26.
Whilst roof movement monitoring has been an outstanding success in maintaining
safety in rockbolted roadways, the fact that roof falls still occur in UK rockbolted
roadways indicates that not all monitoring schemes are fully effective in all
circumstances. The objective of Support Monitoring System Development should be to
identify the weak links in the system and eliminate them by undertaking appropriate
system modification or development, and so ultimately prevent all ground control
failures. It is appropriate therefore to review current strategy in the light of new data,
both from the RRTT system and from RMT’s continuing worldwide involvement in
ground control projects.
4.5.2 Roof Movement Monitoring System Strategy-The Current Situation
The following criteria have to be fulfilled for roof movement monitoring to be fully
effective as a means of preventing ground control failure:

58

x A measurable level of roof movement must occur before ground control failure
x Roof movement must develop sufficiently in advance of ground control failure to
allow effective early warning
x

Appropriate levels or rates of roof movement indicating increased risk of failure
must be known

x Measurement devices for roof movement must be capable of detecting roof
movement over the required range
x Enough measurement devices should be installed to minimise the risk of
undetected movement occurring between measurement points
x

An effective scheme must be in place for installing and maintaining the
measurement devices, collecting and reviewing roof movement data and taking
appropriate actions without significant delay

The use of roof movement monitoring in association with rockbolted roadways is based
on the premise that detectable roof movement must occur before a fall can take place.
Safety monitoring systems based on this premise have been an outstanding success
over the last 15 years, and in that time there has been no suggestion that roof falls in
rockbolted solid drivages have occurred without a precursor in the form of detectable
roof movement, and very rarely been cause to suspect that the movement action levels
chosen for a site are too large. There has been a concern that critical levels of roof
movement in shallow mines might be quite small, due to the low stress conditions and
consequently movement action levels in shallow mines have usually been set lower
than the ‘default’ standard of 25mm on each indicator. Similarly, there has been a
general trend to reduce action levels on the B indicator to less than 25mm, both in
response to measured data and in recognition of the greater significance of movement
above the bolted height.
In extreme cases the chosen action levels, as little as 5mm, are approaching the
practical limit of conventional dual height telltale accuracy. Consequently RMT has
developed an alternative telltale type-the Rotary Telltale- for accurate measurement
and display of small roof movements. This development, in use in South Africa, is
described briefly in section 4.5.3.
To date almost all roof movement monitoring, using sonic extensometry or telltales, has
used infrequent sampling intervals, typically every 24 hours, and therefore there has
been very little data on the dynamics of roof movement development in bolted
roadways. The data from RRTTs at West Mine is the first detailed large scale
information on bolted roof movement at relatively short sampling frequencies. The data,
which throws new light on bolted roof deformation behaviour, is reviewed in section
4.5.4.
The standard spacing for installation of roof monitoring instrumentation is 20m. This
spacing has generally proved satisfactory, although spacings of as little as 5m have
been used in difficult conditions, where there was rapid development of higher level
movement.
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Falls between telltale locations have occurred, involving local structures such as faults
or immediate roof structures and sudden changes in roof horizon (roof steps). There
have also been cases where falls have occurred because rockbolts have been broken
due to lateral roof shear. This occurs with a particular combination of roof and stress
conditions which has been identified27.
Vertical roof displacements in these cases may not always have reached monitoring
action levels prior to the falls occurring. Therefore the installation of additional
monitoring devices would be an inefficient way of identifying these local conditions.
Sentinel rock bolts and flexible bolts were developed under previous ECSC funded
research projects to detect the risk of broken bolts but have been used very
infrequently by the British Industry. A system of Risk Assessments was also developed
under previous research projects, and is available to detect local risk of roof falls
between monitoring points, as described in section 4.5.5.
Very recently a weakness of the standard dual height telltale has been identified in that
its wires can be “trapped” by excessive roof shear and thus provide false data. This
problem was identified after completion of this research project and is currently being
investigated under an ongoing HSE funded project entitled “Rock Reinforcement and
Testing”.
Consideration of the circumstances of roof falls which have occurred in association with
rockbolting in UK coal mines, suggests that the weakest link in the system is
associated with the actual implementation of the monitoring scheme. Failure to
maintain or read telltales, failure to act on the information in time or with appropriate
measures, have all been factors in some incidents. The development of the Remote
Reading System, by reducing reliance on the human element for data collection and
processing, promises to strengthen this link in the chain. The Risk Assessment
System, also reduces this risk by auditing the implementation of the Monitoring
Scheme, including assessment of actions taken in response roof movement (section
4.5.5).
4.5.3 The Rotary Telltale for Measuring Small Displacements
In general lower movement action levels are required in shallower mines and in
harder rock conditions, although the actual action level should be chosen based on
geotechnical investigations, including detailed extensometry. In extreme cases action
levels as low as 5mm have been chosen, which approaches the achievable accuracy
of setting and reading the standard dual height telltale. This problem was faced in a
shallow South African room and pillar coal mine with the additional factor of high
roadways (more than 4m) which made reading the standard instrument difficult. A
new telltale type was required for this application, with a specification as follows:
x
x
x
x
x

easy to install
easy to read when installed at 4m+ high
accurate to better than 1mm
failsafe
low cost.

The rotary telltale26 was developed by RMT to meet this specification. The device
converts roof movement into rotation of a pointer round a dial and magnifies the
movement by a factor of 15 (figure 44). Small movements can be easily read, with the

60

reading visible from below, even in a 5m high roadway. The dial face is subdivided
into coloured sectors corresponding to chosen action levels. The Rotary Telltale has
to date been supplied only in single height versions, but a dual height type is feasible,
if required.
Rotary telltales are currently being installed in areas of concern at three mines in South
Africa. The devices are read by colour every shift by the mining crew supervisor and
the readings reported through line management by exception. If the dial pointer moves
beyond the green (5mm) into the yellow sector, additional support is specified.
4.5.4 Analysis of Rate of Change Data from West Mine RRTT System
Although roof movement is used to give warning of impending roof instability, there is
very little existing data on the dynamics of roof movement development in bolted
roadways. Potentially the RRTT system could be used in the future to give warnings
based upon rates of change in roof dilation rather than absolute values. To do this it
would be necessary to determine appropriate warning levels for individual “AA” and
“BB” telltales for this parameter.
It is certain that the appropriate warning rates of change will vary between sites
depending upon the geology, roadway geometry, support system and the stress field,
particularly the amount of horizontal stress locking loose blocks into the roof. However
the data recorded from RRTTs at West mine, as the face approached, must be some of
the first detailed large scale information on bolted roof movement at relatively short
sampling frequencies ever recorded, and this could be very useful in indicating the
orders of magnitude that may be appropriate.
No roof falls occurred in this roadway and so the actual rates of change recorded can
be taken to be “safe” levels, at least for this roadway at the stage in its life at which the
movements were recorded. Apart from the single jumps or steps occurring within a 20
minute recording interval which occurred on a number of occasions, the greatest rates
of change occurred relatively close to the approaching face and these increases were
due to the influence of the face front abutment. The greatest rate of increase sustained
over a full hour was 2mm/hr at station 20 on the “AA” telltale with the face some 10m
distant. If the individual steps are now considered, whilst the greatest positive jump
ahead of the face was 8mm, the greatest total movement over a full hour including one
of these steps was 10mm.
Currently the “RRTelltales” program is written to analyse the rate of change over any
full hour on a rolling basis and only to trigger an alarm if this is sustained, such that a
single large step which is not part of an ongoing high rate of movement will be ignored.
This will filter out apparent high rates of change due to human intervention, such as
telltale cleaning.
It is necessary to consider, in the light of the West mine data;
a) whether this is an appropriate algorithm, and
b) what an appropriate warning level might be
The only danger in filtering these “steps” is that the roof could move towards failure due
to a series of such “steps” at spaced intervals of an hour or two. However if this were
the pattern then it is likely that the absolute level of roof movement would cause a
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warning to be triggered by the system relatively quickly (4 x 8mm steps would produce
over 25mm of movement). Therefore the experience at West mine seems to indicate
that the current rate of change algorithm is probably appropriate and that an
appropriate warning rate of change for any indicator (“AA” or “BB”) might be of the
order of 3mm per hour. If this rate of movement was sustained for 2 hours then a
warning could be triggered at only 6mm of displacement on an indicator giving much
earlier warning than would have been provided had only absolute movement been
used. The alternative, if the steps were not filtered by the algorithm, would be to have a
much higher warning level of the order of 10mm per hour. In this case 2 hours at this
rate would bring the indicator close to the absolute action levels anyway.
The data recorded by the system at West mine has therefore made it possible to
establish that the algorithm currently embedded in the system software for providing
warning of roof falls based on rate of change of roof dilation is probably appropriate
and it has been possible to determine a suitable alarm rate for similar geotechnical
environments (3mm/hour). This analysis was complicated by the unexpected sudden
“steps” in roof displacement which were recorded in the longwall front abutment area
(see section 4.3.5).
4.5.5 Risk Assessment and Audit
RMT has previously developed a basic methodology for assessing coal mine roadways
for the risk of roof falls. The original Risk Assessment methodology was developed in
response to the problem of broken rockbolts for a specific mine under ECSC Research
Project AB838, “Rock Mechanics Solutions to Mining at Depth” (1997)27. This work was
further developed and generalised under later ECSC research projects3,16. This
included extension of the assessment method to cover rib falls as well as roof falls. The
inclusion of rib fall assessment was also sponsored by the HSE and is described in the
companion report2.
Risk Assessment is used to reduce the probability of falls of ground further than
achieved with roof monitoring alone. Falls have still occurred in rockbolted and
monitored roadways, either due to failure to properly carry out the monitoring scheme
(faulty telltales/monitoring overlooked/inappropriate actions etc) or due to local factors
between monitoring positions (faulting, immediate roof failure etc) or from
broken/failed/corroded bolts. Rib falls have also occurred, and rib movements are not
routinely monitored.
The system, as currently developed, is based upon a combination of a visual survey of
roof, rib and support condition, assessment of roof monitoring data and examination of
the mining plans. The survey is split into 20m roadway sections centred on roof telltale
positions. The system is tailored to fit the seam and roadway characteristics at the
mine involved, but this can be achieved based upon a standard methodology and
analysis logic.
The Risk Assessment approach developed includes the following:
1. An audit of the roof movement-monitoring scheme to ensure it is properly
implemented and appropriate action is being taken. If so, and action levels are
appropriate then the large majority of roof falls will be prevented
2. Visual inspection of conditions to pick up local fall risks between telltale
positions (faults, brows, immediate roof etc), and to look for specific risk factors
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relating to particular failure mechanisms e.g. broken bolts, and as a cross check
on the roof monitoring information. Inspection of rib conditions is also normally
undertaken to assess the risk of rib falls. The aim is to further reduce the
current risk of falls to near zero.
3. Design reassessment- Assessment of existing levels of support with respect to
possible future deterioration in strata/support conditions, geometry change,
retreat etc. This will prompt early installation of additional support, if considered
prudent, to reduce future risk to manageable levels.
The development of the Risk Assessment technique therefore addresses possible
weak links in the current Rockbolt Support Monitoring Strategy. The technique is
intended to be simple and understandable so that it can be applied by mining
personnel on a routine basis, and it is not RMT’s view that its use should be restricted
to outside consultants. To maximise safety, risk assessments or audits should be
carried out as a matter of routine by suitably experienced mine staff. It is however
considered important, in order to obtain an objective check, that periodic assessments
or audits are carried out by personnel other than those responsible for the
implementation of the Monitoring Scheme.
4.6 Support Monitoring System Strategy Summary
The use of roof movement monitoring to give early warning of roof instability in
rockbolted roadways has been an outstanding success, but the system used can be
improved to further reduce the risk of ground control failure.
A simple Rotary Telltale has been developed which amplifies and displays small
movements and can be clearly read from below in high roadways.
The development and successful first application of the RRTT system opens up the
prospect of significant improvement to the current system of manual telltale reading.
Remote reading, data collection and processing removes one of the weak links in
current systems. The availability of data on short-term rates of movement opens up the
possibility of using short-term movement as an action level, giving earlier warning than
the current system based on total movements.
A Risk Assessment System has been developed and is available to further reduce
ground control risk by addressing weak links in current procedures. The system
comprises:
1. An audit of the roof movement-monitoring scheme to ensure it is properly
implemented and appropriate action is being taken.
2. Visual inspection of conditions to pick up local fall risks between telltale
positions and to look for specific risk factors relating to particular failure
mechanisms, including inspection of rib conditions.
3. Assessment of existing levels of support with respect to possible future
deterioration in strata/support conditions, geometry change, retreat etc.
RMT considers that periodic assessments should be carried out by suitably
experienced mine staff, other than those with day-to-day responsibility for implementing
the Monitoring Scheme.
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5. SUPPORT DESIGN METHOD DEVELOPMENT
5.1 USE OF NUMERICAL MODELLING IN SUPPORT DESIGN
Computer modelling in the rock mechanics field has undergone significant
developments in recent years. Developments in software and computers, allied with
more sophisticated measurement of rock parameters, now allow the rock mechanics
engineer accurately to simulate ground conditions and behaviour28. Consequently
computer numerical modelling now predominates as the method used by Rock
Mechanics engineers to design support and reinforcement patterns for underground
openings, including mine roadway support.
During the course of the project, the power of computers continued to increase. High
performance PC’s purchased at the outset and later in the project are compared in
Table 44. The table includes the time taken to run sample-modelling problems and
shows the improvement in performance available at a reduced price.
Machine
1
Purchase date
November 1999
Cost
£2039
RAM (Mbytes)
256
Runtime for sample problem
Finite difference
7.63 hours
Boundary element
0.812 hours

2
January 2002
£823
256
2.53 hours
0.215 hours

Table 44. Change In Workstation Performance
As the available computer power continues to increase, so will the size and scope of
the problems that can reasonably be tackled. Numerical modelling can therefore be
expected to continue to develop and find widespread application within Rock
Mechanics, as greater modelling sophistication becomes possible. This is likely to
include increasing use of the three dimensional finite difference method which, with
current generation computers, requires unrealistically long run times (see section 5.2).
Research carried out under the Project therefore investigated aspects of the application
of numerical modelling to mine roadway support design with the aim of improving the
range and accuracy of models developed, and the safety of finalised designs.
5.2 ASSESSMENT OF MODELLING METHODS
The principal numerical modelling approaches in use for rock mechanics applications
worldwide are the Finite Element, Finite Difference and Boundary Element methods.
Meyer (2002) provides a recent review of methods available29.
The Finite Element method and Finite Difference method are alternative analysis
techniques both based on discretising the domain to be analysed. The modelling
package FLAC is intended for the analysis of engineering mechanics problems
involving geological materials and is widely used for this purpose30. The programme is
based on the finite difference method, but rather than solving directly for the equilibrium
equations it uses an explicit, time-stepping scheme to iterate towards the solution. This
is not an efficient method for linear-elastic problems. However, it is suited to problems
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where materials reach their yield limits, may soften or lose strength and undergo plastic
flow with large strains. Such behaviour is frequently observed around mine openings.
The FLAC code was used for more detailed modelling where correct simulation of the
strata properties and mechanical interactions was important. The most frequent
application was to model mine roadway behaviour. FLAC is a two-dimensional code
and these problems were analysed on the assumption of plane strain along the axis
normal to the plane of the model. This is of course an approximation and prevents the
investigation of some important factors.
In the case of roadways for example the assumption of plane strain implies that one of
the principal stress directions is aligned along the roadway axis. It is known that the
orientation of the principal stresses relative to a mine roadway can have an important
influence on its behaviour; to investigate this fully would require a three-dimensional
model. Similarly with a two-dimensional model it is not possible to follow the stress path
as the roadway is excavated, another factor that can influence behaviour where the
material behaviour is non-elastic.
Boundary Element methods provide an alternative to the more common Finite Element
method or Finite Difference method for stress analysis problems31. For Boundary
Element methods only the bounding surface(s) of the domain to be analysed are
discretised, rather than the entire domain as for Finite Element and Finite Difference
methods. Dependent on the nature of the problem this can have advantages with
regard to the computational effort to solve a problem and the engineer’s effort to
specify it. It tends to be effective for problems where the volume of the domain is large
compared to the surface area. It also caters naturally for mining type problems where
the excavation forms the internal boundary and the surrounding rock the effectively
infinite surrounding domain. The Finite Element and Finite Difference methods
generally require the definition of an artificial external boundary to deal with this kind of
problem.
The more commonly used Boundary Element formulations are not well suited to
problems where the separation between surfaces is small relative to their area or span.
This can frequently arise in analysing layouts of mines with tabular deposits such as
coal seams. Modelling these using 3-dimensional blocks can give rise to poorly
conditioned problems that are difficult to solve and subject to numerical errors.
For problems of this type a particular formulation of boundary elements, the
Displacement Discontinuity method can provide a more efficient alternative; it can also
be used to include faults or other geological discontinuities in the model. This
formulation involves an approximation where two closely adjacent surfaces (e.g. the
top and bottom of a coal seam or the two sides of a fault) are treated as coincident.
The differing displacements applicable to the two sides of the surface give rise to the
“displacement discontinuity”.
The modelling package MAP3D was written for the analysis of rock mechanics
problems and incorporates features appropriate to this application32. The model
formulation is based on the Indirect Boundary Element method using constant intensity
fictitious force or displacement discontinuity elements33. The MAP3D code was used
for the analysis of larger scale interaction type problems where the representation of
the three-dimensional geometry of the mine openings was important and the detailed
representation of material properties less so. For these applications the ground was
treated as elastic.

66

The two modelling packages used for the majority of the research were MAP3D SV
Release 43 and FLAC Version 4.0. Neither of these packages is individually capable
of simulating all aspects of support design problems. A 3-dimensional version of FLAC
(FLAC3D Version 2.0) is now available that would enable inclusion of both the rock
strength properties and three-dimensional mining geometry. This was employed to a
limited extent during this work, (see section 5.4.1), but in general it was found that run
times were prohibitively long, exceeding one month even for basic models. It was
therefore concluded that using this package for most support design problems was not
a realistic option with the hardware available. Using the two dimensional version of
FLAC, and MAP3D to investigate different aspects of a design problem provided a
more effective and practical method of analysis.
All the computer modelling runs carried out under the project were performed on PC
workstations operating under Microsoft Windows. Both the required computer memory
and run-times place practical limitations on the type of modelling problems that can be
realistically tackled. At the present moment it is the speed of the computers and the
resultant run times that appear to be the most important restriction. Because of the
uncertainties involved in the modelling of rock mechanics/mining problems, it is almost
invariably necessary to conduct several runs to determine the most important
parameters and investigate the sensitivity to variations in the values used for them.
Further reductions in run times so that the effect of such changes can be determined
within a reasonable timeframe would greatly ease carrying out modelling work of this
kind.
In future, solution of larger problems will become feasible as the power of computers
continues to increase, and the use of three-dimensional models similar to FLAC3D can
be expected to increase.
5.3 IMPROVEMENTS IN ROCK MASS CHARACTERISATION
5.3.1 Relating Rock Sample Test Data to Rock Mass Properties
Whatever numerical modelling technique is used, accurate solutions to support design
problems will not be obtained unless realistic input data, in terms of rock engineering
properties and the prevailing in situ stress field, are used.
Determination of the mechanical properties to assign to a rock mass is therefore one of
the most critical steps in generating a numerical model to analyse the stresses around
a mine opening, or any other rock structure. Improvement in methods for determining
the rock mass properties is a necessary part of developing the application of numerical
modelling. The main difficulty in determining rock mass properties follows from the well
known problem caused by test sample scale: the strengths obtained from test samples
are not the same as the strength of the rock mass from which they were obtained.
RMT use multi-stage triaxial testing to determine rock properties for numerical
modelling projects and to date the test data has been expressed in the form of normal
stress and shear strength as for the Mohr-Coulomb criterion, which is used to
determine values for cohesion and angle of friction28. An investigation was made, using
RMT’s extensive test database, of the use of the Hoek-Brown criterion as an
alternative. This investigation is described in more detail in the companion report2.
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Briefly the Hoek-Brown approach uses a Geological Strength Index (GSI) to relate rock
sample strength to rock mass strength35. In the investigation it was found that
parameters could be selected such that the Hoek-Brown criterion fitted the test results
on intact rock samples well, although the parameters used varied both with rock type
and between sites for the same rock type, confirming the need for rock testing on a site
specific basis. Use of the Hoek–Brown criterion with residual rock strength test data,
however, gave rise to difficulty. Despite adjustments to the Hoek –Brown parameters, a
good fit to residual strength (post failure) test data could not be obtained. Consequently
it was concluded that the existing approach based on the Mohr Coulomb criterion
should be retained.
5.3.2 Estimating In-Situ Stresses
Reliable determination of the in-situ stress field, including both magnitude and
orientation, is an important consideration for effective design of support systems and
mining layouts. In-situ rock stress can be determined from established techniques such
as overcoring or hydraulic fracturing. These methods can, however, be time
consuming, expensive and difficult to carry out at depth and in remote sites. In such
cases, the use of an alternative technique, such as the Acoustic Emission (AE)
technique, may provide an additional method of in-situ stress determination.
Acoustic Emission (AE) is the class of phenomena whereby transient elastic waves are
generated through the rapid release of energy by a localised source or sources within a
material. The transient elastic waves will take the form of displacement vibration in the
material, which can be detected by displacement gauges or accelerometers35.
The AE is related to internal changes of material structure caused by external physical
actions, such as load and temperature. For rock materials, AE reveals the extent of
internal fracturing during the deformation process36.
An assessment of the feasibility of using the AE technique on oriented core for in-situ
stress determination was carried out in collaboration with the Camborne School of
Mines (CSM). The investigation is described in detail in the companion report2.
In summary, tests were made using rock core obtained from coal, gold and diamond
mines in a wide range of stress environments varying from expected values of 2 to
80MPa.
A sudden increase in acoustic activity, at loads approaching the previously imposed
stress level (the ‘Kaiser Effect’) was detected in the majority of cases. The tests were
undertaken on a variety of rock types, with success from all rock types tested. Overall
the technique was successful in over 60% of cases, most of the exceptions being at
very low imposed stress levels.
It was concluded that the acoustic emission method has great potential as a relatively
quick and inexpensive method for determining in situ stress levels. Research on this is
continuing under ECSC project 7220-PR/135.
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5.4 IMPROVEMENTS IN MODELLING PROCEDURES
5.4.1 Modelling of Rockbolt Patterns
A large part of the modelling work during this and earlier projects has been directed at
investigating the behaviour and support requirements of mine roadways; with mines
often asking for advice from computer modelling on the suitability of different bolting
patterns.
Until now, modelling of mine roadway behaviour has mostly been restricted to 2
dimensional models of a cross-section of the roadway. In addition to other assumptions
and simplifications, this involves treating the effect of bolts or other supports as being
averaged along the length of roadway. This has restricted the effectiveness and
applicability of such modelling in investigating different reinforcement patterns,
particularly when this includes patterns such that the spacing between bolts along the
roadway is larger than that between bolts in the same row. A 2-dimensional model
does not give any information on the deformation that may occur between rows of bolts
and does not discriminate between some different bolt patterns. Examples of this are
shown in Figure 45 comparing:
a.
b.
c.

6 bolts/row, 1m row spacing
11 bolts/row, 1m row spacing
6/5 bolts in alternate rows, 0.5m row spacing

Using a 2-dimensional model shows the difference between patterns a. and b. but
patterns b. and c. will appear identical. This may conceal a real difference in support
performance between patterns b. and c.
A full 3-dimensional model of a roadway including the face and simulating the
excavation sequence would be very much larger than the 2-dimensional model and
require unrealistically long computer run times with current hardware29. A possible
intermediate stage between the current 2-dimensional approach and a full 3
dimensional model is to model a short representative length of roadway. This would
allow the model to include individual bolts rather than averaging them along the length
of the roadway. A trial model of this form was generated using FLAC3D and the results
compared with the equivalent 2-dimensional model.
The 3-dimensional model was, of course, larger than the equivalent 2-dimensional
model but not so large as to be impractical. A 1m length of roadway was modelled with
the front and back cross-sections restrained to act as planes of symmetry and the
roadway centreline was used also as a plane of symmetry to halve the problem size.
The grid had a zone or element size of 20-25cm in the region of interest close to the
roadway. The resulting model runs took 7-10 hours to complete and generated a file of
15-20Mbytes.
Model runs were conducted using the above three bolt patterns with three contrasting
roof geologies:
a. Strong roof
b. Weak roof
c. Weak roof to 2m above seam then strong
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Results for the runs with the 6 bolt/m pattern are shown in Figures 46(a) and (b). Figure
46(a) shows the roof displacements obtained at the centre line of the roadway. For the
3-dimensional model these are shown for points in-line with and halfway between the
rows of bolts. Figure 46(b) shows the corresponding height of softening or the height to
which the roof failed.
For the strong roof there was minimal softening and the displacements for the 2
dimensional and 3-dimensional model were similar. With the weak roof, softening
extended up to between 4m and 5m with both the 2-dimensional and 3-dimensional
models. The 3-dimensional model allowed more sag between bolts and gave larger
roof displacements than the 2-dimensional model. With 2m of weak roof the softening
extended up to 2m as expected with both the 2-dimensional and 3-dimensional models.
Figure 47(a) shows the roof displacements with 2m of weak roof and the three different
bolt patterns. The displacements with the 3-dimensional model were again larger than
obtained with the 2-dimensional model. Increasing the number of bolts per row from 6
to 11 reduced the displacements for both models. For the 2-dimensional model the
6/5bolts/row pattern is identical to the 11bolts/row model and shows no change. For the
3-dimensional model, the staggered pattern of 6/5 bolts in alternate rows gave an
improvement with reduced displacements compared to the 11 bolts in a row pattern.
Figures 47(b) and 48 show plots of the vertical displacement contours for the runs with
2m of weak roof. In Figure 47(b) with 6 bolts/row, the roof sagged between the bolts
both along and between the rows. The 11bolts/row pattern in Figure 48(a) reduced the
displacements along the row of bolts but still allowed the roof to sag between the rows,
and in Figure 48(b) the 6/5bolts/row pattern reduced the sag between the bolt rows.
Thus the 3-dimensional model showed that with the same overall bolt density but a
more even spread of bolts the staggered 6/5bolt/row pattern was more effective than
the 11bolt/row pattern, a difference that could not be seen using the 2-dimensional
model.
In summary for roadway roof bolting patterns:
x Modelling a short, but representative, length of roadway rather than a 2
dimensional cross-section is now feasible without requirement for excessive
file sizes or run times.
x The 3-dimensional model of a length of roadway enables bolts to be
represented individually and enables better consideration of the
effectiveness of different bolt patterns than using a 2-dimensional model
with bolts averaged along the length of the roadway. In particular the 3
dimensional modelling confirmed that, for a given overall roofbolt density, a
more even distribution is likely to be more effective than a pattern with large
spacing between rows of bolts.
5.4.2 Junction Stability And Support Modelling
The design of junction support is essentially a 3-dimensional problem. The study of bolt
patterns described in section 5.4.1 illustrated that an extension of 2-dimensional
modelling to 3-dimensions was feasible where the nature of the problem provides
symmetries that limit the complexity of the geometry and hence the size of the
computational problem. Another possibility for the use of a 3-dimensional approach is
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for problems with a more complex geometry but with simpler material properties. This
approach allows the use of the boundary element method incorporated into packages
such as MAP3D.
During the course of the project, RMT were asked to assist in investigating one of a
number of substantial falls experienced at a room and pillar coal mine in South Africa.
The fall was associated with a geological slip and occurred at an intersection. The
investigation required modelling of roof stability for the more complex geometry of a
junction rather than a straight section of roadway. The investigation results were the
subject of a recent paper37 and are also summarised below in section 5.5.5.
The modelling was primarily conducted using the boundary element program MAP3D.
This enabled an analysis modelling the 3-dimensional geometry of the intersection and
surrounding room and pillar workings using 3-d, fictitious force, block elements. The
geological slip was incorporated as a plane of weakness using displacement
discontinuity elements. The intersection was excavated in several stages, simulating
the mining sequence employed and the resulting stresses calculated for a grid centred
on the roof of the junction, Figure 49. The geological sequence was simplified to the
coal seam and the surrounding host rock. Different strata units in the roof could have
been included at the cost of a larger computational model.
Other than the slip, which could fail, the analysis treated the rock as elastic. It allowed
the development of stresses around the intersection to be examined but not the
subsequent development of failure.
After the MAP3D runs had suggested the fall mechanism several runs were carried out
using the 2-dimensional FLAC program to examine if a fall was likely given the rock
properties measured at the site.
For modelling of junctions and room-and pillar layouts it was concluded that:
x For the behaviour observed and being modelled, boundary elements and
MAP3D provided an efficient and effective means of modelling the stability of
the roof at an intersection.
x This approach gave run times of up to several hours and enabled a large
number of runs to be carried out checking different hypotheses and conducting
a sensitivity study of the model parameters. In several cases the model failed to
converge. However, for the majority of parameter combinations the model
converged satisfactorily to a solution.
5.5 EXAMPLES OF APPLICATION OF NUMERICAL MODELLING TO MINE
ROADWAY SUPPORT DESIGN
5.5.1 Modelling of Roof Stability for Alternative Roof Horizons –Mine F
Introduction
It has been normal practice in bolted gate roads at Mine F to leave 0.5-1.0m of coal in
the roof. This matched the extracted section being used on faces and was considered
to assist in controlling the weak mudstone immediately above the seam. However, in
the next district to be developed, engineers at the mine observed a change in the
behaviour of the gate roads with a resulting deterioration in the condition of the roof.
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Substantially larger immediate roof displacements with bulking of the roof coal and high
bolt loading were being experienced. Coincident with this change, it was observed that
an interface that normally allowed the rib to displace relative to the roof had become
less prominent.
RMT was requested to carry out computer modelling of the effects of changing the gate
road design by forming the gate road roof at a suitable horizon above the seam, and
also assessing the effect of omitting flexible bolts from the support pattern, replacing
them with AT bolts.
Geology and Mining Environment
Examination of strata properties from three roof cores from the district revealed a
minimum of one metre of weak mudstone over the seam, with considerable variation in
the actual thickness and the tested strength. Overlying this was a silty mudstone of
around 50MPa UCS. For modelling purposes, 1m, 2m and 3 m of weak mudstone
above the seam were assumed.
The extracted seam is composed of several leaves. The nature of the partings or
interfaces between them plays an important role in determining roadway behaviour and
this was reflected in the computer model. The upper interface has generally been found
to be weak with a clay infill, but in the new district this is less prominent and the clay
infill less evident. Larger roof displacements, mainly confined to within the coal roof,
were being experienced in the new district tailgate, which may be associated with an
increase in interface strength. It was therefore decided to model the effect of varying
this interface strength.
In-situ stresses
Measured values for the in-situ stresses were available from existing measurements at
the mine, the closest being at the outbye end of the preceding district tailgate. The
measured stress direction is consistent and places the gate roads in a favourable
direction approximately in line with the maximum horizontal stress. There is more
discrepancy between the horizontal stress magnitudes measured. Giving the greater
significance to the nearest measurements, the lateral stress acting across the gate
roads is expected to lie in the range 9-15MPa.
The depth of cover increases to approximately 800m at the inbye end of the district. A
representative value of 19MPa was therefore chosen for the vertical stress component.
Roadway dimensions and support
The gate roads were 5.2m wide and 4.0m high. The standard reinforcement pattern,
installed at 0.8m settings, was:
x
x
x
x

6 x 3.0m AT roof bolts
1 x 1.8m AT centre roof bolt
4 x 4.0m flexible roof bolts
4 x 1.8m rib bolts in each side.

Modelling Procedure
The numerical modelling package used to conduct the investigation was FLAC2D
version 4.0. The code is restricted to two-dimensional problems; hence only cross
sections through the roadway were represented.
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The modelled roadway profile and reinforcement patterns with the two alternative
drivage horizons are shown in figure 50. The strata sequence shown in these plots is
with 2m of weak mudstone above the seam. One consequence of using the roof
horizon above the seam is that the tops of the 3.0m AT bolts are more likely to be
anchored in the stronger strata above the immediate weak mudstone. All the bolts in
the pattern were installed at the same point as the model was run. For some runs the
flexible bolts were omitted and replaced by an additional four AT roof bolts.
Model Results-Roof Horizon Below Seam
With the lateral stress within the range expected for the gate roads, any softening was
confined to within the immediate roof. With the interface between the upper and middle
seams set to strong rather than the more usual weak properties, the displacements in
the immediate roof were increased substantially.
Figure 51 summarises the roof behaviour with 1m, 2m and 3m of weak mudstone
above the seam. The lateral stress for these runs was set at 14MPa, at the upper end
of the expected range for the gate roads. With the weak interface properties the roof
was not sensitive to the mudstone thickness. With the strong interface, the
displacements and height of softening increased with the mudstone thickness.
These results indicate that the strong rather than weak properties for the upper seam
interface result in worse roof conditions. It also appears to be the predominant
condition being encountered in the new district. For these reasons the subsequent runs
were conducted using the strong interface.
Model Results-Alternative Roof Horizon Above Seam
For all the runs conducted the roof displacements were lower with the roof coal
removed. For higher lateral stresses the results showed softening higher into the roof
with the coal roof removed. However, for the expected stress levels, removing the roof
coal also reduced the height of softening.
Omitting the flexible bolts and replacing them with 3.0m AT bolts did not make a
significant difference to the results obtained
Figure 51 shows the results in the form of roof extensometer plots with 1m, 2m and 3m
of weak mudstone above the seam. The plots emphasise the reduced displacements
obtained with the coal roof cut out and the tendency for the height of softening to
increase as the mudstone thickens.
Face Retreat
To investigate the potential influence of face retreat, the stresses applied to the model
were increased in several stages to simulate the increase in stress ahead of the face
as it retreated. Since the gate roads are aligned with the maximum horizontal stress, it
was not expected that they would be subject to a severe stress notch during face
retreat. To reflect this, the applied increases were mainly vertical.
These runs were conducted using the strong seam interface, and 3m of weak
mudstone above the seam. The initial lateral stress was set at 14MPa, at the upper end
of the expected range for the gate roads. Both roof horizons were used to enable a
comparison.
The stress increases to simulate face retreat were applied in three stages, shown in
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figure 52 .
The results indicated that large amounts of gate closure, mainly in the form of rib
squeeze and floor heave could be expected ahead of the retreating face. Figure 53
shows the roof response in the form of extensometer plots. With the roof horizon in the
seam there was a large increase in the displacements within the coal roof as the
stresses were increased. The displacements above the coal seam did not show a
significant increase nor did the height of softening increase. With the roof horizon
above the seam, the roof response was more favourable with only small increases in
roof displacement and no increase in the height of softening.
Conclusions
1. Modelling results using strong and weak properties for the upper interface
within the seam showed that larger roof displacements occurred with the strong
properties. This was consistent with observed roof behaviour.
2. Model runs indicated improved roof conditions with reduced displacements and
softening with a roof horizon above the seam. The model results did not show
any significant effect from omitting the flexible bolts from the reinforcement
pattern and replacing them with 3.0m AT bolts.
3. Although the model results showed generally limited displacements in the
mudstone roof, this is largely due to the weak interface at the top of the seam. If
this interface should become stronger it could lead to substantially more
displacements and softening in the overlying mudstone.
Outcome
Following a report on the model runs the mine decided to adopt the new roof horizon.
At the time of writing this report the gate roads are being successfully driven at the new
horizon.
5.5.2 Modelling the Use of Flexible Bolts for Roof Support –Mine E
Introduction
At Mine E, faulting affecting a new area of the worked seam resulted in the third
longwall panel (K4’s) being replanned using a “Z system“ layout. This entailed
developing K4’s maingate and K5’s right hand gate as a twin-entry system ahead of
K4’s retreating face. K4’s tailgate was to be formed in line with the face and needed to
be maintained behind it for access and ventilation similar to an advancing face layout.
A mine plan with the layout for K4’s and K5’s is shown in figure 54. The pillar width
between K4’s maingate and K5’s right hand gate was to be 50 m.
As K4’s face retreated the maingate would be subject to increased stresses in the front
abutment area close to the face end junction and K5’s right hand gate would be subject
to the side abutment once the face passed. As these gates constituted the coal
clearance route, it was important that they remain in satisfactory condition to maintain
continuity of production. In addition K5’s right hand gate would need to be maintained
for subsequent use when K5’s was worked. The effect of K5’s retreat would be to
impose additional front abutment stresses on the two remaining gates serving it.
As part of a study of the potential effects of the revised layout on gate condition,
computer modelling was used to evaluate the effectiveness of flexible bolts as a means
of roof reinforcement in these gates
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Analysis Of Stress Changes Due To K4’s and K5’s Retreat
MAP3D was used to evaluate the stress changes as extraction progressed. The
stresses in the region of the gates were obtained by starting from the initial in-situ
stresses prior to mining (from previous measurements) and modelling the effects of
extracting the existing panels and then K4’s and K5’s. The in-situ stresses used in the
analysis at a representative depth of 560 m, are given in Table 45.
The planned gate roads were at a high angle to the maximum horizontal stress.
However, the ratio used between the maximum and minimum horizontal stress
components was relatively low. The results indicated that both K4’s maingate and K5’s
right hand gate would be subject to increased stresses and hence deformations as
K4’s was extracted. The stress increases for K4’s maingate were larger but were
restricted to a relatively short length of gate ahead of the face. K5’s right hand gate
would be subject to the increased stress for a longer period of time.
Depth
Vertical stress
Maximum horizontal stress
Minimum horizontal stress
Azimuth of maximum horizontal stress

560 m
14 MPa
14 MPa
10 MPa
340o

Table 45 In-situ stresses Mine E
The analysis also showed that as K5’s was extracted, the right-hand would experience
substantially higher stresses than the left-hand gate.
Strata Sequence And Properties
These were obtained from roof cores taken in K3’s district. The immediate roof
consisted of mudstone with some siltstone layers up to a band of limestone with further
mudstones and siltstones above. Tests show that the limestone was much stronger
than the surrounding strata. Both the interval to the limestone and the ratio of
mudstone to siltstone in the seam roof varied; the roof cores taken from K3’s showed
the limestone at just over 3 m above the seam.
Computer Modelling Of Gate Behaviour
FLAC2D version 4.0 was used to conduct the roadway deformation and support
modelling. The existing FLAC2D computer model for the coal seam at Mine E was
updated to incorporate more recently developed features and to conform to the
intended roadway design and expected strata sequence. The interval to the limestone
was varied from 3.4 m to 5.4 m, during modelling, to cover the range of likely values at
the site.
Roadway Dimensions and Support
The gates were represented as being driven with a rectangular profile, 4.6 m wide and
2.8 m high with the roof horizon 0.6 m above the seam. The basic reinforcement
pattern used in the model consisted of 7x2.4 m AT bolts in the roof through a strap with
an intermediate row of 4x2.4 m AT spot bolts. The ribs were reinforced with 3x1.8 m
bolts. The support parameters were set to represent a spacing of 1.2 m between straps
along the length of the gate.
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In addition to the basic reinforcement pattern above, further runs were completed to
investigate the effectiveness of flexible bolts. A row of 4x4m flexible bolts was used
both in place of and in addition to the row of 4 spot bolts. The flexible bolts were placed
at the same stage in the model as were the AT roof bolts. In effect this means that they
were installed prior to the development of significant softening and deformation in the
roof. The bond properties for the flexible bolts were set as equivalent to a pull-out load
of 180kN for an encapsulated length of 300mm; these values were obtained from pull
tests conducted at the mine.
The reinforcement patterns used are summarised in the table below.
Pattern
A
B
C

Strap bolts
7
7
7

Spot bolts
4
0
4

Flexible bolts
0
4
4

Table 46. Roof Reinforcement Patterns, Mine E
The modelled roadway, bolt pattern and strata sequence with the limestone at 3.4 m is
shown in figure 55.
Modelling Results
The response of the roof to K4’s extraction is shown in figures 56, 57 and 58. With the
limestone at 3.4 m, figure 56, the height of softening remained at approximately 2 m for
both gates although the displacements below this increased.
For the runs with the limestone at 4.4m, figure 57, the displacements were
considerably larger and extended above the bolted height. However, the height of
softening again remained unchanged as the stresses and displacements increased. In
this case the results indicate that additional support would be required.
With the limestone at 5.4m, figure 58, the displacements again increased and there
was also a clear increase in the height of softening for K4’s maingate. Additional
support would again be required in this case.
For K5’s extraction, with the limestone at the expected height of 3.4m above the seam,
the results showed roof softening in the right-hand gate extending above the bolted
height and total roof displacements exceeding the colliery action levels of 25mm at
approximately 100 m ahead of the face. For the left-hand gate this occurred at
approximately 20m ahead of the face. In neither case did softening extend into the
limestone.
In order to investigate the effectiveness of flexible bolts, these runs were repeated with
the 4 x 2.4 m intermediate spot bolts replaced by 4x4.0 m flexible bolts. The results are
presented in the form of roof extensometer plots in figures 59, 60 and 61. These should
be compared with figures 56-58. It can be seen that the flexible bolts were effective in
reducing the larger roof displacements. They did not result in any evident reduction of
the height of softening. In fact in some instances the height of softening increased.
For the runs with the limestone at 3.4 m and 4.4m the flexible bolts would be
satisfactory. However, the runs with the limestone at 5.4 m show softening up to the
top of the flexible bolts at 4 m, in this case longer reinforcement would be desirable.
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The effectiveness of the flexible bolts in reducing roof displacements is summarised in
figure 62 for the runs representing K4’s maingate with the limestone at 5.4 m. Although
there is very little difference between the patterns on development, the flexible bolts
become increasingly effective as the displacements increased. In addition, the residual
stress retained in the softened roof is plotted. This was calculated as the average
lateral stress in the first 2 m of roof at the centre of the roadway. The larger the
stresses retained in the softened roof the more stable it would be. Although in this case
the roof softened above the top of the flexible bolts, it can be seen that the flexible bolts
were effective in increasing the residual stresses and hence the stability of the roof.
Further runs were completed for K5’s gates with a 3/2 pattern of 4.0m flexible bolts The
results obtained for the right-hand gate are shown in figures 63 and 64. Similar results
were obtained for the left-hand gate.
Figures 63(a) and 63(b) show the roof displacements in the form of an extensometer
plot, with and without the additional flexible bolts Figure 64 shows strain contour plots
with and without flexible bolts. It can be seen that the additional flexible bolts were
effective in restricting the displacements as the stresses increased and that they
provided reinforcement extending above the bolted height. Figure 63(c) shows the
residual stress retained in the softened roof with and without flexible bolts. The
additional flexible bolts were effective in increasing the residual stress; this indicates an
increase in the stability of the roof.
Conclusions
The roadway modelling results indicated that the height of softening was dependant on
the position of the limestone above the seam. With the limestone at 3.4 m above the
seam and the roadway roof horizon at 0.6 m, softening on development remained
below the bolted height. With the limestone at 4.4 m and 5.4 m softening extended
above the bolted height in K4’s gates on development.
The results showed roof softening spreading above the height of the AT bolts during
K4’s and K5’s retreat, even assuming that the limestone was at the expected 3.4m
above the seam.
Flexible bolts were effective in restricting the increase in roof displacements and
increasing the stability of the roof. They were not effective in reducing the height of
softening.
Flexible bolts would have been satisfactory as additional reinforcement for K4’s gates
with the limestone at 3.4 m and 4.4 m above the seam. For the runs with the limestone
at 5.4 m longer reinforcement would have been necessary.
Flexible bolts would have been satisfactory as additional reinforcement for K5’s gates
with the limestone at the expected 3.4m above the seam. The results showed better
conditions in the left-hand gate during K5’s retreat than in the right-hand gate. From
this point of view, the left-hand gate would be preferred for use as the maingate.
Outcome
Following this analysis, the mine planned to install flexible bolts as additional
reinforcement. However, the mine closed prior to the panels being worked.
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5.5.3 Main Roadway Roof Fall -Mine J
Introduction
A computer modelling study of a major roof fall in a main trunk road at a deep coal
mine in the UK was carried out to investigate the reasons for the failure of the rockbolt
support and to identify support measures which could prevent further failures in similar
conditions.
Geology and Mining Environment
Mine J is currently working the SM seam by longwall methods. The mine experienced a
major fall of ground in the Intake Roadway at 1755MM. The roadway was driven with a
bolter miner and supported by rockbolts using a pattern of six x 2.1m AT roofbolts at
1m spacing. An additional three bolts were installed in each rib.
As part of the modelling investigation a series of laboratory tests was carried out on a
core from near the fall site (1622MM) in the Stanley Main. Tests were carried out to
determine the elastic modulus and strength characteristics including peak and residual
triaxial strength envelopes with failure both through the rock matrix and along the
bedding planes.
The geological section, taken from underground boreholes drilled from an underlying
seam (Figure 65), indicates a change in geology along the length of the laterals.
The immediate roof horizon changes from a sandstone roof at the outbye end of the
lateral, through siltstones to a mudstone roof at the fall area. The thickness of the
mudstone in the immediate roof increases close to the fall site between boreholes
numbers 6 and 7.
Rock strength properties from the cores at 1622MM were compared with the cores
taken outbye at 645MM. This confirmed that the roof strata had changed from an
immediate roof of sandstone, to a mudstone roof. The multi-stage triaxial testing
strength envelopes for failure through the rock matrix and along the bedding at the
inbye position, summarised in Figures 66 and 67, confirmed that the roof strata
strength had decreased significantly close to the fall site, compared with the outbye
position. These results were used to define the mechanical properties of the strata in
the computer model.
In-situ stress measurements were undertaken near the fall site (1622MM) using the
ANZI cell method38, along with acoustic emission determination of stress (see section
5.3.2). The results obtained are summarised in Table 47 below:

ANZI Cell Stress
Measurement
Acoustic Emission
Stress Determination

Vertical
stress
(MPa)

Maximum
horizontal
stress (MPa)

Minimum
horizontal
stress (MPa)

23.9

17.7

8.3

20
19
17.5*
(* Less certainty in test value)

Date
March
2002
March
2002

Table 47. Summary of Stress Determinations, Mine J ( SM Seam)
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Metre
mark
1622
1622

The results confirm the roadway is subjected to high horizontal stress orientated
perpendicular to the roadway direction. The vertical stress measured was consistent
with the stress measurement location being within the solid, at a depth of 800m with no
significant vertical interaction effects.
The data from the in-situ stress measurement and the strength properties were used to
provide the input data to the numerical models.
Roof Fall
The fall of ground occurred on 3rd November 2001 from 1755 MM for an unknown
length inbye in the Intake Roadway. The height of the fall appeared to be between 2.5 3m. The cavity sloped steeply on the left hand side and descended in a series of steps
to the right. The strata along the side of the cavity were highly fractured, consistent with
stress related failure. Outbye of the fall, significant deterioration of the roof was
observed, with visible fractures and associated guttering and roof lowering from
1727MM. This became progressively worse as the fall site was approached.
Computer Modelling
The computer modelling package used to conduct the investigation was the 2
dimensional version of FLAC. The model geological sequence, bolting pattern, grid
and boundary conditions are shown in figures 68 and 69. The grid was graded to give
smaller zones close to the roadway and larger zones at the edges. The zones were
assigned properties based on the cored strata sequence. The in-situ strengths
assigned in the model were reduced from laboratory-measured values to those for the
rock mass using the normal procedures.
The stresses in the model were initialised and then roadway excavation simulated.
Modelling Results
A series of model runs was undertaken with increasing lateral (maximum horizontal)
stress values of 10, 15, 17, 20, 24 and 25 MPa. Significant roof shear developed for
lateral stresses above 15MPa. At 17MPa lateral stress, the shearing was contained
within the bolted height and the height of softening developed to 1m above the roof. By
20MPa the height of softening has increased to 2m, just below the bolted height and by
24MPa the height of softening increased to 4m, well above the bolted height.
The relationship between roof displacements, height of softening and lateral stress is
presented in Figure 70. The ellipse indicates the area where the roof reinforcement
system was operating. It can be seen that this is far from the ideal. A relatively small
increase in stress or reduction in roof strength or change in geology could lead to the
height of softening rapidly increasing above the bolted height.
The analysis indicated that insufficient roof support was installed at the fall area to
maintain a stable system. The reinforcement system was working within a critical part
of the displacement and average residual stress curves.
Alternative Support Options
A series of alternative support layouts was modelled. These models incorporated the
same strata sequence as the fall investigation above. Three alternative support
patterns, with varying additional support elements were investigated in terms of roof
displacement and average residual stress. These were as follows:
x Additional centre bolt, producing a seven-bolt pattern
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x Double density six bolt pattern
x Six roof bolt pattern with additional five x 4m flexible bolts.
The effect of the additional support was to reduce the vertical displacement for a given
initial stress level, but only the additional flexible bolts increased the average residual
stress within the immediate roof above the critical level of 2MPa. The addition of five x
4m flexible bolts reduced the shearing in the roof and the height of softening was
maintained within the flexible bolt height, indicating satisfactory support (Figure 71).
Conclusion and Recommendations
The fall investigation demonstrated that the most significant factor contributing to the
roof fall was a change in ground conditions, with weaker roof geology as the drivage
progressed towards the fall area, compared with the outbye area.
It would appear that this change was not recognised, and the six-bolt roof support
pattern was maintained up to and through the subsequent fall area. The modelling
indicates that a higher level of support was required in the weaker roof conditions.
The modelled roof failure was typical of stress fracturing due to the ground being
overstressed. The support for drivage along the outstanding section of the Return
Lateral needed to be redesigned to protect these long-term roadways from stress
induced failure.
The modelling indicated that the addition of five x 4m long flexibolts, installed on
drivage, would have maintained roadway stability at the outbye end of the fall site.
Outcome
Following the fall, drivage of the trunk roads was curtailed and the district replanned.
Extensive remedial support using birdcaged cablebolts was installed in existing
sections of the gates affected by the change in geology.
5.5.4 Modelling of Faceline Support –Mine F
Introduction
Mine site F is currently exploiting a new deeper area of its reserves. The first face
heading in the new area was required to have a finished width of 8.2m, and the
orientation of the panel was such that the face heading would be approximately across
the maximum horizontal stress. The mine considered that these factors could result in
difficult support conditions. RMT were asked to examine two drivage strategies using
numerical modelling:
a) Drive the roadway at the required width of 8.2m.
b) Drive the roadway with an initial width of 5.2 m and subsequently widen to
achieve a final width of 8.2m.
Geology and Mining Environment
The face heading for the longwall, driven in an unfavourable direction across the
maximum horizontal stress, required a finished width in excess of 8m. This had given
rise to adverse conditions in some face headings at the mine. For this case roof cores
showed that the strata immediately above the coal seam was at the stronger end of the
range experienced at the mine.
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Existing measurements of the in situ stress field at the mine were used to estimate
stresses at the site. Taking account of differences in elastic modulus and depth, the
maximum horizontal stress for the roof of the face heading was estimated as
approximately 19-20MPa, acting at 80o to the drivage direction. The depth of cover
was approximately 800m, equivalent to a vertical stress of 20 MPa.
The thickness of the dark weak mudstone in the immediate roof of the seam was
known to vary and to have an influence on roadway behaviour. A roof core taken at the
inbye end of the face tailgate showed the weak mudstone to be less than 1m thick at
this location. Laboratory tests were used to confirm the roof rock strength parameters.
The roadway was to be 4.0m high leaving 0.4m of coal in the roof. The roof
reinforcement pattern for 5.2m wide roadways consisted of 6x3.0m plus 1x1.8m AT
bolts and 4x4.0m flexible bolts in each row. For the 8.2m wide roadways this was
increased to 9x3.0m plus 2x1.8m AT bolts and 6x4.0m flexible bolts in each row. The
bolts were angled as for the pattern obtained with the bolter-miner machine being used,
the orientation of the central bolt changed between alternate rows. Each ribside was
reinforced with 4x1.8m bolts. The spacing between rows of bolts was set as 0.8m.
Numerical Modelling
The numerical modelling package used to conduct the investigation was FLAC2D
version 4.0. Extensive roadway modelling had already been conducted at the site in
conjunction with the adoption of roof bolted support in the gate roads. The coal seam
being mined was composed of several leaves separated by prominent interfaces. The
nature of these interfaces had been observed to have an important influence on the
roadway behaviour and this was reflected in the model (see also section 5.5.1).
Models were run using two strata sequences; one with 3m of weak mudstone as on an
earlier faceline, and another with a total of 1m of weak strata above the seam based on
the core taken in the tailgate. These strata sequences and the strengths assigned to
the roof strata are shown in figure 72.
Comparison of Roadway Widths and Strata Sequences
An initial set of runs was conducted comparing both strata sequences over a range of
values for the lateral stress. Runs were conducted with initially excavated widths of
5.2m and 8.2m.
The results obtained for the roof displacement and softening are summarised in figure
73, with 1 m of weak strata above the seam and figure 74, with 3m of weak mudstone
above the seam. At the low end of the stress range used the roof displacements were
small for both roadway widths, in fact in some instances the wider roadway gave lower
displacements. The wider roadway gave substantially larger displacements at higher
stresses for which large amounts of roof softening developed.
For a roadway width of 5.2m the lowest stress used was representative of that
expected for the gate roads. The modelled roof displacements obtained for this case
with both strata sequences are shown in the form of an extensometer plot in figure 75,
they correspond well with monitoring results obtained from roof extensometers in the
tailgate.
For the face heading the lateral stress was expected to be approximately 19-20MPa.
With 3m of mudstone in the roof, this resulted in softening extending above the bolted
height and considerably larger displacements in the wider roadway. With 1m of weak
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strata above the seam, the roof softening and displacements were relatively small for
this stress. However, the results also showed that much larger amounts of softening
and displacement could develop for a relatively small increase in stress.
From the core taken at the inbye end of the tailgate it was clear that the stronger
modelled strata sequence with 1m of weak strata above the seam was closest to the
roof geology likely to be encountered on the face heading.
Comparison of Alternative Drivage Strategies
Additional runs to examine the effect of widening out from 5.2m to 8.2m and compare
the two alternative drivage strategies were conducted using the expected strata
sequence with 1m of weak strata above the seam.
The results obtained for the expected stress of 19 MPa and with a higher stress of
23MPa showed a large difference in the roof conditions. For the expected stress, roof
softening was confined to within the bolted height. However, with the stress increased
to 23 MPa, large strains were evident extending above the bolted height. The strains in
the roof are substantially larger for a roadway width of 8.2m rather than 5.2m.
However, the differences between the two alternative strategies to achieve a width of
8.2m were much less substantial.
Figure 76 shows results in the form of roof extensometer plots. These results showed
no clear advantage to the strategy of driving the heading in two stages. Indeed at the
expected stress level, the roof displacements obtained for a driven width of 8.2m were
lower than for the roadway widened from 5.2m. This was largely due to the greater
bulking of the coal roof obtained with an initial drivage width of 5.2m.
The residual stress retained in a softened roof can be regarded as a measure of its
stability. Figure 77 compares the values obtained for this quantity. Again there was no
clear advantage to the strategy of driving the heading in two stages.
Conclusions And Recommendations
For the expected stress levels and strata properties, the model results showed roof
softening confined to within the bolted height and most of the displacements occurring
in the coal roof. However the results were sensitive to small changes. They indicated
that for a relatively small increase in stress or reduction in strength, substantial roof
softening could develop with large displacements extending above the bolted height.
In comparing the alternative drivage strategies, the model runs did not show large
differences in terms of the extent of softening or the stresses retained in the roof, and
there was therefore no clear advantage from driving the heading in two stages. With
the expected stress and strata properties the results gave lower roof displacements for
driving the heading at full width rather than initially driving narrow then widening out.
The model results indicated favourable roof conditions with the expected stresses and
strata properties. However, in view of the sensitivity of the results to small changes and
the fact that this constituted the first such heading in the area, it was recommended
that cable bolts should be installed as a precautionary measure within 20m of the face
of the heading.
Outcome
The face heading was subsequently driven at full width and remained stable while the
face equipment was installed.
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5.5.5 Junction Stability and Support - Mine G
Introduction
RMT were asked to assist in investigating one of a number of substantial falls
experienced at Mine G, a room and pillar coal mine in South Africa. The fall was
associated with a geological slip and occurred at an intersection. As part of the
investigation RMT were asked to include numerical modelling to clarify the factors
contributing to this and similar falls and to improve understanding of the mechanism
involved. The investigation required the modelling of roof stability for the more complex
geometry of a junction rather than a straight section of roadway.
The modelling
approach adopted is described in section 5.4.2 above and the investigation results
were the subject of a recent paper37.
A summary of the investigation work and findings are given below.
Geology and Mining Environment
The mine was working two seams by fully mechanised room and pillar mining. The
depth of these seams ranged from 20m to 100m. The No. 4 seam, in which the fall
being investigated occurred, was 2.8m thick on average; the full section was taken with
roadways cut 6.5m wide.
For the panel in which the fall occurred, the depth to the seam floor was given as 77m
and the seam thickness as 3.2m. The pillar width was 11.5m giving mining centres of
18m x 18m.
Several in-situ stress measurements had been conducted at different locations in the
mine. Although there were variations between the test sites the results consistently
showed that the largest stresses are horizontal, with the maximum stress acting
approximately northwest-southeast with a magnitude of 4 to 6 (and in one case 10)
times the vertical component. Following the fall being investigated, a stress
measurement was conducted at the site. The results, summarised in Table 48, gave a
maximum horizontal stress at the lower end of the measured range.
Principal stress
Major
Intermediate
Minor

Magnitude
5.7 MPa
1.4 MPa
0.5 MPa

Vertical
1.4 MPa
Maximum horizontal 5.4 MPa
Minimum horizontal 0.8 MPa

Bearing
336o
224o
77o

Dip
16o
53o
33o

338o
68o

Table 48. Measured stress components –Mine G
There had been several roof falls at the mine associated with geological slips. These
falls had similar characteristics with a slip plane running sub parallel to the roadway for
some 10m or more. The slip formed one surface of the fall, the others being freshly
formed failure surfaces.
A sketch plan of the fall site investigated is shown in Figure 78. The panel was

83

advancing along a bearing of 8o East of North, so that the slits were formed at an angle
of 60o to the maximum horizontal stress direction measured at the site. The normal roof
bolt length was 0.9m, additional 1.5m bolts were installed either side of the slip when it
was encountered.
The fall was centred on a junction; it ran for about 15m along the slit with a maximum
height of 2m and width of 6m. The debris lying on the floor was composed of a few
large blocks.
The slip involved ran sub-parallel to the slit and had a polished surface. The failure
surface intersecting this slip was undulating and clean with few scuffmarks or traces of
powdered rock. Towards the edge of the fall where this surface reached the top of the
0.9m bolts, the nature of the surface altered becoming steeper and jagged with more
white scuffmarks.
The roof above the coal seam consisted of 3m of laminated siltstone overlain by a
coarse sandstone. As part of the investigation a series of laboratory strength tests were
carried out on core from the roof at the fall site provided by the mine. Tests were
carried out to determine the elastic modulus and strength characteristics of the strata
including peak and residual triaxial strength envelopes with failure both through the
rock matrix and along bedding planes. The laminated siltstone in which the fall
occurred was strong with a U.C.S. of approximately 90MPa and tensile strength of
8MPa; it was much weaker when samples were tested so as to fail along bedding. The
overlying sandstone gave similar strengths for samples failing through the rock but
without the marked reduction for failure along bedding.
Numerical Modelling Results
Numerical modelling of the junction area was carried out using MAP3D, following the
approach described in section 5.4.2. The model simplified the geological sequence to
the coal seam and a uniform host rock. A geological slip was incorporated in the roof
of one of the slits running parallel to the pillar edge. A view showing the coal pillars, slip
and calculation grid is shown in figure 79. The stresses developed in the roof were
analysed as mining was simulated in several stages up to and through the junction.
The mining parameters and properties used are listed in Table 49.
Dimensions
Depth of cover
Roadway width
Roadway height
Pillar width
Seam thickness

75m
6.5m
3.0m
11.5m
3.0m

Host rock
Elastic modulus
Poisson’s ratio

22GPa
0.25

Maximum horizontal stress
Ratio to vertical
4:1
Direction (rel. to slit) 90o

Slip
Dip
Strike (rel. to slit)
Height
Friction angle

45o
0o
3.0m
30o

Coal
Elastic modulus
Poisson’s ratio

3GPa
0.35

Minimum horizontal stress
Ratio to vertical
0.6:1
Direction (rel. to slit) 0o

Table 49. Model Parameters (MAP3D)-Mine G
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Figures 80 and 81 show contours of the major and minor principal stresses at four
stages during the excavation of the junction. The results plotted are for a run with
stresses and properties such that the slip was mobilised. The major principal stress
shows a concentration in the roof above the slip and another in the opposite ribside
that disappears when the roadway is advanced to complete the junction. The
maximum compressive stress contoured was 12MPa although this value would depend
on how close to the excavation and slip the stress results were calculated.
The minor principal stress contours showed tensile stresses developing in the roof
below the slip. The highest tensile stresses developed towards the upper edge of the
slip and were oriented sub-parallel to the slip. The position, direction and magnitude of
the tensile stresses suggested that these were the likely cause of the secondary failure
surface and therefore of the fall.
Runs varying the model parameters showed that the mechanism for developing the
tensile stress was dependant on the presence of the slip and a large horizontal stress
to mobilise movement along it, figure 82(a). The tensile stress was also dependant on
the span of the exposed roof under the slip. For the worst case with the slip at the rib
edge large tensile stresses were generated as the slit was driven and before the
junction was complete, figure 82(b). With the slip running along the centre of the
roadway large tensile stresses only developed when the junction was completed by
advancing the road and exposing more roof under the slip.
Further model runs were conducted varying the model parameters to investigate their
influence. The results were examined in terms of the maximum value obtained for the
tensile stress in the upper section of the roof. The outcome can be summarised as
below:
x Horizontal stress:
The results were sensitive to the magnitude of the in-situ horizontal stresses,
larger in-situ horizontal compressive stresses led to larger tensile stresses once
the pillars were formed. The results were also sensitive to the horizontal stress
direction. The worst direction was apparently with the horizontal stress at
between 45o and 90o to the strike of the slip rather than directly across it. The
sensitivity to horizontal stress direction would be less marked if the ratio
between the horizontal stresses was less.
x Roadway width:
Reducing the roadway width from 6.5m, with the slip kept running along the
pillar edge, significantly reduced the tensile stress
x Slip properties:
The tensile stress was strongly dependent on the angle of friction used for the
slip. The lower the friction angle the larger the tensile stress generated.
x Slip angle:
Varying the dip angle of the slip suggested that the worst case was for a dip of
between 30o and 45o. Increasing the dip to 60o prevented the slip being
mobilised and the tensile stresses being generated.
x Slip height:
Varying the height above the seam that the slip extended to, suggested that the
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worst case was between 2.0m and 3.0m. This is approximately the position at
which the strata changed to coarse sandstone and may be typical of the actual
height of the slips encountered.
x Span of roof below slip:
This observed sensitivity to roadway width and slip position are consistent with
each other. Together they indicate that minimising the span of the roof below
the slip reduced the tensile stresses and hence the risk of initiating a roof fall.
Practically this indicates that measures such as reducing roadway width or
avoiding the formation of a 4 way junction at the slip position would reduce risk.
Two-Dimensional Modelling Of Failure Mechanism
MAP 3D allowed the 3-dimensional mining geometry and the slip to be represented
and demonstrated the likely mechanism initiating failure in the roof. However, the
analysis was limited to elastic behaviour of the rock and could not simulate the
behaviour subsequent to failure of the rock being initiated, nor could support in the form
of roof bolts be incorporated.
To examine these aspects of the problem, further model runs were carried using FLAC.
This allowed rock strength properties to be included in the model to investigate the post
failure behaviour. The package used was 2-dimensional and so could not fully
represent the room and pillar mining geometry. The model was constructed to
represent a cross-section through a roadway with a slip in the roof. To facilitate
construction of the model grid, the slip was positioned 0.2m from the rib edge of the
roadway rather than at the rib edge as for the boundary element models.
Initial stresses were defined for the model, the roadway was excavated and the
response of the surrounding strata simulated.
Several runs were also carried out using FLAC incorporating a slip in the roof to
examine if a fall with the proposed failure mechanism could be induced. For these runs
the roof was assigned cohesive and tensile strengths scaled to 35% of the laboratory
measured values. After failure the strengths were reduced to residual values as with
other examples of roadway modelling under this project. The other main parameters
used for these runs are listed in Table 50 and a view of the 2D model is shown in figure
83.
Dimensions
Roadway width
Roadway height
Seam thickness

6.2m – 8.0m
3.0m
3.0m

Slip
Dip
Height
Friction angle

45o
3.0m
30o

Vertical stress

1.8MPa

Lateral stress

6 MPa

Table 50. Model parameters (FLAC)
The laminated siltstone and overlying sandstone were assigned properties determined
from the test results. It is recognised that the strength of a rock mass in-situ will be less
than the strength of laboratory test samples from the rock mass. For the results
presented here the cohesive and tensile strength of the rock matrix were reduced to
35% of the laboratory values, the friction angle was not altered. A similar reduction in
strength parameters for failure parallel to bedding produced widespread failure in the
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rock below the slip that did not correspond with the observed behaviour at the fall site,
and these were left unchanged for the remaining model runs. No coal samples from the
site were tested; the coal was assigned properties that have been used for similar
modelling investigations at other sites. The other strata in the floor and further into the
roof were treated as behaving elastically. Other parameters describing the model are
listed in Table 50.
An initial run was conducted with no failure of the rock allowed. This enabled a
comparison of the basic behaviour obtained with that observed in the MAP3D model
runs. The results again showed a tensile stress concentration close to the top of the
slip. In the vicinity of the stress concentration the major principal stress was oriented
approximately normal to the slip with the tensile stress acting approximately parallel to
the slip.
The behaviour obtained for this model was very similar to that for the MAP3D model
runs, indicating that the approximations made in simplifying the problem to 2
dimensional geometry had not fundamentally altered the mechanism being observed in
the models.
Roof Failure Mechanism Involving Slips
The use of FLAC illustrated the development of roof failure in the presence of a slip. To
simulate the process of excavating the roadway the stresses acting on the boundary of
the roadway were reduced in several stages. Figure 84 shows the roof displacements
and stresses from runs with the roof strata unsupported and:
a. Maintained intact,
b. Allowed to fail.
The results from the run allowing failure start to deviate from those without failure at an
early stage. As the roadway is excavated, the roof can relax and move along the slip.
The roof strata extend parallel to the slip generating a tensile stress component in this
direction. Given the low tensile strength of rock, this is liable to initiate failure in the
roof. The model behaviour suggests that in the real case underground, failure in the
roof strata could initiate close to the face soon after excavation. Once failure has
started the stress in the roof block becomes low as it is isolated from the rest of the roof
and the results deviate further from the run without failure. For the final stage with
excavation of the roadway completed, the roof becomes unstable and starts to fall out.
Figure 85 shows plots of the tensile strength and normal stress across the slip for the
run with failure allowed. A prominent band of failed rock appeared between stages 2
and 3 with the boundary stress reduced to between 20% and 10% of the original
values. The stress across the slip is reduced at this stage and continues to reduce as
the excavation process is completed.
The model behaviour was similar to that apparently involved in the fall. One difference
was that the model generated a band of failed rock rather than a crack. In part at least
this is a result of representing the rock as a grid of discrete zones. Stress
concentrations at the tip of a crack may allow failure to propagate more readily than
suggested by model results with failure spread over a band of rock.
The mechanism of rock failure is therefore one of tensile failure in a compressive stress
environment, caused by tensile stress induced close to the top of a suitably orientated
roof slip (figure 86). The role of tensile stress in this failure mechanism is in contrast to
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tensile failure sometimes seen in lower stress environments in which gravitational
effects and rock self weight are significant. In the latter case, tensile stresses are
generated below the neutral axis at the mid-point and above the neutral axis at the
sides of a roof beam as it sags (figure 87). The location and orientation of the tensile
stresses differ from those for the mechanism identified here.
Effectiveness Of Bolted Support
FLAC was also used to examine the effectiveness of bolted support in stabilising the
roof. Roofbolts were represented in the model using the FLAC cable structural element
and installation was simulated at an intermediate stage after excavation had
commenced. They were represented as fully grouted with the bond strength equivalent
to a maximum load of 80kN reached at a displacement of 2mm for a 250mm
encapsulation pull test. Short encapsulation pull tests conducted at the mine show that
this should be achievable. The bolts themselves were assigned a yield strength of 16
tonnes. Once the bolt load or bond stress reached yield they would continue to deform
without any further increase in load or stress.
Runs were also conducted to examine the influence of poorer bond strengths. For
these the bond strength was reduced to the equivalent to 20kN at 2mm displacement
for a 250mm encapsulation pull test.
The following situations were modelled:
x Bolts installed to intersect slip:
Several models were run with bolts positioned deliberately to intersect the slip
(i.e. “stitching” the slip) to investigate if it was possible to reduce movement
along it and hence prevent the tensile strains leading to failure in the roof.
Figure 88 shows an example of model output for one of these runs. Although in
this case the model stabilised, indicating successful support of the roof block,
these runs indicated that fracturing of the roof could initiate at an early stage,
and was not prevented by extra bolts installed through the slip. Bolts of
sufficient length and capacity therefore needed to be installed crossing both the
slip and the fractured zone to support the resulting isolated block.
x Bolts installed on a grid pattern:
The model runs above suggested that bolts installed on a grid pattern would be
more likely to prevent the roof block falling than bolts installed to “stitch” the slip.
The effectiveness of the grid pattern would be dependant on the location and
orientation of the slip and fractures relative to the bolts. Model runs confirmed
that the longer the bolts, and the closer they were spaced, the more likely they
were to intersect the slip and fracture surface to provide satisfactory support.
The slip orientation was also important. More steeply dipping slips potentially
required longer bolts to support the resulting failed block. However, as the dip
increased above about 45o, activation of the slip became less likely and
required higher roof stresses and/or reduced slip friction angles. At 60o slip
orientation the required combination of increased horizontal stress and reduced
friction angle were at levels considered to be close to the limits of plausible
values. Although there was no guarantee that slips with angles greater than 45o
could not result in a fall, the modelling indicated that they were less likely than
shallower slips to be the cause of a fall by the failure mechanism identified and
considered here.
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The effectiveness of any particular bolting pattern would be dependant on the
position and orientation of the failure surfaces relative to the bolts. This and the
size of the block could not be reliably predicted. It is therefore difficult to be
definitive about the bolt length and spacing required to prevent a roof fall by this
mechanism. Bolt lengths in the range from 1.5m to 2.1m installed on a 1m or
1.5m grid may be required, depending on slip and failure surface geometry and
position. Longer bolts would be required if rockbolt bond strengths achieved in
practice were less than assumed.
The first line of defence against this type of roof failure should be to avoid slips
in high risk orientations where possible, and to minimise opening width under
them where not. Longer bolts installed on a grid pattern would provide more
effective support than “stitching” the slip. Alternatives of steel rope slinging
between bolts could also be effective and merit examination.
Conclusions
The modelling investigation indicated that the roof fall was due to tensile failure of the
roof strata above the bolted height. Tensile stresses in this region were generated by
the combination of high horizontal stresses and presence of the geological slip. This
was consistent with the nature of the failure surfaces observed underground, which
also suggested that they were due to tensile rather than shear failure.
Varying the parameters used in the model runs indicated that the slips most likely to
initiate a roof fall by this mechanism were those:
x With a smooth surface or weak infill giving a low angle of friction.
x Running up into the roof at a shallow rather than very steep angle.
x Running along roadways or slits at a high angle to the maximum horizontal
stress direction.
x Leaving a large span of exposed roof below the slip.
Once a high-risk slip was identified, the risk of a fall on further exposure could be
reduced if the roadway width was minimised, junction formation was avoided or a
section of road left un-mined, depending on operational requirements.
With the properties used, the model runs showed failure initiating at an early stage and
hence that it was important to ensure that bolts were installed before an excessive
length of slip was exposed. Support of a potential failure of this kind was most
effectively achieved by installing longer bolts on a grid pattern to maximise the
probability of intersecting the slip and potential fracture surfaces, only installing bolts
that intersected the slip (stitching the slip) did not prevent tensile failure forming an
isolated block in the roof.
Outcome
The mine introduced a policy of installing longer bolts on a grid pattern in intersections
affected by slips. This was one of a number of support improvements introduced with
assistance from RMT over a two year period at the mine, including a better roofbolt
system, improved installation, some roof movement monitoring and better training. The
number of roof falls at the mine reduced over the same time period from around ten per
year to a total of four in the last two years 39.

89

5.6 SUPPORT DESIGN METHOD DEVELOPMENT SUMMARY
The research work carried out under this project has assisted the further development
of computer numerical modelling as the predominant design technique for rockbolt
support systems in coal mines.
On the data input side the most significant advance has been the success achieved
with the acoustic emission technique for estimating the in situ stress field. The more
widespread use of this relatively quick and easy method could greatly improve the
information available for modelling purposes.
The use of three-dimensional modelling of rockbolt patterns, was demonstrated for
simple model geometry. The more complex problem of an intersection however
required a hybrid approach, using 3D boundary elements to estimate the stress levels
and 2D finite difference methods to study the resulting rock failure and post failure
behaviour.
The numerical modelling approach could be extended to encompass other coal mine
support systems, for example steel and mixed support systems and pre-tensioned
tendons. Limited modelling has already been completed for these systems. A more
comprehensive approach would require evaluation of the following in each case:
x
x
x
x

Support simulation approach
Appropriate values for support properties
Model verification method
Underground performance assessment method

The rapid development of both computer hardware and software will continue to give
opportunity for further development and increasing sophistication in computer
modelling in the near future. In particular, a big increase in the use of three-dimensional
modelling of roadway support is expected. The work carried out has shown this to be
both feasible, and valuable, in adding proper evaluation of the essentially three
dimensional nature of most support design problems.
The examples of support design projects described demonstrate that the approaches
adopted result in accurate and reliable design predictions. The essential features
ensuring this are the use of carefully measured and assessed input data (rock
engineering properties, support element properties and in situ stress field), validation of
model predictions against known outcomes, and sensitivity analyses of critical
parameters as part of the design process. However sophisticated these modelling
techniques become, they will be of no value if sight is lost of the need for this approach,
to ensure realistic design predictions.
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6. REVIEW OF CURRENT REGULATIONS, STANDARDS AND GUIDANCE
6.1 BS 7861-1 STRATA REINFORCEMENT SUPPORT SYSTEM COMPONENTS
USED IN COAL MINES: PART 1: SPECIFICATION FOR ROCKBOLTING
6.1.1 Proposed Changes to the Standard
A draft revision of BS 7861-1 has now been completed by the Working Group
responsible, under HSE Chairmanship, and submitted to the BSI. Consultation with
interested parties is expected to commence soon.
The principal reasons for change were to make the standard less prescriptive, and so
allow more innovation in bolt design and dimensions, and to introduce changes in test
procedures to reflect new knowledge and development of new test methods.
The main changes from the original version are as follows:
For steel rockbolts:
x The rib profile is no longer specified. The profile must be designed to ensure
that the bar passes the system bond strength requirements.
x Only a minimum diameter is specified. Bars of larger diameter are acceptable.
As a result most strength related criteria are now specified in units of stress
rather than in units of load.
x A fracture toughness requirement is introduced based upon the Charpy V Notch
Impact test. This is the result of metallurgical research undertaken by HSL.
x Galvanised rockbolts are permitted.
The main change in test procedure is the introduction of the Laboratory Short
Encapsulation Pull Test (LSEPT) to replace the Double Embedment Tensile Test as
the system performance test for steel and GRP rockbolts. The LSEPT is considered to
be a closer simulation of a reinforcement tendon installed into rock underground, and
consequently to give a more realistic measure of relative performance. This was
confirmed by comparing results from the two tests for a range of tendon types as
described in section 6.1.2.
Several additional tests have been recommended for GRP rib bolts, including torsional
and flexural strength tests, as it has been recognised that GRP bolts are particularly
weak under these loading conditions. The standard does not specify material
composition, other than fire and electrical resistance characteristics, nor rib profile and
only a minimum diameter and length are specified. As for steel bolts, the main type
tests cover tensile strength (as a minimum failure load), system shear strength, system
bond strength and system bond stiffness. There are also type tests covering the
strength and alignment capabilities of the assembly and tensile strength of the
threaded end/nut assembly.
The system shear strength for GRP bolts is determined using similar double
embedment apparatus to that used for steel bolts, the only difference being the
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embedment length, which is increased to 900mm (2 x 450mm embedment tubes). The
minimum shear strength required is 120kN, 48% of the requirement for steel bolts.
For GRP bolts the axial double embedment test at 900mm embedment has been
retained in addition to the LSEPT. This is in order to ensure that the structure of the
bolt is tested at loads approaching its maximum tensile strength. The minimum bond
strength required is 245kN. When normalised for embedment length, this is 34% of the
bond strength currently required for steel bolts.
Steel rib bolts continue to be covered in general by the main provisions for steel
roofbolts. In fact the only exception included in the draft revision was that side bolts
intended for installation by handheld machines would not be required to have a torque
nut facility.
6.1.2 Comparison of DET and LSEPT Test Results
The revised draft BS7861-1 substitutes the LSEPT for the DET as a system test for
steel rockbolts and is used as an additional test for GRP rockbolts. The basic reason
for this is that the DET forces bond failure at the bolt/resin boundary, whilst the LSEPT
allows failure at the bolt/resin or resin/rock boundaries, and is therefore a closer
simulation of a reinforcement tendon installed into rock underground. Results from the
two tests were compared in order to check whether they did in fact give the same
relative results, and to identify and account for any differences.
Figure 89 compares the mean bond strengths measured in the two tests for the range
of reinforcement consumables for which both tests were completed. Although there is a
roughly linear relation between the measured bond strengths, there is considerable
variation. Closer inspection of the data reveals the following:
x For the flexible bolts the LSEPT bond strengths were higher than the DET
results. In all other cases the DET result was greater. This suggests that the
response of flexible bolts to the tests differs from that of the other tendons.
Reduction in LSEPT bond length also had a disproportionate effect on the
MMTT 19 wire flexible bolt result. Taken together these results suggest that the
DET and LSEPT bond lengths for flexible bolts may need to be increased to
give reliable results.
x GRP bolts had much higher DET bond strengths in comparison with the LSEPT
result. In the case of GRP bolts the DET indicated relatively large differences in
performance between bolts which were not confirmed by LSEPT results. Field
pull tests also failed to measure these performance differences2. LSEPT yield
bond strengths for the GRP bars were however higher than for the DET, taking
into account bond length. In the DET, GRP bolts are tested with a longer
embedment length (450mm tubes) and failure loads of ribbed types approached
the bar tensile strength. The resulting deformation of the bolt may influence the
result obtained as GRP bar has a relatively low elastic modulus.
x The steel bars form a group with DET results some 15-90% greater than the
LSEPT result. Within the group the two threaded bars (SAT KT and Exchem)
had the higher LSEPT results but lower DET results. When normalised for bond
length, the LSEPT yield bond strengths for the steel bars were lower than for
the double embedment test, and examination of test specimens confirmed that
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failure usually occurred at the resin/rock boundary. This shows that the LSEPT
does take account of the presence of the rock and that this reduces the load
transfer characteristics of the system when compared to a test in an internally
threaded steel tube. The fully threaded profile of the SAT KT and Exchem bars
results in better bond strength in rock, but not in a steel tube.
x The two results for bulbed cables in grout suggest that the LSEPT bond
strength of these cables is less than half the DET result. In addition the DET
results (450mm embedment) reached cable yield loads and this probably
initiated failure. Consequently the LSEPT is a better measure of bond strength
in this case.
Consideration of the relative bond stiffness results from the two tests (figure 90) reveals
the following:
x The two fully threaded steel bars had high stiffnesses in both tests, presumably
resulting from the bar profile. Compared with these, the AT style bolts and the
Reflex bolt had much lower stiffness in the DET, but only slightly lower in the
LSEPT. The LSEPT results again appear more closely to reflect general
experience of field pull testing with these bolts.
x The three GRP bolts had virtually identical LSEPT bond stiffness, but the
Weldgrip 24mm DET result was more than four times higher than the other two,
and would appear to be anomalous.
x The MMTT flexible bolts exhibited relatively low stiffnesses in both tests, with
little effect from changing the LSEPT bond length. This again suggests the bond
length for these tendons may be too short. For the bulbed cablebolts the
measured stiffnesses were low, with the DET results the larger values.
It was concluded that the LSEPT is a more representative test than the DET for
assessing in-situ load transfer characteristics. For steel bolts the laboratory short
encapsulation pull test provides a performance test which is much more likely to
indicate true differences in load transfer of different reinforcement systems in rock and
concerns arising from the extreme differences in bond stiffness between the threaded
bars and AT bar seen in the double embedment tests have been shown to be
unfounded. However the loads generated in the LSEPT are relatively low for GRP
bolts, and additional testing is necessary to assess GRP bolt behaviour at loads
approaching the tensile strength of the bar. Hence retention of the DET for GRP bolts
in the draft revised standard.
Further work on the response of flexible bolts and bulbed cables to variation in the
LSEPT bond length is needed and is being undertaken under a new HSE Funded
project entitled “Testing and Standards for Rock Reinforcement”.
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6.2 BRITISH STANDARD 7861, STRATA REINFORCEMENT SUPPORT SYSTEM
COMPONENTS USED IN COAL MINES: PART 2: SPECIFICATION FOR
BIRDCAGED CABLEBOLTING
6.2.1. The Use of Long Tendon Reinforcement in the UK
At the time of compilation of BS7861-2, the single and double birdcaged cablebolts
were the only long tendon roof reinforcement in use in UK coal mines. Since that time,
a number of alternative long tendon systems have come into use, being introduced
through the approval procedure given in paragraph 31(c) of the DMCIAC cablebolt
guidance 10,40. The take up of new long tendon systems by the UK industry varies
considerably from complete acceptance to non adoption. Many fall between these
extremes as shown in Table 51.
Tendon
type

Supplier
(product)

Slimline
bulbed
cablebolt

Osborn
(Minicage)
MMTT
(Garford
Bulb)

Nutcage
cable

DSI

Flexible
bolt

Osborn
(Reflex),
Exchem,
MMTT

Tension
able
flexible
bolts

Megabolt
(Megastra
nd)

Tensionable
cable
bolts

Megabolt

Description
(SBC= single, DBC= double,
birdcaged cable)
Similar to SBC but antinodes
formed
by
mechanical
deformation of cable, rather
than rewinding. Two singles laid
side by side to form double. Fits
into smaller diameter hole than
DBC.
Similar to SBC but antinodes
formed by a nut on the kingwire.
Two singles laid side by side to
form double. Fits into smaller
diameter hole than DBC.
Flexible stranded tendon, which
can be installed in same
diameter hole as AT bolt. Can
be spun into ultra slow set resin
capsules with full encapsulation
at lengths up to 4m. Are also
used with thixotropic grout, up
to 6m.
28mm flexible stranded tendon
with bulbed end for resin
anchorage at top of hole and
central grout injection tube for
post tension grouting. Designed
to be installed in 32mm
diameter boreholes
High strength tensionable cable
bolt similar to Megastrand but
with regular birdcages. 40mm
version designed to be used in
45-55mm holes

Status in UK
Widely used as substitute to
DBC. Complies with BSI
performance tests, provided
bulbs are sufficiently closely
spaced.
Has been quite widely used as
substitute for DBC, but has lost
market to Slimline. Complies
with BSI performance tests,
provided bulbs are sufficiently
closely spaced.
Widely used as long tendon
reinforcement installed through
resin capsules at face of
heading as part of bolt pattern.
Use as remedial reinforcement
controversial due to potential
resin loss in broken ground. Not
covered by BSI.
Laboratory tested by RMT and
Trialled
underground
at
Harworth? Grouted section
close to meeting BS78612:1997 performance tests when
not tensioned. Resin anchored
sectioned
meets
BS78611:1996 performance test. Both
in 35mm tubes
Tested by RMT and trialled at
Rossington colliery and possibly
elsewhere. Grouted section
does not meet BS7861-2:1997
for DBCs (40mm tube) when
not tensioned. (meets SBC test)

Table 51 Alternative Long Tendon Systems Used in UK Coal Mines
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As can be seen from Table 51, the systems now available include:
x cable bolts with the strength of a DBC but designed to be installed in smaller
diameter holes,
x flexible bolts, designed to be installed through resin cartridges, (but also
sometimes used with grout) and
x hybrid tensionable systems, which can be installed and tensioned at the face of
the heading and post grouted later.
Some of these alternative types are in widespread use, and consequently other
suppliers are introducing similar products. The current British Standard, as for
rockbolts, is prescriptive, covering only single and double birdcaged cable bolts. There
is therefore a growing need for an updated standard covering the range of tendon
types in use. At the same time other requirements in the standard, including test
methods, can be updated in the light of new knowledge.
A decision to revise BS7861-2:1997 has recently been made and this work has now
begun. The main changes advocated, are reviewed below.
6.2.2

Proposed Scope and Contents of the New Standard

There should be little controversy over including the smaller diameter bulbed cables in
an updated BS7861-2. This can be achieved by relaxing the description of a birdcaged
cable but maintaining the performance requirements.
It is debatable as to whether there should be a requirement for the number or size of
bulbs. Canadian research indicates that non-bulbed cables lose their effectiveness
(through loss of bond strength) more than bulbed cables if the ground subsequently
becomes de-stressed. Current test procedures do not distinguish between stressed
and unstressed ground, and cannot measure this effect. It would be easier to split
cables into bulbed and non–bulbed types, with the same performance requirements.
Guidance could indicate that where there is a risk of later de-stressing, the bulbed type
should be chosen.
The performance of bulbed cables depends critically on the frequency and size of
bulbs, so it will be important to insist that these are fully specified, to ensure that
supplied cables are the same as tested designs.
It is suggested that one category in this standard should cover only long tendons
intended for remedial reinforcement and to be installed in pumped resin or
cementatious grout. There is a danger of resin loss, leading to loss of encapsulation, if
capsule resin is used in deformed strata.
Flexible bolts used with capsule resin as part of the systematic roadway support
system need to be treated in a different way. It is recommended that they should form
a separate category with their own specialised performance tests.
Testing of flexible bolts to date has tended to treat them on a similar basis to AT bolts,
as they have the similarities of being installed in similar size holes, being installed
through resin capsules and being of uniform cross-section. The testing of flexible bolts
reported in chapter 3 however suggests that the lay length affects the performance test
result for short bond lengths and consequently the bond length for testing needs to be
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greater than that used for rockbolts. This would also result in flexible bolt test loads
closer to yield values, which would test for any stiffness loss due to wire realignment at
higher loads. The inclusion of bulbed flexible bolt systems could make a major
difference to the performance testing required, in any case, as it is necessary to use
much longer encapsulation lengths with bulbed cables to ensure that the effect of the
bulbs is measured. Additional investigation of these aspects is required.
Given the widespread adoption of flexible bolts, it is considered important that they are
included in the new standard in some way.
The advent of tensionable systems raises further difficulty. There seem to be 3 options
available:
x they could be given a separate section of the standard and each section of the
cable could be appraised according to its particular characteristics. i.e. the
section in resin as a flexible bolt, the section in grout as a cable bolt, possibly
ignoring any effect of tensioning on performance.
x they could be given a separate section of the standard with a completely
different set of performance requirements recognising that they are intended for
a different method of application and that tensioning changes their
characteristics
x they could be left out of the new standard
RMT’s view is that the required knowledge to pursue option 2 does not currently exist.
Although there is anecdotal evidence for the effectiveness of recently introduced
pretensioned systems, we are not aware of any detailed instrumented field trials which
are likely to be the only way to verify claims made and to investigate factors such as
the effect of pretensioning on roof deformation, pretensioning loads achieved in
practice, and possible subsequent load loss through creep effects. It was originally
hoped to conduct such trials under this project, but co-sponsorship from Mining
Companies or Suppliers was not obtained.
If the first option were adopted then it would be important to form a view as to whether
or for how long tensioned, point anchored cables could be left ungrouted and how this
might be “policed”.
The third option, leaving them out, would maintain the status quo by which they could
only be used under section 31(c) of the DMCIAC cable bolting guidance at the
operator’s own risk.
Cable bolt system performance is currently appraised using the axial double
embedment test. As for rockbolts, it is likely that the Laboratory Short Encapsulation
Pull Test would be a better measure of actual system performance underground (see
section 6.1.2) and this might be especially important, as it is difficult to undertake short
encapsulation pull tests on cable bolts underground. The LSEPT has been developed
for cable bolts in terms of equipment and procedures under previous research
projects9. However some more work is necessary to identify the most appropriate
encapsulation length for a British Standard and suitable performance criteria for both
cablebolts and flexible bolts.
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The published strengths of HPRG (thixotropic) and CBG capsule grouts do not
currently meet the requirements for cable bolting grouts under BS7861-2:1997.
Incorporation of cable systems using these types of grout into a revised standard would
either require the strength requirements in the standard to be revised or the products to
be improved before they could be used.
Whatever changes are made to the standard, RMT’s view is that the performance of
the birdcaged cable should remain the criterion against which other grouted cable
systems are compared. Despite the advent and use of new high strength tendon types
with pretensioning in Australia, for example, resort is still widely made to the double
birdcaged cable when difficult conditions are experienced41.
6.3 CONTROL OF GROUND MOVEMENT REGULATIONS 1999
At the outset of the project the Control of Ground Movement Regulations 19991 had
just come into force in the UK. These introduced a less prescriptive legal framework
under which mine operators were responsible for ensuring the safety of support
systems used by undertaking specific procedures-assessment of ground conditions,
support system design and implementation, and assessment of adequacy of ground
control measures- described in the regulations and accompanying ACOP.
It was initially anticipated that RMT would be involved in assisting mines to comply with
the new regulations during the time period covered by this project, and would
consequently form a view on technical aspects of their implementation. In the event,
RMT’s work has become increasingly international in scope, and whilst significant
design and investigation work has been undertaken for the UK industry, there has been
little involvement with the more routine aspects, such as the compilation of ground
control assessments and design documentation needed to comply with the new
regulations. RMT has undertaken laboratory testing of new rockbolts and long tendon
systems prior to their introduction underground as documented in Chapter 3 and in the
companion research report2, but has not been involved in instrumented field trials of
new systems to confirm performance underground.
Consequently RMT is not in a position to put forward a comprehensive review of the
implementation of the new Regulations. However we can identify several issues, which
could help to improve application of the Regulations. For example a serious roof fall
occurred following adoption of the Regulations which could be attributed to a change in
roof geology occurring along the length of the roadway. The geological information
was probably available from existing logged underground boreholes at the time that the
“Assessment of Ground Conditions” was drawn up by the mine. This raises the
questions of whether;
a) the “Assessment of Ground conditions” was adequate, and, if so,
b) whether the “Design Document” took adequate account of the change in
geology expected.
It appears that in this case there may have been a problem to some extent in the
application of the Regulations. The Regulations themselves appear adequate to cover
the circumstances involved.
The second issue which we suggest should be considered is the working of Regulation
8, “Notification of significant changes to ground control measures”. RMT are not party
to the notifications lodged with the Executive. Given the application of a significant
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number of new types of reinforcement systems over the last 3 years, including the fully
threaded rock bolt, tensionable cable bolts and new design of rib bolts and flexible
bolts, we would suggest that HSE should consider whether they are satisfied that they
have been notified when one of these new supports (ground control measures) has
been used at a mine for the first time.
Also some recent work for a UK coal operator has given an insight into the effect of the
new Regulations on design and management practice regarding the use of steel
supports. The purpose of this work was to assist the operator in improving its design
and management procedures relating to the use of steel supports. Examination of
company practice confirmed that the operator had adopted new procedures intended to
comply with the new Regulations. The main effect was the introduction of detailed
ground assessment and design documentation for steel supported roadways, despite
DMCIAC guidance that such documentation could be brief42. RMT examined whether
the additional detailed documentation could be focussed on the higher risk applications
of steel support rather than all applications.
Normal roadway inspections carried out by district officials were regarded as meeting
the requirement for assessment of adequacy of ground control measures where steel
supports were used.
There was also uncertainty regarding appropriate practice relating to mixed support
(i.e. steel supports plus rockbolts). The steel support was regarded as the system of
support meeting the requirements of the Regulations, but where rectangular profile
steel was used with bolts, roof movement monitoring using telltales had been
introduced.
RMT examined the relative ground control risk of the various roadway support types
used by the operator, and reached the conclusion that D shaped steel arches, used
with or without supplementary bolting, were associated with low risk. Consequently the
use of normal roadway inspections to assess support adequacy was appropriate. It
was also recommended that for these supports used in seam, or at a consistent
horizon, the ground assessment and design documentation could be simplified, and
‘checklist’ style forms were drawn up for this purpose. The aim of the forms is to focus
on the actual ground control risk and risk factors and confirm that these have been
considered, rather than producing a large volume of documentation. However the
forms are intended to cover all the points identified in the Regulations and associated
ACOP.
The situation was different for other steel supports used, either ‘Delta’ types or
rectangular profile. Roof fall statistics suggested that these were associated with a
much higher ground control risk, whether used with rockbolts or not.
In order to avoid these risks in the future it was proposed that the use of rectangular or
effectively rectangular profile steel roadway supports (including Deltas) without
rockbolts should be discontinued, except in exceptional circumstances where a low risk
can be demonstrated (e.g. narrow roadway).
When Delta or rectangular profile steel supports are used with rockbolts, it was
concluded that the rockbolt system should be regarded as the system of support and
designed and monitored using the same procedures as for fully rockbolted roadways.
The role of the steel support should be regarded as limited to support of the immediate
roof up to a height equivalent to the support capacity, or to one third of the bolt length,
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whichever is less. Assessment of ground control adequacy is therefore based on
information from the roof movement monitoring system, in addition to normal roadway
inspections.
The advent of the new Regulations can therefore be said to have played a part in
prompting clarification of procedures relating to the use of steel supports together with
rockbolts as roadway support. This has been a ‘grey’ area dating back to the
introduction of bolting in British Coal mines.
On the other hand the new legislation seems to have resulted in the production of
significant additional documentation relating to steel supported roadways. Although
both the ACOP and the Guidance indicate that for some free standing support systems
assessments can be based on existing knowledge and be “simple and brief,” the
detailed list of factors to be considered presumably prompts correspondingly detailed
documentation in response. RMT’s view is that the focus of the ground assessment
documentation produced should be on demonstrating that relevant risk factors have
been properly considered, and for the low risk case of D shaped steel arches used at
a consistent horizon this can be done using a checklist format.
6.4 COMPARISON OF INTERNATIONAL AND UK ROADWAY SUPPORT SYSTEMS
AND PRACTICE
RMT’s worldwide involvement in the field of mine (and particularly coal mine) support
allows informed comparison of international support technology and practice with
current UK methodology.
In terms of rockbolt support, the UK Coal system of SAT or AT bar, together with AT
resin, has a system performance as good as any we have tested, despite AT
consumables having been introduced over ten years ago. The low viscosity of AT resin
is also an advantage in terms of ease of bolt installation and successful encapsulation
of flexible bolts. The resin column bond strength studies (section 3.1) however
identified a significant drop in bond strength towards the top of resin columns. This was
present for three South African resins investigated and also for AT resin, and was
tentatively ascribed to the effect of remnant packaging. This phenomenon may be a
factor for all capsule resin systems and merits thorough investigation. If it could be
eliminated, the test results obtained suggest that the potential improvement in bond
strength could almost double the reinforcing effect of a short bolt installed with AT
resin.
The use of long tendon reinforcement is evolving along similar lines in the UK, as in
Europe, Australia and elsewhere with increasing use of flexible bolts installed into
resin as part of the rockbolt pattern and decreasing remedial use of the grouted
birdcaged cable, installed later. Previous LSEPT data indicated that the Reflex flexibolt,
widely used in the UK, has a system performance comparable with an AT bolt. DET
and LSEPT data for MMTT flexible bolts (section 3.3.2) indicated lower bond stiffness
and generally lower bond strength. It was considered that the cable lay lengths may
have affected the results obtained and a definitive system performance test for these
tendons is therefore required.
Flexible tendon technology applied in Germany and the USA is still behind the UK, with
Germany typically using grouted unbulbed cable systems and USA typically using point
anchored flexible tendons.
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The number of flexible bolt systems used worldwide is increasing, and some of these
use a combination of resin anchoring, pretension and post grouting. These systems are
relatively novel, although pretension has been a feature of some long tendon support
systems in South Africa and the USA for some years. The Australian Megastrand cable
is an example of this type, recently introduced in the UK. Double embedment tests
indicated that this cable had good performance when encapsulated in resin or grout,
without considering any extra benefit from pretensioning (section 3.3.1). The tests
described in section 3.3.5, however, illustrate that pretensioned systems widely used in
South Africa have very poor bond strength.
There still seems to be little reliable information on the installed performance of
pretensioned tendons and an instrumented field trial is urgently required to measure
installation quality, the degree of encapsulation, pretension loads, subsequent load
paths, and roof deformation behaviour in response to tensioning.
The prominence of instrumented field trials as a stage in the introduction of new
consumables in the UK has diminished in recent years, despite the fact that a wider
range of suitable instrumentation is now available. In RMT’s view this is unwise. The
work on rib consumables described in the companion report2 demonstrated that the
performance of systems installed underground can fall far short of laboratory
determined values. Field verification of system characteristics and performance should
always form the final step in the introduction of new support systems.
The use of roof movement monitoring in conjunction with rockbolting is being
increasingly adopted internationally, usually targeted at areas where known ground
control risk factors give cause for concern. Several South African room and pillar mines
are using the Rotary telltale (section 4.5.3) in this way, the telltales being installed
within the zone of influence of igneous dykes. Systematic use of bolted roof monitoring
instrumentation however remains a European practice, and reflects the drivage of
single development roadways for longwall faces in both Britain and Germany,
compared with multi-entry longwall or room and pillar systems used elsewhere.
Europe, and particularly the UK remains the focus of developments in monitoring
technology. Current German practice is to install three telltales every 20m of advance,
one on either side of the roadway and one centrally. This is intended to detect roof
movement wherever it develops in the roadway roof. There is logic in this approach, as
the maximum movement is not necessarily in the centre of the roadway. However
experience has shown that the central position used in the UK is a good compromise,
as once significant roof strain develops it invariably spreads across the roadway roof
and is registered by a centrally placed telltale. Telltales placed alternately to the right
and left sides run the risk of under recording the roof movement and particularly the
height of softening which is usually at a maximum over the centre of the roadway.
The successful development and field trial of the RRTT system (chapter 4) is a
significant step forward in support monitoring technology. Wider use of this system to
monitor rockbolt support would reduce reliance on manual data collection and
processing, which is potentially one of the weak links in current systems. Use of the
system transducers to monitor roof movement development promises significantly to
improve knowledge of roof behaviour.
Ground control technology and safety procedures in UK mines can therefore be
claimed to be equal to the best available worldwide. Further improvement is however
always possible. A recent example from South Africa demonstrates that a combined
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approach can give dramatic improvements. The number of roof falls at one mine was
around ten per year. The bolting system was uprated, the installation method changed,
longer bolts installed in junctions affected by roof structures, roof movement monitoring
introduced in high risk areas, and personnel training improved39. The number of roof
falls has reduced to four in the last two years.
In the UK we should continue to identify and strengthen weak links in roof control
procedures, and avoid complacency. Good ground control technology and risk
reduction procedures may be available, but they have to be properly applied and
carried out if the benefits are to be obtained.
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7.0 CONCLUSIONS AND RECOMMENDATIONS
7.1 CONCLUSIONS
During the course of the project, significant progress was made in areas of research
relating to the safe application of mining support systems, as itemised below:
Production of a Support Systems Handbook
This Handbook is intended to provide a reference for European Mining Engineers on
the more innovative support systems that have become available in Europe in recent
years, and includes contributions from European Partners.
The contents include sections describing the main steel and GRP bolt types in use in
Europe as well as tensioned and untensioned cablebolts, and associated resins,
grouts, and lagging systems such as mesh panels. Selected standing support systems
are described. These are generally recently introduced types including proprietary
packing and prop systems.
A range of laboratory test work was carried out on some novel systems to provide data
for the Handbook.
Work in support of the revision of BS7861-1 including in particular the
development of the Laboratory Short Encapsulation Pull Test (LSEPT) as a
system performance test and comparison of results with those from the Double
Embedment Tensile Test
The Laboratory Short Encapsulation Test (LSEPT) was developed into a reliable and
repeatable test for reinforcement system performance, suitable for incorporation into
the revised British Standard for Rockbolts (BS7861-1). Comparison of results obtained
was made with the existing standard test, the Double Embedment Test (DET). It was
concluded that the LSEPT is a more representative test than the DET for assessing in
situ load transfer characteristics. However the loads generated in the LSEPT are
relatively low for GRP bolts, and additional testing is necessary to assess these
tendons at loads approaching their tensile strength. LSEPT results at short embedment
lengths (160 or 250mm) with flexible bolts appeared to be affected by the strand
configuration, and longer embedment lengths may be required to give representative
results.
Measurement of system performance for a range of novel rockbolts and long
tendons using the new LSEPT
Laboratory testing of a range of alternative steel rockbolts, flexible bolts, cablebolts,
resins and grouts was undertaken in Hollington sandstone. Two styles of steel thread
bar, the SAT KT Bar and the Exchem Threadbar, had a performance better than the
standard AT rockbolt. The KT bar is now in widespread use by UK Coal as both roof
and rib reinforcement. Galvanised and Polish versions of the AT bar and a new Fosroc
resin were all shown to have good performance. LSEPT results with flexible bolts were
variable. Two types of MMTT flexible bolts exhibited lower bond stiffnesses than
previously measured with the Osborn Reflex bolt. Bond length change from 160mm to
250mm had a large effect on results obtained, suggesting that longer test bond lengths
may be required. The Garford bulb 23mm diameter bulbed cable in grout with 450mm
bond length had a similar peak bond strength but a lower stiffness than the equivalent
birdcaged cablebolt. A South African pretensionable cablebolt system was found to
have very low bond strengths in resin and grout.
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Time constraints following initial difficulties with LSEPT development prevented testing
in other rock types as originally planned.
Selected laboratory investigations of performance test parameters for long
tendons
This work was undertaken in preparation for possible new standards covering Flexible
Bolts and Smaller Diameter Birdcaged Cablebolts. The main test procedures
investigated were the Double Embedment Tensile and Shear Tests with the aim of
identifying the appropriate test embedment lengths for each tendon type.
A new type of tensionable flexible bolt- the Megastrand- was tested in resin and grout,
without pretensioning. DET results indicated that performance in grout was equivalent
to a double birdcaged cable, and in resin was better than the AT bolt. Shear strength in
grout (450mm bond) was higher than in resin (125mm bond). The shear strength of
Osborn Reflex Bolts in resin however consistently increased as embedment length was
reduced, presumably because reduced bond length allows additional deformation and
wire bending prior to shear.
Investigation of the effect of installation procedure on rockbolt resin bond
strength
This was originally planned as a relatively short study of a South African bolt
installation method, known as “spin to stall”. The installation method is simple and
gives more consistent installation quality, but it was found to adversely affect the bond
strength achieved. This was the result of damage within the lower part of the resin
bond as the installation drill stalls during resin cure, and due to premature end nut
tightening, before the resin can resist the imposed loading. Further investigation of
these problems and of possible solutions, is needed, before spin to stall installation is
used in European mines.
In order to carry out the study it was necessary to develop a method of measuring the
bond strength profile along a resin column. This was successfully achieved by bolt
installation into steel tubes, followed by sectioning of the tubes, with push testing of the
resulting bolt sections.
The initial results obtained highlighted some important effects of installation procedure
on resin bond strength. Consequently further tests were undertaken for both South
African and AT resins. The following effects were noted for both spin to stall, and spin
and hold configurations:
Spin time has an important effect on the resin bond strength achieved. The results
suggested that the optimum spin time, with modern installation equipment, for the
Fasloc resins tested is no more than 3 seconds. Resins may often therefore be
overspun. More testing is required to confirm optimum spin times for a wider range of
resins, including AT Resin.
For all cases, bond strength close to the top of the bolt was poor. This is believed to be
the result of remnant resin capsule packaging which tends to be carried to the top of
the resin column during installation.
Generally speaking, maximum bond strength is achieved at or near the centre of the
bolt, with reduced bond strength towards the base, particularly for spin to stall
installation. The resin close to the bottom of the column is subject to the maximum

104

spinning (mixing) time and may therefore be overspun. This would also be the part of
the resin column which ‘grabs’ the bolt in spin to stall installation.
The AT resin bond strengths measured compared favourably with the Fasloc resins
and appeared less affected by overspinning. However the average reduction in bond
strength close to the top of the bolt exceeded 50% with a 7 second spin time.
Work continues in South Africa to optimise the spin to stall method, which is in use at a
number of large mines.
Field pull test development
Development of the underground short encapsulation pull test (SEPT) technique was
undertaken. A split bolt method was successfully developed, which allows the test bolt
to be installed with a full resin column, with subsequent pull testing of a short bolt
length which separates from the remainder of the bolt. This method was used to
investigate ‘spin to stall’ installation where conventional pull testing cannot be used.
The split bolt SEPT can be used in place of conventional SEPTs and should reduce the
variability of results obtained.
Testing of crib systems
Full scale laboratory compression tests were carried out on the Link-n-Lock system, a
recently introduced hardwood crib system. The results for cribs constructed from a
range of UK sourced hardwoods were all similar, and were significantly better than for
similar sized conventionally constructed cribs. Modification of the notches used to
interlock the timber elements further improved the performance. Work was begun on
the evaluation of a computer program that predicts crib performance based on the
properties and dimensions of the timber components.
Development of numerical modelling design techniques for support systems
More work was carried out in this area than originally planned. This reflected both rapid
technical advances and the success of the design work undertaken, with consequent
demand from mining companies for further studies.
On the data input side the most significant advance was the success achieved with the
acoustic emission technique for estimating the in situ stress field. The more widespread
use of this relatively quick and easy method could greatly improve the information
available for modelling purposes.
The use of three-dimensional modelling of rockbolt patterns, was demonstrated for
simple model geometry. The more complex problem of an intersection however
required a hybrid approach , using 3D boundary elements to estimate the stress levels
and 2D finite difference methods to study the resulting rock failure and post failure
behaviour.
The examples of support design projects described demonstrate that the approaches
adopted result in accurate and reliable design predictions. The essential features
ensuring this are the use of carefully measured and assessed input data (rock
engineering properties, support element properties and in situ stress field), validation of
model predictions against known outcomes, and sensitivity analyses of critical
parameters as part of the design process. However sophisticated these modelling
techniques become, they will be of no value if sight is lost of the need for this approach,
to ensure realistic design predictions.
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Extended field trial of the remote reading telltale system
The first full scale application of the remote reading dual height telltale (RRTT) system,
developed by RMT with HSE sponsorship, was successfully completed at DSK’s West
colliery in the Ruhr coalfield.
The system, comprising 67 telltales, was installed in the 183.0 maingate, in the 2.3m
Prasident seam, which was maintained open behind the 300m longwall face. The
rectangular profile roadway was supported by a pattern of eight, 2.5m long resin
grouted rockbolts at 0.8m spacing. The RRTT system operated for 16 months during
2001 and 2002 whilst the longwall face retreated, transmitting data every 20 minutes to
the strata control engineer’s office on the surface some 10km from the gate roadway.
A number of early “teething” problems with the RRTT system were identified and
quickly resolved. A problem with one transponder remaining “on” and preventing data
capture from the others was solved at the time by replacement of the faulty
transponder. This fault has subsequently been identified as being associated with
component tolerances and these have been tightened to prevent further occurrence. A
full system has now been operating in the laboratory for nearly 2 years without failure.
Data recorded by the RRTT system showed the excellent roof conditions ahead of the
longwall face. It also showed the high level of stability and resolution of the system
which was significantly better than the +/- 0.5mm originally specified.
The longwall front abutment did not generally affect the roof until it was less than 20m
away. This distance increased somewhat towards the outbye end of the face. The
detailed data recorded by the RRTT system showed that the onset of this effect was
often quite sudden with an initial step of up to 7mm occurring on either the “A” or “B”
indicator during the 20 minute scan interval. This is likely to have been associated with
shearing of the roof under the influence of the horizontal stress concentration ahead of
the face.
Close to the face, larger steps in the data were recorded, which could have been
associated with physical lifting of the roof by the powered supports or with lowering of
the upper roof en-masse due to the caving process.
Poor conditions behind the face made maintenance of the RRTT system very difficult
and little data was obtained from the system in this area. However, where data was
obtained from behind the face, some interesting phenomena were observed, including
sudden steps in roof movement similar to those observed ahead of the face and
probably associated with the caving process.
This trial has shown that the RRTT system is a practical geotechnical tool with the
potential to provide the support engineer with valuable detailed data on roof
deformation processes as well as acting as a real time warning system to prevent roof
falls in strategic rockbolted roadways. DSK are currently considering application of the
system as part of the roadway re-use trial at Lippe colliery. Various spin-off
transducers have been developed based on the RRTT system components and
measuring principle. A multipoint borehole extensometer based on these principles is
currently under development
Review of the current situation regarding regulations, guidance and standards
RMT’s view of the current situation regarding relevant aspects of mining regulations,
guidance documents and standards forms the final chapter of this report.
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A draft revision of BS 7861-1, applicable to rockbolt support systems in coal mines, has
now been completed by the Working Group responsible, under HSE Chairmanship,
and submitted to the BSI. Consultation with interested parties is expected to
commence soon. The new standard, as drafted, is considerably less prescriptive than
the original, and should allow more innovation, whilst maintaining support performance
requirements. The main change in test procedure is the introduction of the Laboratory
Short Encapsulation Pull Test (LSEPT) to replace the Double Embedment Tensile
Test as the system performance test for steel rockbolts. The LSEPT is considered to
be a closer simulation of a reinforcement tendon installed into rock underground, and
consequently to give a more realistic measure of relative performance.
A decision has also been made to produce a draft revision of BS7861-2 which applies
to cablebolt support in coal mines. At the time of original compilation, the single and
double birdcaged cablebolts were the only long tendon roof reinforcement in use in UK
coalmines. Since that time, a number of alternative long tendon systems have come
into use;
x cable bolts with the strength of a DBC but designed to be installed in smaller
diameter holes,
x flexible bolts, designed to be installed through resin cartridges, (but also
sometimes used with grout)
x hybrid tensionable systems, which can be installed and tensioned at the face of
the heading and post grouted later.
The current British Standard, as for rockbolts, is prescriptive, covering only single and
double birdcaged cable bolts there is therefore a growing need for an updated standard
covering the range of tendon types in use. At the same time other requirements in the
standard, including test methods, can be updated in the light of new knowledge.
RMT has not had sufficient involvement in work aimed directly at complying with the
Ground Movement Regulations 1999 to have formed a comprehensive view of
technical aspects of the implementation of the new Regulations. However we would
suggest that it is probable that at least one roof fall has occurred since they came into
force which may have been caused by a lack of understanding of the changing nature
of the geology along a rockbolted roadway which could have been revealed by a closer
examination of available borehole data. We would suggest that it is an appropriate
time for HSE to review whether Regulations 5, 6 and 8 are working as intended. One
area of involvement has been related to the use of steel supports, where the new
legislation seems to have resulted in the production of significant additional
documentation relating to steel supported roadways. RMT’s view is that the focus of
the ground assessment documentation produced should be on demonstrating that
relevant risk factors have been properly considered, and for the low risk case of D
shaped steel arches used at a consistent horizon this can be done using a checklist
format.
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7.2 RECOMMENDATIONS
The following recommendations are made relating to the various research areas:
Investigation of the effect of Installation procedure on rockbolt resin bond
strength
The measurement of bond strength profiles for resin columns (section 3.1) highlighted
both the importance of spin time and the significant reduction in bond strength towards
the top of the bolt, ascribed to the effect of remnant capsule packaging.
It is important for European resin manufacturers to consider whether this loss of
reinforcement at the top of the bolt, measured with both AT and South African
consumables is likely to be relevant to their products and, if so, whether this effect
could be reduced. Increasing bond strength at the top of the bolt would increase the
reinforcing effect; in the case of AT resin the results suggest it could effectively double
it in the right circumstances.
Further investigation of the influence of spin (mixing) time is also recommended. With
modern high-energy installation equipment, optimum spin time may be shorter than
indicated by laboratory mixing tests.
Development of numerical modelling design techniques for support systems
The rapid development of both computer hardware and software will continue to give
opportunity for further development and increasing sophistication in computer
modelling in the near future. In particular, a big increase in the use of three-dimensional
modelling of roadway support is expected. The work carried out under this project has
shown this to be both feasible, and valuable, in adding proper evaluation of the
essentially three-dimensional nature of most support design problems.
The numerical modelling approach should be extended to encompass other coal mine
support systems, for example steel and mixed support systems and pretensioned
tendons. Limited modelling has already been completed for these systems. A more
comprehensive approach would require evaluation of the following in each case:
x
x
x
x

Support simulation approach
Appropriate values for support properties
Model verification method
Underground performance assessment method

The remote reading telltale system
The successful development and field trial of the RRTT system (chapter 4) is a
significant step forward in support monitoring technology. Wider use of this type of
system to monitor rockbolt support would reduce reliance on manual data collection
and processing, which is potentially one of the weak links in current systems. Use of
the system transducers to monitor roof movement development promises to
significantly improve knowledge of roof behaviour.
Review of current situation regarding support practices, regulations, guidance
and standards
Ground control technology and safety procedures available to UK mines are equal to
the best available worldwide. In the UK we should continue to identify and strengthen
weak links in roof control procedures. The RRTT system, by eliminating the
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requirement for manual telltale data collection and processing, facilitates operation of
the roof movement monitoring scheme, and reduces the risk of the scheme not being
properly implemented. The use of risk assessment (section 4.5.5) in addition to roof
movement monitoring is recommended to detect local risk of roof falls between
monitoring points and particularly prior to face retreat and to audit the roof movement
monitoring scheme. It is considered that the combined use of the normal roof
monitoring and the recommended risk assessment procedures can reduce the risk of
falls of ground to an extremely low level.
The prominence of instrumented field trials as a stage in the introduction of new
consumables in the UK has diminished in recent years, despite the fact that a wider
range of instrumentation is now available. In RMT’s view this is unwise as the
performance of systems installed underground can fall far short of laboratory
determined values. Field verification of system characteristics and performance should
always form the final step in the introduction of new support systems.
There is a growing requirement for an updated British Standard for cablebolt support in
coal mines. Smaller diameter bulbed cables should be included. This can be achieved
by relaxing the description of a birdcaged cable, but maintaining the performance
requirements. Flexible bolts used with capsule resin as part of the systematic roadway
support system need to be treated in a different way. It is recommended that they
should form a separate category with their own specialised performance tests. Given
the widespread adoption of flexible bolts, it is considered important that they are
included in the new standard in some way. It is not considered that there is enough
information on which to compile a performance standard for tensionable systems, and
it is recommended that they should not be included at this stage.
They could however continue to be used under section 31(c) of the DMCIAC cable
bolting guidance at the operator’s own risk. The LSEPT has been developed for cable
bolts in terms of equipment and procedures under previous research projects. However
some more work is necessary to identify the most appropriate encapsulation length for
a British Standard and suitable performance criteria for both cablebolts and flexible
bolts. RMT’s view is that the performance of the double birdcaged cable should remain
the criterion against which other grouted cable systems are compared.
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Figure 1. The Double Embedment Test Arrangement
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Figure 2. The Double Embedment Shear Test Arrangement
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Figure 11. Recovered Bolt Installation Tubes after
Installation of Test Bolts
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Figure 15. Effect of Spin Time on Bond Strength Profiles
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Figure 19. LSEPT Results South African Bolt/Resin Systems
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Figure 25. Link-n-Lock Crib Under Test and After Testing
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Figure 26. Compressive Strength Tests on Standard Link-NLock Cribs Constructed from English Ash
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Figure 27. Water Diverting Dual Height Telltale

Figure 28. Visually Reading a Dual Height Telltale Underground
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Figure 29. Section of a Dual Height Telltale Transponder

RMT

+
-

Surface computer

Up to 100 passive
transponders
AA
BB

Local Interrogation Unit
(up to 4 per system)

Figure 30. Schematic Diagram of Remote Reading Telltales



HSE4088/R33.082

Twin core cable

Telltale transponder

Figure 31. Plan of Possible transponder Layout in Multiple Entry
Gate Roadway Layout

Figure 32. Remote Reading Telltales Main Display Screen (screen
captured from West Colliery)
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Figure 35. Bullflex Pillar Under Test at DMT
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Figure 36. Telltale Readings on 19th December 2001
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Figure 39. Mode of Roof Deformation Behind Face

Figure 40. Face Side Pack Condition Face



Figure 41. Secondary Support behind Face in Good Condition

Figure 42. Secondary Support Behind Face in Bad Conditions
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Figure 43. Data From Station 54 From Behind the Longwall

Figure 44. Rotary TelltaleDisplays Roof Movement as Rotation of
a Pointer ( view from below)
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Figure 54. Mine Plan for K4’s District

Limestone 125 MPa
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Figure 55. Strata Sequence and Bolt Pattern
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Figure 81. Minor Principal Stress as Junction Formed
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Figure 83. View of 2D Model-Mine G
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Figure 88. Bolts Through the Slip
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APPENDIX 1 TEST PROCEDURE FOR THE LSEPT

Determination of bond strength and system stiffness
A1.1

Principle

The bond strength and system stiffness are determined from a laboratory short
encapsulation pull test where a rockbolt sample is installed in a confined, rock core
using capsule resin, and, after resin curing, is pull tested under controlled conditions.
Bond performance is assessed in terms of the bond displacement measured against
the applied load.
A1.2

Apparatus

A1.2.1 The testing apparatus comprises a machine tool lathe, such as that shown in
figure E1, a hydraulic biaxial cell, a water feed system and drill assembly. Pull test
equipment and an autographical recording facility or other means of producing a
load/extension graph for recording the test data during pull testing are required, as
shown in figure A1.2 and as described below.
A1.2.2 Machine Tool Lathe
A machine tool lathe with a sufficient bed length to allow drilling and bolt installation
operations to be carried out in a single pass is required. The lathe should be capable of
a throw of 190mm or more, a rotation speed of 440 rpm and offer a minimum torque of
200Nm. An automated feed rate of 1.25mm/revolution is also desirable but not
essential.
A1.2.3 Biaxial Cell
A hydraulic biaxial pressure cell, is shown in figure A1.3. The cell should have a
nominal internal diameter of at least 145mm and a minimum confining membrane
length of 200mm. The cell should be capable of applying a confining pressure of at
least 10MPa.
A1.2.4 Water Feed
The system should allow flushing water to be delivered effectively through a rotating
drill rod, fixed in the chuck of the lathe, to the tip of the drill bit during drilling operations.
A1.2.5 Drilling Consumables
The average finished hole diameter should be 6.5mm +/- 0.5mm greater than the
equivalent bolt diameter. A twin wing, negative rake, carbide tipped, drill bit should be
used.
A1.2.6 Pull Test Equipment
Suitably calibrated pull test equipment shall be used comprising a hydraulic hollow ram
jack, a pressure bearing plate or stressing stool, hydraulic hose, pressure gauge and/or
load cell and hydraulic pump fitted with a non-return valve, as shown in figure A1.2.
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The apparatus should be capable of applying a load at least equivalent to 90% of the
yield strength of the rock bolt under test.
A1.2.7 Recording Apparatus
Use an Linear Variable Differential Transformer (LVDT) or dial gauge to record bolt end
displacement and an in-line pressure gauge, preferably with an electronic transponder
and /or suitable capacity load cell, to record the applied load / pressure, see figure
A1.2.
A1.2.8 Rock Test Specimens
The rock test specimens should consist of sandstone rock cores, with a minimum
length of 220mm and an external diameter to match the internal diameter of the biaxial
cell used. The rock test specimens should have suitable properties and meet the
performance criteria specified in A1.5. The core should comprise poorly cemented,
medium grained, homogeneous sandstone with rounded, well sorted grains. When
tested according to ISRM Suggested Methods[1], the uniaxial compressive strength
should lie between 21 and 31 MPa and the Young’s Modulus should lie between 7 and
10 GPa. An example of a suitable rock is “Hollington Stone”, produced from Hollington
Quarry, Hollington in Staffordshire.
A1.3

Procedure

A1.3.1 Rock Core Preparation
Core specimens with major irregularities, bedding or discontinuities should be
discarded. Any minor irregularities or depressions found in the outer surface of the rock
core must be removed or filled with a suitable self hardening filler compound to avoid
localised deformation of the cell membrane under pressure.
A1.3.2 Installing Rock Core in Biaxial Cell
The rock core should be located inside the biaxial cell ensuring the cell membrane has
full circumferential and axial contact with the rock core. No more than 10mm of rock
core should protrude from one end of the cell. A confining pressure of 10MPa should
then be applied to the rock core using the biaxial cell and this should be maintained
throughout testing. The biaxial cell should be securely mounted on the lathe stock such
that the axis of the rock core is in alignment with the axis of the lathe chuck and the
end, with no more than 10mm of core protruding from the biaxial cell, faces the lathe
chuck.
A1.3.3 Drilling
Sharp undamaged drill bits of the correct type and dimensions (see A1.2.5) should be
used. Correct specification drill rods in good condition that are clear of debris and with
full flushing functionality should be used.

[1]

International Society for Rock Mechanics Commission on Standardization of Laboratory and
Field Tests, “Suggested Methods for Determining the Uniaxial Compressive Strength and
Deformability of Rock Materials”, Int. J. Rock Mechanics & Min. Sci. & Geomech. Abs. Vol. 16.
No. 2, pp 135-140 (1979).
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Mark the drill rod 160mm from the bit end. Mount the drill rod in the lathe chuck such
that it is concentric, not more than the required length of drill rod extends beyond the
face of the chuck and the water feed is attached.
Advance the lathe stock until the face of the rock core is close to the drill bit.
Operate the lathe at the correct rotation speed (approximately 440rpm), apply flushing
water, then, manually advance the lathe stock to initiate drilling. Once the drill bit has
begun to penetrate the rock core, ensure that rock penetration continues at the
appropriate rate (approximately 1.25mm/revolution).
When the rock core has been drilled to the correct depth (160mm), withdraw the stock
slowly, maintaining lathe rotation and flushing water pressure. Ensure the hole is free
of debris and is 160mm long.
A1.3.4 Bolt Installation
Measure and record the internal diameter of the drilled hole using a calibrated borehole
micrometer, recording the diameter for at least four positions evenly distributed along
the length of the borehole. From these readings determine the average borehole
diameter. The average borehole diameter should be 6.5mm +/- 0.5mm greater than the
equivalent rock bolt diameter.
Ensure the rockbolt to be tested is clean and free from contaminants. The rockbolt
should be long enough to allow assembly of pull testing equipment after bolt installation
(see figure A1.4). The end of the bolt to be inserted into the rock core should be cut
normal to the axis of the bolt.
Remove the confined rock core from the lathe and place it upright on a bench. Fill the
borehole with slow set resin which has been properly pre-mixed according to the
manufacturer’s instructions ensuring that the catalyst has been fully dispersed. Push
the rockbolt to be tested into the borehole by hand ensuring as far as possible that the
bar is central and fully to the back of the hole. Leave the assembly for at least one hour
and pull tested within 2 hours of mixing.
A1.3.5 Pull Testing
Assemble pull test equipment on the installed bolt and core in the lathe as shown in
figure A1.2.
Operate the hydraulic pump at a slow and smooth rate (approximately 1 kN/sec)
applying increasing pressure to the hydraulic jack. Record the bolt end displacement
at regular load intervals. Cease pump operation either when the bolt end displacement
exceeds 10mm in total or at 90% of the load at which the yield strength of the rockbolt
would be reached.
After pull testing, relieve the pressure from the pull test jack before relieving the
pressure from the biaxial cell to prevent tensile failure of the rock core.
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A1.3.6 Core Examination
After testing, withdraw the rock core from the biaxial cell and split the core in the axial
plane in order to inspect the quality of installation and mode of bond failure. Examine
both the resin / bolt and the resin / rock interfaces and note the location of any shear
failure.
A1.4

Results

Prepare a load / extension graph for applied load against bond displacement where :Bond displacement (mm) = Measured displacement – Extension in bolt free
length (see Equation A1.1)
Determine the system stiffness and the bond strength, ie the applied force at which the
slope of the graph falls below 20kN/mm, from the mean of the best three of five tests.
Equation A1.1.

Extension in bolt free length

where,
F
L
ES
D

=
=
=
=

=

FxLx4
E x S x D2

Applied force (Newtons)
Bolt free length (mm)
Young’s Modulus of the bolt material (MPa)
Nominal bolt diameter (mm)

A1.5 Rock Core Performance Criteria
A standard test is required to determine the performance characteristics of the rock
core under pull test conditions to ensure consistent rock material is used.
When tested in accordance with the procedure described in A1.3 and using the
standard consumables and criteria listed in Table A1.1, the rock core should provide
test results which lie within the performance envelope shown in Figure A1.4. Bond
failure must be at the rock/resin interface.
Hole diameter
Bond length
Confining pressure (biaxial cell)
Drill rod type
Bar type
Resin type

28.5mm+/- 0.5mm
160mm
10MPa
19mm AF, hollow, hexagonal
M24 High tensile continuously threaded steel
bar, grade 10.9 steel
(Yield Strength 312kN, UTS 346kN)
Premixed AT slowset resin

Table A1.1 : Standard Consumables and Criteria for Rock Core Performance
Testing
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WATER FEED
UNIT

DRILL ROD & DRILL BIT
ASSEMBLY

BIAXIAL CELL MOUNTED
ON LATHE STOCK

MACHINE TOOL LATHE

Figure A1.1

General Arrangement of Lathe Based Pull Test

192

ROCK
CORE

PRESSURE GAUGE/
TRANSPONDER

DATA
COLLECTION

HYDRAULIC PUMP

HYDRAULIC HOSE
30 TONNE
HYDRAULIC JACK

STRESSING STOOL
/ BEARING PLATE

100mm
THREAD

ROCK
CORE

LVDT / DIAL GAUGE TO MEASURE
BOLT END DISPLACEMENT

Figure A1.2

LOAD
CELL

GENERAL ARRANGEMENT OF HYDRAULIC PULL TEST APPARATUS
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END CAP

CELL BODY

MEMBRANE

CROSS SECTION
Figure A1.3

Hydraulic Biaxial Cell
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END CAP

ROCK CORE TYPE TESTING
200

Control Test Envelope

Load (kN)
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0
0
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Displacement (mm)

Figure A1.4 Rock Core Type Test - Performance Control Envelope
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