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FINAL SUMMARY
WP1–FIELD
AND
LABORATORY
INVESTIGATIONS
CHARACTERISTICS AFFECTING OUTBURSTS

INTO

COAL

SEAM

Task 1.1: Data assimilation
This Task aimed at collection and compilation of relevant data to establish the baseline for the
project in order to plan the laboratory and field experiments, the monitoring programme and future
work in WPs 2, 3 and 4. In particular, the data considered and reported included coal seam
characteristics and lithology; strength, elastic properties; porosity and permeability; data on gas
contents, composition and stress/pressure analysis data; ventilation air gas concentrations and the
mining method/sequence.

Task 1.2: Field assessment of geotechnical conditions which affect outbursts
This task was led by DMT and aimed at conducting preliminary field assessment of geotechnical
conditions underground, through surveying of coal faces and headings, to establish a clear
understanding of the zones of varying stress, gas volume and enhanced gas yields at the mines
representative of the mining methods used.
Underground measurement campaigns were performed at Coal Mine Velenje investigating
geological structures, especially discontinuities like faults, joints or cleats, which are believed to
play a major role in gas movement. The application of an optical dip shuttle, an anchor borehole
inspection tool and a digital camera system for stereophotogrammetric measurements were
implemented.
Due to scheduling problems, the measurements executed at Velenje could not be carried out at
HVL. Instead, a conceptual evaluation of the geotechnical conditions was made by DMT.

Task 1.3: In situ gas content, gas pressure and permeability measurements
At Coal Mine Velenje, boreholes were drilled and used for the measurement of in situ gas content,
seam gas composition, seam gas pressure and stress over the whole project period and the effect
of face advance and distance to the longwall face on gas emission zones was successfully
evaluated. The pressure build up data obtained from the sealed boreholes were analysed using
reservoir engineering techniques and both virgin and fracture coal permeabilities determined. It
was found that fracturing due to stress effects at around 40m from the working face leads to
permeability enhancement (by around 200 times).
In situ gas contents of the coal seams at Coal Mine Velenje and HVL were determined by
researchers from DMT, CM-Velenje and HVL as 4.0-8.0 m3/tonne and 4.25-17.60 m3/tonne at
Velenje and HVL respectively.

Task 1.4: Laboratory measurements
DMT used the desorption value kt- as an indicator for gas outbursts proneness of a coal seam and
tested both Velenje and HVL coals. Velenje coals ranked unusual (outburst prone) but this was
attributed to the high initial desorption rates, not to outburst proneness. The kt-values determined
for HVL coals, on the other hand, were all below 0.68 and the coals classed as normal, and not
necessarily outburst prone according to this criteria.
Both IMPERIAL and DMT carried out laboratory measurements of adsorption isotherms for CH4 and
CO2 for coals from the partner mines. The results were reported and used in numerical modelling
studies in WP4. The mechanical and elastic properties of coals were also determined through
uniaxial and triaxial testing and reported for use in numerical modelling.

Task 1.5: Feasibility study of induced gas desorption
The objective of the feasibility study of induced gas desorption was to test in the laboratory, a
novel methodology to displace methane from coal, based on the external application of a high
intensity electromagnetic or magnetic field to the coal sample. A range of baseline desorption tests
on a reference UK coal (from a seam with very low outburst propensity) and tests on outburstprone coals from HVL and Velenje Mine was conducted. It was considered that the most promising
research avenue involved examining the effects of E-field excitation on stimulating gas desorption.
A critical review of scientific studies on outburst triggering mechanisms identified an
electromagnetic emission model which argues that in a typical coal and gas outburst,
electromagnetic emissions play an important role in the ‘trigger’ and ‘development’ stages of an
outburst. Consideration was also given to the application of magnetic (B) field techniques, the
diamagnetic properties of methane having being investigated as part of the desorption process.
However, under the given test conditions the B-field tests demonstrated only a small increase in
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stimulated desorption whilst the E-field effects were of a somewhat smaller magnitude. The science
of stimulate emission from absorptive coal matrices requires further study.

WP2-IN SITU MONITORING AND ANALYSIS OF THE EFFECTS OF FACE ADVANCE
RATE AND OVER-MINING ON COAL SEAM CHARACTERISTICS
Task 2.1: Monitoring and assessment of stress and gas dynamics around LTCC
and SLC faces
At Coal Mine Velenje, a large number of boreholes were drilled and used for the measurement of
seam gas pressure, composition and stress throughout the project to analyse the effect of face
advance and distance to the longwall face. In seam stress and pressure measurements identified a
zone 70m from the face as a high stress/pressure build up zone and 40m from the face as the start
of stress relief, fracturing and high gas flow zone. These early observations in 2011 were later
confirmed by the measurements taken in 2012 and during the drainage pilots in 2013, matching
the numerical modelling predictions of WP4.
At HVL, the experience gained at coal Mine Velenje was utilised to solve field related problems and
a series of 76 mm diameter boreholes were drilled and instrumented from the access gates to the
mined coal level (sub-level) to determine the pressure of methane in the coal seam and change in
pressure as the coal face advances. Gas pressure, stress, gas flow and the impact of daily
production on these parameters are monitored. At South Flank, where there are 3 mining areas,
gas pressures of 300 – 800 kPa were observed.
Task 2.2: Continuous monitoring of gas emissions around the LTCC and SLC faces
Continuous monitoring of gas emission at longwall faces in both partner mines aimed at correlating
these data with the borehole measurements and numerical modelling history matching in WP4.
The data was utilised to support the assessment of gas emission characteristics in other tasks in
the project.

WP3-MONITORING OF IN-SEAM PRECURSORS TO OUTBURST EVENTS
Task 3.1: In-seam seismic tomography techniques for detection of outburst
conditions
The first seismic tomography surveys at Coal Mine Velenje aimed at taking advantage of the unique
characteristics of LTCC face K.-50/C where the longwall panel is retreating partly under a mined
out zone and partly under solid roof coal for some distance. A 100m section of the longwall K. 50/C, close to the face completion line, was set up for tomography measurements In total, 40
receiver and 40 source boreholes, which were spaced regularly at ~2.5m, were prepared in the
intake and return gateroads respectively. For the generation of P-waves, explosive sources in small
boreholes were used. During the lifetime of longwall K. -50/C, four surveys were attempted and
two seismic tomography measurement campaigns were successful, others having to be interrupted
due to excessive gas levels in the longwall district. The seismic velocities measured in the two
campaigns ranged from 1.55 km/s to 2.15 km/s. The tomograms produced by the three
components reflected the overall stress concentrations on both sides of the panel with slight
differences caused by lithology and anisotropy effects. With the longwall face 47 metres from the
tomography zone, the area nearest to the approaching face have yielded the lowest P-wave
velocities, suggesting fracturing of the coal under extreme abutment stresses.
The second repeat seismic tomography campaign at Col Mine Velenje was carried out at LTCC face
K.-130/B in 2012. Overall, the results of the P-wave seismic tomography campaign have shown up
to 600 m/s decrease in P-wave velocities within close proximity of the longwall face, a sign of
significant fracturing, increased permeability and gas flow. One important feature of the 2012
tomography measurements was the clear identification of a large fault running across the longwall
panel. This was judged to be due to change in lithology and/or gas pressure. It was observed that,
once the longwall face is close to the fault, or partly cut through it, the influence of the stress
abutment overrides the fault effect and there is a uniform and a much reduced distribution of Pwave velocity ahead of the front abutment zone closer to the face-line, indicating significant
fracturing, increased permeability and gas flow. With the successful development and use of the Swave hammer, the Vp/Vs ratio tomograms and the ratio differences between the two 2012
campaigns confirmed the same observations made from P-wave tomograms, that a fractured zone
with increased permeability and gas flow may be formed 40m ahead of the longwall face.
The repeat (time-lapse) seismic surveys performed at longwall faces K.-50/C and K.-130B in Coal
Mine Velenje were completed successfully and demonstrated the viability of this method
underground, yielding valuable results by correlating stress zones, gas pressure and flow ahead of
an advancing LTCC face with seismic velocities. The changes in both P- and S-wave velocities
correlated with the enhanced permeability and gas flow zones the dimensions of which were also
confirmed during the drainage trials in WP5.

6

As explained in detail earlier, seismic tomography research was not possible at HVL due to mine
safety concerns. However, the mechanised longwall layout and production/face advance rate at
Coal Mine Velenje is comparable to that practiced at most other mechanised hard coal mines in
Europe and it is believed that the methodology demonstrated is independent of the characteristics
of particular coals or seams and is transferable to other coal mines in Europe.

Task 3.2: Microseismic techniques for continuous monitoring of outburst
conditions
The objective of this task was to evaluate the potential use of passive microseismic monitoring and
passive tomography for detection of overstressed and fractured zones which may lead to coal and
gas outburst, or uncontrolled gas emissions.
At Coal Mine Velenje, the flameproof automated Seismic Observation System (SOS) designed by
GIG was installed at two longwall faces. The system was constructed as a 32 channel data
transmission system working with 8 three component velocity sensors and 8 one component
velocity sensors. The microseismic monitoring work carried out at HVL during 2012 used the same
Seismic Observation System, with a 32 channel data transmission system working with 6 velocity
sensors at Level 728 in the South Flank area of the Santa Lucia mine.
The analysis of the microseismic monitoring data has suggested that the dominant source
mechanism for the seismic events was uniaxial compression or tensile stresses associated with the
failure of coal seam and, thereby, increase the fracture zones in the coal seam and the possibility
of intensive migration of gases.
Using the seismic events recorded during the monitoring periods Bent-ray tomography P wave
velocity images were obtained for both HVL and Coal Mine Velenje longwall districts studied.
Particularly notable outcome of this was the effect of face movement and the migration of high and
low P-wave velocity zones in both longwall districts in the direction of mining over the monitoring
period, confirming the effectiveness of the methodology in identifying potential high gas emission
and/or stress build-up sites. The high P-wave velocity regions were identified as high abutment
stress zones and the relatively lower P-wave velocity zones were associated with highly fractured
zones where more intensive gas emission may be expected.
Imperial College carried out a detailed analysis of the processed microseismic data provided by GIG
and developed a methodology using the fractal dimension, estimated from the spatial density of
the recorded microseismic incidents, to characterise the seismic energy build-up ahead of the face,
and correlate this with high gas emission events as an outburst prediction tool.

Task 3.3: Electromagnetic techniques for detection of outburst conditions
An important distinction is made between the related work undertaken within Task 1.5 and Task
3.3 respectively. In Task 1.5 the research was concerned with investigating whether high intensity
magnetic and electromagnetic fields accomplish stimulated desorption from coal samples. In
contrast, Task 3.3 was concerned with detecting and discriminating the low level signals generated
from minerals and mine geologies subject to high stress levels. The application of electromagnetic
radiation (EMR) for detection and prediction of geological anomalies, including outbursts and
rockbursts in mining was therefore considered under Task 3.3. This work focused on two avenues:
Investigating the scope to use electromagnetic radiation (EMR) from coal samples subject to
uniaxial stress in the laboratory to determine relationships which will point to the outburst
propensity of the associated coal seam, and
Investigating the feasibility of employing innovative passive electromagnetic methods to monitor
and detect outburst precursor events underground. The approach here was to critically review
previous studies and to recommend improvements in a proof-of-concept system design.
Whilst at an early stage, both techniques appear to indicate significant potential.

Task 3.4: Recommendations on the detection of outburst conditions
The work undertaken in CoGasOut examined collectively the role of geophysical techniques,
geomechanical modelling and outburst risk modelling. Broadly, three inter-related measurement
approaches were employed involving; high resolution in-seam seismic tomographic imaging, inseam drainage borehole gas flow characterisation and microseismic monitoring and source
localisation. WP3 also had a number of ambitious objectives directed at addressing a number of
fundamental questions concerning the application of geophysical methods for the detection of
outburst conditions:
Can a feasible and reliable means be found to monitor and predict the imminent risk of outburst
conditions?
Does a joint approach involving in-seam seismic, passive seismography and electromagnetic
methods offer useful gains in sensitivity and resolving power for evaluating working seam
conditions?
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Is it possible to interrelate gas outburst and microseismic events, in terms of the event
characterisation, modelling and the means for defining mining risks?
Is it possible to produce a practical mine-wide monitoring system which covers gas outburst and
possibly dual rockburst prediction roles?
It is believed that the use of an underground microseismic network and remote monitoring of
microsesimic events can be successfully used to interpret seismic events for identifying high gas
emission and outburst risk conditions. Passive tomography can be used as a tool to detect locations
of potential stress concentration and high gas emission zones in longwall districts. Furthermore,
the fractal dimension based methodology developed may help characterise the build-up of fractures
in the seam being mined ahead of the face and should be further investigated to develop a
practical system for mining use.
Nevertheless, it is concluded that the implementation of a proven, practical mine system to provide
unambiguous warnings of imminent outburst events remains some way off. That said, excellent
progress was made with an integrated analysis of lithological and geological mappings, coal panel
geomechanical modelling and the application of microseismic continuous monitoring. These
techniques may thus be used further to good effect. As noted above, monitoring of electromagnetic
radiation also shows promise.

WP4-JOINT INTERPRETATION AND NUMERICAL MODELLING OF FIELD AND
LABORATORY DATA FOR THE DESIGN OF OUTBURST CONTROL SYSTEMS
Task 4.1: Data analysis and interpretation
This task involved the analysis and interpretation of the field and laboratory determined
geomechanical, gas pressure dynamics, flow and seismic survey data from WPs 1, 2 and 3 to
develop conceptual models of the LTCC and SLC coal production districts for use in numerical
modelling. The in situ gas content (a mixture of CO2 and CH4) of Velenje coal seam/lignite was
found to be relatively low, varying between 6 to 8 m3/tonne and predominantly CO2. The initial In
situ gas pressures measured varied between 350 to 700 kPa gauge. Specific gas emission levels
varied from 2 to 150 m3 per tonne of coal mined depending on the face geography and location
within the seam.
At HVL, the methane gas emitted is predominantly methane and gas contents in different parts of
the mine vary significantly between 4 to 17 m3/tonne. In situ gas pressures measured varied
between 350 to 800 kPa gauge. Being non-mechanised to the same extent as coal Mine Velenje,
the 5-150 m3/tonne specific emission of methane at HVL is significant and believed to be
comparatively high for a conventional mining operation.
Careful analysis of P-wave velocities coupled with borehole pressure/stress measurements, the
repeat (time-lapse) seismic surveys performed at longwall faces K.-50/C and K.-130B in Coal Mine
Velenje have clearly shown that the changing stress regime has a significant impact on
permeability and gas flow in the vicinity of an advancing longwall face. Microseismic monitoring,
passive seismic tomography and fractal dimension characterisation of the microseismic monitoring
data have proven to identify zones of high stress build up, high intensity fracturing and gas flow, as
well as the periodic nature of high seismicity events as precursors of uncontrolled gas emissions
and/or outbursts.

Task 4.2: Numerical modelling
Most significantly, coupled geomechanical and flow models of coal excavation at longwall faces
were developed and monitored stress and gas emission data were history matched as part of this
Task, preparing the models for the design and assessment of the drainage and outburst mitigation
schemes in thick seam mining. Two-way coupling achieved between FLAC3D and ECLIPSE 300
software packages and the use of IMPERIAL’s permeability models helped achieve these objectives
as described in detail in this report.
The implementation of the coupled numerical modelling approach work focused on most
extensively monitored longwall panel K.-50/C panel at Coal Mine Velenje. Numerical modelling has
shown that, compared to the mined level and the top coal, the depressurised zone extends to a
wider area (horizontally) in the floor coal. As a result, it was suggested that the main gas emission
source in the top coal is around 30 m ahead of the coal face, while in the floor coal, gas emits from
both the coal around 40 m ahead of the coal face and below the mined goaf. These model
predictions were later confirmed successfully by the drainage pilot results at Coal Mine Velenje in
WP5. Using the two-way coupling approach, the permeability of the fractured coal was calibrated
to successfully match the monitored gas emission rates between 1 June and 7 August 2011 at K.50/C panel and gave confidence in designing the drainage pilots.

Task 4.3: Assessment of the effect of over-mining
The numerical modelling work described above have successfully predicted the effect of over
mining on gas release (or drainage) from the floor of a LTTC or SLC face. Besides numerical
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modelling, systematic monitoring of in-seam gas pressures and compositions with the use of a
large number of boreholes at all operating faces throughout the project at Coal Mine Velenje led to
a better understanding of gas behaviour in the mine. Gas pressure measurements from 17
boreholes and gas composition analysis in further 10 boreholes drilled and instrumented during
2010-2013 were evaluated to map gas pressure and composition distribution throughout the mine.
Gas pressure in areas under solid rock or coal overburden have shown significantly higher values
than in areas over-mined by upper panels. It was also noted that CO2 rich gas mixture is present in
areas which have been over-mined, and affected by mining where gas migration pathways are
created, and thus methane gas (free gas) was able to migrate first. On the other hand, methane
levels were observed to be higher in the upper levels of the coal seam.

Task 4.4: Outburst control system design
This task focused on two different aspects, namely the modelling and scenario testing of the
effectiveness of gas drainage methods using in-seam, roof and floor boreholes, and the
development of a gas outburst model which enables the assessment of field stress/gas
pressure/permeability conditions leading to an outburst. Coupled geomechanical and gas flow
numerical models of longwall faces were set up to represent realistic dimensions and field reservoir
properties.
Face advance and geomechanics were modelled to provide the basis for permeability inputs used in
gas drainage simulations. Mining abutment stresses and their effect on coal permeability was also
accounted for, using IMPERIAL’s permeability models, and the permeability heterogeneity
represented
Performance comparison of drainage layouts have shown that gas production rate increased with
increased borehole length, decreased borehole inclination, and was naturally higher for shorter
standpipe lengths. Furthermore, given equal borehole and standpipe lengths, a roof borehole tends
to have the best drainage performance since roof coal permeability has been largely enhanced by
over-mining. It was also observed that a shallow angle floor borehole may be as effective as inseam pre-drainage boreholes and help mitigate against gas outbursts from the floor where
permeability is likely to be the lowest in a LTCC panel.
Using the configuration of the boreholes to be drilled for the pilot trial at longwall district K.-65/F at
coal mine Velenje, a number of scenarios tested in order to assess the effectiveness of the
drainage boreholes at the pilots. Compared with horizontal boreholes, the performance of inclined
boreholes appeared to be less effective. However, this was caused, in the main, by the short
effective drainage length used in inclined boreholes, which was confirmed when field performance
was based on drainage per metre length of borehole during the trials in WP5.
The second focus and achievement of this Task was the development of an outburst model based
on the “gas pocket theory”. This model was used to investigate the interaction between mining
induced stress changes and rock failure, and gas pressure gradient around mine openings to
evaluate the conditions for outburst initiation in a gas pocket model. Both the “tensile effective
stress (TES)” and “unbalanced pressure driven force (UPDF)” outburst initiation criteria for the
coal/rock elements have been evaluated. To demonstrate the initiation of an outburst induced by a
gas pocket, the model was tested at Coal Mine Velenje conditions and it was found that, in order to
maintain the gas pressure level in the gas pocket at 2.1MPa as assumed, permeability in the strong
coal needed to be two orders of magnitude lower than that of the surrounding coal (0.01 vs. 1
mD).

WP5-PILOT SCALE TRIALS OF GAS DRAINAGE SYSTEMS TO PREVENT
OUTBURSTS AND UNCONTROLLABLE EMISSIONS IN THICK SEAM COAL MINING
Task 5.1: Pilot scale gas extraction system at CM-VELENJE
Based on the field borehole monitoring and numerical modelling results of WPs1, 2, 3 and 4, the
designs for the pilot drainage trials were made at Coal Mine Velenje. The drainage system was
carefully constructed, tested and all safety certification put in place. The drainage boreholes were
drilled in coal, in relative positions with respect to the retreating longwall panel K. -65 F in Mine
Pesje and the drainage system installed.
Trials with drainage borehole R3 were performed in 13 separate campaigns in relation to longwall
face advance. The total flow rate of drained gas varied between 141 to 205 m3/h, reaching its
highest value as the longwall face was around 20 metres from the borehole R3. Analysis have
shown that increased suction pressure increases the flow rate of air in to the borehole, thus the
total gas flow rate in the system. In the same manner, lower suction pressures lead to an increase
in the drained CH4 concentration which needs to be kept significantly above the explosive range for
safety, as well as drainage efficiency. Observations have shown that the total flow rate of gases in
borehole R4 also reached a maximum at around 20 metres distance from the longwall face. As also
noted during the numerical modelling work under WP4, floor borehole R4 had an earlier production
enhancement than R3, which occurred when the face was 40 metres away from borehole R4. The
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performance of boreholes R3 and R4 (in-seam versus floor boreholes) per metre of borehole drilled
was compared and seen that, given the same drilling length, the floor borehole R4 was more
efficient than R3 in capturing CO2 and CH4.
Along with single borehole drainage trials, multiple boreholes were also tested for flow rates, as
well as gas purity, and interference with successful and valuable data for use in the long term.

Task 5.2: Pilot scale gas extraction system at HVL

A number of schemes have been considered for the application of gas extraction
system South Flank Area in the 5th level. Two sets of gas extraction units with a group of three
boreholes each were planned to work as part of a general drainage circuit. The system designed
included the gas collection boreholes, the general manifold, the drainage pump supporting a
maximum vacuum pressure of 0.5 bar, and a gas dilution module which were tested in the
workshops of HVL.
After the preliminary underground trials of the gas extraction system to test the monitoring and
measurement instrumentation to ensure safe operation three different field gas extraction systems
were planned. While conducting test trials the problem of filling the pump circuit with methane was
encountered because the pipe, the filter, the monitoring module and the pump have close circuited
with air inside. Under the supervision of the mines inspector, a number of modifications to the
system and further safety measure were implemented.
However, after drilling the drainage boreholes and connecting the system to conduct the drainage
trials, the vacuum pump stopped/tripped by the depression level in the circuit in every occasion.
Several attempts were made to restart the pump but this was unsuccessful. Intensive efforts have
been made to check for possible faults in the installation but everything appeared to be in order,
yet the system did not function.

Task 5.3: Field pilot results
At Coal Mine Velenje, the pilot gas drainage trials were designed and successfully implemented at
the longwall panel K. -65F. The analysis of the results have suggested that gas drainage at Coal
Mine Velenje is feasible and should help reduce the risk of gas outbursts if successfully applied in
draining the floor area of a LTCC face (the top coal for the next level LTCC faces). The lessons
learned from the drainage trials can be summarised as follows:
•

The drainage trials and performance assessment have confirmed the role off stress and
fracturing in increasing the permeability and flow rate of gas at some distance ahead of an
advancing face.

•

Drainage pump suction pressure is of critical importance for drainage efficiency and
increased gas purity. High suction pressure may lead to increased total drained volume,
however this may compromise the purity of drained methane or CO2 by increasing air
leakage from the ventilation system.

•

The enhanced total gas flow rate ranged between 132 – 205 m3/h in boreholes R3 and R4
throughout the period of pilot trials.

•

It was observed that enhanced permeability zone for horizontal in-seam boreholes in LTCC
faces may start at around 30 metres from the longwall face, while -30˚ inclined floor
boreholes may experience permeability enhancement as far as 40 metres ahead of the coal
face.

•

Drainage capacity of a single drainage borehole is largely dependent on the length of
borehole and its perforated section.

•

Given a same borehole length, more gas could be captured from the floor boreholes than
that from the in-seam horizontal boreholes.

•

Borehole interference has been observed from two neighbouring boreholes with 8 m spacing.
Compared with single borehole drainage, increased total gas flow rate and decreased air
concentration were observed when these two neighbouring boreholes were operated at the
same time.

It is believed that, following the promising results obtained at longwall panel K. -65F, Coal Mine
Velenje will continue with these trials in order to learn more about gas flow around LTCC faces and
optimise their designs in the future.
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WP6-THE
DEVELOPMENT
OF
A
PROBABILISTIC
RISK
ASSESSMENT
METHODOLOGY AND PROTECTIVE MEASURES TO COMBAT OUTBURSTS AND
UNCONTROLLABLE GAS EMISSIONS
Task 6.1: Development of a probabilistic risk assessment framework to predict
gas outbursts
The research carried out in this Task aimed at developing methodologies to estimate the coal
outbursts risk through predictive modelling that uses monitoring data and environmental control
measures developed in WPs 1 to 5 of the CoGasOut project. A literature survey was carried out to
evaluate the parameter that could influence gas outbursts proneness. These parameters were
classified as geological, coal seam and mining method related parameters and their influence on
the gas outburst risk was studied conceptually. Next, a database of historical data from gas
outburst occurrences recorded in the HVL mine and other mines located in the area of Leon and
historically recorded by AITEMIN, as well as other mine companies, was reviewed. As a result a
large and comprehensive dataset was used to determine all relevant parameters and a
methodology that can be used to establish gas outburst proneness. This methodology was
illustrated in real coal mine scenarios.
The method and model developed is suitable to establish the coal characteristics and mining
methods that influence outburst risk for the HVL mines and can be used for mine planning,
although it is recognised that it is not a definitive and exclusive tool. It is important to note that
although the method and the variables considered are appropriate generally, when applying to
other mines the factors used to adjust the outburst risk index may vary in comparison to the
factors reported for HVL mines. Further adjustments should be made to parameterise the model to
a particular mine (e.g. coal mine Velenje, where the CO2 content is much higher) and account for
the particular coal type, geology, mining conditions of each mine.

Task 6.2: Development of an outburst protective barrier and its activation
system
Towards providing effective emergency preparedness measures in the event of an outburst, the
provision of a rapidly deploying barrier was investigated together with appropriate means of
detection and triggering. The objective of this work was to offer protection to workers located in
the coalface travelling track and help ensure their successful evacuation or if necessary their
extrication. Currently, there is no protection system available which could isolate the coalface
worker from a sudden rock and gas outburst. It is possible to ensure that workers in the coalface
areas are provided with self-contained self-rescuers or a breathing lifeline along the coal face which
can be put on in the event an irrespirable atmosphere being encountered. However workers may
still be exposed to a sudden and large release of solid material propelled by pressurised gas
releases of mainly methane and carbon dioxide.
A rapid deployment barrier would be required which could be activated and deployed in a fraction
of a second. Consideration was given to the possibility of examining airbag technology from the
automotive industry to rapidly inflate the protective barrier. The components of a proof-of-concept
protective barrier system were assembled along with an outburst simulator which utilised a
compressed air cannon to project particulate and gas at the protective barrier. Various secondary
airbag designs and inflation arrangements were evaluated along with considering the system
detection and triggering options. Subsequent work concentrated on the design and performance
analysis of the various system components, together with refining the mechanical design and
materials used. In the final project phase of the work, a conceptual coalface outburst protective
system design was defined, together with offering recommendations. This work confirms the
underlying feasibility of a coalface protective scheme.
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SCIENTIFIC AND TECHNICAL DESCRIPTION OF THE RESULTS
OBJECTIVES OF THE PROJECT
The objectives of the project are summarised here in terms of the principal research aims and
expected outcomes for each Work Package.

WP1–Field and laboratory investigations into coal seam characteristics affecting
outbursts
WP1 Research Focus

Expected Outcomes

− Review of the pre-project mine based data relevant to
gas outbursts and uncontrolled emissions

− Provide the baseline for research to be carried out and
measurements taken

− Research into field geomechanical, gas pressure and
stress conditions at partner mines. Research into
petrophysical properties in the lab

− Provide field data for design of long term monitoring
schemes and numerical modelling in WPs 2, 3 and 4.
− Knowledge on whether electromagnetic fields have an
ability to stimulate desorption

− Investigation of the influence of high intensity
electromagnetic and magnetic fields on desorption
mechanisms within coal

− Assessment of use of electromagnetic techniques to
measure coal outburst susceptibility and potentially to
improve the adsorption potential for CO2 storage

WP2–In situ monitoring and analysis of the effects of face advance rate and
over-mining on coal seam characteristics
WP2 Research Focus

Expected Outcomes

− Monitoring and assessment of stress and gas dynamics
around LTTC and SLC faces

− An understanding of the gas flow behaviour around
working faces for the design of gas drainage pilots.

− Monitoring of gas emission around LTCC and SLC faces

− An understanding of the effect of face advance on gas
emission levels in the production districts

WP3–Monitoring of in-seam precursors to outburst events
WP3 Research Focus

Expected Outcomes

− Time-lapse seismic tomography to examine structural
chages, change in lithology, stress and gas pressure in
working longwall panels to aid outburst prediction

− Knowledge on potential use of time-lapse tomography
in predicting the conditions leading to outbursts
− Assessent of the use of microseismic monitoring and
passive microseismic tomography to predict gas
outbursts

− Microseismic monitoring and passive microseismic
tomography
− Examination of the potential use of electromagnetic
radiation (EMR) as a predictive indicator of incipient
outburst conditions

− Information on the predictive value of EMR monitoring
techniques for detecting outburst conditions
− Application knowledge on how EMR monitoring can be
best applied in an ATEX M1 coalface environment

WP4–Joint interpretation and numerical modelling of field and laboratory data
for the design of outburst control systems
WP4 Research Focus

Expected Outcomes

− Review and interpretaion of all project data collected in
WPs 1, 2 and 3

− Knowledge and data provision for numerical modelling
to further the undertanding of the conditions leading to
gas outbursts and uncontrolled emissions

− Numerical modelling and history matching of field data
from WPs 1 and 2

− Development of a gas outburst numerical model

− Numerical modelling of potential gas drainage systems
and borehole layouts; modelling gas outbursts

− Design of the pilot gas drainage systems for
implementation at the partner mines and provide
inputs for their implementation in the field

WP5–Pilot scale trials of gas drainage systems to prevent outbursts and
uncontrollable emissions in thick seam coal mining
WP5 Research Focus

Expected Outcomes

− Construction of pilot gas drainage equipment/systems
and implementation in the field at Coal Mine Velenje
and HVL

− Assessment of the effectivenes of gas drainage sstems
to combat gas outbursts and uncontrolled gas
emissions in LTCC and SLC production districts in ultra
thick and steeply dipping tick seam mining

WP6–The development of a probabilistic risk assessment methodology and
protective measures to combat outbursts and uncontrollable gas emissions
WP6 Research Focus

Expected Outcomes

− Development of a methodology to assess gas outbursts
risks in coal mines

− Incorporate a gas outburst risk assessment tool into
the design planing and management of coal mining
operations

− Assessment of the feasibility of implementing a
outburst protective scheme for coalface workers
including a conceptual design study

− Application and design information on the key
components of a practical scheme which may be used
to direct further development and deployment
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DESCRIPTION OF ACTIVITIES AND DISCUSSION
WORK PACKAGE 1- FIELD AND LABORATORY INVESTIGATIONS INTO COAL
SEAM CHARACTERISITICS AFFECTING OUTBURSTS
This WP had two major objectives:


to collect and collate all currently available coal basin and mine monitoring data at the two
project field sites, which is relevant to the overall project objectives and analyse these to
establish the baseline as well as the requirements for planning the laboratory and field
experiments and the monitoring programme.



to carry out field and laboratory investigations to characterise the in situ mechanical, flow
and pressure characteristics of the coal seams and to test in the laboratory a novel
methodology to displace methane, based on the application of a directional pulsed electromagnetic field.

Task 1.1 Data assimilation
This Task aimed at collection and compilation of all pre-project available data on production and
the subsurface environment at partner coal mines to establish the baseline for the project in order
to plan the laboratory and field experiments, the monitoring programme and future work in WPs 2,
3 and 4. Led by the mine operators, all research partners contributed to this Task and a detailed
report was prepared.
In particular, the data considered and reported included coal seam characteristics and lithology;
strength, elastic properties; porosity and permeability; data on gas contents, composition and
stress/pressure analysis data; ventilation air gas concentrations and the mining method/sequence.
As this background data was later replaced with new measurements and data produced under this
WP, as well as WP2 and further WPs, the background information carried forward from before the
project under this task will not be reported here to save space.

Task 1.2 Field assessment of geotechnical conditions which affect outbursts
This task was led by DMT and aimed at conducting preliminary field assessment of geotechnical
conditions underground, through surveying of coal faces and headings, to establish a clear
understanding of the zones of varying stress, gas volume and enhanced gas yields at the mines
representative of the mining methods used.

Figure 1

Measurement locations (in green circles) at Premogovnik mine. Left: Longwall k.-130/A
(November 2010); right: k.-50/C (September 2010).

Two underground measurement campaigns were performed at Coal Mine Velenje in September and
November 2010 at two different locations (Figure 1). With these measurements, it was tried to
investigate the geotechnical conditions within the seam. Geological structures, especially
discontinuities like faults, joints or cleats, are supposed to play a major role for gas movement. The
application of different technical equipment was conducted. For the investigation of the geological
structures, optical measurement systems were chosen: an optical dip shuttle, an anchor borehole
inspection tool and a digital camera system for stereophotogrammetric measurements.
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The optical dip shuttle is an explosion-proof, wireless optical probe for borehole logging. LEDs
enlighten the borehole wall, and the image of the wall is reflected by a mirror through a lens
system. The borehole images are recorded by a digital camera sensor. The probe makes a 360°
scan of the borehole wall. Digital memory and power supply are implemented within the probe. The
tool has a diameter of 63 mm and fits into HQ diameter boreholes. An explosion proof mobile
pocket PC is used for wireless communication with the optic dip shuttle (Figure 2). It allows
changing the exposure settings, visualizing a preview of the recorded image and is needed for
starting and stopping a measurement.

Figure 2

Insertion of the optical probe into the borehole Optical dip shuttle (left); communication
and data transfer with pocket PC (right).

Four boreholes were investigated with the optical dip shuttle (Table 1). The images showed some
detritic coal with plant fragments (Figure 3). Few structures like joints or cracks could be detected
in the images, nearly all were vertical and probably mining induced. Borehole JPK 34/10 showed
two major vertical open joints at depths of 4.27 m resp. 6.23 m, which were open in a width of up
to 3 cm (Figure 4).
For deeper investigation of the seam’s joint and cleat systems the length of the boreholes could be
increased. Experiences from other lignite mines, e.g. from Kosovo, showed that the major joints
within the seam are widely spaced and reached there an average distance of 20 m. Though the
geological age of the coal is relatively young, it can be assumed that faulting has taken place.
Historical gas outbursts in Premogovnik Mine were related to faults. The detection of faults is
therefore of major importance and may be facilitated by optical borehole measurements in long
boreholes.
The anchor borehole inspection tool is an explosion-proof (I M1 EEx ia I), wireless and selfsustaining device for the acquisition of digital images of slim boreholes. Due to its thin diameter of
only 23 mm it can be applied optimally in anchor boreholes with a maximum diameter of 45 mm.
The anchor borehole inspection tool is lightweight and can be easily inserted into the borehole by
hand using prolongable rods. Similar to the optic dip shuttle, the images of the borehole wall allow
a determination of the lithology and a structural analysis. Anchor boreholes were not available for
investigation during the two underground campaigns. It is suggested to investigate anchor
boreholes in future measurement campaigns.

Table 1 Measurements performed with the optical dip shuttle.
Drill hole ID
Roadway
Station

JPK 34/10

JPK 35/10

JPK 36/10

JPK 37/10

K.-50/C

K.-130/A

K.-130/A

K.-130/A

20 m

20 m

20 m

20 m

+2o

+2o

+30o

+2o

320m to longwall face

Drill hole length
Drill hole inclination
Drill hole diameter
File name
Date of measurement
Settings of measurement
Number of 1.5m rods used
Excess length

110 mm

110 mm

101 mm

101 mm

16091007.HQO

10111127.HQO

11110956.HQO

10111406.HQO

16.09.2010

10.11.2010; 11.27

11.11.2010; 09.56

10.11.2010; 14.06

Brightness: 3/202
Contrast: 7

Brightness: 3/102
Contrast: 5

Brightness: 3/202
Contrast: 6

Brightness: 3/102
Contrast: 5

12

12

11

13

1.25 m

0.40 m

0.00 m

0.40 m

Length of probe

0.85 m

0.85 m

0.85 m

0.85 m

Measured length

17.60 m

18.45 m

17.35 m

19.95 m

Depths of getting stuck

-

13.00 m, 17.00 m -
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10.00 m, 12.65 m

Figure 3

All-around-image of horizontal borehole JPK 34/10; borehole length from 3.6 to 4.3 m;
detail with detritic components; drilling mud in the middle marking the deepest line in
borehole.

Figure 4

Vertical joint from 4.26 m to 4.29 m in borehole JPK 34/10 (left), Vertical joint from
6.22 m to 6.25 m in borehole JPK 34/10 (right).

Besides optical borehole measurements an appropriate method for the determination of the
structural fabric are stereophotogrammetric measurements. They can be performed at coal
surfaces like headings or longwall faces and enable indirect, contactless measurements. For use in
underground coal mines an explosion-proof, ATEX-certified housing with a high-resolution digital
mirror reflex camera was applied. For stereophotogrammetric measurements two (or more)
pictures with some displacement are taken, which can then be merged to produce a 3-dimensional
surface. The computer-aided analysis allows the determination of the structural discontinuities.
At Premogovnik Mine stereophotogrammetric pictures were taken in the return gateroad of longwall
panel k-130/A level -5p s7.7. There, the heading face was protected by wooden boards due to
some breakouts of coal. The small outcrop, which was left open, and the small number of visible
structures, didn’t allow the production of a 3-dimensional surface and the interpretation of the
structures.
Geotechnical conditions at Santa Lucia mine, HVL
Due to scheduling problems, the measurements executed at Velenje couldn’t be carried out
analogous at HVL. The following remarks on geotechnical conditions at HVL mine Santa Lucia
illustrate in principal the fundamental stress distribution around the workings and roadways.
All underground production at Santa Lucia mine is executed by the method referred to as the
“horizontal descending levels with sublevel caving”. The differences between the main levels are
about 100 m. This distance is divided by sublevels with differences of 10 to 14 m. When the
apparent thickness of the seam is more than 25 m, the Pastora method is used: Two 38° shafts are
constructed in rock, on the hanging wall and on the foot wall of the seam. These shafts are
connected in every level by a cross-cut. Additional cross-cuts are necessary in every sublevel for
the driving of two drifts in the coal (at the hanging wall and the foot wall resp.) with a basic
connection at their end from where the retreating exploitation starts.
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When the apparent thickness of the seam is below 25 m, the Competidora method is used (Figure
5a and b). In that case, only one 38° shaft is constructed in rock, and only one drift is driven at
every sublevel for the retreating exploitation of the coal (single entry). In principle, the coal seam
must be supposed to be stress-relieved due to mining and caving at the higher sublevels (Figure
5b). The original rock pressure of the virgin deposit hasn’t been rebuilt yet. Additionally, the old
workings have the effect of predegassing the coal in the floor due to the stress-relief.

(a)
Figure 5

(b)
(a) A schematic of the sublevel caving single entry longwall mining sequence
(Competidora method), and (b) a typical mining block layout exploited in 12 to 14 m
high sublevels at HVL.

But, small distances between sublevels, single entries, and crosscuts are the result of the applied
methods of exploitation. And due to increase of rock pressure in the coal along the roadways, an
interaction and super elevation of mechanical stress is locally possible caused by the small
distances (Figure 6). These interactions can be expected within a certain radius around a roadway,
and this radius has to be determined by calculations or modelling.

Figure 6

Areas in the coal, suspected to be under super elevated rock pressure between the
exploitation-sublevels at Santa Lucía mine (cross section).

If the radius of additional rock pressure around the roadways is larger, the roadways themselves
can be located within the area of super elevated stress. Furthermore, a triangle of additional rock
pressure is caused by coal exploitation in that part of the worked block of coal which is under the
hanging wall (Figure 6). These areas of super elevated stress can be a factor for sudden gas/coal
outbursts. This pressure increasing situation has to be assessed critically particularly in connection
with faulted zones.
Simulation of the complex process of mechanical strata behavior with its inhomogeneities and
discontinuities is only possible by approximation. For this purpose, material characteristics must be
identified that follow real stress deformation behavior with sufficient accuracy to allow
geomechanical calculations to be carried out. In recent years, the programme system FLAC (Fast
Lagrangian Analysis of Continua) has proved to be useful in dealing with complex geomechanical
questions arising in German and international coal mining. In practice, the combination of large-
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scale rock pressure calculations with the GEDRU program in connection with FLAC-2-D has been
tested and proven. In this case, large scale rock pressure distribution could be determined initially
with the rock pressure calculation model GEDRU, whilst taking the mining geometry into account.
Rock pressure calculated in this way could then be used as an input parameter for the program
FLAC-2-D with which the support and deformation behavior around the roadway could be
calculated subsequently.

Task 1.3 In situ gas content, gas pressure and permeability measurements
The objective of this Task is to conduct in situ gas content, gas pressure, desorption rate and gas
composition measurements at the partner mines participating in the task. This involved drilling and
instrumenting in seam horizontal boreholes, collecting fresh cores and conducting canister
desorption tests, installing borehole packers and monitoring pressure build-up for in seam gas
pressure and permeability calculations and a preliminary assessment of the effects of stress on gas
pressure and permeability in different parts of the coal seam due to LTCC and SLC mining
dynamics.
At Coal Mine Velenje, boreholes were drilled and used for the measurement of in situ gas content,
seam gas composition, seam gas pressure and stress over the whole project period to analyse the
effect of face advance and distance to the longwall face and reported as part of most WPs. The first
set of in-situ borehole drilling and measurements were carried out as part of WP1.3 as presented in
Figure 1, where also the seismic tomography and microseismic monitoring was carried out in WP3.
Figure 7 presents one of the last in situ gas pressure measurements taken at Coal Mine Velenje
during drainage trials at the end of the project as reported in Deliverable D5.1 Report. The
pressure build up data from the more recent gas pressure measurements in drainage pilot longwall
K.-65/E (Figure 8), which, with the experience gained over the three year project period was much
more reliable, was interpreted by IMPERIAL using Darcy’s law for a radial gas flow into a shut-in
borehole (Chaudhry, 2003) and the in situ permeability for virgin conditions determined as k =
0.69 mD. Repeat pressure build up tests as the face approached the boreholes have indicated
significant permeability enhancement (up to 200 times to 141.2 mD) as a result of increased
fracture intensity as the face approached towards the borehole from 145m to 44m away. Rock
stress measurements were also carried out throughout the project, an example of one is presented
in Figure 9.

Figure 7

Seam gas pressure in bore-hole jpk 59 (+10o)/12 showing a build-up of nearly 14 bar.

19

Figure 8

Build-up of (gauge) pressure at borehole JV E2(+20°)/13 from Nov 2013 to Jan 2014.
Stress monitoring ‐ jgm 60(‐2)/13; Longwall panel K. ‐65 F (Mine Pesje)
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Figure 9
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Rock stress development measurements in both components (vertical and horizontal).
Measuring points were placed in depths 20 and 30 meters.

Coal Mine Velenje developed a procedure for determining the in situ gas content of coal seams
using a modified version of the US Bureau of Mines direct method (Kissel et al., 1973; Diamond
and Schatzel, 1998; Diamond et al., 2001). At Coal Mine Velenje, a total of 25 experiments for gas
content were performed for COGASOUT using the modified equipment during 2012 and gas
contents measured varied between 4.01 – 5.87 m3/tonne depending on the coal lithology.
As an alternative to the conventional direct method of determining in situ gas content which uses
solid cores, DMT used a methodology which analyses gas content from drill cuttings which speeds
up the measurements. Quick crushing is used for small samples of a mass of about 20g (of a grain
size ~2 mm), screened from the cuttings of an in-seam borehole underground. The samples are
filled into an airtight plastic bottle of defined volume and transported to the laboratory for further
analysis and calculation of lost gas. DMT collected samples from boreholes JPK 34/10 and JGM
39/10 in the return gate road of longwall K.-50/C and from borehole JGM 41/10 in the return gate
road of longwall k.-130/A were collected on 14th/15th September and 10th November 2010
respectively. The gas content measurement results are shown in Table 2.
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Table 2 Gas content measurements of lignite coal at Velenje.
Mine district

Location

Date of sampling

Carbon
dioxide
(m³/tonne)

Methane
(m³/tonne)

Pesje
Pesje
Preloge

Borehole JGM 39
Borehole JPK 34
Borehole JGM 41

14.09.2010
14.09.2010
10.11.2010

6.3
6.5
4.6

1.6
1.5
1.5

HVL measured the coal seam methane contents in borehole samples following the procedure
detailed in the Spanish Technical Specification 0308-5-92. The gas content of coal seams in virgin
areas were found to be as high as 17.60 m3/tonne (daf) and, when affected by previous mining this
value was as low as 4.25 m3/tonne (daf). DMT also applied their methodology at HVL and
determined the gas contents of the coal seam at the Santa Lucia mine. The coal samples were
taken from the drilling carried out on 12 July 2011. The seam gas contents determined using the
DMT method are presented in Table 3.
Table 3 Gas content measurements of Competidora seam, Santa Lucía mine, HVL.
Sample
No

Location

Date of sampling

Volatile matter
content (% daf)

Desorbable
methane
content
(m³/tonne)

Total methane
content
(m³/tonne)

1

3rd west-side sublevel
in 9th massif

12.07.2011

12

11.7

15.8

2

3rd west-side sublevel
in 9th massif

12.07.2011

12

11.4

15.5

The in situ gas contents of HVL coal measured in a virgin are by DMT are comparable to the gas
contents measured and reported in Table D1.4.16 by HVL. These values can be classified as above
the average for most coal deposits. Furthermore, they are above 9 m³/t (desorbable), which
represents the limiting value for the risk of gas outbursts as recognised in many countries.

Task 1.4 Laboratory measurements
This tasks aimed at providing petrophysical data in relation to LTCC and Sub-Level Caving
dynamics, single and mixed gas sorption isotherms and Langmuir coefficients and the desorption
rate of gases in these seams. Core samples collected from the monitoring boreholes drilled in Task
1.3 and coal samples collected by the researchers from Imperial College and DMT during site visits
have been used. These samples are also shared with MRSL for them to carry out their work in Task
1.5.
Methane desorption rates as an indication of outburst potential (kt-value)
DMT uses the desorption value kt is an indicator for the methane release rate of a coal sample. Five
classes are defined with respect to gas outbursts proneness of a coal seam from normal coal to
outburst prone coal class 2 which is the highest risk coal. kt = 0.75 is defined as the limiting value
for the risk of gas outbursts, which is accepted by many coal mining countries.
Fourteen Velenje lignite samples from the return gateroad of longwall K.-50/C and 6 samples from
the longwall face, both from detrite and xylite lithotype components at Coal Mine Velenje were
investigated in the laboratory under constant temperature conditions. All samples showed the
same unusual behaviour: The gas release ran very fast, and all kt-values were above 0.82, most of
them even above 1.00.
However, in this case, the DMT researchers have concluded that, high desorption values are not a
proof of strong outburst-proneness, since the coal is intact and not disturbed by tectonic exposure.
But they suggest that the gas (both methane and carbon dioxide) is enclosed in the coal in a free
state, and its release does not follow the laws of desorption. The same fast desorption rates were
experiences in measuring in situ gas contents in Task 1.3 and a modified Direct Method developed
for in situ gas contents.
In July 2011 DMT staff visited the Santa Lucía mine. Samples were collected from the Competidora
seam at 3rd West-side sublevel in 9th massif for the determination of gas contents, desorption
values and sorption isotherms later in the laboratory. Ten coal samples were analysed for kt-values
which were all below 0.68 and the coals classed as normal, and not necessarily outburst prone
according to this criteria.
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Adsorption isotherms
An adsorption isotherm is an indicator of gas storage capacity of coal at specific reservoir pressure.
An isotherm of the form proposed by Langmuir (1916) is widely used to describe the adsorption of
gases in coal. Both IMPERIAL and DMT carried out laboratory measurements of adsorption
isotherms for coals from the partner mines.
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Figure 10 Adsorption isotherms for CO2 and methane on (a) JP series and (b) JJ series coal from
Coal Mine Velenje measured at IMPERIAL.
The adsorption isotherms of JP series and JJ series coal from Coal Mine Velenje as determined at
IMPERIAL are shown in Figures Figure 10(a) and (b) respectively. Large blocks of Competidora coal
were collected from Levels 2 and 3 of the 9th Masif during a visit to the Santa Lucia mine and
transported to Imperial College. Methane and Carbon dioxide adsorption isotherms were measured
as shown in Figure 11. Using the adsorption isotherms measured, the Langmuir Pressure and
Langmuir Volume for the coals tested were calculated as presented in Table 4.
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Figure 11 Methane and CO2 adsorption isotherms for the Competidora coal from HVL measured at
IMPERIAL.
Table 4 Langmuir parameters for CO2 and methane for JP and JJ series coal samples.
Coal type

PL( MPa)

VL (m3/t)

Velenje JP – Methane

3.50

9.40

Velenje JP – CO2

3.35

28.65

Velenje JJ – Methane

5.93

9.77

Velenje JJ – CO2

6.46

48.66

HVL Methane

1.50

16.74

HVL CO2

0.59

27.21

DMT developed a new adsorption isotherm measurement set up during the project and also
measured the sorption isotherms of coals using 4gm of coal samples at a grain size of 0.4 to
0.63mm, these are presented in Figure 12 and Figure 13.
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Figure 12 Methane adsorption isotherms for the Competidora coal from HVL (left) and Velenje
lignite (detrite, dry sample) at a temperature of 30°C (right) measured at DMT.

Figure 13 Carbon dioxide adsorption isotherms for the Competidora coal from HVL (left) and
Velenje lignite (detrite, dry sample) at a temperature of 30°C (right) measured at DMT.
Mechanical and Elastic properties of coals
The mechanical and elastic properties of Velenje lignites from Unconfined Compressive and Triaxial
testing are reported by CM-VELENJE as presented in Table 5 and Table 6 below.
Table 5 Unconfined Compressive Strength and elastic properties of coal from Coal Mine Velenje.
Bulk
P-wave Young’s
density velocity Modulus
(GPa)
(kN/m3) (km/s)

Bulk
Modulus
(GPa)

Borehole
and Core
number

Lithology

J.V.1061-3bGM/06

Fine
Detrite

63.3

111.8

13.65

1.06

0.79

0.68

0.45

9.23

180.35

J.V.1042-3-T

Detrite,
gelified

63.2

119.9

12.44

0.57

0.74

0.51

0.35

4.65

265.80

J.V.3300-2bGM/05

Fine
Detrite

57.1

113.4

12.48

1.36

0.97

0.84

0.48

1.22

287.34

J.V.1040-1-K

Xylo
Detrite

61.9

124.5

12.42

1.18

0.75

0.59

0.45

7.92

186.30

J.V.3298-12GM/05

Xylo
Detrite

63.6

122.5

12.75

1.68

1.06

0.98

0.41

9.26

117.22

J.V.3297-4GM/05

Detrite,
gelified

63.5

122.7

12.84

1.56

1.20

1.02

0.47

7.85

107.32

J.V.3302-10dGM/05

Fine
Detrite

63.5

124.0

12.94

1.29

1.14

0.90

0.45

6.31

63.38

J.V.3298-3aGM/05

Xylite

63.9

124.2

14.89

1.27

0.73

0.32

0.41

4.37

176.48

J.V.3297-3GM/05

Detrite,
gelified

63.8

122.5

12.84

1.29

1.02

0.89

0.39

6.90

94.76

J.V.3298-4GM/05

Xylo
Detrite

63.9

122.6

12.68

1.47

1.25

1.05

0.46

6.55

83.46

Diameter Length
(mm)
(mm)
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Strain
UCS
Poisson’s
Energy Wz
ratio
(MPa) (KJ/m3)

Table 6 Triaxial compression test results for coal from Coal Mine Velenje.
Borehole
and Core
number

Lithology

Diameter Length
(mm)
(mm)

Young’s
Poisson’s Cohesion
Modulus
ratio
(MPa)
(GPa)

Friction
angle
(degree)

HoekTensile
UCS
Brown
strength
(MPa)
(MPa) parameter

J.V.3296-6GM/05

Fine
Detrite

64.0

125.6

1.11

0.36

2.80

26.08

7.41

-1.17

6.16

J.V.3297-7GM/05

Detrite,
gelified

63.4

123.5

1.20

0.37

4.57

21.90

13.30

-3.95

3.07

J.V.3298-6bGM/05

Xylo
Detrite

63.3

137.6

0.70

0.32

2.35

25.20

6.45

-1.12

5.61

J.V.3302-6dGM/05

Fine
Detrite

63.6

122.9

0.99

0.48

2.92

23.83

8.46

-2.01

3.96

J.V.3302-4dGM/05

Xylite

63.5

124.3

4.80

0.50

4.27

23.29

12.56

-3.28

3.57

Task 1.5 Feasibility study of induced gas desorption
The objective of this work was to test in the laboratory, a novel methodology to displace methane
from coal, based on the external application of a high intensity electromagnetic or magnetic field to
the coal. After a critical review of a number of scientific studies on outburst triggering mechanisms
it was considered that the most promising research avenue involved examining the effects of Efield excitation on stimulating gas desorption. Indeed it is conjectured that the whole process of
outburst triggering and initiation is inextricably linked to electromagnetic ‘positive feedback’
phenomena acting at a molecular level in the coal substrate. This represents an entirely new
hypothesis in the science of gas outbursts. To advance the work in this field, this task concentrated
on examining the induced desorption characteristics for a UK bituminous coal and an outburstprone brown Slovenian coal. Samples of Spanish outburst prone coal were also acquired later in
the project and tested. The work in this task also involved preparation for Task 3.3 which examined
electromagnetic techniques for monitoring in-seam precursors to outbursts.
Methodology
The work carried out in this task comprised:
−

Undertaking a scoping review in support of defining the test methodology and to help direct
the work effectively. This included dialogue with Chinese experts at Henan University.

−

The design, development, and construction of a laboratory gas desorption scheme with a
provision to selectively impose electromagnetic or magnetic fields on the coal sample.

−

The design of a ‘fusion-welded’ sample tube arrangement with a nominal 1.2 MPa pressure
withstand capability and which was engineered to be transparent to electromagnetic and
magnetic fields.

−

Acquisition and preparation of coal samples for the testing regime, which largely involved
micro-sizing the coal to a specific sieve size and sealing within the sample tubes.

−

Investigation of the means to safely generate a high level E-field. This involved extensive
electronics design and Spice modelling work.

−

Designing a magnet arrangement with high intensity B-field between the pole pieces where
the sample tube is placed.

−

Commencing a range of baseline desorption tests on a reference UK coal (from a seam with
very low outburst propensity) and outburst-prone coals from HVL and Velenje Mine.

−

Undertaking the same desorption tests but with a high intensity B-field impressed on the
coal samples throughout the tests.

−

Undertaking safety assessments and making all necessary provisions for the E-field tests,
and carrying out a set of desorption tests using the E-field generator.

Results: B-field tests on UK coal baseline test and Velenje/HVL coals
The test programme involved undertaking up to six individual test runs for each coal type and test
condition with the desorption test runs lasting up to 8 hours. The results from a comparison of the
geometric means of six test runs conducted respectively under baseline conditions and with an
externally impressed high intensity B-field (115mT in the region of the coal sample) are given in
Figure 14 below. The graph illustrates a cumulative value of free gas rapidly given off from the
sample tube at the test initiation point followed by a steady desorption rate with time. The results
appear to (tentatively) support the original hypothesis than an externally impressed field will
stimulate the gas desorption process.
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Whilst the baseline UK bituminous coal B-field tests indicated a modest increase in gas desorption,
this was not observed for the Slovenian coal. Both the baseline and B-field tests showed little
variation with all graphs being virtually superimposed. An important observation was that the gas
release took place within one minute from opening the valve at the test initiation point. There was
very little noticeable further release after one minute, therefore each test run was terminated after
a five minute test run. This rapid gas release was also observed during standard desorption tests
carried out by Imperial college and DMT to determine the Slovenian coal characteristics. These test
results would suggest that there is no or very little adsorption capacity in the Slovenian coal and
any seam gas content would exist as free gas.

Figure 14 Comparison of geometric means of baseline and B-field tests on UK coal.
Results: E-field tests on UK coal baseline test and Velenje/HVL coals
Due to the complexity of designing, constructing, commissioning and ensuring a safe method of
working with the E-field electromagnetic generator the time period for this task was extended to
ensure tests were completed for the project. The tests were made with alternate baseline and time
periods with application of the E-field. On-off keying of the E-field excitation has advantages; any
relative shift in baseline can be readily detected, the test is self-referencing, and the stimulated
increase in emissions can be observed in a relatively short timescale (minutes). The E-field used in
the experiments was between 2 x 104 Vm-1 and 5 x 104 Vm-1 at the coal sample at a frequency of
~2.5MHz. Figure 15 below shows the results of cumulative desorption with time for the reference
UK bituminous coal sample. The graph shows no large fluctuations with the application of the Efield but does show a slight distortion on each application.

Figure 15 E-field stimulated desorption characteristic with UK bituminous coal.

25

The tests carried out within this task of the project have shown that the application of the B-field
had only a small effect on stimulating desorption with the UK bituminous coal but which was
certainly more significant than the application of a high intensity E-field. It is unknown if the
application of a B-field to the sample was fully responsible for the increased desorption rate or if
there was a ‘magnetic wind’ effect as described in the literature (Meyer, 1991; Tsopelas et al.,
2000). Further research would be required to investigate this process fully. This would also require
further tests to ascertain if there is any proportional effect of stimulated desorption with a range of
B-field intensities.
It is speculated that continued research utilising B-field application and harnessing of ‘magnetic
wind’ properties could enhance gas flow in pipes, including where methane or firedamp drainage is
carried out. The diamagnetic properties of methane also need to be investigated further together
with an investigation of the possibility of re-adsorption of carbon dioxide. Any enhanced methane
desorption/carbon dioxide re-adsorption could benefit the field of gas sequestration techniques.
The E-field test results allow no major conclusions to be made. There is an indication that when the
E-field was applied there was a small effect on desorption. The supporting scientific literature on
this subject is very limited but suggests outburst-prone coal types can exhibit stimulated
desorption under comparable E-field test conditions (Lui and He, 2001). Further work is required to
assess a range of E-field intensities on desorption rate with a modified variable field generation
capability.
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WORK PACKAGE 2- IN SITU MONITORING AND ANALYSIS OF THE EFFECTS OF
FACE ADVANCE RATE AND OVER-MINING ON COAL SEAM CHARACTERISTICS
The main objectives of this WP were to:
−

Monitor stress, gas pressure and flow in boreholes as the face advances.

−

Observe and evaluate the dynamic changes of stress and gas pressure in different
segments of the coal seam with respect to the face position.

−

Evaluate the effects of mining on stress states, gas pressures and gas flow in the coal seam
around the faces.

Task 2.1 Monitoring and Assessment of Stress and Gas Dynamics around LTCC
and SLC Faces (CM-VELENJE, IMPERIAL, HVL, AITEMIN)
At Coal Mine Velenje, a large number of boreholes were drilled and used for the measurement of
seam gas pressure, composition and stress throughout the project to analyse the effect of face
advance and distance to the longwall face. Besides the first set of measurements carried out during
the first year of the project (as illustrated in Figure 1), eleven new boreholes were drilled and
instrumented for gas pressure measurements in 2012 and 2013 (Figure 16). Further four boreholes
were drilled for stress and deformation measurements, five for gas sampling and six more for
drainage trials.

Figure 16 New longwall layout and the location of monitoring and measurement boreholes in Coal
Mine Velenje during 2012-13.
Figure 17 presents the in seam pressure measurement data obtained in borehole JPK 34(+2˚)/10
at longwall K.-50/C in the early stages of the project. As the face line approaches the pressure
monitoring borehole, at around 70 metres from the face line, the abutment pressure builds up and
a sharp increase in seam gas pressure is observed. At around 40 metres from the face line, the gas
pressure starts to decline again, indicting enhanced gas flow in the area due to fracturing and loss
of gas from the sealed borehole, ultimately reaching the flowing gas pressure at around 5 metres
from the face line.
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Figure 17 Seam gas pressure measurement data in borehole JPK 34(+2o)/11 at longwall face K.50/C).

Figure 18 Relationship between seam gas pressure and stress change with distance from the face
line Rapid increase of stress at distances 305 m and 125 m represent stress cell settings
with additional hydraulic fluid injection.
The combined seam gas pressure and stress measurements at 25m depth for monitoring boreholes
JPK 34(+2˚)/10 and JGM 39 (-2)/10 is presented in Figure 18. Please note that the stress cells
used in the project measures only the differential stresses in the field. Correlating the changes in
stress with gas pressure in Figure 18, the front abutment pressure build up decreases permeability
and the in seam gas pressure rises. It is clear that at around 40 metres from the face line the
abutment stresses peak, initiating fractures and increasing permeability in the coal, and this also
initiates flow out/through the borehole and gas pressure starts decreasing. It is also notable that
the in seam pressures react first to the mining related changes in the coal seam. Maximum stress
levels are reached at a distance of 25-20 metres from the face line, after which point both stresses
and gas pressure fall rapidly to near 0 values. These early observations in 2011 were later
confirmed by the measurements taken in 2012 and during the drainage pilots in 2013.
Figure 19 presents seam gas pressures measured in borehole JPK 39(+2˚)/11, drilled in solid coal,
as the face line approached it. Borehole JPK 40(+60˚)/11 in Figure 20 was drilled into the premined area above long-wall face K.-5/A in order to investigate gas pressure dynamics in an area
which may be a source for gas emissions while the LTCC faces are operating. A noticeable
difference between the gas pressure behaviour of the two zones was observed as shown in Figure
19 and Figure 20. While the gas pressure in the solid coal is definitely affected and reduced by the
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face advance, gas pressures in the goaf above the LTCC district seem to remain constant, providing
a steady source of gas emission to towards the operating longwall.

Figure 19 Seam gas pressure measurement data in borehole JPK 39(+2o)/11 at longwall face K.5/A).

Figure 20 Seam gas pressure measurement data in borehole JPK 40(+60o)/11 at longwall face K.5/A).
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Figure 21 Stress changes in two different depths and orientations with respect to face position at
borehole jgm 55 (+2°)/12 at the longwall face K.-130/B.
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The stress measurements in borehole jgm 55, have shown notable stress changes as the longwall
face advanced towards this region. Stress cells at borehole jgm 55 recorded stress changes during
face advance which peaked at around 50 m distance between face and borehole (Figure 21). Strain
cells have also indicted deformation readings once the stress peak is reached.
At HVL, a series of 76 mm diameter boreholes were drilled and instrumented from the access gates
to the mined coal level (sub-level) to determine the pressure of methane in the coal seam and
change in pressure as the coal face advances. Figure 22 illustrates the design of a borehole control
and data acquisition system. The boreholes are sealed using packers at 6 metres depth. Gas
pressure, stress, gas flow and the impact of daily production on these parameters are monitored
continuously.

Figure 22 The design of a borehole and data acquisition system at HVL.
A data acquisition system is used for system control and environmental monitoring, which uses a
number of sensors for CH4, CO2, pressure and gas flow, installed in the boreholes. In the first half
of the project, it has proved to be difficult to achieve a full seal with the use of inflatable packers,
therefore, it was not possible to measure in-seam methane pressure despite several attempts.
Discussions were held between the research partners and the experience gained at coal Mine
Velenje was utilised to solve these and data on gas pressure in all areas of the mine were collected
during 2012.

Figure 23 Gas pressure measurements in boreholes.
At South Flank, where there are 3 mining areas; North, West and Center, borehole gas pressure
measurements yielded an average gas content of about 6-8 m3/t of methane and a maximum gas
pressures of 450 KPa in the Center. In the West Panel upper level, the boreholes registered high
gas content (10-12 m3/t), but in the fifth level the gas content was found to be lower than
expected (4-6 m3/t and at pressures lower than 300 KPa. In the North Panel borehole
measurements have shown relatively high gas content (10-11 m3/t) and high gas pressures (800
KPa) were observed.

Task 2.2 Continuous Monitoring of Gas Emissions around the LTCC and SLC
Faces (CM-VELENJE, IMPERIAL, HVL, AITEMIN)
At Coal Mine Velenje, continuous monitoring of coal gas emissions as a result of coal production at
the longwall face is performed with permanent gas and velocity sensors placed at the end of return
gateroads. Recorded data are stored and processed together with other technological parameters.
Gas concentrations were continuously monitored at long-wall faces K.-50/C (Mine Pesje) and K.130/A (Mine Preloge South) and at previously mined longwall faces K.-50/B (Mine Pesje) and G2/C
(Mine Preloge North). Measured concentrations were used for specific emission calculations where
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daily coal production tonnage is taken into account. Example data from continuous monitoring are
presented in Figure 24, Figure 25 and Table 7.

Table 7

Results of continuous gas emission monitoring in Coal Mine Velenje.
Long-wall face
G2/C

K.-130/A

K-50/C

K.-50/B

Emission

CH4

CO2

CH4

CO2

CH4

CO2

CH4

CO2

Minimum
(m3/tonne produced)

0,69

1,65

0,60

2,21

0,53

1,22

0,12

1,12

Maximum
(m3/tonne produced)

50,54

104,41*

4,66

13,55

4,30

12,23

4,12

13,78

2,69

5,79

1,58

4,49

2,02

6,29

1,11

4,51

Average
(m3/tonne produced)
Total CH4 + CO2

2,34min.
154,96max.*
8,48avg.

2,81min.
18,21max.
6,07avg.

1,75min.
16,53max.
8,31avg.

1,25min.
17,90max.
5,62avg.

Ratio (CO2/CH4)

2,15

2,84

3,1

4,06

Figure 24 Gas emission rate of methane (Seismic tomography area, K.-50/C, Mine Pesje).

Figure 25 Gas emission rate of carbon dioxide (Seismic tomography area, K.-50/C, Mine Pesje).
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During the project, research was carried out in two main areas of S.A. Hullera Vasco Leonesa. Both
of them are gassy areas, referred to as Tabliza and South Flank. Tabliza area shows higher values
of firedamp concentration, and also a greater homogeneity related to coal seam characteristics. In
the South Flank area there is greater heterogeneity induced by a magmatic intrusion that affects to
a greater or lesser extent to the characteristic parameters of coal seam.
The South Flank area was selected for seismic monitoring and drainage pilots at the Santa Lucia
mine and the main factors affecting the risk of gas emissions and outburst have been monitored
during the project. Two roadheader drives have been operational in level 728 (roadheader floor
and roadheader roof). Gas emissions at the South Flank Area are analysed in terms of the following
parameters:
−

Firedamp content in ventilation air

−

Specific emission

−

The relationship between specific emission and coal production

−

Influence of surrounding mining operations

−

Irregularity coefficient

Continuous monitoring of methane emission and airflow in production areas is accomplished using
methanometers and anemometers. Data obtained during the observations at South Flank are
plotted in Figure 26, which represent methane concentration (%) in blue, air flow rate (m3/s) in
black and the methane emission (m3) in a period of one day.
SAHVL - ENVIRONMENTAL DATA RECORD
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Figure 26 Daily environmental records in the South Flank Area, upper level gateroad.
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Figure 27 Daily volume of firedamp released over a roadheader advance, upper level gateroad.

Figure 27 presents the volume of methane released at a sublevel working over a period of one
month. The bars in red show weekend periods which indicate that methane emission rates at
weekends are similar to those during work days.
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It was also noted at HVL that the rate of gas emission is time dependent, therefore, even if coal
mining is stopped, gas emission continues. On the other hand, when production decreases, the rate
of gas emission also decreases, but to a lesser extent, and therefore the specific emission
increases. When the production rate is increased significantly, the coal mass does not have
sufficient time to degas completely, and there is a rate of production at which the gas emission
does not increase in the same proportion, so the specific emission decreases (Figure 28).
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Figure 28

Specific emission versus coal production at HVL.

Analysing the longwall mine layouts at Coal Mine Velenje and at HVL together with the stress, gas
pressure and ventilation air gas concentration changes in the mining panels conceptual models for
gas emission and outburst were designed for numerical modelling in WP4 and pilot scale drainage
tests to be conducted at project mines in WP5.
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WORK PACKAGE 3- MONITORING OF IN-SEAM PRECURSORS TO OUTBURST
EVENTS
The main objectives of this WP were:


to evaluate the potential of using time lapse seismic tomography techniques for the
identification of lithofacies, stress states and gas pressure/volume conditions that are
indicators of gas outburst conditions in coal seams;



the development and field application of advanced passive microseismic techniques for the
monitoring and prediction of coal and gas outbursts in coal mines; and



the potential use of advanced electro-magnetic survey techniques for detection and
characterisation of overstressed zones and other geological-stress anomalies which lead to
gas outburst conditions.

Both the first repeat seismic tomography (at Longwall face K.-50/C) and micro-seismic monitoring
techniques (at Longwall faces K.-50/C and K.-130A) were implemented underground at CMVELENJE in 2011. During 2012 the second repeat seismic tomography was carried out at Longwall
face K.-130B in CM-VELENJE and the micro-seismic monitoring at the South Flank area of HVL was
also completed. The development and assessment of the electro-magnetic techniques were also
completed by MRSL.

Task 3.1 In-seam Seismic Tomography Techniques for Detection of Outburst
Conditions (K-UTEC, CM-VELENJE, IMPERIAL, HVL)
Historical records of mining at Velenje have shown increased gas emissions and higher rock
stresses in areas where mining is performed for the first time. One of the objectives of the seismic
tomography implemented at Coal Mine Velenje was to identify the differences and the effect of
working under mined out areas (as is the case in most Longwall Top Coal Caving faces) and under
solid coal blocks (in the early stages of LTCC operations) on the development of outburst
conditions.
The first seismic tomography surveys aimed at taking advantage of the unique characteristics of
LTCC face K.-50/C where the longwall panel is retreating partly under a mined out zone and partly
under solid roof coal for some distance. Figure 29 presents the position of the seismic tomography
zone where the NW part of the longwall panel is located directly under solid (virgin) coal and intact
roof strata whereas the SE part is located under mined out coal and caved roof strata.
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Figure 29 The faces position with respect to the position of the seismic tomography zone during
the surveys at longwall K.-50/C in Coal Mine Velenje.
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Figure 30 Longwall face K.-50C P-wave velocity tomogram for the 2nd measurement during
the2011 campaign (x component).
A 100m section of the longwall K. -50/C, close to the face completion line, was set up for
tomography measurements as shown in Figure 30, which also overlapped with the microseismic
monitoring zone in Task 3.2. The seismic sources and receivers were placed along the two gate
roads. In total, 40 receiver and 40 source boreholes, which were spaced regularly at ~2.5m, were
prepared in the intake and return gateroads respectively. During the surveys, 120 receivers located
on 40 receiver points (each equipped with one x-,y- and z-component) were used. For the
generation of P-waves, explosive sources in small boreholes were used. The seismic wave
recording equipment consisted of geophones, signal transceivers and system control/recording
computer. During the lifetime of longwall K. -50/C, four surveys were attempted and two seismic
tomography measurement campaigns were successful (face position with respect to the
tomography zone indicated in green text in Figure 29), others having to be interrupted due to
excessive gas levels in the longwall district.
The summary results for the 2011 campaign are presented here to aid discussion. The seismic
velocities measured in the two campaigns ranged from 1.55 km/s to 2.15 km/s. The tomograms
produced by the three components were reasonably consistent, reflecting the overall stress
concentrations on both sides of the panel (NW under the solid roof coal and the SE under caved
roof) with slight differences caused by lithology and anisotropy effects. As an example, Figure 30
presents the P-wave velocity tomogram of the 2nd measurements for the x component when the
longwall face 47 m away from the tomography zone.
Although they were not conclusive after the first tomography campaign, the tomograms supported
the hypotheses that, as compared to the SE part under caved roof, the NW part of the longwall
face under solid roof should experience higher abutment pressures when the face is at some
distance from the tomography zone. With the longwall face 47 metres from the tomography zone,
the area nearest to the approaching face in the NW half of the panel has the lowest P-wave
velocities, suggesting fracturing of the coal under extreme abutment stresses, a slightly higher
(medium) velocity behind this area which may suggest the initial stages of fracture formation, and
a high velocity zone beyond this indicating compacted coal under stress build up. The SW half of
the tomograms on the other hand, suggest that the seam under a relatively thin slice of top coal
and caved roof only experiences a mild stress abutment, enough to compact the coal seam (but
not fracture) leading to high P-wave velocities in the front and lower (medium) P-wave velocities
beyond this area due to a slight increase in the stress.
The second repeat seismic tomography campaign at Col Mine Velenje was carried out at LTCC face
K.-130/B in 2012 (Figure 31). Compared with the first set of measurements in longwall face K.50/C in 2011, there were two significant differences in the coal panel measurement area:
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a) a large fault plane was crossing the coal panel within the measurement area with further
smaller but significant faults running parallel to the face line further back.
b) the whole measurement area was under a caved waste at the bottom level of the coal
seam.
Figure 32 and Figure 33 present the P-wave velocity tomograms of the 1st and 2nd measurements
for the P-wave component y when the longwall face was situated 87 m away and 1.5 metres inside
the tomography zone respectively. Overall, the results of the P-wave seismic tomography
campaign have shown up to 600 m/s decrease in P-wave velocities within close proximity of the
longwall face, a sign of significant fracturing, increased permeability and gas flow.
One important feature of the 2012 tomography measurements was the existence of a large fault
running across the longwall panel which was cut through by the longwall face before the 2nd
tomography campaign. Figure 32 clearly identifies the fault with a distinct P-wave velocity contrast
at two sides of the fault plane when the longwall face is far enough not to affect the stress regime.
This was judged to be due to change in lithology and/or gas pressure. The effect of the two
relatively smaller faults further in to the measurement zone was also clear. On the other hand,
once the longwall face is close to the fault, or partly cut through it (Figure 33), the influence of the
stress abutment overrides the fault effect and there is a uniform and a much reduced distribution
of P-wave velocity ahead of the front abutment zone closer to the face-line, indicating significant
fracturing, increased permeability and gas flow.
In order to generate controlled S-waves, a new high energy borehole S-wave vibrator was
designed and developed as part of the project. A hand-driven hydraulic pump, which does not need
electrical power to press-on the vibrator, which is advantageous in coal mines, was also developed.
The results of the second tomography campaign using the S-wave vibrator with this new pressureon mechanism during 2012 were very successful. In general, the S-wave velocity increased up to
400 m/s as the longwall face approached towards the tomography zone. This increase was notable
around 70 - 77m ahead of the longwall face, confirming the same observations from geotechnical
measurements, indicating the forming of stress abutment, and an increasing gas pressure
combined with changes in gas mixture. With the successful S-wave tomography, the Vp/Vs ratio
tomograms and the ratio differences between the two 2012 campaigns were also analysed, which
confirmed the same observations made from P-wave tomograms (comparing Figure 33 above and
Figure 34 below), that a fractured zone with increased permeability and gas flow may be formed
40m ahead of the longwall face.

Figure 31

Longwall K.-130/B layout showing the fixed seismic tomography zone.
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Figure 32 P-wave velocity tomogram of the 1st measurement at longwall face K.-130B (y
component).

Figure 33 P-wave velocity tomogram of the 2nd measurement at longwall face K.-130B (y
component).
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Figure 34 The Vp/Vs ratio difference tomogram between 2nd and 1st measurements at longwall
face K.-130B taken during the 2012 campaign.
Conclusions from the two seismic tomography campaigns
The repeat (time-lapse) seismic surveys performed at longwall faces K.-50/C and K.-130B in Coal
Mine Velenje were completed successfully and demonstrated the viability of this method
underground, yielding valuable results by correlating stress zones, gas pressure and flow ahead of
an advancing LTCC face with seismic velocities. It was clearly shown that the changing stress
regime in the vicinity of an advancing longwall face can be identified through seismic tomography
and the methodology can identify distinct zones of stress and lithological changes, as well as
structural anomalies and their behaviour within a coal panel. The changes in both P- and S-wave
velocities correlated with the enhanced permeability and gas flow zones the dimensions of which
were also confirmed during the drainage trials in WP5.
As explained in detail in the Deliverable D3.1 report, seismic tomography research was not possible
at HVL due to mine safety concerns. However, the mechanised longwall layout and production/face
advance rate at Coal Mine Velenje is comparable to that practiced at most other mechanised hard
coal mines in Europe and it is believed that the methodology demonstrated is independent of the
characteristics of particular coals or seams and is transferable to other coal mines in Europe.
It must, on other hand, be noted that time-lapse/repeat active seismic tomography requires
significant organisational structure, cost and hands on approach to the surveys underground.
Therefore, unlike passive microseismic monitoring described under Task 3.2, time lapse (or even
single) active tomography would not, on its own, provide continuous and remote monitoring of
outburst conditions in coal mines. Rather, this methodology, which was successfully demonstrated
in this project, would be much more effective and useful in identifying lithological changes, as well
as structural anomalies within a longwall district, which may be a precursor for a potential outburst
condition and be used and analysed hand in hand with continuous microseismic monitoring.

Task 3.2
Microseismic Techniques for Continuous Monitoring of Outburst
Conditions (GIG, CM-VELENJE, HVL)
The objective of this task was to evaluate the potential use of passive microseismic monitoring and
passive tomography for detection of overstressed and fractured zones which may lead to coal and
gas outburst, or uncontrolled gas emissions. Research concerned with assessing the validity and
application potential of the following techniques:
−

Development of underground microseismic networks to monitor gas and coal outburst;

−

Microseismic monitoring and development of a methodology to interpret seismic events for
identifying high gas emission and outburst risk conditions;
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−

Assessment of the correlation between emission of total gas, CH4, CO2, daily advance of
coal face and parameters of recorded micro seismic events during extraction of coal in thick
seams;

−

Passive tomography methodology in underground coal longwall (LW) panels;

−

Detection of locations prone to coal-gas outburst and uncontrolled gas emission according
to passive tomography study.

At Coal Mine Velenje, the flameproof automated Seismic Observation System (SOS) designed by
GIG was installed in March 2011 (Figure 35). The system is constructed as a 32 channel data
transmission system working with 8 three component velocity sensors and 8 one component
velocity sensors. The seismic sensors were installed at two longwall faces in the mine as (Figure
36):
−

At longwall panel K.-50/C four three component sensors and four one component-vertical
sensors were installed at the same site where the seismic tomography work was carried
out.

−

At longwall panel K.-130/A four three component sensors and four one component-vertical
sensors were installed.

The microseismic monitoring work carried out at HVL during 2012 used the same Seismic
Observation System, with a 32 channel data transmission system working with 6 velocity sensors
at Level 728 in the South Flank area of the Santa Lucia mine (Figure 37). At both mines, the
seismic events have been transmitted through the internet to the GIG data centre.
At Coal Mine Velenje, 2,784 seismic events were recorded at longwall panels K.-50/C and K.-130/A
during the monitoring period from 27 April 2011 to 31 August 2011. The largest seismic event
reached a seismic energy as high as 6x106 J (local magnitude of about 2.5).

Figure 35 The distribution of the seismic stations and the spatial configuration of the sensors used
for microseismic study in longwall faces K.-50/C and K.-130/A at Coal Mine Velenje.

(a)

(b)

Figure 36 (a) The area of passive tomography field study at HVL mine Level 728 at South Flank,
and (b) distribution of the seismic stations.

At HVL, there were hundreds of seismic or other dynamic events (blasting) recorded at the
monitored sites. After the first interpretation of all data recorded from 20 August 2012 to 1 January
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2013, 346 records were identified as seismic events. The largest seismicity (total seismic energy
per day) was 8x106 J observed on 29 November 2012.
The analysis of the microseismic monitoring data has suggested that the dominant source
mechanism (Wiejacz, 1994) for the seismic events was uniaxial compression or tensile stresses
associated with the failure of coal seam and, thereby, increase the fracture zones in the coal seam
and the possibility of intensive migration of gases.
Analysing the correlation between daily face advance, seismic activity and seismic energy recorded
at longwall panel K-50/C at Coal Mine Velenje it was found out that no seismic activity took place
over the weekends or during other periods of no production at the face (Figure 37); the correlation
between longwall face advance and seismic activity was clearly identifiable.
Use of passive tomography in detecting areas prone to outbursts and uncontrolled
emissions
Using the seismic events recorded during the monitoring periods Bent-ray tomography P wave
velocity images (Lurka, 2009) were obtained for both HVL and Coal Mine Velenje longwall districts
studied.
As shown in Figure 39 and Figure 38, particularly notable was the effect of face movement and the
migration of high and low P-wave velocity zones in both longwall districts in the direction of mining
over the monitoring period, confirming the effectiveness of the methodology in identifying potential
high gas emission and/or stress build-up sites. The high P-wave velocity regions were identified as
high abutment stress zones and the relatively lower P-wave velocity zones were associated with
highly fractured zones where more intensive gas emission may be expected.. In the case of HVL,
where production and face advance rate is much slower, the high velocity zone was observed in the
central part of the longwall panel (zone I) (Figure 40). The zones of lower P wave velocity were
located in the South part (zone II – IIa) and in the North part of the longwall panel in Level 728
(zone III). Zones of lower velocity were correlated with a weaker or fractured coal seam, and
may be prone to increased gas emissions or uncontrolled gas emissions.
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Figure 37 Daily seismic activity, seismic energy and face advance at the longwall panel K-50/C in
coal mine Velenje during the period 7 July to 14 September 2014.
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(a)

(b)

(c)
Figure 38 Bent-ray tomography P wave velocity images for longwall K.-130/B in Coal Mine Velenje
during three consecutive months as face retreated towards the SE direction (units m/s).
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Figure 39 Bent-ray tomography P wave velocity images obtained using seismic events recorded
during consecutive monitoring periods at longwall K.-50/C in Coal Mine Velenje (units
m/s).

Figure 40 Bent-ray tomography P wave velocity image obtained using seismic events recorded
during August 2012 - January 2013 in the longwall panel at Level 728 in HVL (units
m/s).
Analysis of microseismic monitoring data to predict build-up of uncontrolled emissions
Following the completion of the microseismic monitoring at Coal Mine Velenje, Imperial College
carried out a detailed analysis of the processed microseismic data provided by GIG. Specifically,
the analysis included the spatial distribution of the microseismic events with respect to the
advancing coal face, the histogram of the weekly energy released and its temporal evolution.
Recognising that microseismic events occur as a result of the fracturing of coal/rock surrounding
the mine openings, a methodology was developed to use the fractal dimension, estimated from the
spatial density of the recorded microseismic incidents, to characterise the seismic energy build-up
ahead of the face, and correlate this with high gas emission events.
Coal production at K.-50/C started in November 2010 and ended in October 2011. The face
advance rate at the K.-50/C panel was approximately 11~12 metres per week. Gas concentration
and the ventilation airflow were monitored by using 3 sensors (Figure 41a) throughout the
production at this panel. Microseismic events induced by the movement of the coal face were
recorded from 27 April to 30 August 2011. In an effort to gain an understanding of the induced
microseismicity due to mining activity, the microseismic data was plotted and analysed on a weekly
basis.
Figure 41b illustrates an example plot of the spatial distribution of microseismic events. In the
figure, red and blue circles denote the events recorded during week 23 to 29 May 2011 and in the
previous weeks (2 to 22 May 2011) respectively, with the size of the circle reflecting the energy
intensity released by a microseismic event. Analysis of the spatial distribution of the microseismic
events have shown that most of the microseismic activity occurred within 70m ahead of the
advancing face, clustering and forming a cloud of events building up in numbers and energy
intensity in the same area for some time, and then moving on to a new location notably ahead of
the old events, further away from the coal face in a periodic cycle. As shown in Figure 42b and
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Figure 43, one such build-up of seismic events and energy led to a very high gas emission event at
longwall face K.-50/C during 14-15 July 2011, and that the face had to be vacated and gas cleared
out for some time.

a)

b)

Figure 41 (a) The deployment of monitoring techniques in K.-50/C LTCC panel at Coal Mine
Velenje (b) an example plot of the spatial distribution of microseismic events at the
longwall panel.

(a) 6 to 12 June 2011

(b) 11 to 17 July 2011

Figure 42 Spatial evolution of microseismic events leading to an episode of increased gas
emission.

Figure 43 Histograms and periodic advance of seismic energy released in a production week.
In Figure 43, the red bars indicate the statistics of the new events occurred during the reference
week, while blue bars indicate that of events occurred during previous production weeks. A notable
shift of the red bars to the right (higher energy levels), marking the observed excessive gas
emission event in the week 11 to 17 July 2011.
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(a)

(b)

Figure 44 (a) Gas flow rate and gas concentrations measured during 22 May – 30 August 2011
period, and (b) evolution of fractal dimension versus the flow rate of emitted gas during
22 May – 28 August 2011 in K.-50/C LTCC panel at Coal Mine Velenje.
As fractal dimension is an effective measure to characterise the fracture patterns in rock failure
process (Zhao et al., 1993; Poliakov et al., 1994; Balankin, 1997), a script was written in MATLAB
to compute the fractal dimension (D) of the recorded weekly microseismic events in order to
characterise the fracture network induced by coal extraction at the face. It was noted that the
fractal dimension corresponding to the weekly seismic events displayed a positive correlation with
the monitored gas emission rate in the district (Figure 44a and b). It can be seen that the fractal
dimension increased steadily, from just less than 1.60 to 1.75, over the 8 weeks period leading to
the heightened gas emission rate. This increase in the fractal dimension suggests that the mining
induced fractures evolved towards forming a two-dimensional network over the period, extending
further away from the face, and thus potentially an increasingly larger mining disturbed area
becoming available as both a source for gas emission which was experienced on 14-15 July 2014.
A more detailed discussion on microseismic monitoring and data interpretation for outburst
prediction is presented in Deliverable D3.2 report.

Task 3.3 Electromagnetic Techniques for Detection of Outburst Conditions
(MRSL, CM-VELENJE, HVL)
The objective of this task was to examine the potential use of advanced electromagnetic methods
for monitoring and characterisation of overstressed zones and other geological-stress anomalies
which lead to gas outburst conditions. The work programme essentially comprised the following:
1. Undertaking a critical review of monitoring and survey techniques which exploit
electromagnetic radiation (EMR) to detect high stress geological conditions and strain
release events of varying scale. To date these techniques have been applied primarily to
the detection and prediction of coal-rock dynamic fracture failures associated with roof
conditions and wind blasts, but in principle these techniques have application to gas
outburst detection.
2. Associated with the above was a requirement to understand the generation mechanism of
EMR from rock fracturing and deformation although this was recognised to be very
complex. Here the statistic relationship between EMR and stress and the quantitative
relationship between EMR and failure degree of rock during deformation and fracture at a
microscale or mesoscale is of importance.
3. Whilst the design, development and ATEX approval of an underground coalface EMR
monitoring system was beyond the scope and resources of the Cogasout programme, an
objective was to outline a feasible design.
4. Consistent with above, a programme of laboratory work was undertaken to assess whether
EMR signals can be satisfactorily detected and resolved from coal samples. A co-objective
was to implement a practical test arrangement as the basis of a potential instrumental
technique for rapidly assessing EMR from mine core samples.
Discussion on previous EMR studies
The research confirmed that a number of EMR research studies have been undertaken previously.
However comprehensive physical models for the underlying generation mechanisms are not yet
available. Observations of EMR signals confirm their abundance, with the key question being
whether EMR signals can, with any degree of accuracy, be used to predict dynamic phenomenon.
There remains a degree of uncertainty as to how specific EMR signals may be and there is a
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requirement for an application guide on the quantitative relationship between EMR signal and crack
propagation during deformation and fracture of coal/rock.
Relationships between EMR amplitude (E), pulse count (N) and load-induced stress σ(t) have been
developed theoretically (He et al, 2011) and take the form of cubic polynomial functions. The
energy conversion mechanism during laboratory uniaxial compressive testing demonstrates a
relationship between EMR signal amplitude and energy dissipation which is established both during
the cyclic loading and unloading phases (Song et al., 2012, Wang et al., 2012, Chen et al. 2011).
The study of coal surface electric potential may facilitate an understanding of the generation
mechanisms of electromagnetic radiation during coal rupturing (Wang et al 2009).
A critical analysis was undertaken of the techniques and apparatus adopted in early underground
EMR monitoring studies in the former USSR together with more recent work conducted principally
in China but also in Australia. The outcomes from these studies were then used along with a
conceptual design assessment towards recommending improvements in approach and
performance. Bodziony and Lama (1996) report studies within the former USSR where the
equipment detected EMR signals with an operating range of 5 -15m associated with impulses
generated by cracks of 0.5-2.0 cm width. Data reported in coalface trials by Vozoff (2001)
identified the 'richness' of the impulse data and therefore that the data processing and analysis
requirements were potentially computationally intensive. EMR studies undertaken to date in China
have concentrated on developing EMR monitoring methods for predicting outburst ahead of the
workplace both in production coalfaces and headings (He et al., 2012). Much of this work has been
led by the China University of Mining and Technology, Beijing and the Henan Polytechnic Institute,
Jiaozuo. He et al., (2012) confirm that outburst prone coal seams are observed to have an intensity
of EMR signals which is far higher than for outburst-free coal seams. He et al (2012) also confirm
that changes in EMR amplitude and pulse density correlate closely with conventional
indicators/prediction indices from probe drilling; namely the changing drilling debris make, drill
hole gas desorption index and initial drill hole gas emission flow. Wang et al (2012) report on the
use of monitoring instruments in various underground production settings.
Enhancements to underground EMR monitoring
Considered collectively, whilst much of the reported information from the aforementioned studies is
promising, it is largely of a qualitative nature. A number of observations can however be made.
There appears to be a requirement to site the detection antenna relatively close to the possible
outburst zone. The reported trials imply a detection range of circa 25m maximum consistent with
measurements that are taken every 10m to 20m along the roadway or coalface. There would
therefore be benefit in increasing the sensitivity (and possibly the specificity) of the detection
scheme. A parameter that has not been assessed (or at least reported) is the influence (and
perhaps more specifically the correlation function) between the EMR signal and the local
electromagnetic noise. As far as can be ascertained no specific consideration has also been given
as to how the impact of the background (unwanted) electromagnetic noise may be minimised.
Electromagnetic noise in the measurement frequency band of interest (105-106 Hz) exhibits
efficient parasitic mode coupling between cables and can be transmitted a significant distance from
source.
A number of engineering approaches were investigated to optimise the sensitivity, noise
performance and frequency range of wideband and broadly tuned antennas that may be used for
EMR detection, both underground and in the laboratory. After evaluation of the international
studies conducted to date, it was conjectured that simplifications could be made, and that the
performance of the antenna-preamplifier-filter stages in particular could be enhanced further. The
following observations and recommendations were made:


The use of gradiometer techniques would reduce the susceptibility to atmospheric noise,
but the precise arrangement of the antenna would need to be the subject of further study.



The use of an ultra-low noise amplifier would allow the equipment to cope with the lower
signal level that would arise from using a gradiometer or ‘noise-cancelling’ antenna.



The use of noise-matching techniques would give an optimal antenna performance,
especially in view of the wideband performance that is required.



The specific aperture of the antennas is limited by the required bandwidth, requiring careful
analysis.



The use of ferrite materials could be considered but may be counter-productive due to the
additional noise that would be introduced.



The use of high-permittivity ceramic materials to act as an electric field detector could be
investigated, as could the use of direct contact methods of recording the signal.

Each of the aforementioned approaches was considered at a theoretical level, mainly using a
combination of engineering calculations and analysis. Conceptual designs were advanced to a point
of defining the principal system components, interfaces and estimated power requirements. Limited

46

consideration was also given as to how the system design could be engineered to comply with
hazardous atmosphere equipment approval requirements. These conceptual studies, for practical
reasons, focussed on contactless approaches to the detection of EMR signals rather than direct
contact methods.
In summary, previous underground EMR monitoring studies have been critically appraised,
primarily to ascertain the detection performance limitations and whether the application method
could be enhanced. A number of approaches have been identified to improve the sensitivity and
selectivity of the EMR detection process. Resolution of further issues, including the optimisation of
statistical processing requires further research. Furthermore, providing insight on the
interrelationship between EMR signals and seismic monitoring station signals will require a longterm monitoring exercise of significant scale. However, the general body of the studies concerning
EMR point to its value as a potentially useful precursor indicator of major strain release events,
including coal and gas outburst.
Development of a laboratory EMR detection apparatus
The experimental apparatus consisted essentially of a hydraulic press (100kN capacity) used to
stress progressively core samples until failure was induced. A broadband antenna, anti-aliasing
filter, differential amplifier and high speed data acquisition system were used to capture
electromagnetic radiation (EMR) signals from the samples subject to uniaxial stress. The
arrangement can be seen below in Figure 45a and b.

(a)

(b)

Figure 45 (a)100kN capacity hydraulic press arrangement, (b) core samples (Velenje coal and
sandstone).
Coal and reference sandstone core samples were progressively loaded and EMR recordings made.
Various measures, including a continuous screening cage were used to ensure the low level EMR
signals could be recorded faithfully. Figure 46 below shows a spectrogram of the EMR signal
recorded from a coal sample in failure.
The following general observations could be made from the laboratory tests:
i.

EMR signals could be detected from both the reference sandstone cores and coal samples.

ii.

The peak strain release energy for the coal samples was far lower than that seen for the
sandstone cores in compressive failure (which was expected).

iii.

There was a significant broadband emission spectrum during the sample loading phase, up
to and after any failure event.

iv.

In addition to the broadband emission spectrum there was a harmonic series with 30kHz
spacing. This originated from the recording computer power supply inverters and could not
be eliminated.
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v.

Before and after baseline noise measurement checks confirmed, with high probability that
the signals arose from EMR activity alone.

This work confirmed the feasibility of implementing a practical low cost test arrangement for
rapidly assessing EMR from mine core samples.

Figure 46

Spectogram of EMR recorded from failure in coal sample.

Task 3.4 Recommendations On The Detection Of Outburst Conditions (MRSL, KUTEC, CM-VELENJE, IMPERIAL, HVL, GIG)
A central aspect of this work has been to evaluate the key monitoring approaches for gas outburst
prediction (in-seam seismic/passive microseismic/electromagnetic methods) in terms of the quality
of the information they can provide. The potential use of geophysical survey techniques has also
been assessed for detection and characterisation of overstressed zones and other geological stress
anomalies which may lead to gas outburst conditions. A key objective has been to appraise
carefully the information they provide, the processing gains and ultimately the detection behaviour
of each technique towards making recommendations on a practical mine-wide monitoring system.
Whilst the development of a practical mine system to provide unambiguous warnings of imminent
outburst events remains some way off, the interrelated studies undertaken jointly within WP3 have
identified a number of detection issues and monitoring system possibilities. Collectively, the work
has been concerned with assessing the validity and application potential of the following
techniques:
1. High resolution time-lapse in-seam active seismic tomographic imaging.
2. In-seam drainage borehole gas flow characterisation.
3. Microseismic monitoring, passive tomography, source localisation and fractal dimension
characterisation of the seismic events.
4. Detection of outburst precursor electromagnetic emissions.
One of the most challenging and disturbing features of gas outbursts, and indeed the general class
of major dynamic strain release events, is their indeterminacy as to when and where they will
occur. There is no standardisation or consensus regarding the available outburst monitoring and
localisation techniques and the means to evaluate whether pre-emptive mining stress relief
measures will be effective (the primary mechanisms used to de-stress a seam for outburst
prevention involve stress relief drilling, stress relief mining, inducer shotfiring or water infusion).
Outburst prediction methods in current usage are broadly split between traditional direct drill hole
measurements (of internal stress, wall movement, coal particulate and gas release) and
geophysical methods. As a general understanding, outburst proneness is dependent inter alia on
gas content, gas pressure, gas composition, gas desorption rate, coal strength, coal permeability
and stress. Mines generally seek to manage the prevention of outbursts through efficient drainage
of gas to content below structured coal thresholds. Mining becomes problematical, particularly at
greater depth, where there are (partly) impermeable zones which can be neither drilled nor
drained. Hanes (2004a) cites a continuing need to review outburst mechanisms and outburst
management procedures and recommends mines assimilate data on outburst potential and
outburst parameters. Aziz et al (2007) have examined how geology influences outburst risk and its
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role in outburst prediction. Gray (2006) advocates focusing on the total energy that may be
released; essentially the strain energy released in failure of the coal and in the release of gas. A
review of workshop discussions on coal and gas outbursts (Hanes 2003, Hanes 2004b) suggests
that the critical parameters useful in predicting imminent outburst are however less deterministic.
The state of knowledge on why coal zones become impermeable or gas drainage holes ineffective,
for example, was admitted to be incomplete.
Discussion on the role of geophysical techniques
Geophysical techniques are widely used in resource exploration and extraction to provide remote
assessment of the state of a rock mass and to remotely monitor changes in its behaviour. Given
that coal outbursts often have a relationship with geological structures (or disturbances thereof)
and with zones of anomalous states of saturation and stress, geophysical techniques can in
principle be used to detect these conditions. Geophysical methods can also have a role in
monitoring the effectiveness of gas drainage. That said the employment of geophysical techniques
to detect precursors to coal outbursts is currently a less precise science. Whilst geophysical images
can provide general images of the state of the rock mass, the precision of the mapping of outburst
prone structures may be limited. Therefore geophysical techniques are viewed as a complementary
tool to other approaches to predicting outburst risks.
Monitoring of seismic precursors to rock burst is an important activity in deep and highly stressed
mines. The growth of fractures leading to a rock burst and the location and properties of seismic
emissions allows assessment of the physical state of the rock mass and the likelihood of
spontaneous failure. Coal bursts (as distinct to outbursts) are a form of such failure. Aziz et al
(2007) considered associations between seismic activity and outbursts to be highly site specific.
Measurement sensitivity and specificity could be improved if sensors could be located within metres
of the face. This would give the potential to record much higher seismic frequencies, and emissions
directly associated with fracture growth might be detected. However with this type of
measurement, there are severe operational considerations when deploying instruments at the
active face together with instrument certification issues (i.e. achieving ATEX M1 status).
The application of the seismic geophysical techniques, geomechanical modelling and outburst risk
modelling evaluated collectively within CoGasOut can satisfy essential information needs on the
general mining risk and whether seam conditions are deteriorating. As such, a recommendation
would be to implement this suite of tools as standard mining practice. Improvements in these
techniques should be directed at providing fine resolution information on complex pressure-induced
changes in porosity and in particular towards identifying zones of impermeability. The seismoelectric research undertaken in Task 3.3, whilst at an early stage, is also considered to warrant
further research to develop the technique further.
Recommendations
The use of an underground microseismic network and remote monitoring of microsesimic events
can be successfully used to interpret seismic events for identifying high gas emission and outburst
risk conditions. The project has demonstrated that microseismic monitoring and passive
tomography as a tool can be used to detect locations of potential stress concentration and high gas
emission zones in longwall districts.
Furthermore, a detailed analysis of the processed
microseismic data from a longwall panel K.-50/C in Coal Mine Velenje, in conjunction with the
measured gas emission rates led to the development of a fractal dimension based methodology,
estimated from the spatial density of the recorded microseismic incidents, to characterise the buildup of fractures in the seam being mined ahead of the face. The fractal dimension corresponding to
the weekly seismic events displayed a positive correlation with the observed gas flow rate and
excessive gas emission episodes. This methodology should be further investigated to develop a
practical system for mining use.
The repeat (time-lapse) seismic surveys performed at Coal Mine Velenje demonstrated the viability
of this method underground, yielding valuable results by correlating stress zones, gas pressure and
flow ahead of an advancing LTCC face with seismic velocities. It was clearly shown that the
changing stress regime in the vicinity of an advancing longwall face can be identified through
seismic tomography and the methodology can identify distinct zones of stress and lithological
changes, as well as structural anomalies and their behaviour within a coal panel. The changes in
both P- and S-wave velocities correlated with the enhanced permeability and gas flow zones the
dimensions of which were also confirmed during the drainage trials in WP5. It must, on the other
hand, be noted that time-lapse/repeat active seismic tomography requires significant
organisational structure, cost and hands on approach to the surveys underground. Therefore,
unlike passive microseismic monitoring, time lapse (or even single) active tomography would not,
on its own, provide continuous and remote monitoring of outburst conditions in coal mines. Rather,
this methodology, which was successfully demonstrated in this project, would be much more
effective and useful in identifying lithological changes, as well as structural anomalies within a
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longwall district, which may be a precursor for a potential outburst condition and be used and
analysed hand in hand with continuous microseismic monitoring.
The laboratory experiments have shown that EMR signals could be detected from both the
reference sandstone cores and coal samples. There was a significant broadband emission spectrum
during the sample loading phase, up to and after any failure event. This work confirmed the
feasibility of implementing a practical low cost test arrangement for rapidly assessing EMR from
mine core samples.
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WORK PACKAGE 4- JOINT INTERPRETATION AND NUMERICAL MODELLING OF
FIELD AND LABORATORY DATA FOR THE DESIGN OF OUTBURST CONTROL
SYSTEMS
The main objectives of this WP were as follows:


to assimilate data from WPs 2 and 3



to utilise a number of geomechanics and fluid flow simulators for the numerical modelling
and history matching of the field monitored stress and gas pressure dynamics data from WP
2 and WP3.



to utilise a number of geomechanics and fluid flow simulators to develop and design gas
drainage and gas outburst control systems to be tested at the two partner mine sites in WP
5.



to use the data obtained at CM-VELENJE, where the seam gas is a mixture of CO2 and CH4,
to further our an understanding of the principles of CO2 storage in coal seams.

Task 4.1 Data Analysis and Interpretation (IMPERIAL, MRSL, CM-VELENJE,
AITEMIN, HVL, K-UTEC, DMT, GIG)
This task involved the analysis and interpretation of the field and laboratory determined
geomechanical, gas pressure dynamics, flow and seismic survey data from WPs 1, 2 and 3 to
develop conceptual models of the LTCC and SLC coal production districts for use in numerical
modelling. Work in previous WPs focused on the field/laboratory measurements and monitoring
data to characterise the Longwall Top Coal Caving (LTCC) operations to generate conceptual
models for numerical modelling of stress and flow around the mining operations. Observations from
field and laboratory measurements are summarised below.
The in situ gas content (a mixture of CO2 and CH4) of Velenje coal seam/lignite was found to be
relatively low, varying between 6 to 8 m3/tonne and predominantly CO2. In situ gas pressures
measured varied between 350 to 700 kPa gauge. The in situ gas composition measurements at
Coal Mine Velenje have shown that working under virgin top coal methane was released
preferentially to CO2 in the early stages as methane being predominantly held as free gas and CO2
emissions requiring high levels of disturbance and fracturing which is close to the face position. It
was also observed that the proportion of CO2 increased as the mining reached lower levels or the
base of the very thick coal seam at Velenje. Specific gas emission levels varied from 2 to 150 m3
per tonne of coal mined depending on the face geography and location within the seam.
At HVL, the methane gas emitted is predominantly methane and gas contents in different parts of
the mine vary significantly between 4 to 17 m3/tonne. In situ gas pressures measured varied
between 350 to 800 kPa gauge. Being non-mechanised to the same extent as coal Mine Velenje,
the 5-150 m3/tonne specific emission of methane at VHL is significant and believed to be
comparatively high for a conventional mining operation. It was also found that emission rates were
non uniform with relatively high irregularity coefficients calculated. The kt values, which are based
on desorption rates from coal samples, used for assessing outburst proneness by DMT were found
to be not indicative of outburst liability alone for both HVL and Coal Mine Velenje coals and it was
clear that past events at these mines were stress and gas pressure driven.
Through careful analysis of P-wave velocities coupled with borehole pressure/stress measurements,
the repeat (time-lapse) seismic surveys performed at longwall faces K.-50/C and K.-130B in Coal
Mine Velenje have clearly shown that the changing stress regime has a significant impact on
permeability and gas flow in the vicinity of an advancing longwall face. P-wave velocities display a
notable decrease near an advancing longwall face which can delineate an enhanced permeability
and gas flow zone. On the other hand, P-wave velocities increase as one moves away from the face
area, in to the front (stress) abutment zone due to compaction as a result of abutment stresses. It
was also possible to identify and relate stress and gas pressure data obtained from virgin (under
solid coal) and over-mined (under waste rock) areas to the P-wave velocities measured. Unlike
areas under caved waste, areas under solid coal in virgin areas did not show any P-wave
anisotropy suggesting that any anisotropy identified is due to stress and gas pressure change,
rather than lithology in the main. Analysis of data associated with P-wave anisotropy around fault
zones were attributed to lithology, or rather gas pressure change due to significant change in
lithology and potential for uncontrolled emissions.
Microseismic monitoring, passive seismic tomography and fractal dimension characterisation of the
microseismic monitoring data have proven to identify zones of high stress build up, high intensity
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fracturing and gas flow, as well as the periodic nature of high seismicity events as precursors of
uncontrolled gas emissions and/or outbursts.

Task 4.2 Numerical Modelling (IMPERIAL)
The details of the work carried out under this Task have been reported in Deliverable D4.1 and
D4.2 reports. Most significantly, coupled geomechaical and flow models of coal excavation at
longwall faces were developed and monitored stress and gas emission data were history matched
as part of this Task, preparing the models for the design and assessment of the drainage and
outburst mitigation schemes in thick seam mining. Two-way coupling achieved between FLAC3D and
ECLIPSE 300 software packages and the use of IMPERIAL’s permeability models helped achieve
these objectives as described in detail in Deliverable D4.2 report.
As an example for the implementation of the coupled numerical modelling approach work focused
on most extensively monitored (seismic tomography, microseismic monitoring, borehole stress, gas
pressure and concentration, district ventilation parameters and face advance rates) longwall panel
K.-50/C panel at Coal Mine Velenje (Figure 47).

Figure 47 Model geometry for CM-Velenje K.-50/C LTCC panel in coupled geomechanics and gas
flow modelling.

Figure 48 presents the modelled pressure profiles along longitudinal sections of longwall panel K.50/C with respect to coal face advance. All the profiles were plotted against -360 m mining level.
The shadowed area represents the fractured zone when the face moved to the face-line position of
10th June 2011. As shown in this figure, the approximately 27m wide fractured zone overlaps with
the de-pressurised zone ahead of the advancing longwall face. This suggests that the fractured
zone plays a significant role in gas desorption and flow into the mine openings.
For the same longwall panel, profiles of pore pressure showing variations with depth of the coal
seam when the coal face advanced to the face-line position of 10th June 2011 are plotted in Figure
49. As shown in this figure, pressure distribution in the top coal is somewhat similar to that at the
level of coal being mined. For the floor coal, the depressurised zone extends to a wider area
(horizontally) but with a less pressure drop as one goes deeper. This observation suggest that the
main gas emission source in the top coal is around 30 m ahead of the coal face, while in the floor
coal, gas emits from both the coal around 40 m ahead of the coal face and below the mined goaf.
These model predictions were later confirmed by the drainage pilot results at Coal Mine Velenje in
WP5. This assessment is also relevant to Task 4.3, “the effect of over mining”, as the gas release
(or drainage) from the floor of a LTTC or SLC face assists the gas control objectives for the next
level extraction in ultra-thick coal seams.
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Figure 48 Pore pressure profiles along longitudinal sections of K.-50/C with respect to coal face
advance (at -360 m mining level).

Figure 49 Longitudinal pore pressure profiles at different depths (on 10th June).
Using the two-way coupling approach, the permeability of the fractured coal was calibrated to
match the monitored gas emission rates between 1 June and 7 August 2011 at K.-50/C panel. As
shown Figure 50, a reasonable overall match between the model predictions and the field data was
obtained, including the two-week holiday period in July 2011 when there was no mining activity.
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Figure 50 Simulated versus flied monitored gas emission data at panel K.-50/C.

Task 4.3 Assessment of the Effect of Over-mining and Pre-drainage by In-seam
and Inclined Boreholes in the Roof and Floor of LTCC Panels (IMPERIAL, KUTEC, GIG, MRSL)
As briefly mentioned in Task 4.2 above, the coupled numerical modelling and history matching of
the gas emissions have already shown the effect of over mining on pore pressure change in the
floor level of thick coal seams. Deliverable D4.2 report attached expands further on the details of
the numerical modelling work for this purpose, therefore, the numerical modelling elements will not
be repeated here.
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Figure 51 Distribution of stabilised seam gas pressure in and around longwall panels, showing
higher gas pressure under solid rock/coal overburden compared to that in areas overmined by previous longwall panels.
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Figure 52 Seam gas composition ratio (CO2/CH4) distribution, rich in CH4 (up to 72 %) in upper
level longwall panels, but rich in CO2 (up to 91 %) in panels which have been overmined.
Besides numerical modelling, systematic monitoring of in-seam gas pressures and compositions
with the use of a large number of boreholes at all operating faces throughout the project at Coal
Mine Velenje led to a better understanding of gas behaviour in the mine. Gas pressure
measurements from 17 boreholes drilled and instrumented during 2010-2013 were evaluated to
map gas pressure distribution throughout the mine as shown in Figure 51. As illustrated by the
figure, seam gas pressure distribution varies with relative position within the coal seam. Gas
pressure values in areas under solid rock or coal overburden (longwall panels K. -65F, K. -65E)
show significantly higher values than in areas over-mined by upper panels, especially for areas in
the Preloge South region, where mining has already reached the base of the thick coal seam.
Seam gas composition at Coal Mine Velenje was also monitored in boreholes drilled at the
production panels. Figure 52 presents the CO2/CH4 ratio evaluated from measurements taken from
10 or more boreholes. It is noted that CO2 rich gas mixture is present in areas which have been
over-mined, and affected by mining where gas migration pathways are created, and thus methane
gas (free gas) was able to migrate first. Carbon dioxide, which is more firmly help on the coal pore
surface, on the other hand, remained attached to coal structure. On the other hand, methane
levels were observed to be higher in the upper levels of the coal seam.

Task 4.4 Outburst Control System Design (IMPERIAL, CM-VELENJE, HVL)
This task focused on two different aspects, namely the modelling and scenario testing of the
effectiveness of gas drainage methods using in-seam, roof and floor boreholes, and the
development of a gas outburst model which enables the assessment of field stress/gas
pressure/permeability conditions leading to an outburst.
In order to help support the drainage pilots in the field, the numerical models were set up to
represent realistic dimensions and field reservoir properties. A geomechanical and gas flow model
representing the pilot drainage longwall panel K.-65/F at Coal Mine Velenje was developed using
FLAC3D and ECLIPSE 300 CBM module, which also accounts for multi-component gas mixtures
such as CO2 and CH4, at IMPERIAL. As further detailed in Deliverable D4.2 report attached, realistic
model dimensions and rock properties taken from experimental data were used. Face advance and
geomechanics were modelled to provide the basis for permeability inputs used in gas drainage
simulations. Mining abutment stresses and their effect on coal permeability was also accounted
for, using IMPERIAL’s permeability models, and permeability heterogeneity represented by
assigning different permeabilities to different regions in the model. The judgement on this was
based on nearly three years of borehole monitoring data in Velenje, as described in detail in the
Deliverable D4.2 report attached. As a first step in the early stages, a number of roof, in-seam and
floor boreholes at different lengths, orientations and standpiping lengths were tested (Table 8).
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Table 8 Borehole parameters used in the preliminary drainage scenarios.
Borehole
location

Borehole

Standpipe

Bottom hole

length(m)

length(m)

pressure(bar)

10

30/50

10/20

0

30/50/75

10/20

-10 /-20 /-30

30/50

10

Angle(degree)

Roof
Mining
level
Floor

(a)

Azimuth

Parallel
0.6

with the
coal face

(b)

Figure 53 (a) Performance comparison of in-seam borehole scenarios, and (b) performance
comparison of roof borehole scenarios.
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(a)

(b)

Figure 54 (a) Performance comparison of floor borehole scenarios, and (b) performance
comparison of roof, floor and in-seam boreholes.
Performance comparison of these preliminary drainage scenarios are presented in Figure 53 and
Figure 54. The analysis of the data have shown that gas production rate increased with increased
borehole length, decreased borehole inclination, and was naturally higher for shorter standpipe
lengths. However, the standpipe lengths did not consider potential leakage from the ventilation air
in to the borehole and this parameter is very much dependent on field conditions and had to be
tested underground. Furthermore, Figure 54b suggested that given equal borehole and standpipe
lengths, a roof borehole tends to have the best drainage performance since roof coal permeability
has been largely enhanced by over-mining. However, unless very shallow angled (if feasible to drill
a such) roof boreholes are unlikely to be so long in the case of top coal caving faces, therefore the
very long roof borehole performances may not necessarily be a realistic guidance. It was also
observed that a shallow angle floor borehole may be as effective as in-seam pre-drainage
boreholes and help mitigate against gas outbursts from the floor where permeability is likely to be
the lowest in a LTCC panel.
Next, the actual configuration of the boreholes to be drilled for the pilot trial at longwall district K.65/F were used as production wells and a number of scenarios tested in order to assess the
effectiveness of the drainage boreholes at the pilots. Drainage boreholes R1, R2, R3 and R4 drilled
at the Velenje drainage pilot (here referred to as boreholes P1 to P4) were numerically modelled
using their exact specifications as presented in Table 9 below.
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Table 9 In-seam drainage borehole parameters at Longwall K.-65/F.
Borehole No.

Diamete
r (m)

Lengt
h (m)

Bottom
hole
pressure
(bar)

Inclinatio
n angle
(degree)

Standpipe
Length
(m)

Azimuth

P1
(R1 in pilot)

0.2

50

0.6

+2

20

Parallel with the coal face

P2
(R2 in pilot)

0.2

30

0.6

+10

20

Parallel with the coal face

P3
(R3 in pilot)

0.2

50

0.6

+2

20

Parallel with the coal face

P4
(R4 in pilot)

0.2

30

0.6

-30

20

Parallel with the coal face

The performance of the four boreholes was plotted as shown in Figure 55. Compared with
horizontal boreholes, the performance of inclined boreholes appeared to be less effective. However,
this was caused, in the main, by the short effective drainage length used in inclined boreholes,
which was confirmed when field performance was based on drainage per metre length of borehole
during the trials in WP5.

Figure 55 Borehole degasification rates over three months degasification time.
An outburst model for thick seam mining
The second focus and achievement of this Task was the development of an outburst model based
on the “gas pocket theory” (Singh, 1984; Shepherd et al., 1981; Lu et al., 2011), which is
assumed to be representative of the conditions experienced at partner mines. As described in detail
under Deliverable D4.2 Report annexed, a geomechanical and a reservoir simulator have been
sequentially coupled to develop an outburst model which was used to investigate the interaction
between mining induced stress changes and rock failure, and gas pressure gradient around mine
openings to evaluate the conditions for outburst initiation in a gas pocket model. Both the “tensile
effective stress (TES)” and “unbalanced pressure driven force (UPDF)” outburst initiation criteria for
the coal/rock elements have been evaluated.
To demonstrate the initiation of an outburst induced by a gas pocket, a 2D model capturing the
cross section of an advancing face has been developed and tested in a thick seam mining
environment (Figure 56). The key geomechanical parameters used in the model, such as the rock
elastic and strength properties were obtained from the laboratory tests on samples taken
from exploration boreholes in CM-Velenje. The overall seam gas pressure and the pressure in the
gas pocket were assigned as 0.7 MPa and 2.1 MPa respectively. Under the model conditions set, it
was found that, in order to maintain the gas pressure level in the gas pocket at 2.1MPa over the 8
days modelling period, permeability in the strong coal needed to be two orders of magnitude lower
than that of the surrounding coal (0.01 vs. 1 mD).
Figure 57 and Figure 58 illustrate the evolution of potential outburst elements as indicated by the
UPDF and TES indicators respectively. A more detailed discussion on the outburst model developed
is presented in the Deliverable D4.2 Report annexed.
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Figure 56 Development of a 2D outburst model based on the gas pocket theory (a close-up view of
the central area).

Figure 57 Development of elements with outburst tendency (marked red) as indicated by UPDF
indicator as the longwall face approaches the gas pocket.

Figure 58 Development of elements with outburst tendency (marked red) as indicated by TES
indicator as the longwall face approaches the gas pocket.
Conclusions
Coupled geomechanics and gas flow modelling using two-way coupling of the two simulators have
shown that the models developed can match and predict the gas emission rates at the LTCC faces
at Coal Mine Velenje. The assessment of gas pressures around these faces by the model has
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shown that, for the floor coal, the depressurised zone extends to a wider area compared to that of
the roof coal. The model results suggested that the main gas emission source in the top coal is
around 30 m ahead of the coal face, while the gas emits from both the coal around 40 m ahead of
the coal face and below the mined goaf in the floor. These observations were later confirmed by
the results of the drainage pilot in WP5.
The drainage simulation carried out prior to pilot drainage trials have shown that drainage
boreholes can capture in-situ gas and decrease gas pressure around the borehole area. Compared
to the horizontal boreholes, the performance of floor and roof boreholes appeared to be less
effective. However, this was caused, in the main, by the short effective drainage length used in
inclined boreholes, which was confirmed when field performance was based on drainage per metre
length of borehole during the trials in WP5.
The outburst model developed for thick seam mining was applied using the lithology, gas pressure
and mechanical/elastic properties of the lignite seam at Coal Mine Velenje. It was fund that, for
low rank lignite at CM-Velenje, a gas pocket with 2.1 MPa gas pressure may initiate an outburst
when the coal face moves within 2 metres of the strong coal zone. To maintain this elevated
pressure, the gas pocket needs to be surrounded by high mechanical strength coal with two orders
of magnitude lower permeability compared to the overall seam permeability.
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WORK PACKAGE 5- PILOT SCALE TRIALS OF GAS DRAINAGE SYSTEMS TO
PREVENT OUTBURSTS AND UNCONTROLLABLE EMISSIONS IN THICK SEAM COAL
MINING
Informed by the findings of previous WPs where field monitoring of a number of attributes have
been carried out and numerical modelling performed, the main objectives of this WP were:



to carry out pilot scale gas drainage trials at LTCC and Sub-Level Caving production panels at
CM-VELENJE and HVL, and
to evaluate the results of the pilot drainage tests and develop methodologies for the control
of gas outbursts and uncontrolled emissions in coal mines which exploit thick and/or steeply
dipping thick coal seams.

Task 5.1
Pilot scale gas extraction system at CM-VELENJE (CM-VELENJE,
IMPERIAL, MRSL)
Main objectives of underground gas drainage trials in Velenje mine was an investigation into the
technology required to achieve drainage to reduce gas content and pressure in the lignite before
and during longwall coal extraction. Trials were oriented into single long-wall panel drainage with
testing of drainage boreholes, pipe-line, gas vacuum pump and monitoring equipment. Gas
drainage pilot trial set-up was assembled as sections of pipeline for gas transfer, vacuum pump
with closed water cycle, water-gas separation installation and monitoring equipment for
performance evaluation and safety requirements. The full details of the work carried out at Coal
Mine Velenje is described in Deliverable D5.1 report annexed at the end of this report, therefore,
only the main elements of the system set up and results achieved are reported here.
Drainage system and monitoring equipment
A schematic of the pilot gas drainage trials layout is presented in Figure 59. The drainage boreholes
were all drilled in coal, in relative positions with respect to the retreating longwall panel K. -65 F in
Mine Pesje. A number of different depths and directions of drilling were chosen for a coupled
analysis of drainage performance and in seam stress/gas pressure measurements when operating
in different sections of the longwall panel regarding the face position. The design parameters of the
drainage boreholes prepared are presented in Table 10. Locations of all the drainage and
monitoring boreholes are presented in Figure60. As the longwall face advanced over boreholes R1
and R2 before the start of drainage trials could be started, additional (back-up) boreholes R5 and
R6 were also drilled.
Table 10 Drainage bore-hole design parameters.
Inclination (from horizontal)

Depth
(m)

-72.5

2°

50

137,509.9

-75.0

20°

30

50,5766.0

137,478.0

-81.2

2°

50

R4 (-30°)/13

50,5760.2

137,472.6

-83.5

- 30°

30

R5 (+20°)/13

50,5719.3

137,433.9

-90.2

20°

30

R6 (+2°)/13

50,5712.0

137,427.1

-92.0

2°

50

Bore-hole

Y

X

R1 (+2°)/13

50,5821.7

137,530.5

R2 (+20°)/13

50,5799.9

R3 (+2°)/13

Z

A schematic presentation of a drainage borehole installation is shown in

Figure 61.

Drainage pipeline, as the main component of gas transportation system, was located along the
intake gateroads to longwall face and then led to the main return ventilation roadways.
Connections to boreholes were provided with T-sections on the pipeline, followed by 2’’ antistatic
plastic or rubber hose with mounted valves on both ends (Figure 62a and b). The full length of the
pipeline was tested for leakages before its use with overpressure of 5 bars. A fully mechanical,
water-cycle vacuum pump, Nash 2BE1 203, which certified for gas and petroleum industry use,
was further certified for mine use and installed as part of the drainage system. In preparation for
the underground trials, the pump was equipped with required sensors and other safety elements as
shown in Figure 63.
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Figure 59 Schematic of the pilot gas drainage trial system in Coal Mine Velenje.
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Figure 60 Locations of gas drainage and seam gas pressure-composition-rock stress and deformation monitoring boreholes.

)

Gas drainage trials were performed under strict regulations applied at the mine. Safety equipment
was installed at all crucial elements and sections of the gas drainage system. All equipment used
was certified as intrinsically safe and approved for mine use, except for the gas vacuum pump,
which was operating under strictly controlled conditions concerning gas concentrations in the
gateroad, gas concentrations of drained gas, pressure in the pipeline and water (working media)
temperature.

Figure 61 Schematic representation of a drainage borehole construction.

Coal

Coal

Pressure gauge

Pipe line (DN 100 mm)

(a)

(b)

Figure 62 Connection between drainage borehole and pipeline with 2’’ rubber hose and valves and
the gas pressure monitoring equipment.

Figure 63 Gas vacuum pump Nash 2BE1 203 used in gas drainage trials.
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A parallel monitoring campaign for gas composition (sampling) and gas pressure and stress was
implemented during the pilot gas drainage trials. Along with gas drainage boreholes, other
boreholes for these specific objectives were drilled and equipped with the required equipment
(pressure sensors, pressure gauges, stress and deformation cells, and sampling tubes) as
described in detail under Deliverable D5.1 Report.
Pilot gas drainage trials and data analysis at Coal Mine Velenje
As required by the mine safety regulations, the pilot drainage trials were conducted as
experimental work under continuous surveillance. Continuous automated gas drainage was not
allowed by law and the gas extraction procedures were repeated for short periods of time and
performance recorded and analysed. In addition to the mine’s fixed monitoring network of gas
sensors, the project had to provide additional sensors and follow a specified procedure during the
drainage trials. Figure 64 presents the layout of the drainage boreholes drilled at longwall face K.65F.
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Figure 64 Detailed layout of the drainage boreholes at longwall face K.-65F.

The drainage borehole R3 was designed to investigate the drainage/pre-drainage performance of in
seam horizontal boreholes and drilled at +2o from the horizontal plane, and 50 metres long.
Drainage borehole R4, on the other hand, aimed at investigating drainage from the floor, and
drilled at -30o from the horizontal plane, and 30 metres long. Table 11 provides a detailed outline
of the drainage cycles implemented and the performance achieved during the pilot trials using
boreholes R3 and R4.
Trials with drainage borehole R3 were performed in 13 separate campaigns in relation to longwall
face advance (Table 11). Initial trials, when the longwall face was over 44 metres form borehole
R3, have recorded gas flow rates below detectable limits due to low permeability of the seam
around the borehole. Figure 65 and Figure 66 summarise the overall gas concentration and gas
component flow rates at different dates as the longwall face moved towards the drainage borehole
R3. As the longwall face moved closer to the borehole, a slight increase in the CO2 concentration
and flow rate was observed. This was accompanied by a slight decrease in the CH4 levels. It was
also noted that the air concentration in the drained gas increased significantly due to leakage of
ventilation air in to the borehole through enhanced fractures and permeability within the crushed
zone towards the end of the trials when the longwall face reached within 5 metres of the R3
drainage borehole. As Figure 66 illustrates, the total flow rate of drained gas varied between 141 to
205 m3/h, reaching its highest value as the longwall face was around 20 metres from the borehole
R3.
Drainage performance of the individual boreholes were analysed closely and the effect of suction
pressure on performance, especially the CH4 concentration in the system, were investigated. Figure
67 presents the flow rate response of different gasses to the changes in suction pressure and
distance from the longwall face in borehole R3. It was clear that increased suction pressure
increases the flow rate of air in to the borehole, thus the total gas flow rate in the system. In the
same manner, lower suction pressures lead to an increase in the drained CH4 concentration which
needs to be kept significantly above the explosive range for safety, as well as drainage efficiency
(Figure 68).
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Table 11 Details of the drainage cycles implemented and the performance achieved during the pilot trials using boreholes R3 and R4.

Figure 65 Gas concentration measurements in the pipeline during drainage trials in borehole R3.

Figure 66 Flow measurements in the pipeline during drainage trials in borehole R3.
Trials with the drainage borehole R4 were performed in parallel to trials in R3, with some delay
during the initial tests with R3. A total of 9 separate drainage tests were carried out while recording
the longwall movement towards R4 (Table 11). Observations have shown lower average methane
concentration compared to those observed in borehole R3 (14 – 22%), while the carbon dioxide
concentrations were much closer. Once again, the total flow rate of gases in borehole R4 reached a
maximum at around 20 metres distance from the longwall face. Further analysis of borehole R4
performance is presented in D5.1 Report in the Annex.
Compared to the in-seam borehole R3, the length of R4 was limited to 30 metres (rather than 50
metres), which would have affected the area covered by the borehole, thus a lower gas drainage
capacity observed. Figure 69 compares the performance of boreholes R3 and R4 (in-seam versus
floor boreholes) per metre of borehole drilled. As also noted during the numerical modelling work
under WP4, borehole R4 had an earlier production enhancement than R3, which occurred when the
face was 40 metres away from R4.
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Figure 67 Flow rate response of different gas components to changes in the suction pressure in
borehole R3.

Figure 68 Change in CH4 concentration with changes in the suction pressure in borehole R3.
This was most likely because the fractured zone in the floor coal covered a larger area ahead of the
face compared to that of the panel being mined, confirming the accuracy of the predictions made
by numerical modelling (Figure 48 and Figure 49). Furthermore, the floor borehole R4 appears to
be more efficient than R3 in capturing CO2 and CH4. Given the same drilling length, the drained gas
flow rates in borehole R4 were much higher than that in borehole R3. This can be explained by the
fact that the coal seam around borehole R4 may have been more severely fractured by the
abutment stress and resulted in a much higher permeability. Unfortunately, Coal Mine Velenje
experienced a number of rock burst incidents within close proximity of longwall panel K-65F during
2013 which resulted in premature abandonment of the district for safety. This limited the number
of drainage trials carried out at the mine. Nevertheless, one short trial was carried out with
borehole R5, which was designed and drilled exactly same as borehole R4 as a floor drainage
borehole. Unlike boreholes R3 and R4, drainage trials with R5 yielded a higher methane
concentration compared to carbon dioxide. It was not possible to carry out further drainage trials
with borehole R5 due to the rock burst incidents and the earlier than planned termination of
production at longwall face K. -65F. However, the mine has plans to move the equipment to a new
face and set up new trials in the future.
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Figure 69 Borehole performance comparison between R3 and R4.
Along with single borehole drainage trials, 7 trials with multiple boreholes were also planned and 3
of these fully completed before the rock burst incident. As can be seen in Figure 70, the flow rates,
as well as gas purity, rose significantly. This is believed to be the result of enhanced drainage
performance due to draining a larger fractured area in front of the longwall face (up to 40 metres
from the boreholes). Flow rate and purity of the gas components increasing as the longwall face
approached the boreholes.

Figure 70 Gas concentration and flow rate measurements in the pipeline during multiple borehole
drainage trials.
Borehole interference tests were conducted on 20th March, 2013, when the longwall face was
31.8m and 39.7m away from boreholes R3 and R4 respectively. The first two trials were single
borehole trials with one borehole open and the other shut. R3 was open at the first trial and R4
was open for the second. Both trials lasted around 11 minutes. The third trial was a combined
borehole drainage trial with both R3 and R4 open and operated for 10 minutes at the same suction
pressure as the first two trials, which was -31 kPa. Compared to the first single borehole drainage
trials, the third trial with multiple borehole drainage has shown a considerable increase in the
drained gas flow rate, which was 23.3% higher than that of R3 alone, or 85% higher than that of
R4 on its own (Figure 71). Since the spacing between these two boreholes was only 8 m,
competition in capturing the seam gas was clearly observed during the third trial. This was
indicated by the gas flow rate of the third trial being lower than the sum of flow rates for R3 and
R4 alone, which would have been nearly 50 l/s.
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Figure 71

Flow rates of drained gas during borehole interference testing (CO2 and CH4).

As described in detail in the Deliverable D5.1 report, further stress, deformation, gas pressure and
gas composition monitoring boreholes were drilled in K. -65F and data collected in parallel to the
drainage trials. These boreholes and the data collected further confirmed the measurements taken
and reported earlier as part of WPs 1 and 2, as well as supporting the conclusions of the drainage
trials described here.

Task 5.2 Pilot scale gas extraction system at HVL (HVL, AITEMIN, IMPERIAL)
A number of schemes have been considered for the application of gas extraction system South
Flank Area in the 5th level (Figure 72). Two sets of gas extraction units with a group of three
boreholes each are configured to work as part of a general drainage circuit (Figure 73). The
firedamp drained was planned to be diluted safely in the main return roadway of the South Flank
Area. As described in detail under Deliverable D5.1 Report annexed, the system designed included
the gas collection boreholes, the general manifold, the drainage pump supporting a maximum
vacuum pressure of 0.5 bar, and a gas dilution module (Figure 73).
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Figure 74 (a) Monitoring system configuration in the workshop, and (b) general view of
measurement module.
Preliminary testing of the gas extraction system to be installed underground was carried out in the
workshops of HVL. Specifically, the monitoring and measurement instrumentation was tested to
ensure safe operation underground. The equipment used in the safety tests included and infrared
CH4 sensor (0-100%), differential pressure sensor (0-2 bar), absolute pressure sensor (0-2 bar),
the power source and a TROLEX 6 channel data logger (Figure 74).
An automatic cut off system for the power supply has also been established to activate when
firedamp concentration decreases below 30% and the monitoring systems were connected to this
relay. Additionally, the vacuum pump engine had its own power supply cut off system set at 1.5%
methane concentration.
Pilot gas drainage trials at the Santa Lucia mine, HVL
The initial planning was to carry out the drainage works at Competidora seam. Due to production
and mine exploitation planning, and other safety factors, it was decided to move the drainage
testing to the South Flank Area and permission from the Inspectorate obtained. The main reason
for the selection of the South Flank Area was that this area is ventilated in the conventional way
with intake and return airways providing through ventilation and a comparatively safer
environment in the entire 5th Level (Figure 75)

Figure 75 Pilot gas drainage areas planned in the South Flank.
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(b)

(a)

(c)
Figure 76 (a) Pilot gas drainage Area 1, West 2, (b) Pilot gas drainage Area 2, Centre, and (c) Pilot
gas drainage Area 3, West 1.
After the preliminary underground trials of the gas extraction system to test the monitoring and
measurement instrumentation to ensure safe operation three different field gas extraction systems
were planned (Figure 76):
-

investigate the influence of face advance of a gallery on the drainage system using two sets
of three drainage boreholes. West 2, Area 1.

-

investigate the influence of face advance on the drainage system using two sets of three
drainage boreholes. Longwall Sub Level Caving Stope, Area 2.
Investigate pre drainage from a roadway using two sets of three drainage boreholes. West
1, Area 3.

-

At centre area, the borehole gas pressure measurements yielded an average gas content of about
6-8 m3/t of methane and maximum gas pressure of 450 kPa. In the west Panel upper level, the
boreholes registered high gas content (10-12 m3/t), but in the fifth level the gas content was found
to be lower than expected (4-6 m3/t) and pressures were lower than 300 kPa. In the North Panel,
the heading is being advanced with the use of explosives. The borehole measurements have shown
relatively high gas content (10-11 m3/t) and high gas pressure (800 kPa).
Initially, while conducting test trials the problem of filling the pump circuit with methane was
encountered because the pipe, the filter, the monitoring module and the pump (Figure 77) have
close circuited with air inside. Under the supervision of the mines inspector, a number of
modifications to the system and further safety measure were implemented.
However, as described in detail in the Deliverable D5.1 Report annexed, HVL attempted all three
planned drainage trials as outlined above, but were unsuccessful in running the drainage system
underground.
During the drainage trials, the vacuum pressure was continuously monitored and, for safety
purposes, a vacuum pressure limit of 100 mbar (the maximum design pressure of the pump being
150 mbar) controlled by a sensor was prescribed. If the vacuum pressure reaches this limit,
electrical power is automatically cut out and the pump stops to prevent damage to the pump or its
engine.
As the drainage system was set up and the test started, the vacuum pump tripped and stopped
with the vacuum pressure in the circuit reaching 100 mbar in every occasion. After each trial it was
checked and ensured there were no malfunctioning parts other than the upper limit set for the
vacuum pressure being reached. A procedure was followed to test the system at higher limiting
vacuum pressures by increasing the upper limit in stages, up to 150 mbar. The trials were still
unsuccessful, with the pump tripping within a few seconds at each level.
The two possible reasons for this were believed to be:


low permeability of South Flank coal.



rapid collapse of the drainage boreholes.
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In order to address the above difficulties, an application was made to the mines inspector that the
project plan is amended, and the PCV casing used as the standpipe is replaced by a metallic pipe,
as well as permission to use explosives to stimulate coal permeability.
By the time the COGASOUT project was completed, HVL still had not received a reply from the
mines inspector agreeing to introduce the proposed changes in the project. Nevertheless, HVL
continued with their request for authorization to use a metallic standpipe or explosives, or both.
Unfortunately, after the death of six miners as a result of a gas outburst in the Competidora Group
in October, the mines inspector refused to authorise any further modifications to the system and it
was not possible to carry out further trials.

(a)

(b)

(c)

Figure 77 (a) Pipe line installed from the drainage boreholes to the pump, (b) Monitoring module
and the filter installed on location 2, and (c) Vacuum pump installed at Location 2.

Figure 78 Schemes of drilled boreholes at Area 2.
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As illustrated in Figure 78, HVL drilled additional gas content measurement boreholes (A and B) to
monitor the effectiveness of gas drainage in the region by measuring gas content in these
boreholes before and after drainage. Although the drainage trials were unsuccessful due to the
malfunctioning of the system underground, measurement of gas content in these boreholes after
free degassing of the area have shown reduced gas contents as compared to the original gas
contents.

Task 5.3 Field Pilot Results (CM-VELENJE, HVL, IMPERIAL, AITEMIN, MRSL)
At Coal Mine Velenje, the pilot gas drainage trials were designed and successfully implemented at
the longwall panel K. -65F. The procedure followed aimed at evaluating the performance of
drainage boreholes drilled at different angles in to the longwall panel, top coal and floor coal, as
well as evaluating the effect of suction pressure, borehole length and spacing. The analysis of the
results have suggested that gas drainage at Coal Mine Velenje is feasible and should help reduce
the risk of gas outbursts if successfully applied in draining the floor area of a LTCC face (the top
coal for the next level LTCC faces). The lessons learned from the drainage trials can be summarised
as follows:
•

Drainage pump suction pressure is of critical importance for drainage efficiency and
increased gas purity. High suction pressure may lead to increased total drained volume,
however this may compromise the purity of drained methane or CO2 by increasing air
leakage from the ventilation system. Further testing should aim at optimising the suction
pressure applied.

•

Due to the low permeability of Velenje lignite, the initial total gas flow rate was too low to be
measured unless the coal seam is highly fractured. The enhanced total gas flow rate ranged
between 132 – 205 m3/h in boreholes R3 and R4 throughout the period of pilot trials, while
the original total gas flow rate was less than 3 m3/h and very difficult to measure.

•

The drainage trials and performance assessment have confirmed the role off stress and
fracturing in increasing the permeability and flow rate of gas at some distance ahead of an
advancing face.

• It was observed that enhanced permeability zone for horizontal in-seam boreholes in LTCC
faces may start at around 30 metres from the longwall face, while -30˚ inclined floor
boreholes may experience permeability enhancement as far as 40 metres ahead of the coal
face.
•

Drainage capacity of a single drainage borehole is largely dependent on the length of
borehole and its perforated section.

•

Given a same borehole length, more gas could be captured from the floor boreholes than
that from the in-seam horizontal boreholes. Floor boreholes seem to have an advantage over
horizontal boreholes in controlling seam gas since the former may benefit from a longer and
higher permeability enhancement.

•

Borehole interference has been observed from two neighbouring boreholes with 8 m spacing.
Compared with single borehole drainage, increased total gas flow rate and decreased air
concentration were observed when these two neighbouring boreholes were operated at the
same time.

The monitoring and analysis of stress, deformation and gas pressure in parallel with the gas
drainage trials led to an improved understanding of the impact of longwall face advance on the
seam gas flow behaviour with respect to the distance to the face line. Three distinct areas were
identified:
•

Section 1 (longwall face > 40m away)
Fractures in the longwall panel are not developed to the level of a connected network. Seam
gas pressure measured represents (or close to) the in situ pressure. Coal permeability is low
and gas drainage is confined to a limited region around the drainage boreholes.

•

Section 2 (longwall face between 40 – 5m from the face line)
Fractures in the longwall panel are developed as a consequence of stress front affecting the
relevant section. As stress is transformed into deformation the seam gas pressure is
reduced, indicating enhanced permeability and gas flow through the fracture network
created. Gas drainage efficiency is increased and reaches its maximum.

•

Section 3 (longwall face within 5m)
The longwall panel in this section is significantly fractured, connections between drainage
borehole and the longwall face are established, and consequently drainage efficiency is
reduced as seam gas in the drained volume is replaced by ventilation air.
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It is believed that, following the promising results obtained at longwall panel K. -65F, Coal Mine
Velenje will continue with these trials in order to learn more about gas flow around LTCC faces and
optimise their designs in the future
Although a number of drainage boreholes were also drilled at HVL as planned, the drainage pump
and the associated auxiliary system did not function effectively to obtain data beyond the in-situ
gas contents of the coal seams. However, the successful implementation of a drainage system at
Coal Mine Velenje and the experience gained would also benefit HVL towards their efforts to
combat excessive gas emissions and outbursts in their mines.

76

WORK PACKAGE 6- THE DEVELOPMENT OF A PROBABILISTIC RISK ASSESSMENT
METHODOLOGY AND PROTECTIVE MEASURES TO COMBAT OUTBURSTS AND
UNCONTROLLABLE GAS EMISSIONS
The research effort described in this WP had two main objectives:


to develop a methodology based on probabilistic techniques to assess gas outburst risks in
coal mines and incorporate this tool into the design, planning and management of coal
mining operations.



to modify and develop automotive air bag technology for mining purposes for the protection
of longwall face workers from coal and gas outbursts.

Task 6.1 Development of a Probabilistic Risk Assessment Framework to Predict
Gas Outbursts (AITEMIN, IMPERIAL, MRSL, HVL, CM-VELENJE, HBP)
The influence of different factors on the gas outburst risk and the corresponding technical,
geological and operational parameters have been studied. The first steps were to carry out a
literature survey to evaluate any parameter that could influence gas outbursts proneness. Next,
these parameters were classified as geological, coal seam and mining method related parameters.
As a result of this analysis the following diagram showing the main factors that influence the
occurrence of gas outburst has been developed (Figure 79).
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Figure 79 Main variables that influence gas outbursts.
The factors that influence potential risk for gas outburst have been classified as shown in Figure
80, corresponding to geological, in seam and exploitation method dependant factors.
Pressure-relaxation phenomena acting on the coal seam, together with a large amount of gas
characterise coal seams prone to outbursts. The seam gas content, the seam gas pressure and the
rock stresses are the main causes of gas outburst. The firedamp desorption rate is mainly
influenced by the type of coal (range, moisture permeability, grain size, etc.) and the mining
activity (method of operation, rate of progress, degassing, etc.).
Changes of the rock stress conditions are a key factor in gas outburst phenomena. Mining induces
new conditions that locally increase the stress state of the coal seam and surrounding rocks. The
disequilibrium generated contributes to the development of fracturing and, therefore, the sudden
release of the gas contained in the coal.
Geological features, such as faults and fracture zones, reduce coal cohesion inside and in the
vicinity of such structures, causing changes in rock stress and gas pressure gradients that induce
conditions that facilitate sudden gas release, if sufficient gas is available.
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Figure 80 Diagram of factors associated with gas outbursts.
Factors that influence outburst potential
There are several parameters that may be used to determine gas outburst risk in a model.
Following the conceptual model developed, these are divided into geological, in-seam and
exploitation method dependent parameters. Once all the factors acting at a given setting are
known, it is necessary to determine the influence of each of the characteristic parameters that
contribute to determining the gas outburst risk.
The list of parameters that define the gas desorption include the specific emission, irregularity
coefficient and a number of other coefficients and indices that are found in the literature as well as
those gleaned from the experience of AITEMIN and HVL and other Spanish coal mines.
A study of actual gas outburst events that took place in the HVL mines have been analysed to
establish critical threshold values for each of the identified parameters. Such values can be used as
guide to determine the risk of gas outburst in the future.
Collected data represent gas outburst cases that took place in recent years, analysing major local
circumstances that significantly influenced these events. Data resulting from these analyses were
compared to current workings with similar characteristics and, fortunately, not resulting in a gas
outburst episodes. These last set of cases are summarised in the following Table 12 and Table 13.
They show the method of mining, the area of the mine and the value of the variables studied when
the phenomenon occurred. Comparing both situations, allows to determine the parameters and
their influence in the occurrence of gas outburst.
The last step of the study was to analyse and compare, exhaustively, all data collected in order to
define a threshold value for each of the variables. This task has combined theory and the real
values obtained from the HVL. As result of this work, the influence of each of the parameters that
contribute to determining the risk of gas outburst are discussed in the following paragraphs.

Table 12 Drift heading cases analysed.
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Table 13 Drawing cases analysed.

Risk calculation method
The objective is to determine the level of gas outburst risk during mining in underground coal
mines. The risk factor is determined by a number of parameters depending on the specific
characteristics of the coal seam in a particular area, or due to particular conditions of the
exploitation method. There are several parameters that need to be considered, which are mainly
related to the coal seam and the exploitation method. Coal seam specific parameters considered
are the firedamp content and geological factors that depend on local conditions. Other factors
taken into account are the mining method, which may result in higher or lower risk index,
depending on the case.
In order to determine the gas outburst risk, the first step is to establish the different zones to
consider:
-

Operating panel surface. This zone covers the whole mining panel and therefore all
possible risk levels.

-

Seam. In areas contained within the coal seam, risk levels are set as a function of the
general parameters of the seam, i.e. firedamp concentration, type of coal, depth, etc.

-

Gallery under exploitation. The risk assessment in areas inside the trace of the drift or
operating stope is carried out in two steps. First a risk level is assigned to the area of
influence. Following this, the original value is modified considering other parameters which
depend on the specific characteristics found during the face advancement of the drift, such
as areas of thickness variation, presence of faults, etc.

The risk within the gallery is determined from the value of risk in the area of influence of the
gallery and also considering the influence of other specific parameters depending on the mining
method used.
-

Area of influence in drift heading. In the case of advancing (mining) into distended
areas, the level of risk is reduced by 50%, due to the local degassing from earlier mining.
In the case of advancing (mining) through influenced areas that are over stressed, the
level of gas outbursts risk is increased by 20%.

-

Area of influence in drawing. Within the area of influence of an exploitation located in
an upper level, the risk is reduced by 50%, due to degassing occurring by the advance of
the drift. While mining in seam galleries through areas influenced by other galleries in the
same level, the assigned risk level decreases by 70%, if the degassing is total, or reduced
by 30 %, if it is partial.

Model implementation
Figure 81 shows a typical exploitation panel including the projection of the coal seam in a
horizontal cut and the design of a planned gallery. The assessment of the gas outburst risk is
carried out for that gallery design. Each parameter will have a greater or lesser influence on the
initial risk level “R” based on the coal seam firedamp content and depending on the local
characteristics of the area. A parameter specific factor is used to adjust the risk level “R”. During
the risk assessment process the items contained in the operating panel are considered but those
outside the coal seam will have a risk value of zero. The points within the coal seam will be
assigned a value that varies depending on the parameters of the table above. Within the area of
influence of a gallery, the risk value of the coal seam is increased by 10%. The risk value of each
point within the gallery is determined from the value of risk in the area of influence of the gallery
and also by taking into account the influence of other specific parameters depending on the phase
of the sublevel caving mining method carried out; in-seam drift heading or drawing (soutirage).
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Figure 81 Typical exploitation panel including the projection of the coal seam in a horizontal cut
and the design of a planned gallery used to illustrate the outburst risk model
implementation.

Outburst risk estimation
The outburst risk assessment method was implemented in the HVL exploitations. Different
scenarios were considered taking into account the influence of the general parameters of the coal
seam, as well as the phase of mining; advancing the galleries or drawing, as appropriate. Two
example cases are presented here as an example of the scenarios analysed (see Appendix IV) .
Case 2: Crosscut
This case comprises assessing the risk at the time of entering the coal seam. Before entering the
new coal seam to be exploited, during the crosscut operation, it is possible to make exploratory
boreholes to search and examine the coal seam. If this process is carried out, it allows definitive
recognition of the seam and the degassing the gas contained in it can be obtained. Two scenarios
were considered:


Case 2.1: Crosscut. No searching boreholes (Figure 82) In the first case without carrying
out boreholes, the seam is not previously degasified and the risk index will be increased.



Case 2.2: Crosscut. With searching boreholes (Figure 83) In this scenario conducting
searching boreholes the risk is reduced compared to the previous case.

Figure 82 Map of outburst risk index for case 2.1.
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Figure 83 Map of outburst risk index for case 2.2.
Case 7: Mining an area with influence of an upper sublevel. Degassed.
Following the case 6, this scenario considers the mining of the gallery progress when the working
area is located in an area influenced by an upper sublevel which was degassed previously.
Therefore there is a reduced risk (Figure 84).

Figure 84 Map of outburst risk index for case 7.

Conclusions
The main conclusions from the work carried out are the following:


The method and model developed is suitable to establish the coal characteristics and
mining methods that influence outburst risk for the HVL mines.



It is a tool that can be used for mine planning, although it is recognised that it is not a
definitive and exclusive tool to be used in planning coal exploitation.



The method has been validated using data obtained in the HVL mine.



Although the method and the variables considered are appropriate generally, when
applying to other mines the factors used to adjust the outburst risk index may vary in
comparison to the factors reported for HVL mines.



Each coal, geological setting and mine is distinct in estimating outburst risk. In the case of
the Velenje coal mine, the CO2 content is much higher than for the HVL mine. So from the
outset this case is substantially different to what has been considered in this report.



Further adjustments should be made to parameterise the model developed to a particular
mine and account for the particular coal type, geology, mining conditions of each mine.



The objective of this WP, that is to develop a gas outburst risk assessment method and its
practical implementation in a coal mine has been illustrated.



The application of this method has provided practical benefits in the day to day work at the
HVL mine; such as adjustments to the advancing rate required to act safely, as
recommended by the model developed.



The HVL staff responsible for mine planning have been informed and are using the concepts
and model developed to plan the mining activities safely.
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Task 6.2 Development of an Outburst Protective Barrier and its Activation
System (MRSL, CM-VELENJE, HBP)
The objective of this component of research was to investigate the potential to modify and develop
automotive airbag technology for the protection of longwall coalface workers from coal and gas
outbursts. The work concentrated on two main components:
1. Initial development work to assess the feasibility of the airbag and triggering scheme, and
2. A conceptual design study which examined the range of issues associated with engineering
and using the system in a coalface application.
The initial test and development work addressed the following:
−

An examination of the technology adaptation potential.

−

Acquisition of a testing area and safety considerations.

−

Development of an automotive airbag testing regime.

−

Development of an outburst simulation method.

−

Design of an activation system.

−

Undertaking a proof-of-concept barrier testing programme.

Examination of technology adaptation potential
Technical examinations supported by experimentation were undertaken to consider how current
automotive airbag technology operates and to allow consideration of its adaptation to an outburst
barrier design. The objective of the airbag is to inflate and offer a barrier cushion to the vehicle
driver, whose momentum is arrested by the inflated airbag. It can be appreciated that automotive
bag technology is of too small a scale for consideration in a protective barrier, which requires a
bespoke design for a coalface installation. The design of such a barrier would require a fabric that
can withstand the initial charge of material thrown into the face chock track where face workers
carry out their duties.
Extensive approval testing would be required in considering the use of an explosive device to
activate a barrier in a coal mining environment where flammable gas exists. It is necessary to
examine the burning sequence and nitrogen development to ensure an inertised barrier is
constantly maintained prior to activation and throughout the whole inflation process. In addition,
there are various subsidiary safety issues to investigate. These include the electrostatic charge and
methane ignition potential developed by the rapidly inflating polymeric bag structure, together with
the elimination of false triggering in both the outburst detection and the propellant initiation subsystems.
Airbag inflation tests and secondary airbag design
The studies of automotive airbag inflator design and technology were supported by a number of
practical airbag initiation trials. In the airbag initiation experiments, after several inconsistent
activations it was identified that a dedicated capacitor discharge airbag exploder unit was required.
The design for this was derived from analysing the arrangements used in automotive squib initiator
ASICs (application specific integrated circuits). Using the exploder unit all subsequent tests
achieved predictable initiation of the airbags.
Studies were undertaken to establish approximately what mass of airbag gas generator chemical
would be required to inflate a secondary airbag of arbitrary dimensions. For standardisation
purposes, it was assumed that 100g of generant chemical will yield 36 litres of nitrogen at 25°C
and 101kPa. In view of the relatively high mass of gas generant chemical required, secondary
airbag inflation technologies were also investigated. The choice of gas generator technology is
essentially either; pyrotechnic, hybrid gas or cold gas inflator products. Conventional automotive
airbags are designed to be activated fully in circa 40 ms, with the airbag gas volume released from
slots engineered in the bag to produce a progressive deceleration of the driver/passenger. The
airbag protective arrangement for a coalface outburst protective scheme would need however to
remain inflated and active for somewhat longer, of the order of several tens of seconds or more
rather than milliseconds. This dictates that a secondary airbag design be considered. Part of the
programme involved the selection of textile materials to accomplish the function of a secondary
airbag. The requirements of a fast inflation airbag include; high tensile strength and resistance to
tearing, low mass per unit area, adequate short-term air and water tightness, low reaction to fire,
surface resistivity meeting ATEX requirements, and suitability for stitched and adhesive glued
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construction methods. Several high tensile strength fabrics were examined for potential use as a
secondary airbag base material, each of which exhibited excellent tear resistance and durability.
A range of experiments were conducted where the inflation characteristics of secondary airbags
were assessed with various gas generation schemes. The use of automotive airbag gas generators
resulted in inflation times of the order of 50ms. Figure 85 below shows a sequence of images of an
automotive (pyrotechnic) airbag inflation event captured with high speed video. As an alternative
approach, inflation of secondary airbags using compressed air from an appropriately sized air
receiver was evaluated. The benefit of this arrangement would be that conventional mines
compressed air supplies could be used to inflate the airbag. The fill time here is largely a function
of the maximum flow rate that can be impressed on a solenoid valve and other system flow
restrictions. This implies an irreducible inflation time of ~1 second if a mine's compressed air
supply were to be used to inflate a protective airbag of the given arrangement. Figure 86 below
shows a secondary airbag filled using compressed air.

Figure 85 Example airbag inflation test captured with 300fps high speed video.

It can be appreciated that the inflation time for the protective airbag can be engineered to be
<0.1s if automotive airbag gas generators are utilised. If however a somewhat slower inflation time
of around 1-3 seconds can be accommodated, then the use of the mine's compressed air supply
may be considered. In an engineered scheme there may be benefit in combining both inflation
methods. Clearly, the nett airbag activation time comprises the sum of the outburst detection time
and gas generator triggering time added to the inflation or fill time. The use of automotive gas
generators coupled with a very fast gas sensor or pressure sensor used for triggering should in
principle result in a total activation time for the outburst protection scheme of <0.5s.

Figure 86 Secondary airbag inflated from a 20 litre receiver using compressed air @ 8 bar.

Development of an outburst simulation method
It was recognised that the scale of outburst events can vary considerably, with discharges of many
tonnes of solid or particulate material and millions of litres of mines gas. The implementation of an
outburst simulator in a laboratory environment was therefore of necessity limited to a small scale,
proof-of-concept level. Nevertheless, considerable attention was given to examining possible
options to simulate, at least for a short time interval, the solid, particulate and air movement
associated with a coalface outburst event. The simulation method exploited a pressurised air
launcher, otherwise known as an air cannon. A number of trials were conducted using high speed
video recording in order to develop and refine the outburst simulator. Figure 87 and Figure 88
below show a selection of frames from captured high speed videos. The work programme was
advanced to a point where the components of a proof-of-concept protective barrier system were
mated together.

Figure 87 Frontal view facing outburst simulator discharge.
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Figure 88 Side view of outburst simulator discharge.
Outburst detection and protective scheme triggering
The outburst protective system requires a reliable means for detecting the outburst and triggering
the devices. The assessment of outburst detection techniques was progressed principally at a
theoretical level, but with careful attention given to identifying application factors that would
impact on the choice of detector. The key parameter was considered to be response time,
expressed conventionally as the time response to a step change in target gas exposure or in terms
of measurement bandwidth. A further factor is that the outburst gas composition can be highly
variable, comprised mainly of methane and carbon dioxide. The assessment of outburst detection
methods focused on the following techniques:
−

Fast gas measurement techniques, including spectroscopic methods.

−

Particle impaction detection (high velocity coal particles).

−

Air over-pressure and velocity increase detection.

−

Use of EMR signature as a precursor to the outburst strain release event.

The gas detection methods which offer a fast detection time involve spectroscopic techniques or
some bulk property of the target gas which does not depend on diffusion or requires lengthy gas
transit times through the device. In this regard further analysis was undertaken of the various
classes of methanometry technique based on spectroscopic and acoustic velocity determination
(Gibson 2004) respectively. This included assessing remote spectroscopic gas measurement based
on Raman and transmissivity approaches (British Coal Corporation 1995, Werle et al 2002). The
detection of EMR as outlined in Task 3.3 was also proposed as a possible early detection approach.
Coalface barrier system conceptual design study
The final phase of work within Task 6.2 involved an extensive conceptual design study to consider
the engineering, operation, maintenance and approvals of a coalface protective barrier system.
This considered a number of factors including:
−

Review of recorded face incidents; measures of outburst size and violence.

−

Fluid modelling of the outburst jet and local impacts.

−

General barrier design considerations and requirements.

−

Barrier positioning within the face equipment ensemble.

−

Achieving interlocking of adjacent barrier units.

−

Barrier unit support cradle design and installation.

−

Risk assessment of automatic barrier activation.

−

Discussion of face ventilation impacts from barrier operation.

−

Face side maintenance with a barrier system installed.

−

Barrier activation power transmission scheme.

−

Barrier detection, triggering and alarm sub-systems.

−

Discussion on protective scheme time to activation.

−

Discussion on outburst detection and triggering options.

−

Protective barrier material options and test standards.

−

Anticipated approval, testing and certification requirements.

Whilst a barrier system will involve significant additional face ‘hardware’, on balance there were
considered to be no insurmountable issues arising which would prevent the retrofitting of a system.
Figure 89 below shows an outline schematic of the proposed installation location and the normal
and activated conditions of the coalface barrier unit.

84

Extensive consideration was given by a coalface expert sub-group to evaluating safety issues
arising in maintenance, system activation and face recovery. A number of issues were identified,
including by way of example a high likelihood of outburst gas being recirculated into the travelling
track and a likelihood of voids that are filled with outburst gases. In the latter case, a strategic
recovery process must be initiated starting from the main gate with the removal of spent barrier
units in sequence. The use of small light-weight hydraulically operated fans, possibly coupled into
the roof support hydraulic system is proposed here. Figure 90 below illustrates a face recovery
operation considered as part of the design study. Whilst it is accepted that the design study was
not exhaustive, the treatment was sufficiently detailed to suggest that a coalface protective barrier
scheme could be engineered and approved.

Figure 89 Normal and activated conditions of coalface barrier unit.

Figure 90 Use of hydraulic fan and face recovery operations (not to scale).
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CONCLUSIONS
COGASOUT is a three-year project, with the main objective to develop and test new and novel
technologies for the assessment, prediction, prevention and risk management of gas outbursts and
uncontrolled gas emissions in coal mines which operate in thick and/or steeply dipping thick seams.
The key achievements of the project may be summarised as follows.

WP1: Field and laboratory investigations into coal seam characteristics affecting
outbursts
Due to the unusually fast desorption rates of gas from Velenje coal (lignites), a new procedure
(modified USBM Direct Method) for determining the in situ gas content of coal seams was
developed. Measured mixed gas (CO2+CH4) contents at Coal Mine Velenje varied between 4.01 –
8.01 m3/tonne depending on coal lithology. The methane content of HVL coals at the Santa Lucia
Mine varied between 4.25 m3/tonne for seams affected by over mining and 17.60 m3/tonne in
virgin areas.
The desorption kt-value used as an indicator for gas outbursts proneness of a coal seams- was
tested both on Coal Mine Velenje lignites and HVL coals. Velenje coals ranked unusually high, with
a kt-value of over 0.82 (most sampe were measured above 1.00) which is classed as outburst
prone. However, these ratings were attributed to the high initial desorption rates as mentioned
above, rather than outburst proneness. The kt-values determined for HVL coals, on the other hand,
were all below 0.68 and the coals classed as normal, and not necessarily outburst prone according
to this criterion. These early measurements have demonstrated that a single outburst proneness
criterion cannot be applied to characterise coal seams accurately. The risk estimation approach
developed in WP6, which incorporates a number of different factors, some of which are site
specific, should be adopted.
The studies on stimulated gas desorption using high level electric (E) or magnetic (B) fields were
broadly inconclusive. A limited number of scientific publications, mainly by Chinese researchers,
postulate a fundamental but complex role of electromagnetic fields in the bond disruption process
associated with outburst triggering and initiation. This suggested the possibility of a new
instrumental approach for assessing the outburst proneness of particular coal types, and possibly
underground applications in terms of stimulating or modifying gas flows from coal matrices and
cleat structures. However the E and B field effects on the desorption characteristics of three coal
types (UK baseline, Velenje and HVL coals) were shown separately to be of a small order. These
observations are however based on a limited range of test conditions and it is possible that there
may be some observable threshold of increased effect at higher field strengths. Therefore, it is
suggested that this new field of coal science be investigated further.

WP2: In situ monitoring and analysis of the effects of face advance rate and over-mining
on coal seam characteristics
WP1 used preliminary field borehole measurements which were continued in WP2, investigating the
stress and gas dynamics around thick seam longwall mining districts. In-seam borehole gas
pressure and stress monitoring in LTTC districts has shown that the abutment pressure in thick
seam mining may start building up from as far as 70 metres from the face line, and a sharp
increase in seam gas pressure is observed. Abutment stresses usually peak at around 25 - 40
metres from the face line, initiating fractures and increasing permeability in coal, which increases
gas flow. These early observations made in 2011 were later confirmed by the measurements taken
in 2012, and also observed through the interpretation of drainage pilots in 2013. Compatibility
between the measurements taken in gas pressure and rock stress monitoring boreholes and the
gas drainage borehole flow measurements were reassuring in terms of the use of the effectiveness
of sealed and instrumented monitoring boreholes.
The pressure build up data in boreholes were successfully analysed with the use of reservoir
engineering principles to coal mine gas flow characterisation. The in situ permeability of virgin coal
seams at Coal Mine Velenje was determined as 0.69 mD. Repeat pressure build up tests as the face
approached monitoring boreholes have indicated a significant permeability enhancement (up to 200
times to 141.2 mD) as a result of increased fracture intensity nearer the face as referred to above.
HVL, which normally experienced problems in sealing in-seam boreholes to measure gas pressure,
benefited from collaboration and the experience gained at coal Mine Velenje and solved these
problems. A series of 76 mm diameter boreholes were drilled and instrumented from the access
gates to the mined coal level (sub-level) to determine the pressure of methane in the coal seam
and change in pressure as the coal face advances. Gas pressure, stress, gas flow and the impact of
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daily production on these parameters are monitored. At South Flank, where there are 3 mining
areas, gas pressures of 300 – 800 kPa were successfully measured.

WP3: Monitoring of in-seam precursors to outburst events
The microseismic monitoring field trials at Coal Mine Velenje and HVL have demonstrated that an
underground microseismic network and remote monitoring of microseismic events can be
successfully used to interpret seismic events for identifying high gas emissions and processes
leading to potential outbursts. The analysis of the microseismic monitoring data has shown that
passive tomography can be used as a tool to detect sites of potential high stress concentration and
high gas emission zones in longwall districts.
A fractal dimension based methodology, estimated from the spatial density of the recorded
microseismic incidents and energy was able to characterise the build-up of fractures leading to
excessive gas emissions. Application of the fractal dimension corresponding to the weekly seismic
events displayed a positive correlation with the observed gas flow rates and excessive gas emission
episodes at Coal Mine Velenje. This methodology is promising and should be further investigated to
develop a practical system to predict outburst conditions.
The repeat (time-lapse) seismic surveys performed at Coal Mine Velenje demonstrated the viability
of this method underground, yielding valuable results by correlating stress zones, gas pressure and
flow ahead of an advancing LTCC face with the seismic velocities measured. It was clearly shown
that the changing stress regime in the vicinity of an advancing longwall face can be identified
through seismic tomography, and the methodology can identify distinct zones of stress and
lithological changes, as well as structural anomalies and their behaviour within a coal panel. The
changes in both P- and S-wave velocities correlated with the enhanced permeability and gas flow
zones, the dimensions of which were also confirmed during the drainage trials in WP5.
It must, on the other hand, be noted that time-lapse/repeat active seismic tomography requires
significant organisational structure, cost and hands on approach to the surveys underground.
Therefore, unlike passive microseismic monitoring, time lapse (or even single) active tomography
would not, on its own, provide continuous and remote monitoring of outburst conditions in coal
mines. Rather, this methodology, which was successfully demonstrated in this project, would be
much more effective and useful in identifying lithological changes, as well as structural anomalies
within a longwall district, which may be a precursor for a potential outburst condition and can be
used and analysed hand in hand with continuous microseismic monitoring.
Drawing the strands together, it is clear that the application of geophysical monitoring and
supporting integrated modelling must provide a high sensitivity capacity to detect mining or
geological conditions changing from the normal in the production or mining method. In particular,
detecting complex pressure-induced changes in porosity which lead to greatly increased tortuosity
and progressively to impermeability (even at low stress levels) is likely to be important. The
Cogasout application of seismic geophysical techniques, geomechanical modelling and outburst risk
modelling has provided significant insights on stress permeability, fracture permeability, the
development of non-uniform abutment and stress concentration leading to irregular weighting. As
such, a recommendation would be to implement this suite of tools as standard mining practice. A
further approach into monitoring rock failure processes involves seismo-electric effects. Whilst the
mechanisms between rock failure and the generation of electromagnetic emissions are not fully
understood, the related work on this subject within Cogasout suggests that electromagnetic
emissions may be a valuable precursor indicator of outburst. One associated recommendation here
would be to undertake an extended study visit to Henan and elsewhere within China to help
assimilate an understanding of the practical application and state of the art of these techniques.
This reflects an argument and recommendation that Sino–EU mining research initiatives should be
developed further, particularly where Chinese researchers are recognised as leading exponents in
certain specialist fields.

WP4: Joint interpretation and numerical modelling of field and laboratory data for the
design of outburst control systems
Coupled geomechanics and gas flow modelling using two-way coupling of two industry standard
simulators FLAC3D and ECLIPSE 300 have shown that the models developed can accurately match
and predict the gas emission rates at the LTCC faces. The assessment of gas pressures around
these faces by the model has shown that, for the floor coal, the depressurised zone extends to a
wider area compared to that of the roof coal. The model results suggested that the main gas
emission source in the top coal is around 30 m ahead of the coal face, while the gas emits from
both the coal and the floor around 40 m ahead of the coal face and below the mined goaf. These
early modelling predictions were later confirmed by the results of the drainage pilots at Coal Mine
Velenje.
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The outburst model developed for thick seam mining was applied using the lithology, gas pressure
and mechanical/elastic properties of the lignite seam at Coal Mine Velenje. It was found that, for
low rank lignite, a gas pocket with 2.1 MPa gas pressure may initiate an outburst when the coal
face moves within 2 metres of the gas pocket. To maintain this elevated pressure, the gas pocket
needs to be surrounded by high mechanical strength coal with two orders of magnitude lower
permeability compared to the overall in situ seam permeability.

WP5: Pilot scale trials of gas drainage systems to prevent outbursts and uncontrollable
emissions in thick seam coal mining
At Coal Mine Velenje, the pilot gas drainage trials were designed and successfully implemented at
the longwall panel K. -65F. The procedure followed aimed at evaluating the performance of
drainage boreholes drilled at different angles in to the longwall panel, top coal and the floor coal,
as well as evaluating the effect of suction pressure, borehole length and spacing. The analysis of
the results have suggested that gas drainage at Coal Mine Velenje is feasible and should help
reduce the risk of gas outbursts if successfully applied in draining the floor area of a LTCC face (the
top coal for the next level LTCC faces). The lessons learned from the drainage trials can be
summarised as follows:
−

Drainage pump suction pressure is of critical importance for drainage efficiency and
increased gas purity. High suction pressure may lead to increased total drained volume;
however this may compromise the purity of drained methane or CO2 by increasing air
leakage from the ventilation system. Further testing should aim at optimising the suction
pressures applied.

−

The drainage trials and performance assessment have confirmed the role off stress and
fracturing in increasing the permeability and flow rate of gas at some distance ahead of an
advancing face. Numerical modelling can be successfully used to design and locate these
boreholes.

−

It was observed that enhanced permeability zone for horizontal in-seam boreholes in LTCC
faces may start at around 30 metres from the longwall face, while -30˚ inclined floor
boreholes may experience permeability enhancement as far as 40 metres ahead of the coal
face.

−

Given a same borehole length, more gas could be captured from the floor boreholes than
that from the in-seam horizontal boreholes. Floor boreholes seem to have an advantage
over horizontal boreholes in controlling seam gas since the former may benefit from a
longer and higher permeability enhancement.

−

Roof boreholes would perform as well as the floor boreholes, however, it may not be
possible to implement as long roof boreholes in LTCC faces due to the mining geometry.

The monitoring and analysis of stress, deformation and gas pressure in parallel with the gas
drainage trials in thick seam mining led to an improved understanding of the impact of longwall
face advance on the seam gas flow behaviour with respect to the distance to the face line. Three
distinct areas were identified:
−

Area 1 (longwall face > 40m away)
Fractures in the longwall panel are not developed to the level of a connected network.
Seam gas pressure measured represents (or close to) the in situ pressure. Coal
permeability is low and gas drainage is confined to a limited region around the drainage
boreholes.

−

Area 2 (longwall face between 40 – 5m from the face line)
Fractures in the longwall panel are developed as a consequence of stress front affecting the
relevant area. As stress is transformed into deformation the seam gas pressure is reduced,
indicating enhanced permeability and gas flow through the fracture network created. Gas
drainage efficiency is increased and reaches its maximum.

−

Area 3 (longwall face within 5m)
The longwall panel in this section is significantly fractured, connections between the
drainage borehole and the longwall face are established, and consequently drainage
efficiency is reduced as seam gas in the drained volume is replaced by ventilation air.
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WP6: The development of a probabilistic risk assessment methodology and protective
measures to combat outbursts and uncontrollable gas emissions
The research carried out aimed at developing methodologies to estimate the coal outbursts risk
through predictive modelling that uses monitoring data and environmental control measures
developed in WPs 1 to 5 of the CoGasOut project. Parameters that characterise gas outbursts were
classified as geological, coal seam and mining method related parameters and a database of
historical data from gas outburst occurrences recorded at HVL and other mines created. This led to
the development of a methodology to estimate the coal outbursts risk through predictive modelling
that uses monitoring data and environmental control measures, which was validated using data
from the HVL mines during the project.
The method and model developed is suitable to establish the coal characteristics and mining
methods that influence outburst risk for the HVL mines and can be used for mine planning,
although it is recognised that it is not a definitive and exclusive tool. It is important to note that
although the method and the variables considered are appropriate generally, when applying to
other mines the factors used to adjust the outburst risk index may vary in comparison to the
factors reported for HVL mines. Further adjustments should be made to parameterise the model to
a particular mine (e.g. coal mine Velenje, where the CO2 content is much higher) and account for
the particular coal type, geology, mining conditions of each mine.
The prototype barrier development work carried out demonstrated that a proof-of-concept
laboratory prototype was capable of blocking the high speed pathway of heavy solid objects
projected in a manner which simulated an outburst event. It is concluded that the concept of
utilising technology developed for the automotive industry could have feasibility for use as a high
speed barrier defence against outburst events. However, whilst the barrier activation device would
use airbag technology which generates nitrogen and an inertised atmosphere within, it would be
necessary for such a device to undergo a rigorous approval test regime. The barrier device would
be activated in an atmosphere with a high probability of explosive concentrations of methane. It is
envisaged that approval testing would require activation over many cycles in a gas explosion
testing facility. Furthermore substantial design input would be required from a coal face equipment
manufacturer.
From the conceptual design study, it was shown that the optimum position for a barrier would be in
front of the face side hydraulic roof support rams. An activated barrier would then protect the
workforce in the roof support travelling track where coalface workers would normally operate. The
barrier would provide direct protection from the impact of the solid mass of an outburst and would
facilitate a ventilation pathway, emergency egress, rescue work and subsequent face recovery.
Further research is required to model ventilation scenarios with barrier configuration and various
outburst gas conditions to optimise the barrier design for worst case conditions. An important
conclusion is that to successfully operate such a barrier an effective detection and triggering
system is required. Complementary work in RFCS Cogasout has investigated the use of
electromagnetic radiation as a means to predict stress build-up. The work in this area has achieved
some success and although in an embryonic stage, requires further investigation including linking
to a barrier system. Levels of alarm would help ensure the face workforce was given advance
warning of a potential imminent event, allowing them to move clear of the barrier area and initiate
evacuation procedures. The safest system would be an intelligently controlled barrier system as
opposed to a barrier that is simply operated on the basis of detection. The barrier system was
considered primarily for a longwall coalface and further research would be required to consider
adaptation to drivage roadways and stope development areas.
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EXPLOITATION AND IMPACT OF THE RESEARCH FINDINGS
ACTUAL APPLICATIONS
−

The mine and supporting laboratory and design studies provided essential ‘application
knowledge’. This includes the following points.

−

A successful borehole sealing and monitoring methodology for the assessment of stress and
gas dynamics around longwall coal faces. In coordinator’s 35 years’ experience of
underground borehole monitoring trials, the “application knowledge” gained at Coal Mine
Velenje was significant as an improvement over previous practices.

−

A microseismic monitoring and passive seismic tomography methodology for predicting
conditions leading up to potential outbursts and uncontrolled gas emissions.

−

A fractal dimension based methodology to predict the building up of conditions leading up
to potential outbursts and uncontrolled gas emissions.

−

Time-lapse seismic tomography to identify distinct zones of stress and lithological changes,
as well as structural anomalies and their behaviour within a coal panel.

−

A monitoring methodology for detecting incipient outburst and other generalised major
strain release events based on the detection and characterisation of EMR signals.

−

An appreciation of the potential role of electromagnetic
mechanisms. This is a new area of coal mining science.

−

Knowledge on well-defined permeability and gas flow zones around thick seam mining
longwall panels implementing LTCC and/or SLC method for the design of gas drainage to
combat gas outbursts. Assurance provided that numerical modelling can be successfully
used to design and locate these zones and plan drainage borehole layout.

−

A methodology and critical field parameters for the prediction of gas outburst risk in coal
mines

−

Design and specification knowledge on a practical coalface protective barrier scheme
including the airbag technology, testing/certification requirements, possible detection and
triggering schemes and the scope of installation and maintenance issues arising.

phenomena

in

outburst

TECHNICAL AND ECONOMIC POTENTIAL, POSSIBLE APPLICATION AT OTHER
COALFIELDS
Although experiencing the occasional gas outbursts and frequent high rates of gas emissions,
currently, most thick and steeply dipping coal deposits mined using LTCC and SLC methods in
Europe do not practice gas drainage. The technical improvements to mine operations from the
work to develop technologies for the assessment, prediction, prevention and risk management of
gas outbursts and uncontrolled gas emissions in coal mines are essentially associated with
increased safety. Towards this objective, the achievements of the project included:
-

development of seismic methods to predict gas outbursts and uncontrolled emissions,

-

an outburst risk assessment methodology

-

gas drainage designs for thick and steep coal seam mining

-

a practical coalface protective barrier scheme

-

associated borehole and EMR monitoring techniques

Besides the economic gains due to uninterrupted and higher production rates achieved as a result
of gas emission and outburst control, a further consideration is the reduction in insurance costs and
uninsured losses associated with major mine accidents. Furthermore, and internationally, outburst
and gas emission control in thick seam coal mining is an area European expertise can contribute to
the technology and safety in mines as a whole.
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The protective barrier approach researched represents the only known potential way to save life
from direct impact of solid material on a coalface in the event of an outburst. The technology may
also have a role as a temporary sewer road for unwanted gases in particulate-hydrocarbon
inrushes. This approach would provide an improved clean-up potential thus permitting productivity
to be returned sooner. If successfully developed, approved and tested the technology may serve
other non-mining applications, including; temporary fire barriers, tunnel central reservation
barriers in the event of accident, temporary flood barriers and flow diverters etc.
As well as being significant for their application in the two partner mining companies, namely Coal
Mine Velenje and Hullera Vasco Leonesa, the findings of the COGASOUT project are also significant
in terms of application in other coalfields, irrespective of the mining method applied as the mines
get deeper and seams become gassier.
One of the most significant findings of the project in terms of its future potential in predicting and
preventing gas outbursts has been in the field of automated and continuous microseismic (or
passive seismic) monitoring and tomography. Monitoring of microseismic events at two longwall
faces at Coal Mine Velenje has shown that the event profile, when carefully analysed, can indicate
and predict the conditions leading up to potential gas outbursts. A fractal dimension based
methodology to analyse the monitored seismic events and the energy was developed to predict the
building up of conditions leading gas to potential outbursts. However, the data collected in the
project represent longwall top coal caving (LTCC) or sublevel caving method of thick seam multilevel coal exploitation which involves significant caving of the roof coal and contribute to the nature
of monitored data. In terms of scientific approach, the methodologies developed are still applicable
to thin seam longwall mining applications in the other European coalfields, however, further
research would be required to fine tune the methodologies developed.
The project also demonstrated that, combined with time-lapse/repeat seismic tomography,
microseismic monitoring can benefit from the identification of structural features and change in
coal lithology which may be a contributing factor for gas outbursts. Again, this technique is equally
applicable to thin seam longwall mining methods in coal.
Having stated the above, research into gas outbursts and the implementation of the research
findings from a single project such as COGASOUT do not necessarily ensure, at this early stage of
development, that these events can be eliminated immediately. Research, know-how, and field
implementation of this knowledge by thee industry in particular are incremental and may take
some time with more research being conducted to demonstrate the methodologies developed. The
most recent uncontrolled gas emission in a development heading which killed six miners at HVL in
October 2013 demonstrates both the need and urgency for continued research in this area.
Although research into rock bursts was not an objective in COGASOUT, the application of
microseismic monitoring at two longwall faces in Coal Mine Velenje was also instrumental in
assessing stress build up in the region of these two longwall faces, where the mine has experienced
a rock burst event after the completion of the project. It is, therefore, clear that the methodology
requires further research into extending these techniques in predicting and preventing rock burst in
coal mines

PATENTS
So far, no patent applications were made.
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CDMI – An index representing the CH4/CO2 ratio at Coal Mine Velenje
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LTCC – Longwall Top Coal Caving
METSIM2 – Imperial College Coalbed Methane and Enhanced Coalbed Methane Simulator
RFCS – Research Fund for Coal and Steel
SLC – Sub Level Caving
SOS – Seismic Observation System
TOUGH2 - Lawrence Berkeley National Laboratories Fluid Flow Model
VISAGE - Schlumberger Geomechanics Software
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The main objective of this project has been to develop and test new and novel
technologies for the assessment, prediction, prevention and risk management
of gas outbursts and uncontrolled gas emissions in coal mines which operate in
thick and/or steeply dipping thick seams.
The project monitored stress and gas dynamics in the seams around the
longwall faces as well as monitoring gas emissions and concentration in the
ventilation air in the test districts.
The application of seismic tomography as the means to detect changes in
lithology, structural features and stress/gas pressure zones ass an indicator of
outbursts were investigated. Remote and automated microseismic monitoring
of the processes leading to outburst and/or uncontrolled gas emissions at Coal
Mine Velenje and HVL lead to the development of a methodology to identify
the building up of excessive gas emissions and outburst conditions. The use of
advanced electromagnetic survey techniques for detection and characterisation
of overstressed zones and other geological stress anomalies which lead to gas
outburst conditions was also invstigated.
Coupled geomechanical and gas flow simulations of realistic mining layouts
successfully history matched field measurements. An outburst model to assist
the analysis and assessment of stress, gas pressure and permeability conditions
leading to gas outbursts was developed.
The drainage trials at Coal Mine Velenje were successfully completed. Drainage
trials at HVL were not as successful due to malfunctioning of the drainage
system. Numerical predictions of the drainage trials matched the exact location
of low/high permeability and successful drainage locations around LTCC faces.
A risk assessment framework and a methodology for outburst was developed
and validated using data obtained at HVL. MRSL developed the prototype
outburst protective barrier, evaluated its functioning principles in test galleries
and provided realistic designs for its application underground.
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