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Abstract

The main constrain for effective gas drainage in coal mines is the low permeability nature of coal reservoirs. As coal mining
activities are extending to deeper subsurface, the ever-increasing in situ stress conditions is anticipated to result in much
lower permeability and more challenges for gas emission control in coal mines. In recent years, hydraulic slotting using
high-pressure waterjet along underground gas drainage boreholes, as a general solution to stimulate low permeability coal
seams, has become increasingly favourable. This paper presents a systematic investigation into the sensitivity of borehole
slotting performance to a number of field and operational parameters. A wide range of geomechanical properties, in situ stress
conditions, slot geometry and spacing of multiple slots were considered in a series of numerical simulations. The relations
between these key parameters and the failure zone size/volume induced by slotting were quantified. The effect of different
parameters in improving slotting performance has also been ranked, which provides theoretical base for mine operators to
optimise slotting operations.
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1 Introduction the significant increase seen in methane emissions per ton

of average coal output in Europe. Unfortunately, the large

Coal mining is extending to deeper and deeper levels, facing
ever increasing coal seam methane contents, higher meth-
ane emissions and gas outburst risks at production districts.
Increased gas content of coal seams with depth, and the
concentration of coal exploitation in fewer high produc-
tivity faces in recent years, have been the major cause of
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increase in methane emissions experienced in recent years
was not matched with a similar increase in the efficiency of
methane drainage systems. The increased release of methane
observed with increasing depth is not only a serious safety
risk, but also represents a problem for coal production, as it
limits the advance rates of both development headings and
longwall faces.

It has long been recognised that gas drainage boreholes
deployed from the underground or surface to capture coal
seam gas before it migrates into the ventilation air or atmos-
phere can provide a feasible solution to the gas emission
problem. However, the primary limitation of applying
methane drainage systems to reduce emissions in coal min-
ing comes from the low permeability nature of coal seam
reservoirs. For example, in some European coal basins, the
permeability is reported to be as low as 1072! m?, and nor-
mally in the range of 1071"-107'2 m? (Durucan and Edwards
1986). Except for the Qinshui Basin, coal permeability in
China, the largest coal producer and consumer in the world,
is generally very low (10~"°-107'8 m?), about four orders of
magnitude lower than that of some US coals (Cheng et al.
2011). Gas pre-drainage from boreholes drilled into these
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low permeability coal seams is usually ineffective due to
extremely low gas flow rates. This situation may be further
exacerbated as a result of relatively short life-span of under-
ground drainage boreholes.

Coal production can significantly alter stress conditions
and, consequently, affect permeability around mine open-
ings as permeability in coal is highly stress-dependent (e.g.,
Somerton et al. 1975; Durucan and Edwards 1986). Under-
standing of this process, as early as the 1950s in Europe,
led to the development of cross-measure borehole drain-
age method, utilising the stress and permeability changes
around mined seams to enhance gas production from min-
ing-induced high permeability zones in multi-seam layouts.

By coupling geomechanical and reservoir simulators,
Karacan et al. (2007a) assessed the performance of goaf
wells in the Pittsburgh coal field and the impact of comple-
tion practices on optimising goaf gas production. Gas drain-
age performance from in-seam horizontal boreholes with
different borehole patterns, borehole lengths, and leading
times were also evaluated by the same coupling approach
(Karacan et al. 2007b). After analysing stress changes, frac-
turing, and gas flow patterns in the mining of multi-seams,
Guo et al. (2012) found that there is a three-dimensional ring
in the overburden along the perimeter of the longwall panel,
which can be used to maximise gas drainage performance.
Kong et al. (2014) suggested a sequential approach to control
gas emissions from multi-layer gassy coal seams by applying
both surface and inclined cross-measure boreholes into the
mining-induced high permeability areas. Gas emission and
flow patterns in thick seam mining have been investigated
through extensive field measurements and numerical simu-
lations, which provides essential guidance for gas drainage
design in ultra-thick coal seams (Si 2015; Si et al. 2015a,
b). In the US, goaf gas venthole production was found to be
largely enhanced due to stress-relief fracturing and bedding
plane separation during the period of longwall face advance
(Karacan 2015).

Although the concept of utilising mining-induced stress
change to enhance gas production has achieved significant
success, the applicability of this approach has been limited
to specific geological and economic considerations. In recent
years, primarily motivated by improving coal mining safety,
slotting of gas drainage boreholes via hydraulic or mechani-
cal force as a general solution to increase permeability,
reduce gas emission, and prevent coal and gas outbursts has
attracted increasing attention in China (Lu et al. 2009; Li
et al. 2009; Lin and Shen 2015). This method involves creat-
ing multiple slots along uncased underground gas drainage
boreholes to relieve near wellbore stresses, initiate fractures,
and increase gas release surfaces.

One early study presented by Lu et al. (2009) intro-
duced the development of a waterjet slotting system and
its application in methane drainage boreholes at a Chinese
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colliery. They found that the captured methane concentration
increased by up to 3—6 times after the slotting treatment. A
new drilling technique using high pressure pulsed waterjet
was proposed by Lu et al. (2010), whereby slotting of the
borehole can be achieved simultaneously during drilling.
Boreholes drilled using this technique were found to be 2.7
times longer with 5 times more gas produced compared with
the boreholes drilled by conventional methods. The slotting
technique was also applied in preventing coal and gas out-
bursts in China. Lu et al. (2011) reported its application in
an outburst-prone soft coal seam as a measure to reduce
in situ gas content and ensure the safety of driving longwall
entries. In their paper, slot penetration depth, slot thickness
and slot spacing were studied, and slot depth was found to
be the main factor affecting stress relief and fracture zone
around a borehole. An application of using hydraulic slotting
at cross-measure drainage boreholes to prevent coal and gas
outbursts was also discussed by Lin et al. (2015), where they
reported that the required drainage period was reduced from
6 to 4 months. A positive relationship between the mass of
coal discharged in outbursts and total amount of emitted gas
was also observed.

Lin and Shen (2015) used multilevel waterjet slotting to
stimulate gas drainage performance in Guhansan coal mine
in China. Through laboratory experiments and numerical
modelling, they reported that, by increasing the number
of slots, multilevel slotting can significantly reduce coal
strength and contribute to fracture coalescence. By consid-
ering a stress-dependent permeability relationship, the effec-
tiveness of waterjet slotting in coal seams has been evaluated
by Shen et al. (2015). The fluid flow module in FLAC®P was
used to assess stress, pressure, and permeability distributions
around slotted boreholes. To assess crack evolution during
the process of hydraulic slotting from a mesoscopic per-
spective, particle flow code PFC?P was used in developing
a laboratory scale model (Liu et al. 2015). Using numerical
models and field experiments, Yang et al. (2016) concluded
that there is an optimal value of coal discharge in slotting
operations: too little coal discharge suggests not enough
stimulation while too much coal discharge may be time-
consuming and lead to borehole collapse. Another interest-
ing observation reported by Lin et al. (2015) and Yang et al.
(2016) was that large coal discharge volume from the bore-
hole can certainly increase the near borehole permeability as
well as gas production rates. A fully coupled thermal-hydro-
mechanical model was developed by Gao et al. (2016) to
evaluate the gas drainage performance in slotted boreholes.
More recently, Lin et al. (2018) suggested that the effective-
ness of waterjet slotting is determined by both the static
in situ stress and dynamic waterjet impact loading.

The above-mentioned investigations have set encouraging
examples on the field application of the slotting technique
in stimulating drainage boreholes and stress relieving coal
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seams. The effectiveness of slotting operations is reflected in
the slotting-induced failure zone size, which is largely con-
trolled by the in situ stress conditions and coal properties.
In engineering practice, slot geometry and spacing need to
be optimised to maximise the failure zone size and, conse-
quently, the gas drainage performance. Currently, most of
the borehole slotting stimulation designs are based on field
experience or operators’ judgement. On the other hand, to
the authors’ best knowledge, there is no systematic investiga-
tion on assessing the sensitivity of the key parameters and
their role in controlling slotting performance, which limits
the effectiveness and efficiency of borehole slotting and its
application by the coal industry worldwide (Si et al. 2017).

In the research presented here, the impact of prevailing
stress conditions, coal properties, and slot geometry and
spacing of multiple slots on drainage borehole slotting per-
formance were investigated through numerical modelling.
By performing sensitivity analysis, the critical parameters
controlling slotting operations are identified towards achiev-
ing an optimal slotting performance.

2 Background

Current research at Imperial College is investigating the
potential benefits of the use of slotted boreholes in improv-
ing gas drainage performance and reducing the risk of coal
and gas outbursts at different mining settings in the Spanish
and Polish coalfields. One of the field sites considered for
the implementation of slotted boreholes is the Montsacro
Colliery, which operates in the Central Asturian coal basin,
Northern Spain. The mineable coal seams in Montsacro
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are concentrated in Westphalian continental sediments
(Suarez-Ruiz and Jiménez 2004), which has three seam
series namely Esperanza, Pudingas, and Canales (Aguado
and Nicieza 2007). The Canales series contains the 8# coal
seam with a total thickness of 15.13 m at Montsacro, and
this seam is responsible for many outburst incidents at the
mine. The geological map of the Montsacro area is shown
in Fig. 1, which suggests a strong tectonic movement history
in the mining region. The tectonosedimentary evolution of
the Central Asturian coal basin results in a high friable and
foliated 8# coal seam, and the coal is also subject to the sud-
den variations in thickness and bed-parallel shearing, which
largely increase the outburst risk at the mine (Aguado and
Nicieza 2007).

The mine is characterised by high methane content and
outburst prone coal seams. Due to the mine is in an anti-
cline region with steeply dipping nature of most of the coal
seams (over 45°) in the coalfield, unlike prevailing longwall
or room and pillar mining methods applied in horizontal coal
deposits, the mining method used here is sublevel caving
(SLC), as illustrated in Fig. 2. From top to the bottom, the
entire coal deposit is divided into series of mining levels.
Between two levels, three to four sublevels are normally
planned, and each level is approximately 20 m high. A cross-
cut entry to access each sublevel needs to be developed from
the footwall to the central of that sublevel. Then two drifts
aiming to recover the two wings of that sublevel are devel-
oped towards opposite directions. Sublevels are caved by
drill and blasting, with the face retreating from the bounda-
ries of the mining block towards the central cross-cuts, along
the sublevel drifts. While coal extraction is undergoing in
the current sublevel, drift accesses for successive faces in
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Fig. 1 Geological map at the Montsacro Colliery (modified after Aguado and Nicieza 2007)
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Fig.2 a A schematic of the sublevel caving (SLC) mining method applied at Montsacro Colliery (not to scale); b front view and ¢ plane view of
mine plan at Montsacro Colliery (modified after Aguado and Nicieza 2007)

lower sublevels need to be developed. After the completion
of current sublevel, coal production can start immediately
from the successive sublevels without any delay.

The coal seam currently being-mined at Montsacro Col-
liery is the #8 coal seam, which is ~4.5 m thick and dipping
at an angle of 72°. The hangingwall and footwall of this coal
seam are both sandy slate. The coal is extremely friable and
brittle in behaviour (Fig. 3). In situ stress measurements at
the mine have indicated that the maximum principal stress is
horizontal, most likely perpendicular to the strike of the coal
seam. At 500 m depth, the maximum horizontal stress, mini-
mum horizontal stress, and vertical stress were measured
as 24, 16, and 12 MPa, respectively. Although this research
focus on mining level at 500 m depth, the vertical down dip
depth of the #8 coal seam can be as much as 900-1000 m.

The mine reports suggest that the average gas content in
virgin areas is ~ 13 m*/tonne, which indicates an in situ gas
pressure of approximately 2—3 MPa from the 25 °C adsorp-
tion isotherms of the coal seam #8. It is also known that, due
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Fig.3 Sublevel development heading in Seam #8 illustrating the fri-
able nature of the coal seam
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to high in situ horizontal stresses, the permeability of Seam
#8 is very low. The relatively soft coal, high in situ stresses,
along with low permeability and high gas content, present a
considerable risk for coal and gas outburst, particularly when
driving the in-seam sublevel production headings.

To reduce methane emissions and coal and gas outburst
risks, the mine is considering pre-drainage of the coal seam
ahead of the sublevel development headings in advance.
Therefore, the use of borehole slotting techniques reported
in the literature were investigated for their effectiveness in
stimulating the boreholes and achieving high drainage rates.
As already experienced in previous trials, it has been rather
difficult, if not impossible, to maintain the stability of long
in-seam boreholes drilled from the development headings.
As an alternative, it is proposed to drill the slotted boreholes
from a nearby stone gallery in the footwall of #8 Seam, par-
allel to the direction of maximum horizontal stress, and cut-
ting through the coal seam along its thickness. The following
sections describe the numerical simulation work carried to
determine the key parameters that affect the performance of
slotted gas drainage boreholes before a full-field implemen-
tation of the technique is undertaken.

3 Numerical Modelling and Performance
Assessment of Borehole Slotting
Operations

3.1 BasicTheory

The fundamental principles of borehole slotting opera-
tions are presented in Fig. 4. As can be seen, slots created
along the borehole are expected to extend the size of stress
relief zone induced by coal failure around the borehole. As
a result, stress relief, fracture generation, and permeability
enhancement inside the failure zone can effectively stimulate
gas production. On the other hand, outside the failure zone,
the abutment stress created results in a relatively small low
permeability gas flow barrier, which can affect the nature
of gas transport from the coal seam towards the borehole.
The permeability contrast inside and outside the failure zone
results in two unbalanced gas release time scales. Benefit-
ing from the slotting stimulation, rapid gas release can be
achieved within the failure zone, however, a longer lead
time may be required to capture gas from outside the fail-
ure zone. Multiple slots in the same borehole and multiple
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Fig.4 Schematics showing the principals of borehole slotting operations: a a three-dimensional view of multiple slots in a horizontal borehole,
b horizontal cross-section at the borehole level, and ¢ stress and permeability profiles along A—A' before and after slotting
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slotted boreholes resulting in connecting stress relief zones
can help overcome this problem.

For each slot, the effective stimulation zone is limited by
the failure zone size created around it. An ideal stimulation
design aims at maximising and seamlessly connecting stress
relief zones induced by individual slots to achieve rapid and
extensive gas release in the entire coal seam. In this research,
the failure zone size (or the failure zone volume V) has been
taken as the quantitative indicator to evaluate the perfor-
mance of different slotting operations. The effect of vary-
ing stress conditions, coal properties, and slot geometry and
spacing on the development of stress relief zone will all be
discussed in detail in the numerical simulations described
in the following sections.

Slots can be created through mechanical or hydraulic
or a mixed approach. The most common method involves
using high pressure waterjet to create circular/disc shape
slots in pre-drilled gas drainage boreholes. The entire system
normally includes a drilling bit, nozzle, water tank, high-
pressure pump and high-pressure hose. The pump can pro-
vide 30-40 MPa water through drilling pipe to the nozzle
to create waterjet. The output water pressure from the pump
can be also regulated. The nozzle can rotate along with the
rotation of drilling bit, which eventually creates a circular
slot. During the slotting process, a large amount of water
carrying broken coal mass will be collected at the collar
of the borehole. Please refer to Lin et al. (2015) for a more
detailed description.

3.2 Review Control Parameters Affecting Borehole
Slotting Performance

Based on the theory of slotting operations, slotting perfor-
mance is most likely to be related with three aspects:

e Mechanical strength of coal, which includes cohesion,
friction angle, residual cohesion, etc. These parameters
control the strength of intact coal as well as residual
strength of failed coal, which have a direct impact on the
failure criteria and size of stress relief zone.

e In situ stress, which include the magnitude and orienta-
tion of principal stresses. The stress conditions may also
contribute to the shape of failure zone and its propaga-
tion.

e Geometry of slots, which includes the diameter, width,
aspect ratio, shapes of slots and spacing between multiple
slots.

In this paper, the above-mentioned parameters will be
investigated through a numerical approach and the impor-
tance of individual parameters in affecting borehole slotting
performance will be assessed. Note that these parameters
were selected not only because they are likely to be the
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first-order control parameters for slotting performance, but
also their simplicity to be considered in numerical simu-
lations. Due to the limitation of this paper’s scope, other
factors may also be potential control parameters, but not
covered here are briefly summarised below, which are worth
investigating in future studies.

e Natural discrete fracture network. The orientation of bed-
ding planes and cleats, and how they are spatially corre-
lated with the slot orientation. Their mechanical strength,
spacing, persistence, and aperture of these natural frac-
tures may have different impacts on slotting performance.

e Qperation parameters to create slots. For hydraulic slot-
ting, this includes pump output pressure, nozzle size,
number of nozzles, waterjet impact angle on coal surface,
rotation rate of drilling bits, etc.

e Fluid flow parameters. Since the ultimate goal of slot-
ting operations is to enhance gas drainage performance,
parameters control gas flow around slotted boreholes
should be investigated building upon the geomechani-
cal understanding presented in this paper. Potential flow
parameters to be studied include gas content, gas pres-
sure, permeability, relative permeability, water satura-
tion, desorption, diffusion coefficient, etc.

3.3 Development of the Baseline Scenario

Numerical models to assess stress relief and the volume of
failure zone around slotted boreholes were developed in
FLAC?P, an advanced geotechnical analysis software. The
baseline scenario was developed based on the orientation of
the planned drilling operations at the Montsacro Colliery.
As shown in Fig. 5, the physical dimensions of the borehole
slotting model are 10 x5 X 10 m (Iength X width X height).
The cylindrical zone at the centre of the model was refined
to accommodate the simulated borehole and the slot. The
entire model domain was assumed to be within Seam #8 at
a depth from —500 to —510 m.

The in situ stress conditions were assigned based on the
reported stress field by the mine, where the maximum prin-
cipal stress is horizontal and along the y-axis (parallel to the
borehole and perpendicular to the strike of the coal seam as
described earlier). The minimum principal stress is vertical
and estimated by computing the overburden weight using an
average rock density of 2360 kg/m?. The boundary condi-
tions of the model were such that it was laterally confined
and fixed at the base.

In the model, only a 5 m long section of the borehole, with
a diameter of 60 mm, within the coal seam was simulated.
To avoid potential overlap and interference between multiple
slots and analyse the de-stressed failure zone around a single
slot, only one slot was modelled first. A double-slot model
was developed later as presented in Sect. 3.8 to understand
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Fig.5 Model geometry and
the central refined area for the
slotted borehole model (the
baseline scenario)

FLAC3D 5.01

2014 Rasca Consulting Group, Ic.

#| FLAC3D 5.01
77 |cortnasca Consemraey

Refined grids at the centre

\06\

the effect of interference between multiple slots. In terms of
the baseline slot geometry, a slot of 0.1 m wide (Lin et al.
2015) and 0.5 m diameter (Yang et al. 2016) was created at
the centre of the refined area.

As summarised below, each simulation scenario consists
of three steps: initial equilibrium, borehole drilling and
slotting operations. This procedure is repeated and tailored
accordingly for each simulation scenario in each sensitivity
study:

1. The initial stress equilibrium is established first in the
model.

2. Borehole drilling is then simulated in the model by
assigning ‘NULL’ property (no mechanical stiffness and
strength) to the grids representing the borehole. Solve
the model to equilibrium before moving on to the next
step.

9]
Op L

Mohr-Coulomb model:
perfectly plastic
post-failure behaviour

Deviatoric stress

Axial strain

(a)

3. Based on the stress field generated after drilling, the
grids representing the slot are assigned with ‘NULL’
property to simulate the slotting operation. Solve the
model to equilibrium for analysis.

The constitutive model used in the simulation can largely
affect the propagation of the failure zones created by slot-
ting. The commonly applied Mohr—Coulomb (MC) model
in FLAC?® uses classic Mohr—Coulomb failure criterion to
evaluate rock failure, in which the peak strength (o) is con-
trolled by cohesion (C) and internal fraction angle (¢) as
illustrated in Fig. 6a. However, the MC constitutive model
assumes a perfectly plastic behaviour after failure using con-
stant cohesion and friction angle, which does not represent
the weakening of coal/rock strength (o,) at the post-failure
stage. This may result in an underestimation of the failure
zone size around a borehole. While using Mohr—Coulomb

Strain softening model:
perfectly brittle
post-failure behaviour

Deviatoric stress

Or

Axial strain

(b)

Fig. 6 Stress—strain behaviour of a the Mohr—Coulomb (MC) model and b the strain softening (SS) model
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failure criterion to detect failure, the strain softening (SS)
model accounts for the weakening of rock in the post-failure
stage by redefining cohesion, friction and dilation as piece-
wise-linear functions to inelastic strain. At each time step,
the code measures the total plastic shear and tensile strains
by changing the hardening/softening parameters. By doing
this, SS model has the capability of simulating the cohesion,
friction, dilation and tensile strength harden or soften after
the onset of plastic yield.

Since the coal seam at Montsacro Colliery is known to be
extremely brittle (see Fig. 3), the SS model was preferably
used in the baseline scenario due to its advantage of better
capturing the post-failure behaviour of coal. For comparison,
both constitutive models were run as presented in this sec-
tion. Rock mechanical properties used in these two constitu-
tive models are summarised in Table 1. In the SS model, it
was assumed that cohesion (C) would be reduced to residual
cohesion (C,) when the plastic shear strain exceeds €, Note
that all the parameters listed in Table 1 for the SS model
were used as the baseline values for the scenarios to fol-
low. The parameters listed in Table 1 were not lab meas-
urement results, but assumed values made from a reason-
able range for poor quality rock as suggested by Hoek and
Brown (1997) and Hoek (2007). This is because the coal at

Montsacro Colliery is extremely brittle and a few attempts
to core coal samples and test in the lab were not very suc-
cessful. The uncertainty of these input parameters is one of
the motivations to conduct a sensitivity analysis regarding
geomechanical properties in Sect. 3.5.

The difference between the volume of failure zones
obtained when using MC and SS models is demonstrated in
Fig. 7. The failure zone created by drilling and slotting are
shown in blue and red grids, respectively. The failure zone
volume (V) induced by slotting within the refined area was
also calculated: the failure zone size estimated by the SS
model is more than two times larger than that estimated by
the MC model. It is clear that the MC model ignores post-
failure weakening of the coal and underestimates the failure
zone size around the borehole, and therefore, the actual slot-
ting performance.

3.4 Sensitivity of Slotting Performance to Grid Size

Since this model involves simulating plasticity softening
behaviour of coal, the selection of different grid sizes may
affect model results. A high-resolution grid model can repre-
sent the slotting-induced stress distribution and failure zones

Table 1 Rock mechanical and

. Model K (GPa) G (GPa) @ (°) C (MPa) C, (MPa) € t (MPa)
strength properties of the coal P
seam at Montsacro Colliery MC 13 0.6 30 2.0 _ _ —0.4
SS 1.3 0.6 30 2.0 0.6 0.001 -04

K bulk modulus, G shear modulus, ¢ internal friction angle, C cohesion, C, residual cohesion, €p plastic
shear strain limit, 7 tensile strength cut-off

Volume of failure zone
induced by slotting: 0.075 m?®

FLAC3D 5.01

Volume of failure zone
induced by slotting: 0.166 m?

(a)

(b)

Fig.7 Failure zone geometry using a the MC model and b the SS model for the baseline scenario
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as detailed as possible, however, this will inevitably increase
the computational time required for reaching equilibrium.

To this end, building upon the baseline case developed
in the previous section, a sensitivity study was conducted
by varying the grid number within the refined zone from
28,000 to 168,000 (the grid number for the baseline case is
84,000). The failure zone induced by slotting was monitored
for different degrees of refinement. It was found that, within
the range considered, the impact of grid size on the geom-
etry of failure zone is insignificant, as shown in Fig. 8. The
volume of failure zones increases slightly with increasing
number of refined grids, but the difference is rather small
(less than 6% variation in all six scenarios). The baseline
model with 84,000 grids was valid to represent the geome-
chanical behaviour properly without using large computa-
tional resources.

3.5 Sensitivity of Slotting Performance
to Geomechanical Properties

3.5.1 Peak Strength

When using the Mohr—Coulomb failure criterion, cohesion
(O) and internal friction angle (¢), which define the failure
envelope, are the two most critical parameters affecting the
performance of a slotting operation. The difficulties expe-
rienced in coring the extremely fragile coal sample in the

(a) Volume of failure zone
induced bv slottina: 0.160 m?

(d) Volume of failure zone
induced by slotting: 0.167 m?

(b) Volume of failure zone
induced by slotting: 0.163 m?

(e) Volume of failure zone
induced by slotting: 0.168 m?

laboratory meant that the rock mechanical properties of the
coal seam at Montsacro Colliery could be highly variable.

Therefore, a wide range of C and ¢ values were used
to assess the effect of these parameters on slotting-induced
failure zone development (Fig. 9). The scenarios were run by
changing the value of cohesion (or the friction angle) only,
while keeping the other input parameters constant. In the
study range investigated, the failure zone volume was found
to be near-linearly affected by cohesion, however, the failure
zone size was found to be extremely sensitive to the change
of internal friction angle, and follow a negative power law
relationship.

3.5.2 Post-Failure Behaviour

Although the SS model has the advantage of better repre-
senting coal failure behaviour, its application introduces two
new input parameters, i.e., residual cohesion (C,) and plastic
shear strain (&p)- The former determines the residual strength
and the latter quantifies the brittleness of coal.

The sensitivity of slotting-induced failure zone size
to the variation of these two parameters is presented in
Fig. 10. The scenarios were run by changing the value of
residual cohesion (or the plastic shear strain) only, while
keeping the other input parameters constant. Increase of
residual cohesion (C,) from 10 to 50% of the initial cohe-
sion (C) results in a non-linear reduction of the failure
zone size (see Fig. 10a). The failure zone volume and

(¢) Volume of failure zone
induced by slotting: 0.166 m?

(f) Volume of failure zone
induced by slotting: 0.169 m?

Fig.8 Geometry of failed zones with different grid numbers within the refined zone: a 28,000, b 56,000, ¢ 84,000-baseline case, d 112,000, e

140,000, and f 168,000
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Fig.9 The effect of varying a cohesion and b internal friction angle on the volume of failure zone induced by borehole slotting
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Fig. 10 The effect of varying a residual cohesion and b plastic shear strain on failure zone propagation in slotted boreholes

residual cohesion appear to follow a power law relation-
ship, with the greater sensitivity found at the lower end of
the residual cohesion range considered.

As Fig. 10b illustrates, as the value of plastic shear
strain decreases, the volume of failed coal increases, how-
ever, this impact is fairly limited, especially in the low
value range. An exponential function can be used to fit the
relationship between plastic shear strain and the failure
zone volume induced by slotting.
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3.6 Sensitivity of Slotting Performance to Stress
State and Orientation

3.6.1 Stress Orientation with Respect to the Slot Plane

The impact of varying the orientation of slot plane with
respect to the orientation of principal stresses on the failure
zone geometry and volume is presented in this section. If it is
assumed that a slot plane can only be created perpendicular
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to a borehole, different drainage strategies would represent
different in situ stress orientations with respect to the slot
plane, which may affect the performance of a slotting opera-
tion. Therefore, based on the measured in situ stresses at
Montsacro Colliery, the normal vector (n) of slots in the
planned pre-drainage boreholes is parallel with the maxi-
mum principal stress (n//o,). If considered in the long-term,
slotting of in-seam horizontal boreholes or long downholes
drilled from the development headings will have the normal
vector parallel with ¢, and o5, respectively. Note that, instead
of rotating the borehole and slot plane, the relevant of in situ
stresses orientations were rotated in the numerical models
performed.

Figure 11a, b show the shape and volume of the failure
zone created by the slot with n//c, and n//c;, respectively.
Comparing these two scenarios with the findings of base-
line scenario with n//c; (see Fig. 7b), it can be concluded
that, although the orientation of the slot plane only has
marginal impact on failure zone volume, the shape of the
failure zone for different cases can be significantly differ-
ent. In the baseline scenario (n//c,), the failure zone is close
to a cylinder, while in the cases of n//c, and n//c;, slotting
operations results in an ellipsoidal failure zone. Note that the
shorter axes in two ellipsoids are both in the orientation of
the maximum principal stress (¢,). The presence of a much
higher maximum principal stress forces the failure zone to
propagate along the direction of lower principal stresses.
These findings are extremely useful in designing the spacing
of multiple slots in an individual borehole and the spacing
of a number of boreholes with multiple slots.

3.6.2 Stress Ratio

In coal mining practice, it is not uncommon to place drain-
age boreholes into areas which have been disturbed by
previous mining activities. Therefore, the stimulation
performance of slotted boreholes may largely depend
on the magnitude of the disturbed stress field. Further-
more, since the failure criterion is controlled by all three
principal stresses, their magnitude relative to each other
could also affect the shape and volume of the failure zone
around slotted boreholes. Therefore, in this section, o3 was
assumed to be constant at 12 MPa, but the ratio of ¢, to o5
(denoted as R,5) and the ratio of o, to o5 (denoted as R,3)
were varied simultaneously to study their influence on the
failure zone volume.

The stress range should not initiate faulting given using
the baseline rock property. As suggested by Zoback (2010),

2
Rj3 = ? < (W*‘M) ,
1

where u is the friction coefficient and, for the baseline sce-
nario where ¢ =30°, u=tan ¢ =0.577. The equation above
then yields R,;=3 as the maximum value which would not
lead to faulting or fracturing all the coal elements. Allow-
ing further for safety to ensure the stability of the model, a
series of stress regimes defined by 1 <R,; <R3 <2.8 were
modelled.

Model results of varying R,; and R, simultaneously at
three different stress orientations (n//,, n//c,, and n//c5)

FLAC3D 5.01
4 tasca Consuting Group,Inc

Volume of failure zone
induced by slotting: 0.187 m?

z(o,)

y(o)) x(G4)

y(o3)

FLAC3D 5.01
4 Itasca Consulting Group, Inc.

Volume of failure zone
induced by slotting: 0.187 m?

z(oy)

x(o,)

(a) Slotin Plan B: n//c,

(b) Slot in Plan C: n//c3

Fig. 11 The effect of varying in situ stress orientation on failure zone geometry and volume
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Fig. 12 The effect of varying stress ratio on failure zone volume

are plotted as surface contours in Fig. 12. The shape of
the surfaces for all three stress conditions are similar.
The significance of increasing the maximum principal
stress can be clearly observed. Again, the relationship
between R,; and the failure zone volume is non-linear.
As expected, the effect of increasing R 5 on failure zone
volume is not independent from the level of intermediate
principal stress (Ry3).

Note that the response of failure zone volume to the
increase in intermediate principal stress is not always
monotonic. When R;; is low, an increase in R,; also
increases the failure zone volume. With a relatively high
R, a larger failure zone can be achieved if o, is either
closer to o, or o3.
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3.7 The Relationship Between Slot Geometry
and the Volume of Failure Zone

3.7.1 Slot Diameter and Width

Maintaining the borehole orientation and the strength
properties of coal used in the baseline scenario, the effect
of slot diameter and width on the failure zone size was
investigated by varying the slot diameter from 0.3 to
0.7 m and the slot width from 0.02 to 0.20 m, respectively.
Model results obtained by varying these two parameters
independently are shown in Fig. 13. The failure zone vol-
ume follows a binomial relationship with the slot diameter.
On the other hand, the relationship between the slot width
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Fig. 13 The effect of varying a slot diameter and b slot width on failure zone volume
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Fig. 14 The relationship between failure zone volume and coal dis-
charge volume

and the failure zone volume is linear. This suggests that
the volume of coal discharged (V,), i.e., the volume of
slotted space, probably has a direct impact on the volume
of failure zone induced by slotting, which is illustrated in
Fig. 14. An increase in the coal discharge volume achieved
by either varying the slot diameter or width can both
increase the failure zone volume. However, as the figure
suggests, increasing the slot diameter would be more effec-
tive in creating a much larger failure zone size.

V =0.0204D/w + 0.0653
R?=0.9956

0.40 -

Volume of failure zone induced by slotting (m?3)

000 I I }
0 5 10 15 20

Diameter to width ratio, D/w (-)

Fig. 15 The effect of varying the D/w ratio on failure zone volume

Model results presented in Fig. 14 also raises a new ques-
tion that, for the same coal discharge volume, different slot
diameter to width ratios (D/w) may also change the failure
zone volume obtained. To confirm this hypothesis, eight new
simulations were run using a fixed coal discharge volume
(0.02 m? as obtained by the baseline scenario), but different
D/w ratios. As shown in Fig. 15, the failure zone volume
follows a linear relationship with the D/w ratio.

Failure zone profiles in the vertical and horizontal planes
cutting through the borehole for different D/w ratios of
2.1,5.0, 11.0, and 19.5 are presented in Fig. 16. A larger
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Fig. 16 Failure zone profiles Fl E
in the a VCI‘thé.ﬂ and b horizon- Eailure zone > ~ Do
tal planes cutting across the —— Diw=19.5 induced by drilling 18| —— pjw=11.0
borehole — Diw=11.0 181h —— Diw=5.0
DIw=5.0 ol — Dw=2.1
— Diw=2.1 S

Failure zone

induced by drilling

(a)

diameter slot has the advantage of penetrating deeper into
the coal seam, which creates a larger surface area and allow
the coal along the two sides of the slot to release stress. It is
believed that the large volume of stress relieved coal within
the area ‘shadowed’ by the slot disc contributes the most to
the stimulation of gas drainage performance. Therefore, in
field practice, it is recommended to aim at creating ‘long
and thin’ rather than ‘short and thick’ slots to maximise the
stimulation impact.

3.7.2 Elliptical Slot

During slotting operations in the field, it is rather difficult
to control the shape of slots accurately and, sometimes,
the slot created may not be circular but elliptical. This can
be caused by the heterogeneity of coal or uneven waterjet
pressure loading on borehole wall. Theoretically, elliptical
slots can also be achieved by controlling pump pressure and
the orientation of waterjet, i.e., apply higher water pressure
along the maximum principal stress direction and gradu-
ally reduce the pressure while waterjet rotating towards the
minimum principal stress direction. An elliptical slot with
long axis parallel to ¢, can be created, but this requires high
quality engineering control and can be challenging.

The performance of an elliptical slot would depend on the
aspect ratio of long axis (a) to short axis (), as well as the
orientation of the long axis with respect to the orientation of
principal stresses. To avoid the effect of the changes in coal
discharge volume on the results as the a/b ratio is varied, the
area of each elliptical slot was fixed to be same as the area of
the circular disk in the baseline circular scenario. Note also
that, to accommodate the model scenarios with relatively
large aspect ratios, the diameter of the central refined zone
was extended from 1.46 to 2.86 m (please refer to Fig. 5 for
the original refined zone size).
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Fig. 17 The effect of varying the a/b ratio in an elliptical slot on fail-
ure zone volume

Figure 17 shows the changes in failure zone volume with
respect to the change in the a/b ratio in an elliptical slot. The
reference level indicates the failure zone volume induced by
the baseline circular slot. In the case of a//c,, the effect of
varying a/b ratio on the failure zone volume is fairly lim-
ited. On the other hand, for a//e5, the elliptical slot results in
approximately 12% increase in the failure zone volume when
a/b ratio is less than 5. Both cases show a declining trend in
the failure zone volume at high a/b ratios.

Examining Fig. 17, one can infer that the angle between
the long axis and principal stresses affects the failure zone
volume around a slotted borehole. This relationship has been
further investigated in Fig. 18, where the angle between a
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and o5 is varied from 90° to 0° in three cases with low a/b
ratios. The figure illustrates that, as the long axis approaches
the direction of minimum principal stress, the failure zone
volume increases gradually and reaches its maximum when
allos. Note that the model results are also consistent with
the findings proposed by Papanastasiou (2000): the elliptical
holes with long axis parallel to the minimum principal stress
are less stable. This conclusion is contradictory to the sug-
gestions of classic elastic stress analysis, which is explained
by the implementation of strain-softening material model-
ling in this study and Papanastasiou (2000).

3.8 The Effect of Slot Spacing on Overall
Performance

Another critical question to be addressed is the design and
optimisation of slot spacing along a borehole to minimise
the number of slots cut, while maximising the size of the
failure zone along each borehole. Since it is primarily the
in situ stress conditions which determine the failure zone
shape, the findings of previous modelling scenarios for a
single slot were reviewed and the shape of failure zones
induced were examined to obtain a first order approxima-
tion of optimum slot spacing.

As illustrated in Fig. 19a, the outer surface of the failure
zone induced by a single slot was projected onto the slot
plane along the borehole direction. The contours in the pro-
jection plane indicate the distance from each projection point
to the failure zone outline. Figure 19b—d show the projec-
tion contours of the slot when its normal vector is parallel
with the maximum, intermediate, and minimum principal
stresses, respectively. Note that grids within 0.07 m from
the borehole centre-line were not used for the projection plot

due to the noisy data associated with the interference from
drilling the borehole.

One main conclusion that can be drawn from Fig. 19 is
that, the maximum extent of the failure zone is 0.5 m in all
three in situ stress scenarios. This suggests that the spacing
between two slots should be less than 1.0 m to prevent the
failure zones created from overlapping and to achieve and
effective stimulation along the borehole. Furthermore, as the
mean value of the failure zone extension (L,,) in the baseline
scenario was smaller than that achieved in the other stress
orientation scenarios, denser slots may be required when
n//o;.

Slot spacing design was further investigated by simulat-
ing multiple slots, where the interaction between two neigh-
bouring slots can be analysed. The central refined zone of
the model was extended from 1.8 to 3.6 m along y-axis
(please refer to Fig. 5 for the original refined zone size) to
be able to cover the full extent of failure zones induced by
two slots. As before, the volume of failure zone induced
by two neighbouring slots were recorded as the quantita-
tive measure to assess each scenario. At the same time, the
failure zone volume induced by a single slot in the scenarios
described earlier were mathematically doubled (blue lines
in Fig. 20) and used to compare these with the model results
obtained for twin slots.

Slot spacings ranging from 0.1 to 1.3 m were modelled
in all three principal stress orientations. These results are
presented in Fig. 20. As the figures demonstrate, multiple
slots spaced too closely underperform significantly. With the
increase of slot spacing, the failure zone volume gradually
increases and exceeds the single slot based approximation,
reaching its maximum when slot spacing is approximately
twice the mean value of failure zone extension (s=2L_). In
the case of n//o; scenario, any further increase in slot spac-
ing results in a much reduced failure zone volume.

Different failure zone volume responses observed for each
scenario as the slot spacing increased beyond s=2L,, can
be attributed to the stress conditions at the bridging area
between two slots. As mentioned in Sect. 3.5.1, borehole
slotting relaxes the coal and the most significant stress relief
occurs in the direction perpendicular to the slot plane, i.e.,
along the direction of the borehole.

If it is assumed that, in the bridging area, there is one
coal block under critical stress condition before failure. Any
further reduction in o, (in the baseline scenario n//o;) makes
the coal block more stable as it moves closer to hydrostatic
stress conditions (see Fig. 21). This explains why, in the
case of n//o, the interaction between two slots reduced the
volume of failure zone significantly shortly after the s=2L
point was reached (Fig. 20 a). On the other hand, reduction
in o3 (in the case of n//o;) increases the deviatoric stress
(0,—03) and yields more failure, as illustrated in Fig. 20c,
where a larger extra volume of failure zone and wider range
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Fig. 19 Projection contours of the failure zone extension along the direction of the borehole

of optimal slot spacing is observed. The intermediate case
(n//o,) falls between these two extremes, yet it is more like
the n//o5 scenario, since stress in the direction borehole may
drop significantly and act as the new minimum principal
stress. Therefore, whether multiple slotting provides as
extra ‘bonus’ or a ‘penalty’ to the failure zone development
depends on the prevailing stress along the borehole direc-
tion, perpendicular to the slot plane.

4 Results and Discussion

Based on systematic numerical modelling results for a sin-
gle circular slot, the key parameters identified and their role
in affecting the stimulation performance of slotted bore-
holes have been summarised in Table 2. The sensitivity of
the slotting performance to the key parameters used in the
analysis of failure zone development is presented in the Tor-
nado chart (Fig. 22), which shows +20% variation of each
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parameter from the baseline scenario. Surprisingly, internal
friction angle (¢) ranks as the most sensitive parameter in
affecting slotting performance: 20% decrease in the internal
friction angle can double the failure zone size. Slot diameter
(D) and the ratio of maximum principal stress to minimum
principal stress (R3) are found to be the second and third
influential parameters affecting slotting performance. These
top three key parameters were summarised in Table 3.

The significant effect of internal friction angle is illus-
trated in Fig. 23, which scatters the stress states of 6000
randomly sampled grid elements from the central refined
zone in the baseline scenario. The failure envelopes for
baseline scenario, 20% C reduction, and 20% ¢ reduction
are also plotted. As shown in this figure, the majority of
elements (green dots) are intact coal and resting close to the
in situ stress condition. Stress states in line with the residual
strength envelop (red dots) represent the elements of failed
coal, which have violated the failure criterion before, and are
in residual condition now.
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Fig. 21 The effect of varying slot spacing on the failure zone volume

The reduction of internal friction angle results in the
decrease of failure envelope slope, which can disturb a
substantial amount of elements resting with high confining
stresses (8 MPa <03 <14 MPa). Compared with internal
friction angle, the reduction of cohesion affects the fail-
ure envelope by reducing the intercept at ¢,-axis, which
only has a moderate influence on the majority of intact
elements. It is believed that the large sensitivity to ¢ may
be caused by the high in-situ stress condition or, more
specifically, the minimum principal stress. If the major-
ity stress states are in a lower stress range, for instance
2 MPa <03 <8 MPa, then the failure zone size may be
more sensitive to the variation in cohesion, rather than the
internal friction angle.
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Table 2 Pz}rameter. s investigated Parameter Unit  Baseline value  Variation range Variation Number of Relationship with
in controlling slotting gradient  scenarios failure zone size
performance R

C MPa 2.0 [1.0,3.0] 0.2 11 Linear

@ ° 30 [20, 40] 2 11 Power

C, MPa 0.6 [0.2, 1.0] 0.08 11 Power

log(ep) - -3.0 [—4.0, -2.0] 0.2 11 Exponential to €,

n//o; - i=1 i=1,2,3 - 3 -

R5" - 2.0 [1.0,2.8] 0.2 10 Depends on R,

Ry - 1.5 [1.0, Ry5] 0.2 55 Depends on R 3

D m 0.5 [0.3,0.7] 0.04 11 Binomial

w m 0.1 [0.02, 0.2] 0.02 10 Linear

Diw - 5.0 1.7;2.1;3.0; 3.8 - 8 Linear

5.0;6.8;11.0; 19.5

C cohesion, ¢ friction angle C, residual cohesion, &, plastic shear strain limit, n normal vector of a slot
disk, o; directions of principal stresses, R;; ratio of maximum to minimum principal stress, R,; ratio of
intermediate to minimum principal stress, D slot diameter, w slot width, D/w aspect ratio of a slot

“These two parameters are dependent on each other and studied simultaneously

R13

Cr

R23

D/w

Parameters controlling slotting performance

log(ep)

60  -40 20 0 20 40 60 80 100 120
Percentage change of failure zone volume, %

Fig.22 Tornado chart illustrating the sensitivity of slotting perfor-
mance to key parameters used in the analysis

The importance of slot diameter was also noted by Lu
et al. (2011), in which they concluded that the increasing
of slot diameter (denoted as ‘slot depth’ in their paper) can

significantly increase the disturbance zone along and per-
pendicular to the borehole. The marginal effect of slotting
width (denoted as ‘slot thickness’ in their paper) was also
observed. But no quantitative relationship about the impact
of these two parameters on slotting performance was given.

5 Conclusions

A systematic investigation on the sensitivity of slotting per-
formance to a number of field and operational parameters
was conducted via a series of numerical simulations. These
parameters, referred to as key parameters here, include a
wide range of geomechanical properties, in situ stress condi-
tions, slot geometry and spacing. The relationships between
individual parameters and failure zone size/volume induced
by slotting were quantified. Internal friction angle, slot
diameter and the ratio of the maximum principal stress to
minimum principal stress were identified as the top three
parameters in affecting slotting performance.

Model findings on slot diameter to width ratio (D/w) con-
firmed the findings of Lin et al. (2015) and Yang et al. (2016)
that the failure zone size is very sensitive to slot diameter,
rather than its width. A large diameter slot has the advantage

Table 3 Top three key

i lotti Parameter Parameter Symbol Correlation with fail-  Relation with failure zone volume
parameters controlling slotting ranking ure zone volume
performance
1 Friction angle @ Negatively correlated Power law
Slot diameter D Positively correlated ~ Binomial
3 Ratio of maximum to Ry3 Positively correlated ~ Parabolic (also depends on R,5)
minimum principal
stress

@ Springer
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of deep penetration into the coal seam, which creates a large
surface area and a stress relief zone. On the other hand, a
thick, but small diameter slot only cuts through an already
stress relieved zone of a smaller dimension. Therefore, it
is recommended to aim at creating a ‘long and thin’ rather
than ‘short and thick’ slots to maximise the stimulated zone
around a borehole.

The importance of in situ stress conditions in controlling
slotting performance, which was mostly ignored in the past,
was also investigated. It was found that relationship between
R |5 and the failure zone volume is non-linear and depends
on the level of intermediate principal stress (R,3). In addi-
tion, it was found that the orientation of principal stresses
with respect to the slot plane does not necessarily affect the
size of the failure zone, but determines the shape of it, and
the failure zone propagates along the direction of the lower
principal stresses. Therefore, slotting operations in both
in-seam and cross-measure boreholes need to consider the
regional stress conditions around these boreholes carefully
to maximise borehole stimulation impact.

The spacing of slotted boreholes and multi-slots in a sin-
gle borehole need to honour the regional stress conditions.
In general, denser slots or boreholes are required along the
direction of the maximum principal stress. In areas where
high deviatoric stresses are expected, the spacing of multiple
slots in an individual borehole and the spacing between slot-
ted boreholes do not need to be as dense as those required
under near hydrostatic stress conditions.

Finally, it was found that elliptical slots have the potential
to outperform circular slots under certain stress conditions.
For example, approximately 12% increase in the failure zone
size was observed when the long axis of the slot was paral-
lel to the minimum principal stress (a//o3) and the long axis

to short axis ratio was less than 5 (a/b <5). These findings
suggest that engineering elliptical slots in the field can lead
to further improvements in stimulating slotted boreholes.
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