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This paper explores possible synergies between techniques used to minimise seismicity in deep South
African gold mines and their applicability to control coal bumps. The paper gives a summary of the tech-
niques used in the deep gold mines and a critical appraisal if these are useful in coal mines. The tech-
niques typically include control of mining rate, preconditioning, optimisation of extraction sequences
and centralised blasting. Of particular interest to the coal bump problem is an experimental limit equi-
librium fracture zone model implemented in a displacement discontinuity code. This was recently devel-
oped for the gold mines to enable the interactive analysis of complex tabular mine layout extraction
sequences. The model specifically accommodates energy dissipation computations in the developing
fracture zone near the edges of these excavations. This allows the released energy to be used as a surro-
gate measure of ongoing seismic activity and addresses a number of the weaknesses in the traditional
usage of this quantity as a criterion for the design of seismically active layouts. This paper investigates
the application of the model to a hypothetical coal longwall layout and the specific problem of coal
bumps.
� 2018 Published by Elsevier B.V. on behalf of China University of Mining & Technology. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Seismicity in coal mines has been studied for many decades and
the size of events range from large mining tremors (local
magnitude ML > 4) recorded in the Upper Silesia Coal Basin to the
localised pillar bursts frequently associated with mining fatalities
[1–4]. Although a large volume of research material is available
on this topic, further studies are required as emphasised by Zhao
and Jiang: ‘‘Statistics showed that bump accidents caused hundreds
of fatalities and injuries in the period from 1997 to 2008 in
underground coal mines, and coal bumps have already been one of
the most dangerous damage occurrences to underground mining
safety in China” [5]. This risk of coal bumps was also emphasised
by other workers [6–10].

A study of seismicity and rockbursts in hard rock mines may be
of value when investigating the specific problem of coal bursts. The
seismicity in the deep South African gold mines has been problem-
atic for more than a century. This is described in detail by Dur-
rheim: ‘‘As early as 1908, damage in a village near Johannesburg led
to the appointment of a committee, chaired by the Government Mining
Engineer, to ‘inquire into and report on the origin and effect of the
earth tremors experienced in the village of Ophirton’. The 1908 Ophir-
ton Earth Tremors Committee found that ‘under the great weight of the
superincumbent mass of rock. . . the pillars are severely strained; that
ultimately they partly give way suddenly, and that this relief of strain
produces a vibration in the rock which is transmitted to the surface in
the form of a more or less severe tremor or shock’ ” [11]. A century
later, the seismic problems have not disappeared and Fig. 1 illus-
trates damage experienced in the face area of a deep gold stope
caused by a magnitude 2.0 event.

As indicated in Fig. 1, the small rock fragments are visible on the
footwall, and some of the shakedown was caught by the temporary
nets used in this area.

Various measures to mitigate the risk to workers caused by this
seismicity have been implemented over the last few decades and
this has been largely successful as shown in Fig. 2. This illustrates
the seismic fatality trends normalised per hours worked for the
period from 2003 to 2016. The decreasing trend of rockburst fatal-
ities indicate that at least some success is obtained with these
measures and these are discussed briefly in the next section in
relation to possible application in coal mines.

Fig. 2 shows the decrease in rockburst fatalities (orange line)
from 2003 to 2016 (source: DMR SAMRASS database, courtesy
D. Adams).
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Fig. 1. An example of minor damage caused by seismicity in a deep gold mine in
South Africa.

Fig. 2. Decrease in rockburst and rock fall fatality rates (fatalities per million hours
worked) for all South African mines.

Fig. 3. Typical diurnal distribution of seismicity in a gold mine using centralised
blasting.
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2. Methods to mitigate the rockburst risk in deep gold mines
and possible application in coal mines

Five key methods are used to mitigate the seismic risk in deep
gold mines. These are discussed below with some reference to pos-
sible application in coal mines. The five methods are centralised
blasting, mining rate, optimising layouts, preconditioning and
rockburst resistant support. A further important aspect to manage
the seismicity, not discussed in this paper, is the extensive seismic
networks and associated data analysis and hazard assessment [12].
These networks are also used in the coal mining industry [13–15].
Readers are referred to these references for additional information.

2.1. Centralised blasting

Centralised blasting is a key tool that is used to reduce the expo-
sure of mining personnel to the seismic hazard. The gold mines in
South Africa are not mechanised owing to the hard rock and the
narrow tabular geometry. Mining is done using a method of hand-
held drilling and blasting. Seismic activity is triggered by the blasts
and the risk to workers can be mitigated by adopting a centralised
blasting policy. A centralised blasting system allows for all blasts
within a mine to be synchronized from a dedicated computer on
surface, usually from the mine’s control room. A typical system
consists of a host computer networking with a number of blasting
stations to facilitate the arming, priming and firing of electronic or
electric detonators. The system increases safety on the mine as all
panels are be blasted from a safe location, once all personnel have
been evacuated from their working places. The effect on seismicity
when implementing centralised blasting is illustrated in Fig. 3.
Note that a large proportion of the seismic activity occurs during
the so–called ‘‘blasting window” when no mining personnel are
allowed underground. This technique has no application in mech-
anised coal mines.

As shown in Fig. 3, this was for data collected in 2015 and 1962
events ranging from M0.0 to M3.7 were recorded and the seismic
peak occurs between 18 and 21 h (these hours are indicated by
‘‘18” and ‘‘21” in Fig. 3 on the x-axis) when the workers are not
in the mine.
2.2. Mining rate

It is known from experience that mining rate has an effect on
the levels of seismicity in the deep gold mines of South Africa
[16]. This has been disputed by some researchers based on work
done by McGarr and Wiebols who postulated that the overall seis-
mic deformation is simply related to mining according to [17]:
X

M0 ¼ GDVc ð1Þ

where
P

M0 is the summation of all the seismic moments; G the
shear modulus of the rock mass; and DVc the volumetric stope clo-
sure due to mining. Based on this work, McGarr andWiebols stated:
‘‘the number of large tremors per unit volume of rock mined is indepen-
dent of the rate of mining” [17].

Cook et al. nevertheless found an increase in the number of
rockbursts for a face advance rate of more than 4 m/month for
small abutments and 8 m/month for large abutments [18]. Numer-
ical modelling studies of mining rate were conducted by Napier
and Malan and Malan [19–21]. For the deep gold mines, it is gen-
erally accepted that high stress peaks close to the face may
increase the likelihood of strain bursting. A continuum viscoplastic
model appeared to be a useful approximation to simulate the time
dependent nature of the fracture zone. This model, when applied to
mining rate problems, illustrated that high mining rates may lead
to higher stress peaks close to the stope face. Similar qualitative
results were obtained using a discontinuum viscoplastic model.
The fracture zone extent ahead of the mining face decreases for fas-
ter mining rates, leading to an increase in the amount of seismic
energy released following each mining step. These studies were
carried out for plane strain geometries and the effect of volume
of mining over a large area with many individual panels was not
considered.

Klokow et al. conducted an assessment of dip pillar mining at a
Carbon Leader Mine in South Africa [22]. The authors stated that
significant changes in the seismic character of a raise line at the
mine were observed after production of about 20000 m2 in the par-
ticular raise line and when mining spans reached between 100 and
120 m. They also found a significant change in seismic behaviour
when the total production at the shaft exceeded 12000 m2/month.
Riemer carried out a study of the increase in seismicity at a Carbon
Leader Mine [23]. The analysis indicated that this increase appears
to be associated with an increased mining rate in a tightly clus-
tered area. His proposal of a ‘‘clustering index” indicated that min-
ing rates which exceed approximately 13000 m2/km2 per month
lead to an increased seismic response.

In spite of a lack of quantitative data, a key strategy currently
used by geotechnical personnel on some of the mines is to reduce
the mining rate when an increase in seismicity is observed. Cur-
rently, the ‘‘safe” mining rate on the mines is typically determined
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on a trial-and-error basis. The unit ‘‘m2/month” is typically used as
a measure of ‘‘volume” of mining as the mined reefs are flat dip-
ping tabular orebodies. The typical mining height varies between
1 and 1.6 m. The area mined during each month can therefore be
obtained easily from a plan view of the mine workings. The corre-
sponding volume of rock mined is obtained by multiplying the area
mined by the average stoping width. A typical practical measure
employed to control the mining rate is to limit the number of min-
ing crews per raise connection.

Regarding mining rate in coal mines, Linkov noted that in the
Kizel coal mines, doubling the rate of coal cutting on the face from
0.27 to 0.54 m/min resulted in a drastic increase in the incidence of
rockbursting [24]. Nawrocki developed a one-dimensional semi-
analytical solution for the time-dependent behavior of a coal seam
to investigate the rate of face advance [25]. The analysis indicated
that rapid ore extraction produced zones of high stress concentra-
tions close to the longwall face. Iannacchione and Zelanko
described a case study in the Beatrice Mine where bumps were
recorded on continuous miner sections where rows of chain pillars
l5 to 30 m wide were extracted near the gob. As stated by the
authors: ‘‘Individual chain pillars are extracted very rapidly, causing
loads to shift before the adjacent pillars can redistribute load in a con-
trolled manner.” Varying the mining rate therefore appears to be a
technique that may find application in both hard rock and coal
mines to control seismic activity near excavations [26].

2.3. Optimising layouts to minimise seismicity

For the gold mines, it was recognised as early as the 19400s that
remnants left by the scattered mining layouts were a cause of seis-
micity and longwall mining was introduced as a result [27]. The
layouts continued to evolve over the decades and further notewor-
thy aspects were the introduction of strike and dip stabilising
pillars as well as bracket pillars to prevent slip on geological struc-
tures [28]. The typical design tools used to optimise these layouts
are energy release rate (ERR) and excess shear stress (ESS) calcula-
tions evaluated using boundary element codes [29]. The key design
objective is to minimise high stress concentrations and to min-
imise the potential for slip on large geological structures. These
innovations led to the current deep level gold mines being
designed with closely spaced dip pillars and bracket pillars as
shown in Fig. 4.

Fig. 4 presents the dip pillars (red areas) and bracket pillars to
clamp some of the dykes (dykes indicated by green lines).

Regarding coal mines, Holland and Thomas stated: ‘‘The cure for
pillar-line bumps is to recognise areas that can be expected to become
highly stressed and to project the mining plan and operations to elim-
inate such areas insofar as possible. If such areas cannot be eliminated,
then the mining plan and operations should be projected to avoid the
necessity of disturbing these areas before the stresses have been dissi-
pated.” [1]. The same approach is used in the deep gold mines
whereas the layouts are designed to minimise areas of high stress
concentration. Wiejacz and Lugowski investigated the effects of
geological structures on seismic events at the Wujek coal mine in
Fig. 4. Plan view of a typical modern deep gold mining layout in South Africa.
Katowice, Poland [30]. They concluded that faults can play an
important role in the generation of mining induced seismic events.
It was suggested that the mines should not run several longwalls
parallel to another in a short period of time. Although it is not clear
from this paper what alternative sequence should be followed, this
is an indication that the layouts and sequencing of panels in coal
mines affect seismicity in a similar manner to that experienced
in deep gold mines. Section 2.4 (Fig. 6b) gives a further example
of modifying layout designs in a coal mine to alleviate the risk of
coal bumps.

Osterwald et al. investigated coal bumps related to geological
structures in the Sunnyside District, Utah [31]. Harris indicated
that the risk of coal bumps becomes elevated in the presence of
elevated overburden depth, faults, mining that crosses remnant
structures in previously mined seams and sandstone channels that
may concentrate stress [7]. These factors are reminiscent of those
contributing to rockbursts in deep gold mines and the optimisation
of layouts in both commodity types is clearly a requirement to
minimise the risk of rockbursts. Iannacchione and Zelanko noted
that extraction sequences and mine layouts influence the way
stresses are concentrated around mine openings and therefore play
a role in bump occurrence [26]. These considerations suggest that
routine numerical modelling of coal mine layouts should be con-
ducted, as for deep gold mines, to identify areas where high stress
concentrations occur. Examples of innovative layouts in coal mines
to redistribute excessive stress concentrations are the thin-pillar
method at the Gary No. 2 Mine and pillar-splitting methods at
the Olga, Beatrice, and Cottonwood Mines [26].
2.4. Preconditioning

Preconditioning is implemented in deep gold mines to minimise
the occurrence of strain bursting in stope faces. This type of seis-
micity occurs when the formation of the fracture zone ahead of
the faces is interrupted. Preconditioning comprises the drilling of
holes deeper than the normal production rounds (typically twice
the length). By using the correct explosive amounts in each hole,
ensuring correct tamping and timing of the holes, the formation
of the fracture zone can be enhanced. This is illustrated in Fig. 5.
Dechelette et al. conducted seismo-acoustic monitoring in a coal
longwall with a high rate of face advance of 7–8 m/day [32]. They
noted that heavy tremors are typically preceded by a 2 to 3 h
seismic-acoustic lull in the strata corresponding to an accumula-
tion of elastic energy that is suddenly released when the heavy tre-
mor occurs. It is postulated that this is similar to the mechanism
proposed for face bursting in the hard rock mines where there is
Fig. 5. Principle of preconditioning is to mobilise the fracture zone ahead of the
stope faces and move the peak stress further ahead of the face [34].



Fig. 6. Different techniques used for bump control [4].

Fig. 8. Examples of support in deep gold mines prone to seismicity.
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a ‘‘hang-up” in the formation of the fracture zone resulting in a vio-
lent face ejection.

Preconditioning is also used in South Africa in the medium
depth hard rock mines where oversized crush pillars occasionally
fail violently if they are not fractured using preconditioning. Wu
and Zhang describe the use of destress blasting in coal mines
where the risk of rockbursts are considered to be high [33].

This technique in coal mines is described by Campoli et al., as
the ‘‘shot-fire softening” technique [4]. It was used on tail entry
longwall gate roads for bump control (Fig. 6a). The pillar design
in this mine was also modified as shown in Fig. 6b. It is of interest
that no shot fire softening of the narrow pillars adjacent to the tail
workings was necessary as they fracture and yield upon approach
of the longwall face under abutment-zone loading. The large pillar
was required for roof support considerations and was isolated from
miners and equipment by the yield pillar. The working area was
shielded if the large pillar became overstressed and ‘‘bumped”.
Techniques of de-stressing in coal mines are described by Haramy
and McDonnell and one of these is shown in Fig. 7 [35].

2.5. Rockburst resistant support

To provide enhanced protection to mining personnel in areas
prone to seismicity in the gold mines, consideration is given to
the energy absorption capability and area coverage of the support
system. This is described in detail in Ryder and Jager [29]. Fig. 8
illustrates the type of support that can be used. Yielding roof bolts
are also used in some areas.

As shown in Fig. 8, backfill and yielding steel props can be seen
in photograph on the left, and the mines also introduced perma-
nent steel mesh (on the right) in some areas to give better area
coverage.

The application of these yielding support units for coal mine
applications is discussed in some references. Zhao and Jiang pro-
vide photographs of heavy steel arch sets damaged by rockbursts
Fig. 7. De-stressing technique for a coal longwall face [35].
[5]. Iannacchione and Zelanko describes innovative support strate-
gies being used ranging from yielding leg arches at the Sunnyside
Mines to material-filled cribs employed in eastern Kentucky drift
mines [26].
3. A Limit equilibrium fracture zone model to investigate the
effect of mining rate

From the review of techniques used to minimise the risk of seis-
micity above, it appears that the parameter that is currently poorly
understood and which requires further investigation is the effect of
mining rate. Only limited work has been carried out on this param-
eter in relation to coal bumps. A limit equilibrium model imple-
mented in a boundary element computer code has been
developed recently to simulate the time dependent nature of the
fracture zone in deep gold mines. The sections below explore the
application of this model to coal mine studies.

3.1. Numerical modelling to investigate coal bumps

Numerous examples can be found in literature describing
numerical modelling to investigate coal bumps. The boundary ele-
ment program, LaModel, is a popular code to simulate coal mine
layouts [36]. The incorporation of energy release calculations in
LaModel 3.0 allowed for mine layout design in bump prone areas
[37]. Wang et al. described the use of energy release calculations
in the LaModel code to investigate the risk of bumps in multiple
seam longwall mining [38]. Energy release calculations appeared
to be useful for this particular application and the technique shows
promise. It nevertheless appeared to be unsuccessful regarding
coal bump potential in Crandall Canyon Mine in Utah [37].

Alternative computational techniques have also been used to
investigate coal bumps. Haramy and McDonnel used a finite ele-
ment code as well as the MULSUM code to investigate the redistri-
bution of stress when destressing a longwall face [35]. Harris used
discrete element modelling (3DEC) to model the behaviour of
squat pillars and their potential for violent failure [7]. The section
below describes the application of the TEXAN code that was origi-
nally developed to simulate the hard rock pillars in the platinum
mines of South Africa [39,40].

3.2. Overview of the TEXAN code and the incremental stability
measure

TEXAN is a displacement discontinuity boundary element code
that can solve 2D and 3D problems with multiple interacting tab-
ular reef planes and planar fault planes. These planes are tessel-
lated with displacement discontinuity elements to represent
stope ride and elastic convergence movements or to model slip
movements on fault planes. Additional facilities exist to allow
the sequential activation of discontinuity elements allowing the
simulation of fault slip ‘‘growth” according to specified growth
rules. Elements can be in an ‘‘infinite” space or in a ‘‘semi-
infinite” space with a flat, stress-free surface. In the original



Fig. 9. Scaling of a coal pillar in the Vaal Basin in South Africa [50].

Fig. 10. Limit strength envelopes for time-dependent strength decay representa-
tion [16].
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development of the code, the material is assumed to be elastic and
isotropic. Analytical kernel expressions are used to compute half-
space influence functions in 3D. Bedding planes may be repre-
sented by displacement discontinuity elements which have appro-
priately assigned strength and friction values. The computational
analysis of these problems can be extremely arduous and a number
of numerical difficulties can arise in modelling the interaction and
bending of closely spaced, parallel discontinuities. An alternative
approach that has been proposed in past studies is to tailor the dis-
placement discontinuity influence functions to mimic the large-
scale movements of bedded strata. One of these representations
is the so-called ‘‘frictionless laminated model” (abbreviated here
to FLM) in which the rock mass is assumed to comprise a stack
of contiguous, thin elastic plates [41]. The FLM is used in the com-
puter code LaModel discussed above [36]. In view of the possible
utility of the FLM, a special module based on Salamon’s formula-
tion has been included in the TEXAN computer program to allow
this option for the modelling of horizontally layered strata [41].

The most common criterion that has been used traditionally in
the design of deep level mining layout sequencing in South Africa
is the so-called energy release rate (ERR) criterion [42,43]. In this
criterion, the ‘‘energy release” increment, DWA represents the dif-
ference between the incremental work done by gravity forces act-
ing on the rock mass, DW , and the incremental change in the strain
energy, DU, that is stored in or released from the rock mass when
the excavation boundary is extended during a mining step [44].
This can be expressed as

DWA ¼ DW � DU ð2Þ
In the case of a tabular excavation it is convenient to express the

mining step increment in terms of the area mined with respect to
the plan view of the excavation shape. If the incremental area
mined is designated by �A then the energy release rate is defined
to be

ERR ¼ lim
DA!0

DWA

DA
ð3Þ

ERR values are computed in general layout configurations by
using stress analysis programs such as MINSIM based on the dis-
placement discontinuity boundary element method (DDM) [45–
47]. In this case, the excavation is approximated as a narrow slit
and in many applications the seam or reef material is assumed to
be rigid and to have infinite strength. The use of ERR as a design cri-
terion to guide layout sequencing and extraction ratios has been
discussed at length and has a number of practical shortcomings
in providing a measure of mining rockburst hazard [48,49]. The
most significant drawback of the ERR criterion, used within a
purely elastic model of rock deformation, is that no dissipative
mechanisms are incorporated into the model to allow for local
on-reef face crushing and failure. Eq. (3) represents the local value
of the energy release at each point of the tabular excavation
boundary and can be used as a measure of the local stress concen-
tration at the stope face. A measure of the stability of excavation
enlargement can be obtained by modifying Eq. (2) to include an
energy dissipation term �WD. If the dissipation term is appropri-
ately evaluated, a general measure of incremental mining ‘‘stabil-
ity”, designated as �WR, can be defined to be:

DWR ¼ DWA � DWD ð4Þ
The incremental stability measure, defined by Eq. (4), is associ-

ated with each incremental change to the excavation shape and
may, in addition, include released energy from explicitly modelled
faults or fractures. Recently Napier and Malan proposed that the
fracture zone adjacent to the edges of tabular excavations can be
represented by a simple time-dependent limit equilibrium model
[44]. In this case the energy dissipation term �WD can be com-
puted explicitly in a series of discrete time steps with imposed face
advance increments corresponding to a given mining schedule.

3.3. Limit equilibrium model of the fracture zone

The time-dependent limit equilibrium model proposed by
Napier and Malan provides a representation of the on-reef horizon-
tal and vertical stress distribution adjacent to a mining face [44].
The details of the model are described in study by Heunis and also
in Napier and Malan and are not repeated here [16,43]. The limit
strength model postulates that if the seam or reef material fails,
a specific relationship exists between the seam normal stress
rn P; tð Þ and the seam parallel stress rs P; tð Þ at point P in the
unmined excavation plane. The following relationships then
applies:

rn P; tð Þ ¼ rc P; tð Þ þm P; tð Þrs P; tð Þ ð5Þ
where the strength envelope parameters rc P; tð Þ and m P; tð Þ are
position and time-dependent functions. A drawback of the model
is that failure of the material is restricted to the seam or reef plane
only. This may nevertheless be a good approximation of coal mine
problems where pillar scaling occurs while the roof and floor
remains intact (Fig. 9).

The strength envelope given in Eq. (5) is determined by consid-
ering the transition between three bounding envelopes as depicted
in Fig. 10.

The transition between the initial limit strength and the resid-
ual limit strength envelopes is assumed to be governed by a
strength decay function F sð Þ that depends on the elapsed time
s ¼ t � T Pð Þ between the current time t and the initial time of fail-
ure, T Pð Þ, at point P. Specifically, it is postulated that

rc P; tð Þ ¼ r f
c þ r0

c � r f
c

� �
F t � T Pð Þð Þ ð6Þ

and

m P; tð Þ ¼ mf þ m0 �mf

� �
F t � T Pð Þð Þ; ð7Þ
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Where F sð Þ is the decay function. In the present analysis, it is
assumed that, F sð Þ ¼ 1 if s < 0 and that F sð Þ is a simple exponential
function of the form:

F sð Þ ¼ 1
2

� �s
k

¼ e�as ð8Þ

When sP 0, k is a half-life parameter and the corresponding
exponential decay exponent is a ¼ ln 2ð Þ=k. The parameter k effec-
tively defines the problem time scale in terms of proposed mining
schedules.
Fig. 12. Convergence contours (values in mm) for a model with rigid pillars and a
rigid coal seam (left) and for a model where the coal is allowed to crush (right).

Fig. 13. Stress contours (values in MPa) for a model with rigid pillars and a rigid
coal seam (left) and for a model where the coal is allowed to crush (right).
3.4. Simulation of longwall mining at different mining rates

As a simple case study, the longwall geometry of coal pillar
extraction shown in Fig. 11 was simulated using the TEXAN code.
This is based on the approximate dimensions shown in Fig. 6.
The size of pillar type A is 25 m � 25 m and pillar type B is
25 m � 10 m. The width of the roadways is 5 m. The host rock
was assumed to be sandstone. The parameters used in the models
are given in Table 1. This particular geometry was selected as to
investigate the effect of mining rate as well as the possible bursting
of the pillars in the tail as the longwall face approaches.

Figs. 12 and 13 illustrate some preliminary results when assum-
ing a simple infinite depth model where the host rock is assumed
to be isotropic elastic and the seam is allowed to fail according to
the limit equilibrium model. No time dependency of the seam fail-
ure was allowed in these initial runs. The crushing of the pillar
Fig. 11. Geometry modelled with the TEXAN code to simulate the longwall mining.

Table 1
Parameters used in the simulations.

Parameter Value

Depth (m) 400
Mining height (m) 4
Young’s modulus (sandstone) (GPa) 15
Poisson’s ratio (sandstone) 0.25
Intact seam strength rc

i (MPa) 4
Intact seam slope parameter mi 4
Initial failed seam strength rc

0 (MPa) 3
Initial failed seam slope parameter m0 3
Residual seam strength rc

f (MPa) 1
Residual seam slope parameter mf 1
Interface friction angle 20�
Half-life parameter k 20 time units
Seam stiffness modulus (MPa/m) 1346.2

Fig. 14. Energy release increments when mining the longwall for a distance of
45m.
edges as a result of assuming the limit equilibrium model is evi-
dent in Fig. 12. The extent of fracturing is dependent on the choice
of parameters. Fig. 14 illustrates the energy release increments
after mining a distance of 45 m.

As noted in Fig. 12, the increase in convergence is visible on the
right.

As shown in Fig. 13, the crushing of the small pillars is visible on
the right from the reduced stress on the edges of these pillars.

As indicated in Fig. 14, the face was mined using 2.5 m incre-
ments per step.

To simulate the effect of mining rate, the longwall face was
mined over a distance of 45 m with two simulated advance rates.
For the fast mining rate, a 2.5 m increment was mined every 2 time
units. In contrast, for the slow mining rate, a 2.5 m increment was
mined every 10 time units. For the first simulation, only the coal
seam and not the pillars in the gate roads were allowed to crush.
The effect of mining rate on the cumulative energy released is
shown in Fig. 15. Note that the released energy is much higher
for the faster mining rate, indicating a greater hazard in terms of
coal bumps. This is in qualitatively agreement with the observa-
tions made by Linkov and Iannacchione and Zelanko [24,26]. It
should nevertheless be noted that care should be exercised with
the interpretation of released energy in complicated geometries



Fig. 15. Effect of mining rate on cumulative energy released.

Fig. 16. Effect of mining rate on cumulative energy released.

D. Malan, J. Napier / International Journal of Mining Science and Technology 28 (2018) 745–753 751
and when crushing in various parts of the model are initiated at
different times. Fig. 16 shows again the effect of mining rate, but
in this case the pillars in the gate roads were allowed to start
crushing during the first time step. The effect of mining rate of
the longwall face is now obscured by the crushing of the various
pillars in the complex geometry. Figs. 17 and 18 illustrate the
Fig. 17. Crushed area of the longwall face is indicated by the red dots.

Fig. 18. Crushed area of the longwall face and the pillars indicated by the red dots.
crushed zones for the two different models. These results seem
encouraging, but further work is now required to calibrate the
parameters in Table 1 and to verify the model proposed in
Section 3.3.

In Fig. 15, for this simulation, only the coal seam and not the pil-
lars in the head or tail access roadways were allowed to crush (see
Fig. 17), and it clearly shows that the slower mining rate results in
a smaller release of energy.

In Fig. 16, for this simulation, both the coal seam and the pillars
in the head or tail access roadways were allowed to crush (see
Fig. 18), and the pillars that start crushing in the first time step
make interpretation of the effect of mining rate more difficult.

As shown in Fig. 17, the blue elements are still intact; for this
model, the pillars were simulated as rigid pillars and no failure
was allowed.

As noted in Fig. 18, the blue elements are intact zones; for this
model, the pillars were also allowed to crush.

The model was also investigated in terms of its ability to simu-
late the effect of the modified bump control gate road as shown in
Fig. 6 and described by Campoli et al. [4]. The geometry was mod-
ified as shown in Fig. 19 and the large 25 m � 25 m pillar was posi-
tioned in the centre of the tail road for this second set of
simulations.

As shown in Fig. 19, this geometry is identical in size and pat-
tern to the larger model shown in Fig. 11 except that the
25 m � 25 m pillars are now in the middle of the tail road.

The modelling parameters were again similar to those given in
Table 1, except that no time-dependent failure was allowed. The
60 m of face area was mined incrementally for both models and
the average pillar stress on pillars A and C was computed. The
increase in stress on these two pillars as the face approaches is
shown in Fig. 20. Note that the average stress on pillar C is higher
than pillar A throughout the incremental mining process. This can
probably be ascribed to the fact that pillar D is completely failed
increasing the load on pillar C whereas pillar A is still adjacent to
the intact seam abutment until the mining face approaches.

When a distance of 60 m has been mined, the face has passed
the position of the two pillars.

The result shown in Fig. 20 is dependent on the properties spec-
ified in Table 1 and from these results, it is not immediately obvi-
ous why the large pillar in the middle of the tail road (pillar C)
would be better than one on the side adjacent to the approaching
Fig. 19. Part of the modified geometry simulated with the TEXAN code.

Fig. 20. Average pillar stress on pillars A and C as the mining face approaches.



Fig. 21. Stress along section EF in Fig. 11.

Fig. 22. Stress along section GH in Fig. 19.
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longwall (pillar A) as suggested by Campoli et al. [4]. This was fur-
ther investigated by plotting the vertical stress acting on the pillars
along sections EF and GH (see Figs. 11 and 19). The stresses along
these sections after mining a distance of 60 m are given in Figs. 21
and 22. Note that in both cases the two smaller pillars adjacent to A
and C are crushed through and illustrates the typical exponential
increase in stress near the pillar edge which is a characteristic of
the limit equilibriummodel assumption. Although the edges of pil-
lars A and C are failed, the core of both pillars are still intact after
the mining face has passed this pillar position.

Further studieswith differentmodel parameterswill be required
to investigate if there are certain stress and strength combinations
which imply that it is more favourable to use the geometry in
Fig. 19 as compared to Fig. 11. This example again illustrates the
need to calibrate the model parameters for site specific conditions.
4. Conclusions

This paper explores possible synergies between techniques that
are used to minimise hazardous seismic activity in deep South Afri-
can gold mines and their applicability to control coal bumps. A lit-
erature survey indicated that techniques such as preconditioning,
optimisation of extraction sequences and rockburst resistant sup-
port are used for safe mining in both commodity sectors. A key tool
used in the gold mines is centralised blasting and this can unfortu-
nately not be used in many coal operations owing to the mecha-
nised nature of the operations. A parameter that is currently
poorly understood and which requires further investigation is the
selection of mining rate. Only limited work has been carried out
on this parameter in relation to coal bumps and is investigated
in this paper.

Of particular interest to the coal bump problem is an experi-
mental limit equilibrium fracture zone model implemented in a
displacement discontinuity code. This was developed recently for
deep level gold mines to enable the interactive behaviour of com-
plex tabular mine layout extraction sequences to be assessed. The
model specifically performs energy dissipation computations in
the developing fracture zone near the edges of these excavations.
This allows the released energy to be used as a proxy measure of
ongoing seismic activity and addresses a number of the weak-
nesses in the traditional usage of energy release as a criterion for
the design of seismically active layouts. The effect of fracture zone
strength decay is also incorporated in the model framework. The
inclusion of time-dependent behaviour provides the important
ability to assess the impact of varying the face advance rate as a
strategic option to control extraction stability. It is apparent that
no universal design prescription can be applied without a detailed
calibration of the characteristic time-decay parameters in the
model.
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