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Abstract

:

Mining-induced seismicity in the area of development works and proper mining operations is one of the major determinants of the rockburst hazard level in underground mines. Rockburst hazard assessment in Polish collieries is performed by a variety of mining and geophysical methods, including seismic and seismoacoustic techniques, borehole surveys, small diameter drilling, rock strata profiling and analyses of geomechanical properties of rocks, geological structure and geological mining conditions. In the case of zones particularly exposed to potential hazards, it is recommended that analytical or numerical forecasts of the state of stress in the vicinity of workings should be used already at the stage of planning of mining operations. This study summarises the comparative analysis of seismic test data and analytical forecasts of the state of stress in five selected headings in one of the burst-prone collieries within the Upper Silesia Coal Basin in Poland (USCB). As regards the seismic data, duly defined quantitative indicators and energy criteria of the registered seismic activity are recalled in the assessment of rockburst hazard level during the roadheading operations. Analytical simulations utilise a developed geomechanical model and stress–strain relationships stemming from the principles of elastic media mechanics. From the standpoint of mining engineering practice, interpretation of results obtained by the two methods reveals how effective analytical models will be in prognosticating or verification of rockburst hazard conditions.
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1. Introduction


In intact rock mass, the rock strata remain in natural stable mechanical equilibrium conditions [1,2,3]. Underground mining operations will disturb this equilibrium, triggering the rockburst occurrence (seismic events generating energy in excess of 10 J and producing vibrations with frequency below 100 Hz [4]). From the standpoint of geomechanics, rockbursts are regarded as the rock strata response to variations of stress and elastic energy distribution in the vicinity of mine excavations. On account of its direct association with rockburst hazard, induced seismicity has received a great deal of attention from rock engineering practitioners at geophysical stations in mines, mine supervision authorities as well as research institutes [5]. In terms of effectiveness of the solutions, the most difficult issue to be addressed is the forecasting of seismic activity levels during the preparatory and mining works. In general terms, a forecast or a rational prognosis of future processes/phenomena consists in predicting the magnitude (scale) of an upcoming event, as well as where and when it is to be anticipated. In relation to rockbursts, it is a widely shared view that a scientific approach and practical experience allow the place (area) of a seismic event and the associated energy release to be approximated, with a greater or lower accuracy. For objective reasons, a fully accurate prediction of when the next outburst will occur still remains a distant goal [6,7,8,9].



Development of monitoring systems allows us a better insight into the processes taking place within the rock medium, resulting in attempts to obtain more reliable assessment methods and predictions of seismic hazards [10,11]. Several dedicated methods have thus been recommended, including the probabilistic seismic hazard analysis [12,13], the linear predictions of aggregated seismic or seismoacoustic energy [14] or the method based on indicator functions [15]. The aspects that were subject to modifications included the criteria of interpretation and ongoing seismic hazard assessment based on selected seismic parameters associated with the analyses of epicentre mechanisms, the Gutenberg–Richter distributions, amplitudes of rock strata vibration velocity (PPV) and tomographic images of seismic wave velocity fields [16,17,18,19]. Recently, methods relying on artificial intelligence and machine learning have received a great deal of attention and gained much popularity [20,21,22,23].



Alongside the prevailing state of stress and geomechanical parameters of the rock strata, seismicity of the rock mass is a major determinant of the rockburst hazard in underground mining excavations. Rockburst hazard (potential and real) is routinely assessed in coal mines operated in Poland using a variety of monitoring techniques (seismic and seismoacoustic monitoring, borehole surveys), alongside the rigorous study of the mining conditions at the stage of planning of the mining activities [4,24]. In most complex geological and mining settings, mine practitioners resort to other methods as well, including expert mathematical modelling (analytical or/and numerical techniques) [25]. They facilitate the collection or verification of data on the extent and magnitude of anomalies, i.e., zones of stress concentrations or destressed zones within the rock strata, in the context of the projected layout of mine headings and production workings.



In the vast majority of coal mines in the USCB that are still operational, coal mining is continued from deep seams and in confined conditions associated with the presence of remnants from previous mining operations, from geological disturbances or compact sandstone features or sandy shale formations. Consequently, high-energy mining-induced seismicity increases the risk of potential rockbursts in underground mines [26]. In terms of geomechanical engineering, the presence of constraining factors leads to changes in the state of stress and, consequently, in the density of elastic strain energy in the surrounding rock strata, affecting both overlying and underlying coal seams as well as the strata that are potentially burst-prone and likely to give rise to dynamic critical stress changes involving the fracturing of coal and/or roof strata (destruction of their original structure). Consequently, low-energy seismic activity will increase (its foci at close range, located within the coalbed or in the immediate roof of floor strata); alternatively, high-energy seismicity will be intensified (its foci far distant, located in the main roof strata).



This study investigates mining-induced seismicity during development works in mine workings and headings, in the context of reliability of the state of stress forecasts based on analytical simulation data. The test field was a coalbed section (panel Y, coal seam 409-4) in one of the collieries within the Upper Silesia Coal Basin [27]. Five selected headings were considered, which were drifted for the purpose of contouring and to provide the required ventilation and haulage facilities for future mining operations in two longwall panel sections (Y/2, Y/4). Underpinned by the fundamental objectives of mining seismology: monitoring, recording and analysis of rockburst events [28,29,30,31], the seismic events registered while the respective headings were driven were duly reviewed and synthesised. Reports of mining-induced seismic events registered during underground mining operations (in coal mines and elsewhere) can be found in literature on the subject of mining conditions in Poland [32,33,34,35], the Czech Republic [36], USA [37], China [38], South Africa [39], Australia [40] and elsewhere [41,42,43,44]. The input data were the locations of registered events and duly defined parameters (criterial indicators) highlighting the quantitative aspects and energy potentials of registered seismicity. Results of seismic analyses were then examined, in consideration of forecasted locations of zones featuring anomalous variations of the vertical stress component and stress concentration factor, obtained by analytical modelling. The modelling procedure relies on the modified solution offered by mechanics of deformable media [2,3,45,46], having relevance to the stress–strain conditions within coalbeds. The theory of elasticity is commonly recalled to determine and analyse the state of stress, the critical stress and energy processes occurring within the rock strata and triggered by mining operations [47,48,49,50]. Underlying the stress forecasts in the present study is the theory of bending plates rested on an elastic surface [2,51].




2. Materials and Methods


2.1. Geological and Mining Conditions in the Investigated Area


The area of concern included the panel Y within the coalbed 409-4 which is planned to be worked on by operating two longwall panel sections (Y/2, Y/4) in the serial home-mining sequence, the working face advancing from the south northwards. To provide for ventilation and transport facilities, the required development mining operations were completed (Figure 1, blue contour line), involving the opening out of the main workings (within the coal seam and in the barren rock strata) in the parallel configuration (their larger parts situated in the pillar zone protecting the drift F on the level 900 m) and longitudinally arrayed butt headings as well as the system of interconnecting cross headings (cut in coal). On account of the presence of residues of previous mining excavations, involving the excavation limits of the coalbeds 409-3 (vertical distance 6–19 m) and 406-1 (vertical distance 150–160 m), the heading Y#10 had to be driven, alongside the downcast gate Y#2, the top heading Y#2 and bottom heading Y#4.



The investigated panel is enclosed on the eastern and western side by two major faults with the thrust of 15–25 m, accompanied by minor tectonic features, their amplitudes locally exceeding 5 m. The thickness of the coalbed 409-4 falls in the range 4.0–5.3 m, at the depth of 820–980 m. The lithologic profile of the surrounding strata is dominated by sandy shale features and thick sandstone strata, which were identified by geological drilling (geophysical logs) in the course of development mining and coal extraction from overlying coal seams (406-1, 408-2, 409-3). Sandy shales separating coal seams 409-3 and 409-4 (about 20 m thick in the north-west section) are gradually replaced by clay shales, their thickness being reduced to 1 m (or 0.3 m locally) along the east-south direction. The actual inclination of strata is varied, ranging from 5 to 12°/E and whilst clay shales feature slaty cleavability, sandstones and sandy shales display slaty as well as block cleavability whilst coals have cubical cleavages. Penetrometric test data show that the uniaxial compressive strength (Rc) of coal from the seam 409-4 is approximately equal to 11.8 MPa (the tensile strength being 0.4 MPa). For clay shales, Rc ranges from 21 to 42.3 MPa, for sandy shales it is 36.5–70.9 MPa, whilst the uniaxial compressive strength of sandstone is found to be 52.2–103.7 MPa.



To date, no mining operations have been conducted in the analysed section of the panel Y in the coal seam 409-4 in the zone to the south of the pillar protecting the drift F (at the level 900), though in the past (1980–2007) coal used to be extracted from the neighbouring level-300 seams (363) and level-400 seams (401-2, 403-1, 404-2, 404-4, 406-1 and 409-3). In most cases, the longwall mining system was deployed, following the nearly longitudinal pattern (the only exception being two transverse longwall faces operated in the coal seam 409-3, with roof control through caving in (locally backfilled). Based on available source documents, it is reasonable to suppose that although the range of vertical distances (in the cross-profile) of respective coal seams with respect to the coal seam 409-4 is considerable (6–380 m), the estimated total thickness of the extracted layer in the investigated panel section Y will locally approach 40 m [27].




2.2. Objectives of Seismic Activity Evaluation


The geophysical station in the mine is responsible for ongoing real-time monitoring of seismic activity. The monitoring is based on a seismologic system providing for digital data transmission and relying on the network of seismometers and uniaxial or triaxial sets of geophones. The system is supported by dedicated software affording us the means to detect seismic events, their locality and energy potential, and allowing the data to be archived on an online basis.



The starting point for further analyses was a total tally of seismic events registered during the drifting operations whilst the final database was restricted to seismic events with energy release of 1.0 × 102 J or more (Table 1).



In the first stage, the data were collated and classified accordingly in the light of the adopted criteria: type of excavation, the time of event occurrence, energy potential, epicentre (foci) coordinates and adopted active rockburst control measures. Finally, the seismic events were categorised as spontaneous or induced, whilst the time frame of individual events and their foci locations were determined separately for each investigated heading.



Further analysis and evaluation of seismic hazard were based on selected parameters of mining-induced rock mass activity, including:




	-

	
Total number of registered events, N (-);




	-

	
Total energy release, As (J);




	-

	
Average energy released in a single tremor, As/N (J);




	-

	
Average rate of working face advance (m) per a single tremor, W1 (m/1 tremor); and




	-

	
Average energy generated per 1 m of the working face advance, W2 (J/m).









Another aspect of concern was the focus location with respect to the headings being driven. According to the data supplied by the mining companies, the error involved in positioning of horizontal (epicentre) coordinates x, y was less than 25 m for the investigated working. To demonstrate the effectiveness of the adopted active rockburst control measures, the quantitative inducibility factor PN (%) was recalled, expressed as the ratio of the number of blasting-induced tremors (registered within the post-blast waiting time) (Nw) to the total number of events registered during the drifting operations (N).




2.3. Main Objectives of Geomechanical Assessment of Seismic Activity and Rockburst Hazard


Generally, rockbursts in mines are regarded as dynamic phenomena triggered by quakes and tremors in rock strata, resulting in damage or destruction of the mine workings (or their sections) in such a degree that further mining operations are either impossible or vastly limited, or the safety features have significantly deteriorated. Tremors in rock strata are associated with rapid release of accumulated potential energy in a process involving rock mass vibrations, air shock waves as well as acoustic phenomena. Potential incidence of a tremor or rockburst as a consequence of unfavourable geological and mining conditions has remained the key criterion in rockburst hazard evaluation in underground mines [52]. A necessary condition triggering the rockburst occurrence in an underground heading is the fracturing of the surrounding rock strata due to the critical stress loads in certain areas of the coal seam [51,53]. The stress arising in the rock strata as a consequence of deformation processes can be expressed by a stress indicator, and recalling the Mohr–Coulomb criterion it can be defined as the function of strength parameters and principal stresses [3,54]. The magnitudes of the state of stress components in the investigated coal seam are determined, in turn, by its depth, the impacts of residual features and tectonic disturbances; moreover, they also depend on the employed mining method and working technology, as well as type and geometry of headings [55,56,57].



In the context of modelling deformations and stress conditions in the rock strata, mathematical methods (analytical or numerical) have gained in importance in the long-term design of mining operations. They can be used in mine engineering practice to determine (estimate) the magnitude of rockburst hazard during mining and drifting operations. Apart from geomechanical factors, the actual scale of hazard is dependent on the state of stress in the vicinity of mining excavations, hence this evaluation relies on analytical simulation data yielding the variability patterns of the following parameters:




	-

	
Vertical component of the primary stress (σz), as a superposition of gravity-induced stresses (pz), stresses caused by the presence of residues of previous mining operations (pk) and by impacts of geological disturbances and bedding irregularities (pt):


   σ z  =  p z  +  p k  +  p t   



(1)








	-

	
Stress concentration factor (k), expressed as the quotient of primary vertical stresses (σz) and lithostatic stresses (pz):


  k =    σ z     p z     



(2)













The geomechanical model of the rock strata was recalled (Figure 2), underpinned by the theory of plate bending on deformable substrate [2,51]. The model provides for approximated nonlinearity of the coal bed (seam) characteristic and linear deformability of roof/floor strata whilst the constraints due to confined work conditions are represented by non-uniform distribution of external static loads (p(x)) [53]. Parameters of merit include the modulus of elasticity of coal, roof and floor strata (Ew, Estr, Esp), coalbed thickness and post-failure modulus of coal (hw, Mw), inertia moment of the roof and floor panel cross-section with respect to a neutral axis (Jstr, Jsp) and equivalent bending rigidity of an equivalent system (EJ). The applied algorithm uses predefined differential equations of the equivalent roof plate bending line in relation to particular model components (including the working space, intact coal rock), given as:


  A      d 4   w i   ( x )    d  x 4    + B    w i   ( x )  + p  ( x )  + C = 0  



(3)




where:



wi(x)—displacement function (for model components),



p(x)—external load function,



A, B, C—constant coefficients.



Taking into account the potential of disintegration of the original coalbed structure, the respective system of heterogeneous linear equations was solved accordingly, recalling the boundary conditions for bending, inclination and internal forces acting on characteristic points. Thus, obtained formulas governing the distributions of displacements (w = f(wstr, wsp)) and vertical stresses (σz) within the coalbed were then implemented, largely in the form of numerical procedures, in a dedicated computer program developed by the authors. The mechanical parameters of the rock strata and information on the local mining conditions in the area of concern (including the impacts of previous mining operations) being entered, the calculation procedure was applied using the Cartesian coordinate system (emulating the geometry of the panel Y), with a step guaranteeing sufficient accuracy (basic grid 5 m × 5 m). Calculation results were given in the form of contour maps illustrating the variability of parameters expressed by the Formulas (1) and (2).





3. Results


3.1. Seismic Activity during the Drifting Operations


At the time this study was conducted, development mining works in the area of concern were still underway with six headings (totalling 2.6 km in length) being completed partly or as a whole. Apparently, 99.9% of 850 seismic events totalling 4.98 × 106 J registered during the drifting stage had the energy potential of 102–104 J (minor events of the order of 101 J being neglected). A single high-energy tremor registered (1.5 × 105 J) in conjunction with the driftage of the downcast gate Y#2 seems to have been triggered by active rockburst control measures in the form of torpedo blasting in the roof strata. None of the recorded tremors seems to have produced negative impacts on mine workings.



In consideration of the scope of the driftage operations, the main focus was on the selected five headings having the total length of about 2.4 km. More detailed information on the applied roadheading technology, direction of respective headings and the state of progress of roadheading works as of the day the study was conducted (the available database of seismologic data) is summarised below:




	-

	
Heading Y#10 (coal seam 409-3/4); direction of drift advance: eastwards; working method: mechanical working (roadheader) and traditional methods (use of explosives); progress status: fully completed (839 m, 100%);




	-

	
Downcast gate Y#2 (coal seam 409-3/4); driftage direction: eastwards; working method: mechanical working (roadheader) and traditional methods (use of explosives); progress status: fully completed (486 m, 100%);




	-

	
Top heading Y#4 (coal seam 409-4); driftage direction: southwards; working method: mechanical working (roadheader) and traditional methods (use of explosives); progress status: fully completed (550 m, 100%);




	-

	
Bottom heading Y#4 (coal seam 409-4); two driftage directions: the northward segment; working method: mechanical working (roadheader) and traditional methods (use of explosives); progress status: partially completed (507 m, ~93%); and the southward segment; working method: traditional methods (use of explosives); progress status: partially completed (5 m, ~13%);




	-

	
Bottom heading Y#2 (coal seam 409-4); driftage direction: southwards; working method: traditional methods (use of explosives); progress status: partially completed (21 m, ~4%).









Heading Y#10. In the course of drifting operations, seismic activity remained on the medium level (in relation to other face zones). Out of the total number (N = 142) of registered tremors (126 spontaneous and 16 mining-induced events) with the total energy release 5.05 × 105 J (As), there were 34 tremors (23.9% of the population) with the energy ratings of the order of 102 J, 106 tremors (74.7%) with 103 J and 2 tremors (1.4%) with the energy potential of the order of 104 J. The foci would be fairly uniformly distributed with respect to direction of driftage in the vicinity of the face and intact coal rock on both the northern and eastern part of the roadside, except for two segments situated within the zone of the projected crossing with the bottom heading Y#4 (top heading Y#2) and to the east of the crossing with the bottom heading Y#2 (Figure 3). Taking into account the total length of the excavation (839 m), it is reasonable to estimate that a statistical tremor with the average energy potential of 3.56 × 103 J (As/N) would be registered with every 5.9 m of the work advance (W1) and energy released per one running metre of the heading would be 6.02 × 102 J (W2). The actual value of the quantitative parameter referred to as inducibility of seismic events (PN), regarded as an indicator related indirectly to effectiveness of active rockburst control measures (destress blasting), was equal to 11.3%, encompassing all tremors with the energy ratings 102–103 J.



Downcast gate Y#2. Seismic activity registered during the drifting operations was on a relatively high level, the highest among other workings. Out of the total number (N) of 480 recorded tremors (427 spontaneous and 53 mining-induced events) with the total energy release 2.5 × 106 J (As), 88 tremors (18.3% of the population) had the energy potential of the order of 102 J, 367 tremors (76.5%) had 103 J and 24 tremors (5%) had energy of the order of 104 J whilst 1 (0.2%) registered tremor was of the order of 105 J. Actually, seismic activity was recorded in the entire face range area, throughout the whole drifting operation starting from the work commencement, the first tremor of the order of 103 J being reported a few days after this date. The distribution of foci with respect to directional axis of the heading was not uniform. Whilst most of them were situated in the vicinity of the working face zone, the vast majority were found in the coal body on the right side wall, in the belt-shaped coalbed section abutting the previously driven heading Y#10 (Figure 4). Taking into account the total length of the excavation (486 m), it is reasonable to estimate that a statistical tremor with average energy of 5.21 × 103 J (As/N) would be registered with every 1 m of the work advance (W1). Energy generated per one running metre of the downcast gate was 5.14 × 103 J (W2). In quantitative terms, inducibility of seismic events (PN) was equal to 11.0% and covered the entire spectrum of energies of recorded tremors (the energy ratings 102–105 J). The applied active rockburst prevention measures included the use of coal working explosives, destress blasting and torpedo blasting (using a single blast hole).



Top heading Y#4. Seismic activity registered during the drifting operations remained on a relatively high level. Out of the total number (N) of 101 recorded tremors (59 spontaneous and 42 blasting-induced events) with the total energy release 1.32 × 106 J (As), 12 tremors (11.9% of the population) had the energy potential of the order of 102 J, 65 tremors (64.4%) had 103 J and 24 tremors (23.7%) had energy of the order of 104 J. Full-range seismic activity manifested itself soon after the drifting works commenced, starting from the crossroads with the heading Y#10 and ceasing on reaching the edges of the previously worked coal seams 406-1 and 409-3. Along the face range segment underneath the goafs (409-3) the registered seismic events were few and far between, having the energy potential of the order of 102–103 J. In the initial segment of the heading (unrelieved stress zone), the foci distribution was largely uniform along the direction the heading was driven, in the vicinity of the front face zone (in front of and behind the working face) and in the unmined coal body on both the eastern and western roadside (Figure 5).



Taking into account the total length of the excavation (550 m), it is reasonable to estimate that a statistical tremor with an average energy release of 1.31 × 104 J (As/N) would be registered with every 5.4 m of the work advance (W1). Energy generated per one running metre of the road driven was found to be 2.40 × 103 J (W2). It is worthwhile to mention that the results given would be much less favourable if the real, enhanced seismic activity registered alongside the initial section of the working face range was taken into account. Quantitative analyses and energy calculations based on detailed work schedules and tremor records reveal the increased incidence of seismic events in conjunction with roadheading works in the first 70 m long segment of the heading: 86 events were registered (85.1% of the total number of 101 recorded tremors) of 102–103 J, with energy release 1.28 × 106 J (96.9% of the total energy release of 1.32 × 106 J). It is estimated, therefore, that a seismic event within this area would be registered every 0.8 m of the roadheading work advance, on the average (W170m) and the generated energy per one running metre of the heading would become 1.83 × 104 J (W270m). In quantitative terms, inducibility of seismic events (PN) was 41.6%, covering the tremors in all registered energy categories (102–104 J). Active rockburst control methods included the use of explosives throughout the roadheading operations, working by blasting (periodically, with additional blast holes provided in near-roof shale strata), destress blasting (periodical, with additional blast holes 5 m in length) and torpedo blasting (using one or two blast holes).



Bottom heading Y#4. Even though the roadheading operations were scheduled to involve two stages (drifting in the northward and southward directions), the heading was basically driven along the northern direction. In the meantime, a crossing was completed leading off the heading Y#10, as well as an entry to the bottom heading Y#4 in the southward direction to the depth of 5 m; after that the works were discontinued. When the heading advanced 507 m in the northward direction, the decision was made to discontinue the further driftage northwards on account of the enhanced seismic hazard/rockburst risk (most probably due to negative impacts of remnants of previous mining operations in overlying strata) and attempts were made to scallop the face (over the length of 32 m) from the end of the previously worked entry off the heading Y#10. As of the day this study was conducted, the circumstances were such that no roadheading operations continued in the northward direction whilst the further roadheading works in the southward direction were not commenced. Preparatory operations prior to roadheading in the southward direction included only torpedo blasting (later found to be most effective) using a single blast hole 35 m in length, inclined at 45% in the vertical from the heading axis.



In the course of roadheading works in the bottom heading Y#4 the seismic activity level would vary. Out of the total number (N) of 83 recorded tremors (71 spontaneous and 12 blasting-induced events) with the total energy release 5.34 × 105 J (As):




	-

	
Sixty-one events (including seven blasting-induced tremors) with the total energy release 4.21 × 105 J are assumed to have occurred in conjunction with the roadheading operations in the northward direction;




	-

	
Twenty-two events (including five blasting-induced tremors) with the total energy release 1.13 × 105 J are assumed to have occurred in conjunction with the roadheading operations in the southward direction.









Out of the total 83 recorded tremors, 28 events (33.7% of the entire population) had energy potential of the order of 102 J, 51 tremors (61.5%) had 103 J and 4 tremors (4.8%) had energy of the order of 104 J. Similar to the top heading (Y#4), the majority of recorded events occurred in conjunction with drifting operations in the unrelieved part of the coal seam. Along the face range segment underneath the old goafs 409-3 (in the course of drifting in the northward direction) the registered tremors were few and far between, in the energy category 102–103 J only. In the unfinished heading segments (both in the northward and southward direction) where seismic activity was most intense (between the heading Y#10 and the south end of the pillar protecting the drift F), the foci distribution would be roughly uniform with respect to the roadheading direction, in the vicinity of the working end (primarily in front of the working face) and in intact coal strata on both the eastern and western roadside. Taking into account the total length of the heading (512 m), including 507 m long segment drifted in the northward direction and 5 m directed southwards, it is reasonable to estimate that a statistical tremor with the average energy release of 6.43 × 103 J (As/N) would be registered with every 6.2 m of the work advance (W1), on average. Energy generated per one running metre of the road driven would be 1.04 × 103 J (W2). Applying the identical calculation procedure as that adopted to analyse seismic activity in the top heading, it is reasonable to assume that enhanced seismicity would occur during the drifting of the bottom heading Y#4 northwards, along the ultimate segment of the face range (25–28 m in length) or during the completion of the entry (5 m), from the heading Y#4 southwards (Figure 6). Out of the total number of 83 recorded tremors, 64 events (77.1% of the entire population) had energy of the order of 102–104 J, with the total energy release 4.90 × 105 J (91.7% of events with the total energy release 5.34 × 105 J). It appears that along the analysed segment, having the total length of 30 m, a tremor would be recorded every 0.5 m of working end advance (W130m) and the energy generated per one metre of driven heading would equal 1.63 × 104 J (W230m). In quantitative terms, the average inducibility of seismic events (PN) for both working faces within the face range zone would be 14.5%, including:




	-

	
Drifting in the northward direction, including only the seismic events in the energy categories 102–103 J (three tremors with the energy rating 104 J were all spontaneous)—11.5%;




	-

	
Drifting in the southward direction, covering seismic events in all registered energy categories (102–104 J)—22.7%.









Active rockburst prevention measures included working by blasting (during the drafting in the northwards direction) and torpedo blasting (in the southward direction).



Bottom heading Y#2. The analysis of rock strata seismic activity in conjunction with the drifting of the bottom heading Y#2 will not be complete and fully reliable because the extent of works was rather small (21 m) in relation to other working faces. Out of the total number (N) 43 recorded tremors (26 spontaneous and 17 blasting-induced events) with the total energy release 1.25 × 105 J, 13 tremors (30.2% of the entire population) had energy potential of the order of 102 J, 30 events (69.8%) had 103 J and no events were recorded in the energy category 104 J. Seismic activity occurred immediately after the roadheading works commenced (starting from the crossing with the heading Y#10) and levelled off throughout the entire drifting operation. The foci were fairly uniformly distributed along the direction of the working face advance, in the vicinity of the face end (in front of the working face) and in intact coal strata on both eastern and western roadsides (Figure 7). Taking into account the total length of the driven heading (21 m), it is reasonable to estimate that a statistical tremor with the average energy release of 2.91 × 103 J (As/N) would be registered with every 0.5 m of the work advance (W1) and the generated energy per one running metre of the heading would be 6.10 × 103 J (W2). In quantitative terms, inducibility of seismic events (PN) as a parameter related indirectly to effectiveness of active rockburst control measures (working by blasting) was equal to 39.5%, including all tremors with energy ratings 102–103 J.




3.2. Seismic Risk Evaluation in the Light of Stress Forecasts


Forecasted data are presented as contour maps of vertical stress (σz) and stress concentration factor (k) (see Figure 8 and Figure 9) in the fragment of panel Y within the coal seam 409-4 (Figure 1). The simulation procedure was conducted at the stage of work planning, prior to the commencement of development drifting and mining (Figure 8 and Figure 9, blue contour), revealing a non-uniform distribution of the state of stress in the analysed section of panel Y, largely attributable to impacts of previous mining excavations in overlying strata. Simulation data lead us to the following conclusions:




	-

	
Variability range of the vertical stress component (σz) in the region of mine workings is wide, ranging from 19.5 to 41.4 MPa (Figure 8);




	-

	
There are both destressed zones where the stress concentration factor (k) is in the range 0.79–1.0, alongside stress concentration zones where the value of k becomes as high as 1.68 (Figure 9).




	-

	
The most unfavourable stress conditions (of 30 MPa or more) prevail in the belt-shaped section of intact coal rock abutting the edge coinciding with the boundary of mined-out goafs in the coal seam 409-3; the impacts of remnants of previous mining operations in the coal seam 406-1 (and overlying) are relatively insignificant;




	-

	
In terms of critical stress analysis, the location of the heading Y#10 (coal seam 409-4) and the downcast gate Y#2 (in the coal seam 409-3/4) is quite favourable because the actual values of the vertical stress component and stress concentration factor along the face range only slightly differ from the lithostatic stress conditions (of the order of 24.2 MPa);




	-

	
Segments of the top headings (Y#4, Y#2) and of the bottom heading (Y#2) from the crossing with the heading Y#10 to the southern end of the pillar protecting drift F experience most unfavourable stress conditions due to the transverse edge of a goaf in coal seam 409-3.









It is worthwhile to mention that in the entire analysed region, even in potentially stress-relieved zones, the obtained minimal values of vertical stress in the coal seam (19.5 MPa, see Figure 8) are higher (significantly higher, locally) than the instantaneous uniaxial compression strength of coal in the seam 409-4 (below 12 MPa). These conditions give rise to the critical stress zones, or lead to formation of more or less extensive fracturing zones. That means that at the stage of roadheading (and during mining operations), the conditions will prevail that enhance the risk of low-energy tremors (of the order of 103 J and 104 J), their foci in the coal rock or in immediate roof or floor strata. A growing number of such events (alongside the increased rockburst risk), is to be expected, particularly in conjunction with elevated stress zones in segments of all headings (Y#2, Y#4) in the belt-shaped area between the edge of 409-3 and the heading Y#10.



The likelihood of high-energy seismic event incidence at the stage of roadheading operations, associated with the activation of burst-prone strata (sandstones, sandy shales) and with the presence of faults (near the edge of panel Y) is estimated to be minimal. The underlying assumption is that the extent of the state of stress disturbances due to the impacts of the single working face on the surrounding strata should be relatively small and, in most cases, is equal to no more than several widths of the working face. In terms of rockburst risk, which is a resultant of the state of stress and prognosticated seismicity, it is reasonable to expect that rockburst risk during development mining will remain on a medium or locally high level.





4. Discussion


Relevant data and available information on the status and extent of development works in panel Y, coal seam 409-3/4 were synthesised and compiled for the purpose of comparative analysis (Table 2, Figure 10). It was established that seismic hazard levels associated with the roadheading operations (including the drifting of separate segments of a single heading) would vary, both quantitatively and in terms of energy potential. It appears that this state is the result of the prevailing mining conditions associated with previous mining operations in overlying strata, most of all in coal seams 409-3 and 406-1 (Figure 1). In each coal seam in section Y, two longwall panels were operated, their external contours having similar though not fully regular geometry. In the area where the excavations of concern are located, the mining edges roughly coincide with the southern boundary of the pillar protecting the drift F. The height of the caved-in section in the coal seam 409-3 approaches 3.0 m, in the coal seam 406-1 it is up to 1.6 m, whilst the vertical distance from the coal seam 409-4 is 6–19 m and 150–160 m, respectively.



According to analytical forecasts (Figure 8 and Figure 9), the following two headings were to be completed under similar conditions, in unrelieved zones in which the gravity force remained the major determinant of respective values of the state of stress components:




	-

	
Heading Y#10, the forecasted maximal value of vertical stress component (σzmax) 27.5 MPa (stress concentration factor kmax = 1.11);




	-

	
Downcast gate Y#2, the forecasted maximal value of vertical stress component (σzmax) 26.3 MPa (stress concentration factor kmax = 1.07).









Even though the downcast gate was decidedly shorter that the heading, increased seismic activity was registered there. The number of seismic events (N) recorded in the course of the drifting operations was 3.4 times larger whilst the registered energy release (As) was nearly 5 times higher in relation to the heading Y#10. On average, a tremor would be registered in the downcast gate Y#2 every 1 m of the work advance (in the heading Y#10 the frequency of tremors would be 5 times smaller), which had a direct impact on the magnitude of generated unit energy (W2). For the downcast gate Y#2, it was found to be equal to 5.1 kJ/m, which was nearly 8 times more than for the heading Y#10 (0.6 kJ/m).



The larger parts of the top and bottom headings Y#4 were driven in strata overcut by working the adjacent seam 409-3 (underneath its goafs). Practically, even though the stress relief conditions ceased because of the time lapse, seismic activity in this area remained on a relatively low level, manifested by few and far between tremors with energy release of the order of 103 J. In consideration of dynamic impacts of rock pressure, the most serious problems encountered in mining operations were the drifting and working in the zones (determined by analytical forecasting) impacted by edges of old excavations and previous mining operations in the coal seams 409-3 and 406-1. This observation has relevance to:




	-

	
Top heading Y#4 (the initial segment ~70 m in length, in the southward direction), the forecasted maximal vertical stress value (σzmax) 38.7 MPa (stress concentration factor kmax = 1.65);




	-

	
Bottom heading Y#4 (the final segment ~25 m in length, in the northward direction and the initial part ~5 m in length, in the southward direction), the forecasted maximal vertical stress value (σzmax) 39.0 MPa (stress concentration factor kmax = 1.64);




	-

	
Bottom heading Y#2 (the initial fragment ~20 m in length, driven in the southward direction), the forecasted maximal vertical stress value (σzmax) 39.6 MPa (stress concentration factor kmax = 1.62).









Calculated parameters of mining-induced seismicity in the above-mentioned segments of respective top and bottom headings were found to be unfavourable because the tremors were recorded in this area every 0.8–0.5 m of the working face range, on the average (W1) and the energy released per 1 m of the work advance would fall in the range 6.1–18.3 kJ (W2). Variability of tremor energy in the course of roadheading operations is illustrated by histograms of energy released (Figure 11, Figure 12 and Figure 13). The advance rate of working faces was not a linear function of time because of certain problems due to recorded seismic activity of rock strata, yet the mine workings of merit are highlighted in the histograms (grey shaded background). Generally, there is a sharp decrease in seismic activity registered in front of the elevated stress zone (bottom heading Y#4) and after leaving it (top heading Y#4), which is revealed by the absence of tremors with the energy potential E ≥ 104 J.



It is interesting that the stress concentration zones determined by analytical methods were to be attributed to impacts of the mining edge in a nearby (6–19 m) seam 409-3, which was not verified in the course of repeated in situ tests. During the drifting operations, there were over 700 small-diameter bores that were drilled (∅42 mm, up to 12 m in length) in the coal seam, revealing no critical yield of cuttings (6 dm3/m). The results of seismoacoustic observations also proved ineffective, 99.5% of them reporting no danger. Yet the technical problem experienced during the mining operations was suggestive of the presence of a zone with unfavourable stress conditions whilst the registered (low-energy) seismic activity indicated the critical state of stress in coal or in the immediate roof or floor strata. Thus, the presented forecast provided an additional (and perhaps the most significant) criterion for the mine operators to rely on when selecting and implementing the rockburst control measures.



In regards to the rockburst protection measures, it appears that the type and extent of deployed control measures were fully adequate to match the hazard levels forecasted and recorded at subsequent stages of the roadheading operation. However, the effectiveness of adopted active control measures (blasting operations, see Table 3) considered in the quantitative analysis of all recorded seismic events (in all energy categories) was found to not be fully satisfactory, averaging 16.5%. One has to bear in mind, however, that the magnitude of rockburst risk is determined by the incidence of high-energy seismic events. It is worthwhile to mention in this regard that 107 (15.9%) tremors with energy potential in the range 103–104 J were triggered by coal extraction by blasting using small explosive charges (5–7.5 kg of special-purpose metanite).



It was established that concussion (destress) blasting works in the coal seam and torpedo blasting (in roof strata) triggered the occurrence of 31 out of 55 tremors in the energy category 104–105 J. The overall effectiveness of blasting operations is found to be about 56.4%, which is quite acceptable in terms of rockburst control in underground mines.




5. Conclusions


This study provides an analysis of seismic activity data registered in the course of drifting of five mine headings in a coal seam panel in one of the collieries within the Upper Silesia Coal Basin (Poland), focusing on qualitative and energy indicators characterising seismicity of the rock strata. Calculation parameters, duly summated and averaged, alongside the mapped foci positions, were benchmarked against the analytical forecasts obtained at the stage of design of mining operations. This experiment was conducted to verify the possible correlations between the observed variations of registered seismic activity and anomalies in the state of stress distributions found in model testing. The results lead us to the following general conclusions:




	-

	
Seismic hazard associated with roadheading operations in respective headings would vary, both in quantitative terms and in terms of energy potential. Depending on the progress status of the driftage, the number of recorded seismic events would range from 43 to 480. Energy release during the tremors was of the order of 105 J.




	-

	
According to the analytical forecasts, the state of stress in the investigated coal seam section was non-uniform, revealing the presence of both relieved (destress) zones and the stress-concentration zones. The actual location of anomaly zones was to a large extent associated with the prevailing mining conditions, including the impacts of previous mining operations (exploitation edges, old workings) in the adjacent seams. The horizontal impacts of the edges of coal seams 409-3 and 406-1 extend to about 70 m, covering the area between the downcast gate Y#2 and the southern boundary of the pillar protecting the drift F.




	-

	
In terms of totalled values of seismicity parameters, the most extensive seismic activity was registered during the driftage of the downcast gate Y#2. Alongside the entire working range 486 m in length (the shortest fully completed working) 480 seismic events were recorded with the energy potential approaching 2.5 × 106 J. Similar to other workings, the tremors of the order of 103 J would be predominant (76.5%) whilst a single tremor of 106 J was registered, too.




	-

	
Recalling the criteria based on the unit (averaged) calculation parameters, the highest levels of seismic hazard were registered during the driftage of top heading Y#4 (the initial segment ~70 m in length, driven southwards), bottom heading Y#4 (the ultimate segment ~25 m in length, driven northwards and the initial segment ~5 m in length driven southwards), as well as bottom heading Y#2 (the initial segment ~20 m in length driven southwards). Seismic events were few and far between (their energy potential averaging 2.9–13.1 × 103 J), registered with a frequency of less than 0.8 m of the working face advance, whilst the energy release per one running metre of the driven heading would range from 6.1 to 18.3 kJ.




	-

	
Locations of those sections of mine workings where the unit seismicity indicators proved to be the least favourable seem to coincide with stress concentration zones within the coal seam obtained by analytical forecasts, whilst roadheading operations in zones forecasted to be destressed gave rise to decidedly lower seismic activity, both in quantitative terms and in terms of their energy potential.




	-

	
Locations of registered rock mass tremor epicentres and foci seem to verify and confirm the adequacy of analytical forecasts predicting locally unfavourable state of stress in the vicinity of mine workings of concern. A lower degree of correspondence between forecast results and seismological data is found for workings driven along the belt-shaped elevated stress zone (heading Y#10, downcast gate Y#2).




	-

	
Unfavourable stress conditions in the coal seam are revealed by the rock strata response to active rockburst control measures. Concussion and destress blasting operations in the coal strata triggered the incidence of about 16% seismic events with energy potential in the range 103–104 J (79% of the entire population of recorded tremors). Tremors were found to have been more readily triggered in the stress concentration zones determined by analytical modelling.









In the light of the above conclusions it is reasonable to state that the adopted analytical modelling of the state of stress might be well employed in engineering practice as a valuable tool for supporting the forecasting (at the stage of work design) and verification of predicted seismic hazard levels (at the stage of mining operations). However, due to complexity of geological and mining conditions within the Upper Silesia Coal Basin and to variability of geomechanical parameters of the rock strata, the forecast ought to be full and comprehensive, taking into account the assessments of the rock mass conditions by diverse methods (including the mining and geophysical methods).
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Figure 1. Coal seam section in the area of concern. 
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Figure 2. Geomechanical model of the rock strata. 
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Figure 3. Distribution of seismic events with energy E ≥ 103 J during the drifting of heading Y#10. 
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Figure 4. Distribution of seismic events with energy E ≥ 104 J during the drifting of downcast gate Y#2. 
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Figure 5. Distribution of seismic events with energy E ≥ 104 J during the drifting of top heading Y#4. 
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Figure 6. Distribution of seismic events with energy E ≥ 103 J during the drifting of bottom heading Y#4. 
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Figure 7. Distribution of seismic events with energy E ≥ 103 J during the drifting of bottom heading Y#2. 
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Figure 8. Vertical stress contour (σz) in the coal seam (within the panel Y). 






Figure 8. Vertical stress contour (σz) in the coal seam (within the panel Y).



[image: Energies 14 06675 g008]







[image: Energies 14 06675 g009 550] 





Figure 9. Stress concentration factor (k) in the coal seam (a section of panel Y). 
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Figure 10. Selected parameters of mining-induced seismicity—comparative diagram. 
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Figure 11. Histogram of seismic energy release—top heading Y#4. 
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Figure 12. Histogram of seismic energy release—bottom heading Y#4. 
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Figure 13. Histogram of seismic energy release—bottom heading Y#2. 
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Table 1. Record of seismic events.
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	Date
	H
	M
	S
	x
	y
	z
	Energy
	Panel Section
	Coalseam
	Excavation
	Additional Remarks





	1 May 2018
	7
	36
	21
	−49,690
	−16,560
	−620
	2.2 × 104
	Y
	409-4
	bottom heading Y#2
	



	17 July 2017
	0
	45
	52
	−49,760
	−16,950
	−660
	1.7 × 103
	Y
	409-4
	top heading Y#4
	SU



	29 June 2017
	23
	44
	11
	−49,780
	−16,950
	−640
	6.3 × 104
	Y
	409-4
	top heading Y#4
	



	8 April 2018
	11
	31
	52
	−49,640
	−16,580
	−710
	3.4 × 102
	Y
	409-4
	bottom heading Y#2
	



	10 March 2018
	4
	17
	28
	−49,740
	−16,880
	−670
	5.0 × 103
	Y
	409-4
	heading Y#10
	



	30 April 2018
	10
	57
	19
	−49,750
	−16,760
	−660
	9.4 × 102
	Y
	409-4
	bottom heading Y#4
	ST







H, M, S—exact time of the event (hours, minutes, seconds); x, y, z—coordinates of the burst hypocentre; SU—destress blasting; ST—torpedo blasting.
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Table 2. Seismic activity data.
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	Site
	Length (m)

/Direction *
	N (-)

/Energy
	As

(×105 J)
	W1

(m/1 tremor)
	W2

(kJ/m)
	PN

(%)





	Heading Y#10
	839.0/E
	142

102–104 J
	5.05
	5.9
	0.602
	11.3



	Downcast gate Y#2
	486.0/E
	480

102–105 J
	25.00
	1.0
	5.144
	11.0



	Top heading Y#4
	550.0/S
	101

102–104 J
	13.20
	5.4

0.8 (70 m)
	2.400

18.28670m
	41.6



	Bottom heading Y#4
	512.0

507/N + 5/S
	83

61/N, 22/S

102–104 J
	5.34

4.21/N

1.13/S
	6.2

0.5 (30 m)
	1.043

16.33330m
	14.5



	Bottom heading Y#2
	21.0/S
	43

102–103 J
	1.25
	0.5
	6.098
	39.5







* Drivage direction (E—eastwards, N—northwards, S—southwards).
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Table 3. Quantitative proportion of mining-induced events to the number of all recorded events.






Table 3. Quantitative proportion of mining-induced events to the number of all recorded events.





	
Site

	
N (Nw) with Given Energy




	
102 J

	
103 J

	
104 J

	
105 J






	
Heading Y#10

	
34 (2 SU)

	
106 (14 SU)

	
2

	
--




	
Downcast gate Y#2

	
88 (1 SU)

	
367 (36 SU)

	
24 (15 ST)

	
1 (1 ST)




	
Top heading Y#4

	
12 (1 SU)

	
65 (27 SU)

	
24 (9 SU, 5 ST)

	
--




	
Bottom heading Y#4/N

	
17 (3 SU)

	
41 (4 SU)

	
3

	
--




	
Bottom heading Y#4/S

	
11 (1 SU)

	
10 (3 SU)

	
1 (1 ST)

	
--




	
Bottom heading Y#2/S

	
13 (3 SU)

	
30 (14 SU)

	
--

	
--

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
EQUIVALENT ROOF

WV3S
OO

s_
ANOZ
ONINYOM

b

P=———— = = -






media/file18.png
)

1

-
0.05 W 2
250
SCALE a -
A — C— k(C,) < 1,0 (destress.) —3 k(G,)=1,0+ 1,2
0 25 50[m] }3"’5(-@5) . k(G,) = 1,2+ 1,5 m— K(G,) > 1.5
A | L






media/file21.jpg
1x103

1x102 Time (5~15 weeks)

O Start (south)=>





media/file26.png
1x10° - As [J]

1x104

1x103 I \
1x102 Time (Z~3 weeks)

O Start (south)—=>






media/file3.jpg





media/file22.png
1x10°

1x10%

1x103

1x107

Q Start (south)=>

—- As [J]

(~70m)
5 -‘—

Time (~15 weeks) -






media/file19.jpg
As;ASIN'W2 250 PN (%]

= o0
== At
== vz
= 2 (om0 )
e NI

En

\wzv 103

Heading Y410

Downcast gate Y#2, Top heading Y#4 | Bottom heading | Bottom heading

30

25

20

15

10





media/file7.jpg





media/file10.png
¢ = [Top heading Y#4| =

L 1aim0(]

seismic events energy]

@0
|

SCALE

25  50[m]






media/file14.png
| —
= U0 o
seismic eve oz. IV~ = = y
nts energy | - smow 9% = 37 =
- paeiep L T Jads
=4 3 — 1.78 P e P =
10 J /572700 1X e = e X {adis
: ) O _8.%2" :215 040 tow
‘ i i1 16| . ’Fp(zeko
f =TT o :
| - ‘ 07 95
Pr ekop o/ 1.35 -
i A ;
;‘ /:? '4"///: \ - o s ¥
= L =~ W % \
e 7 - " g \ O 450.5 14 A ALY T
— 5 { 699 bsp.ch / H14, N RoyA 1 o = MQJ
%’ 500 ‘WVUQ g 698&5;0\ / H140(2016 ‘*,. VAN ) [
Fﬁi{‘th, A “ :‘ X ;5]/’/2(1_.1[’) &,)L ~N \\ e:. " s
- T | : \/ 406"\ y I - '
2z 678.9p.ch "\‘t iy ‘n_g%‘\ /‘. - - ‘,/ /\
— _— e \ / “H136(2016 =2 -
‘ 1.25) ki e ] 80 £ 52052016}
4 .t Hi242018) / 15 288\
SCALE i 14(2017) o
-697.6 =
: ‘ s
[*]
[14]






media/file11.jpg
) ‘
0% wom

=
ovs @ G






media/file6.png
— \ L
je e e oS en e
’m“ F ; e e e = T':,
Chr‘ 4 -_ ’: s - 7 ?A$ 5/1
010 @0 e | 2 v
. . S e __:- ': :_A - - L\ ‘Uhv _“! g u 4 ;
seismic events energy| — — =~ : T

2 :grzf;k‘iﬁ. e\(ﬁ?;L _; —, =il \g Vil s PN 0
s c2702001) a,,,_’> N WERWAL ST LA

LJMU'J 0914 11 d

460 gé/d'

S L \ [ maggore) | =4 2|
. — N \ . e 597.0 I —
(e H125(7016) .‘ f&iﬁg/ ;
e f A5 14(2017) =1 '
J - ' G = ‘
=
: \ 3 4 . \
4 l

iy '25\)“ )‘1

n

Bottom heading Y#2 L=

)
0
>
r
m

op heading Y#2|
| HE

—r

0 25  50[m]

T

3
&

' Bbftom heading






media/file15.jpg
o

25 som

X o Y14,

b headin;

=

_»

\Botiom

Eroan

Bottom heading Y#2!

heading 4|

—

-

== o, < 225(MPa] == G, =225+ 250
== o, -250+300 === o,>30,0MPa]






nav.xhtml


  energies-14-06675


  
    		
      energies-14-06675
    


  




  





media/file16.png
o
g
=

IR AR

N
#*
)-
0))
£
§ = T
————— 8/
K > £
o
I // = :
ff 7/ 8 2. =
. !/ r pF 0
! / - ://I‘ EL L
o) / Lt
0 /”/‘,..
SCALE b=
| | | 7 C— o, £2256[MPa] T/ O, =22,6+ 25,0
0 25 50[m] “ | EE G, = 25,0+ 30,0 m=mmm o,> 30,0 [MPa]
i il o






media/file2.png
SCALE

[ —
0 25 50[m]

..--

1

i R ! AW==3
i/ g — |
I fle=— F\T <4-|409-3 edge
N 3
E ——19l|[* :
| O)|— = jo)) =
T g = 3
8 | [ 2
o o}
sl [T I Sls| [T I St
— Q ongwa o ongwa §e)
Exploitation edges _oj - = © =
(409-3, 406-1, 404-4) > = panel Y/4 | S panel Y/2 8 ‘






media/file20.png
As; As/N; W2

25.0

PN [%]

mmm As [x100kJ]
— As/N [kJ]
—=m W2 [kJ/m]

--#-- PN[%]

= W2 (70m,30m) [kJ/m]

Heading Y#10

Downcast gate Y#2

f
13.2 13.1
’

Top heading Y#4

Bottom heading
Y#4

6.1

- 40

- 35

- 30

- 25

- 20

Bottom heading
Y#2





media/file23.jpg
1x10° [~ As [J]

(=30m)
1x10%

1x10% ‘|

1x102 Time (£~16 weeks)|

o Start (north) <> <5 Start (south)©





media/file5.jpg





media/file24.png
1x10°

1x10%

1x103

1x102

— As [J]

| Time (~16 week
O Start (north) =>

s)

<=1 Start (south) ©





media/file1.jpg





media/file25.jpg
1x102 Time (~3 weeks)

OStart (south)=>





media/file12.png
@103 .104J

. AN Sk
SCALE XK
0 25 50[m] . B
D | £2 ‘| Bottom heading Y#4 | AR
seismic events energy |

Top heading Y#2]






media/file9.jpg
(e
i ooy

@






media/file0.png





media/file8.png
SCALE

25 50[m]

0

ot
4

|3
4

] seismic events energyl

- 1

‘1O4J ‘105J |

X






media/file17.jpg
o

25_soiml

| [== w0y < 1.0(destross) = kicy=1.0+ 1.2
B | k(o) = 1,2+ 15 == k(o) > 1.5






