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Abstract: The dominant hazard in the Polish copper ore mining industry (LGCD mines—Legnica–
Glogow Copper District) is the occurrence of mining tremors and rockbursts. One of the effective
active methods of preventing this threat is torpedo blasting, which results in disturbing the structure
of roof rocks. A change in the integrity of a roof, especially in the tremor-generating layer or in the
contact between stiff rock layers, reduces the possibility of an elastic energy concentration and may
also be a kind of stress concentrator, provoking the destruction of rocks. This article presents original
solutions for determining the areas of rock mass within a mining area where it is advisable to conduct
torpedo blasting, and the experience of blasting in the Rudna copper mine in the LGCD is described.
The first part of this article presents the results and experiences of using torpedo blasting prevention
in the LGCD mine conditions in the Rudna mine. Assuming that due to the stress of the rocks, torpedo
blasting brings the greatest benefits in the areas of elastic energy concentration, the second part of this
article presents the results of numerical modeling, on the basis of which the zones of elastic energy
concentration in the form of total, shear and volume deformation were determined in the vicinity
of mining activities for typical geological and mining conditions in the LGCD. The importance of
methods for the verification of the proposed solutions based on the analysis of seismic activity and
geophysical mechanisms of events’ foci and seismo-acoustic emissions was also emphasized. The
numerical simulations performed and conclusions from in situ observations allowed the formulation
of general principles for the selection of torpedo blasting parameters.

Keywords: underground mining; rock mechanics; mining tremors; rockburst hazard; torpedo
blasting; mining experience

1. Introduction

Major natural hazards in copper mining in Poland include rockbursts and fault move-
ments. Most rockbursts and rock mass destressing events registered in the Legnica–Glogow
Copper District (LGCD) (Figure 1) have been the consequence of high-energy events, whilst
the current rockbursting hazard level is associated with mining-induced seismicity. The
potential for high-energy tremors is an inherent feature of copper fields within the LGCD
region, mostly due to the occurrence of burst-prone roof rock strata over the worked-out ar-
eas and periodic faulting movements; these impacts are further exacerbated due to current
mining activities [1]. The analysis of seismic activity recorded in recent years in the LGCD
mine region shows that the most seismically active is the Rudna mine (Figure 1) [1,2].
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Figure 1. Location of the Rudna underground copper ore mine [3].

One of the effective active methods of preventing the threat of tremors and rockbursts
is torpedo blasting performed in thick and highly stiff layers of the rock mass, which are
the so-called tremor-prone layers. Torpedo blasting’s aim is to provoke tremors or the local
destruction of these layers (Figure 2) [4].

Figure 2. Scheme of torpedo blasting in a roof.

Considering the effect of torpedo blasting in terms of rockburst prevention, the effect
of these blasts may be twofold, as follows [4]:

- Provoking a tremor, including a rockburst, as a result of disturbing the unstable stress
balance of the rock mass.

- The creation of a local zone of destruction and weakening of the rock mass in the areas
of expected stress concentration, without an immediate effect in the form of a tremor.
Such a zone in the absorbing layer is a local place of stress concentration, which will
result in the lower strength of the entire layer and the possibility of its destruction
with the lower accumulation of elastic energy.

In the first case, the blasting should be characterized by a high intensity of paraseismic
vibrations and should be adapted to the local mining and geological conditions due to
possible difficulties in maintaining the working roof. It can then be combined with blast-
ing in a larger number of exploitation workings to progress exploitation. In the second
case, torpedo blasting may be an element of the so-called pre-emptive action for tremor
prevention, planned and performed well in advance.

Torpedo blasting was used for the first time in Poland to reduce the risk of tremors and
to ensure appropriate conditions for the collapse of roof rocks during the exploitation of
coal seams in the Upper Silesian Coal Basin (USCB) [5]. Over time, these blastings became
one of the elements of the active rockburst prevention system in the Polish coal mining
industry (USCB mines) [5–10].
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Torpedo blasting was also used in Polish copper mines in the LGCD [11,12], and
as a result it was possible to exploit the deposit in rockburst-prone areas, in zones of
geological anomalies [13], tectonic disturbances [14] and when operating in constrained
conditions [12].

Blasting as a method of reducing the risk of rockbursts has been the subject of numer-
ous international scientific works. Most of these works, however, are focused on stress
relief blasts carried out at the working front or in the immediate roof in hard coal mines.
Brauner [15–17] discussed the use of this method to limit rockbursts used in Germany.

The purpose of the destress blasting in seams or the roof and floor around the work-
ings is to transfer the excessive induced stresses to the interior rock strata and to provide a
protective barrier surrounding the excavation [16]. Kexin [18] and Xia et al. [19] demon-
strated the application of the destress blasting to control of the floor heave in deep coal
mines in China and reported a decrease in rock mass deformation after its application.
Numerous publications have reported on stress relief blasting operations in Czech mines
(part of USCB) [20–22]. Konicek et al. [23] highlighted the main benefits of using stress
relief blasts as an effective method to overcome the high stresses causing rockbursts in
these mines. In another article [24] by Konicek et al., the effectiveness of torpedo blasts in
preventing rockbursts was estimated using the seismic effect method. Stress relief blasting
has also been used in Indian coal mines [25], in South African ore mines [26] and in a
Canadian copper mine [27,28]. Andrieux et al. [27] assessed the effectiveness of blasting
using seismic tomography in one of the mines in Canada. Andrieux and Hadjigeorgiou [29]
presented an empirical method of assessing the effectiveness of stress relief, based on
various geotechnical and operational parameters. Fulawka et al. [30] proposed methods for
assessing the effectiveness of stress relief blasts and also suggested innovative quantitative
methods based on in situ seismic measurements. Modifications of stress relief blasting
patterns aimed to improve their effectiveness in LGCD mines were presented by Mer-
tuszka et al. [31]. The occurrence of high-stress zones determined by numerical calculations
can be verified by a geophysical analysis of the mechanisms of foci events induced in these
zones of tremors [32–34]. The widely used acoustic emission technology can also be used
to monitor the destruction of roof rocks as a result of torpedo blasting [35,36], where the
identification of seismo-acoustic signals allows for revealing the rock cracking mechanism.

The processes occurring within the rock strata as a result of stress relief blasting were
also analyzed on the basis of numerical modeling. This type of analysis allows us to estimate
the impacts of the blast energy depending on the sequence of blasts and the total amount of
used explosives [30]. Numerical calculation techniques and their applications for analyzing
the response of the rock strata to dynamic explosive load were proposed by Taylor et al. [37],
who developed failure models capturing the characteristic dynamic fracture of rock under
tension. Later, Maxwell and Young [38] developed numerical methods for examining
objects under dynamic loads and simulated the extent of the failure zone under such loads.

Recently, numerical simulations have been used to describe the propagation of seismic
waves in the rock mass after the detonation of explosives [39,40], and crack propagation
around the blast hole [40–45]. Advanced simulations were also carried out to describe the
initial destress of the rock mass after blasting [46–48]. Numerical methods were used to
analyze the impact of blasting on underground infrastructure [49–52].

Geomechanical effects associated with large-scale rock mass destress were modeled
by Vennes et al. [28,53]. The work of Miao et al. [54] reviewed contemporary methods of
numerical modeling related to stress relief blasts.

The first part reported examples and case studies of torpedo blasting in LGCD condi-
tions. The use of the rockburst prevention techniques was discussed recalling the blasting
operations conducted in two sites within the Rudna mine, G-23/1 and G-11/8. In the first
case, at the G-23/1 site, the torpedo blasting took place through long holes reaching high
in the roof right to the contact zone between dolomite and anhydrite, in the region of the
working face. In the second case, the torpedo holes were shorter and drilled near the edges
of the mining site to be liquidated. These holes, blasted simultaneously with the blasting of
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excavation faces, resulted in the division of a thick layer of strong dolomites into smaller
ones, taking advantage of their natural cleavability. Interestingly, the torpedo blasting holes
were located in the corner of the G-11/8 panel, where numerical calculations showed the
highest concentration of elastic energy. In both cases, good blasting efficiency was achieved,
confirmed by the occurrence of provoked tremors after an appropriate waiting period.

In consideration of the effectiveness of torpedo blasting in LGCD, it is extremely
important to determine the region and zones within the rock mass that correspond to the
highest elastic energy densities. These zones are determined by the parameters of the
exploitation system and the geological structure of the deposit, i.e., the arrangement of
geological layers (the occurrence of so-called tremor-prone layers) and the discontinuity of
rock strata determining the conditions of contact between the layers, possible separation
and slippage at the interface. These factors determining the effectiveness of torpedo blasting
were the subject of numerical analyses undertaken in the second part of this study. The
proposed methodology for determining highly stressed areas in the tremor-generating
layer, with respect to torpedo blasting, is a simplified example of the use of geomechanical
numerical modeling aimed at identifying tremor and rockburst hazard zones. It should be
added that the first part of the study does not involve an in situ test following the numerical
modeling procedure. Therefore, the continuation of the conducted research should be
aimed at determining the areas, the scope and timing of stress relief blasting in order to
improve the effectiveness of stress relief in the rock strata.

2. Case Study of Rudna Mine and the Use of Torpedo Blasting as Active
Rockburst Prevention

Polish copper mines have already gained a great deal of experience in conducting
active rockburst prevention. In the geological and mining conditions of the LGCD, a
number of single or cyclic torpedo blasts would be carried out in the roof in order to
disintegrate it, thus limiting the capability of the rock strata to accumulate elastic energy.
Taking into account different lengths of boreholes, their location in relation to the tremor-
prone layers and the parameters of the exploitation system, blasting tests were planned
and carried out, among others, in the sites G-23/1, G-1/7, G-7/5, X/1 and G-11/8 in the
Rudna mine [12]. The underlying assumptions were similar and focused on the use of
explosive charges in the contact zone between the layers of limestone and anhydrite. This
article provides a detailed report on two blasting operations (G-23/1, G-11/8) illustrating
technical solutions for the local mining and geological conditions.

At the G-23/1 site, the deposit was formed by dolomites, copper-bearing shales and
sandstones, and was located at a depth of ~1070 m, its thickness was 3.9–5.6 m and the
average uniaxial compressive strength was approximately 60 MPa. The roof was made of
compact dolomites, divided into slabs up to 1 m thick, the surfaces of which were covered
with clay, gypsum and, less often, anhydrite. The thickness of the dolomite layer was
approximately 60 m and its uniaxial compressive strength was approximately 102 MPa. On
top of the dolomite, there was 143 m of anhydrite layers separated by dolomitic inclusions
(9.7 m) and clay shales (4 m) (Figure 3).

After the rockburst that occurred in the final phase of exploitation of the G-23/1 panel,
a single torpedoing of the roof was carried out as part of additional rockburst prevention,
with four blast holes approx. 60 m (φ96 mm) in length, inclined at an angle of approx.
75 degrees to the horizontal. The holes were drilled from workings located along the front
such that their ends reached the roof part of compact dolomites (Figure 4) and at the same
time were found in a working area between 45 and 55 m of the working face (Figure 5).
The total amount of emulsion explosives charge (emulgit 82 GP, cartridged) was ~1.0 Mg,
which gave rise to a tremor with the energy rating of 8.6 × 103 J. However, the actual effect
of the torpedo blasts is difficult to estimate because the blasts were carried out at the end of
the exploitation, when it was practically coming to an end.
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Figure 3. Lithological profile (part) of the deposit in the G-23/1 area.

Figure 4. General scheme of torpedo blasting in the roof (G-23/1).

Figure 5. Sketch and location of blasts in the roof (G-23/1).
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In the G-11/8 field, the deposit consisted of all lithological series, including dolomite,
Zechstein shale and sandstone. The deposit was located at a depth of ~1125 m and its
thickness was 2.5–3.1 m. The uniaxial compressive strength of the rock strata in the
working face zone was around 78 MPa. In the roof of the workings, there was a dolomite
layer approximately 15 m in thickness. These were cryptocrystalline dolomites, massive
and compact, with a clear plate division (0.1–0.8 m), with the compressive strength of
the order of 137 MPa. Directly overlying the dolomite formations, there was a 64 m
layer of anhydrites, topped by rock salt (194 m), clay shales (1.5 m) and anhydrite again
(48 m) (Figure 6).

Figure 6. Lithological profile (part) of the deposit in the G-11/8 area.

After the rockburst, which destroyed a part of the workings, further mining activity
in the area was carried out using an additional (non-routine) active prevention strategy,
consisting of cyclical torpedo blasting in the roof (every 30 m of the face advance), simulta-
neously with group blasting in the face front. Blast holes with a length of ~15 m, φ45 mm
reaching the roof section composed of carbonates (Figure 7), were drilled from workings
located in the corner of the rear part of the working area (indicated with yellow color on the
map in Figure 8) at an angle of approximately 70 degrees to the horizontal. In the period of
4 years from the resumption of mining activity, 20 torpedo blasting operations were carried
out, consuming an average of 1.7 Mg explosive materials in each series, detonated only in
the roof (not taking into account group blasting at the face front). Each blasting operation
was performed using 60–80 blast holes, charged with emulsion explosives (emulgit RPT,
in bulk) mechanically, in an amount of approximately 24 kg per hole. During the waiting
period after the blasting works, a total of 42 rock mass tremors with energies above 103 J
were recorded, including 17 events with energy ratings of the order of 105 J, 14 of the order
of 104 J and 11 of the order of 103 J, respectively.

Based on the expertise gained during torpedo blasting at the Rudna mine, it should be
stated [12] that drilling, loading and blasting ~60 m long holes in the roof (G-23/1, G-1/7) is
feasible and well within the technical and organizational capabilities. Due to the relatively
long period of implementation of blasting works, the continuous presence of miners in the
area of the face front is required. This is a major security issue.
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Figure 7. General scheme of torpedo blasting in the roof (G-11/8).

Figure 8. Sketch and location of blasts in the roof (G-11/8).

As a result of arranging the holes along the face front and mine working (e.g., in
fields G-7/5, X/1) [12], portions of roof layers in the vicinity of the workings would be
damaged, thus prompting the need to shut down these workings and disturbing the
mining operations. In turn, blasting in the vicinity of a geological disturbance in the form
of a syncline (section X/1) [12] allowed for stabilization of the convergence rate of mine
workings in the working zone. Apparently, active prevention based on torpedo blasting is
generally effective, yet further research and analyses (including the use of numerical tools)
aimed at further improving its effectiveness are still fully merited.

3. Materials and Methods
Geomechanical Conditions for Torpedo Blasting—FEM Analysis

In the light of general assumptions regarding torpedo blasting, it is vital that the
state of effort in the rock strata in the area to be mined should be known as well as the
elastic strain energy accumulated in the rock strata, especially in the tremor-generating
layers. The purpose of torpedo blasting is to induce a tremor by disturbing the state of
stress equilibrium in the rock strata, where the failure is imminent. This is possible by
supplying elastic energy that will provoke a tremor under given conditions. Assuming the
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continuity of the rock strata and simplifying the site geometry, it is possible to determine
the distribution of elastic strain energy and effort to identify regions where the use of
torpedo blasting should be most effective.

Accordingly, 3D numerical FEM models were built emulating the general geological
conditions and the room-pillar mining system of the LGCD and the G-23/1 and G-11/8 sites
in the Rudna mine (Figure 1). Tremor-prone layers in these areas responsible for seismic
activity are represented by dolomitic limestone and anhydrites of variable thicknesses
(Table 1 and Figure 9).

Table 1. Parameters of rock layers in the Rudna mine used in the numerical analyses.

Rock Layer Thickness
[m]

Em
[GPa]

ν

[-]

Anhydrite 100 17.9 0.22

Dolomite 40 13.3 0.22

Dolomite deposit 4.5 8.8 0.24

Sandstone 100 5.7 0.35

Liquidation 4.5 0.2 0.4

Figure 9. Example of the geological profile of the Rudna mine.

The geometry of the numerical model, the FEM mesh and the boundary conditions
are shown in Figure 4. The calculations were performed on a linear-elastic constitutive
model of the rock strata, whose parameters were determined on the basis of geological
data from Rudna mine and recalling the Hoeck–Brown relationship [55]. Underlying the
model are the general assumptions of the room and pillar exploitation system used in the
LGCD, i.e., the front section, working area (Figure 10b—red), the mining liquidation zone
(Figure 10b—green) and the abandoned liquidation zone (Figure 10b—grey) These aspects
were incorporated by adopting equivalent deformation parameters of the corresponding
spaces. In this approach, small operational pillars were not modeled. The conditions
assumed in the adopted FEM calculations in terms of site geometry correspond to the
mining operations in the G-23/1 and G-11/8 sections of the Rudna mine (Figure 10a).
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Figure 10. The computational model assumptions, (a) geometry, (b) boundary conditions, (c) FEM mesh.

The proposed method of analysis is a simplified one and the numerical procedure was
applied without handling each and every variant of the room-pillar working system used in
the LGCD. This simplification strategy yields only the results of analyses that are adequate
to typical mining situations encountered in LGCD conditions. A solution was adopted
whereby separate pillars should be replaced by zones with equivalent elastic parameters,
whose impacts on the high roof layers are similar to those exerted by separate pillars. These
parameters were adopted on the basis of previous calculations and recalling the authors’
expertise in modeling typical convergences measured in the mine working area. Obviously,
advanced calculations could and should take into account the modeling of separate pillars,
as discussed in [56,57].

The calculation procedure relies on the displacement boundary conditions of the model
corresponding to zero displacements on the respective edges of the model (Figure 10b).
The acting load was the vertical normal stress exerted on the upper horizontal edge of
the model corresponding to the mining depth of 1100 m. The problem was solved in a
multi-step computational procedure reflecting the conditions of the initial state of stress and
the progress of mining operations. The problem was treated as geometrically non-linear;
therefore, the FEM equations in the ABAQUS v.6.12 computing system were solved using
the Newton–Raphson incremental iterative procedure.

4. Results and Discussion—Rock Mass Effort and Elastic Strain Energy as Factors
Determining the Effectiveness of Torpedo Blasting
4.1. The Effort of the Tremor-Prone Layer in the Working Area

In the context of effectiveness of torpedo blasting, two aspects are of primary impor-
tance, i.e., the direction of the blast holes and the size of the explosive. These two factors
are related to the geological and mining conditions, but they can be determined using the
analysis of effort and distribution of elastic energy accumulated in the rock strata.

The dynamic stresses necessary to trigger a tremor can be determined by Expression
(1) resulting from the Mohr–Coulomb failure criterion (Figure 11).

σd(x, y, z) ≥ WM−C − WS(x, y, z) (1)

where
WM−C—a measure of critical effort according to the Mohr–Coulomb M-C criterion;
WM−C = 2ccosϕ+ (σ1 + σ3)sinϕ;
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WS(x, y, z)—a measure of effort due to static stress tensor (before blasting);
WS(x, y, z) = σ1 − σ3;
σd(x, y, z)—a effort required to trigger a tremor under the dynamic load caused by

torpedo blasting;
σ1, σ3—greatest and least principal stress.

Figure 11. Mohr–Coulomb failure envelope. The effort needed to trigger tremors is marked in red.

Expression (1) applies only to regions within the rock strata where the effort W is
defined as:

W =
WS

WM−C
(2)

taking the value W < 1. According to the authors, the regions of the rock strata where the
effort value falls in the range of 0.8 < W < 1 can be considered the most favorable in the
context of locating blast holes, because the value of dynamic stresses σd required to fracture
the rock strata there is relatively small. The map of the strain factor W (2) covering the rock
strata in the dolomitic limestone layer treated as a tremor-prone layer in LGCD conditions
is shown in Figure 12a.

Figure 12. Effort map in the dolomitic limestone layer for the Rudna mine conditions. (a) Perspective
view, (b) cross section view.

In the tremor-prone layer, the area with the effort value of 0.8 < W < 1 is found in
front of the excavation and is wedge- shaped with a wall inclination of 42–116 degrees.
The highest effort value in the analyzed layer is registered at an angle of 81 degrees to
the horizontal, towards the working zone (Figure 12b). In the corner of the working zone
(Figure 12a), the high effort section is locally wider. Drilling holes for torpedo blasting
in the indicated range should prove most effective in the context of triggering tremors.
In addition, torpedo holes in this region are a good choice as they enhance the effect of
additional discontinuity between the layers. Damaging the natural contact between the
tremor-prone layer and the surrounding strata in this area should be the most effective.
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4.2. Analysis of the Distribution of Elastic Strain Energy in the Vicinity of the Working Zone

Underlying the analyses of the elastic energy distribution in the vicinity of the working
zone was the model in which limestone, anhydrite and dolomite layers were able to slip
against each other, in accordance with Coulomb’s friction law with a friction coefficient
of µ = 0.6.

The calculation results were presented in the form of maps of the distribution of elastic
strain energy density coefficients: kAc—total, kAf—shear strain and kAv—volumetric strain
elastic energy, defined as follows:

Ac =
1

2E

[
σ2

x + σ2
y + σ2

z − 2ν
(
σxσy + σyσz + σzσx

)
+ 2(1 + ν)

(
τ2

xy + τ2
zx + τ2

yz

)]
(3)

A f =
1 + ν

6E

[(
σx − σy

)2
+
(
σy − σz

)2
+ (σz − σx)

2 + 6
(

τ2
xy + τ2

zx + τ2
yz

)]
(4)

Av =
1 − 2ν

6E
(
σx + σy + σz

)2 (5)

kAc =
Ac

Ap
c

; kA f =
A f

Ap
f

; kAv =
Av

Ap
v

(6)

where
Ac—density of total elastic energy; Af—density of shear strain elastic energy; Av—density

of volumetric strain elastic energy; the index p indicates the values of initial energy corre-
sponding to the initial state of stress.

The spatial distributions of the elastic strain energy density coefficients around the
working zone are illustrated in Figure 13.

Figure 13. Volumes of rock around the working zone corresponding to the values of the elastic energy
density coefficients in the roof layers: (a) Total 1.5 < kAc < 1.7; (b) shear 1.5 < kAf < 1.7; (c) volumetric
1.5 < kAv < 1.7 and (d) volumetric kAv < 1.
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Maps of the total elastic energy coefficient in the cross-sections perpendicular to the
face front are shown in Figure 14a, for various distances from the corner of the front section
and in cross-sections parallel to the front section in Figure 14b.

Figure 14. Cross-sections perpendicular (a) and parallel (b) to the working face, showing elastic
energy density maps.

First, Figure 9 shows maps of three types of energy density in the cross-section per-
pendicular to the working front (Figure 14a), in the middle of the working front section.

It should be noted that extreme values of individual energy concentration coefficients
occur in the front of working zone and in the roof in the dolomitic limestone layer (tremor-
prone layer) ahead of the front section. Ahead of the working front, there is an increase in
the concentration of strain energy kAf (Figure 15b) in the floor and roof of the limestone layer,
the maximum of which is located approximately 40 m in front of the working zone. Above
the working space, the load acting on the roof layers is relieved, which is accompanied
by a decrease in the value of the volume strain energy density, which goes down below
kAv < 1 (Figure 15c). This is important in the context of the stress analysis in the roof
layers in this region, because with a small value of the stress axiator, a smaller value of
the stress deviator is also required to trigger the rock failure. A good indicator of energy
concentration in the rock strata is the total energy elastic density coefficient kAc (Figure 15a),
which comprehensively illustrates the accumulation of individual types of strain elastic
energy. Therefore, further analysis of elastic energy distributions around the entire working
zone, in individual sections perpendicular and parallel to the working front (Figure 13a,b),
was conducted basing on the total elastic energy density coefficient kAc (Figure 16).

The distributions of the total strain energy density coefficient values kAc for cross-
sections parallel to the working front are shown in Figure 17.

Additionally, calculations were performed for this variant of the model in which
slippage between the tremor-prone layer and the surrounding rocks would be precluded.
The results of the numerical simulations performed for both variants: that precluding
slippage between the layers (Figure 18a) and that admitting slippage (Figure 18b) yield the
spatial distribution of the total energy density coefficient kAc. In regard to the symmetry of
the working zone, the drawing covers half of the area of the modeled exploitation site.

Obviously, the extreme values of total elastic energy coefficient kAc are registered in
the roof strata in the vicinity of the working front, in the direction inclined to the horizontal
at an angle of 63–69◦. In the corner of the site, the value of total elastic strain energy is the
highest and decreases over a distance of approximately 90 m, as we move away towards
the runway and the center part of the working front.

These analyses reveal that concentrations of the strain energy density coefficient
kAf occur in regions located in front of the working front (Figure 15b). The total energy
concentration kAc also corresponds to this situation (Figures 15 and 16). This is consistent
with observations and analyses of the occurrence of tremor epicenters, the largest number
of which occur in front of the working front at a distance of less than 50 m [58,59]. As
regards the potential of high-energy tremor occurrence, the most unfavorable conditions
prevail when there is a large accumulation of shear strain energy in a given region. In such
situations, seismicity analyses should allow for the possibility of correlating the mechanism
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of rock failure through shearing with the geophysical mechanism of the tremor focus, in
which the shear component plays a dominant role [33,34].
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Figure 17. Maps of the total energy elastic density coefficient in the roof layers kAc, parallel to the
working front (Figure 14b).

Figure 18. Spatial visualization of the distribution of the range of coefficient kAc with a value of 1.66
for models (a) with slippage between layers (b) without slippage.

Low values of the volume strain energy coefficient kAv are registered in regions where
low-energy tremors may potentially occur, such as the roof rock above the working zone
and in the goafs (Figure 15c). These analyses lead us to the conclusion that coefficients of
shear strain energy density kAf and the density of total elastic energy kAc can be treated
as measures of the potential risk of high-energy tremors of the rock strata, and the coeffi-
cients of volumetric strain energy density kAv is associated with the regions of low-energy
tremor occurrence.

5. Conclusions

The dominant hazard in the Polish copper mining industry (LGCD mines—Legnica-
Glogow Copper District) is the occurrence of mining tremors and rockbursts. One of the
effective active methods of preventing this hazard is torpedo blasting, which results in
disturbing the structure of the roof rocks. These blastings should be considered with two
effects in mind: the “triggering” a tremor and “weakening” of the rock strata.
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Currently, torpedo blasting in the roof rock is still continued in the Rudna mine as
a part of the rockburst prevention strategy. These are primarily cyclical blasts aimed at
locally weakening the roof layers in the mining liquidation zones. They are performed
to reduce the capability of roof rocks to accumulate large energies and, consequently, to
provoke low-energy tremors.

Extensive research as well as practical experience acquired in the Rudna mine (LGCD)
during blasting in compact roof layers lead us to the following conclusions:

- There are possibilities of active rockburst prevention in the torpedo blasting form
based on long blast holes up to approx. 60 m long and it is not a problem from a
technical point of view, although it is complicated in implementation,

- Sections of torpedo holes filled with explosive material should be located in zones
with the maximum effort and accumulation of elastic energy (at present or in the
future); in relation to the geomechanical conditions in the LGCD area, the blast holes
should be inclined at an angle of approximately 65 ± 5 degrees,

- Blast holes should reach the contact zone between limestone and anhydrite; by chang-
ing the type of contact a weakening effect will be achieved and, consequently, a
reduction in the value of the accumulated energy of elastic deformations; events
caused by the cracking of the tremor-producing layer will be more frequent, but their
seismic energies will be lower (which will result in a reduced risk of rockbursts),

- Torpedoing the roof has positive effects in the form of induced tremors, especially
when used in the area of the edges of old goafs and in tectonic disturbance zones,

- The implementation of torpedo blasting may, however, lead to local destruction of roof
layers in the immediate vicinity of active workings, thus disturbing the technological
process of mining works.

Based on the numerical calculations performed, it can be concluded that appropriate
geomechanical computer simulations, compared with analyses of geophysical mecha-
nisms of tremor foci and with the results of monitoring of the level of roof failure by
seismo-acoustic emission methods, may help identify the potential hazard areas. From the
standpoint of active rockburst prevention in the form of torpedo blasting, these regions are
considered to be areas where this type of prevention should be used.

This research work should be continued to determine the areas, scope and timing of
stress relief blasting operations in order to improve the effectiveness of rock mass relaxation
in conditions of high rockburst risk.
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