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An effective methane drainage from the coal seam is essential for safety mining operations. This
paper describes the algorithm used for calculating trajectory of crack formed by the hydraulic
fracturing carried out in parallel wells. The results of numerical analysis show that direction
of crack propagation is affected by the pressure applied and surrounding rock’s stress state.
The maximum possible distance between hydraulically fractured wells at which they linked was
estimated. The obtained results help to design hydraulic fracture treatments in coal measure
rocks in order to solve the problem of underground methane production or intensification of beds
degassing.
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Introduction

One of the main challenges of underground coal mining is methane-bearing formations and
sudden coal and gas outbursts related to them. The probability of catastrophic events of gas-dynamic
processes increases with the depth of the coal seam. It is necessary to note that problems caused by
high methane concentrations not only affect the safety of mining operations, but also the economic
and environmental aspects of coal production.

Coal bed methane (CBM) extraction is complicated by low coal permeability, methane
sorption (trapping) on the surface, water saturation, and various geological formations with
natural or artificial fracture systems. There is a particular complexity in gas production during
preliminary degassing. At this stage the coal bed is not affected by development, the channels for
gas flow are not formed and the overall degassing operations are not efficient for methane removal
from the coal measure. Due to these factors the risk of gas outbursts is still very high and the labor
productivity is poor.

One of the main methods of CBM production stimulation is hydraulic fracturing which is used

in wells drilled both from the surface and from the underground.
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Statement of the problem

Simultaneous propagation of several fractures and, as a result, formation of main crack that will
link several degassing wells is one of the main condition for efficient gas recovery. To achieve the goal
it is necessary to solve the problem of wells positioning which is strongly affected by stress condition
of coal measure.

There is a problem of determining the relative position of simultaneous fracturing wells under a
given stress state of the coal measure rocks at the design stage of the degassing system.

To assess the control efficiency of a synchronous propagation of cracks we have developed special

software that implements incremental algorithm for calculating quasi-static trajectories of cracks.

Mathematical model and algorithm description

Solution to the problem based on the mathematical model which suggests propagation of N smooth
curvilinear cracks from the boundary of the circular hole with radius R. There is a uniform field of
compressive stresses acting at infinity with intensity p, and ¢, (‘ Po‘ > ‘%D . Let us consider the form of

each cut L, in local coordinate system x; O, y; is known and determine by parametric equation:

ty =0y (1,8) = x, (&) +iy (§); ‘5‘31; L €Ly

Relationship between coordinates of points in the main and local systems is given by:
z=x+iy=zexpia,) +z; = (x, +iy,)exp(ioy )+ x; +iyp

where a; angle between Ox u Ox; axes, and z,? — the origin of coordinates of local system in the
main.
We seek a solution to the problem of elasticity theory, when normal and tangential stresses are

known on the contours of the cuts:

The plus sign refers to the upper edge of the cut, and the minus sign to the bottom. There is a
compressive stress field at infinity and stresses are determined at the contour of the cut (the pressure in
the fracture is equal to 6, and its contour is stretched in the vertical direction by 6,, = G).

When integral expressions of complex potentials of stresses for a plane with a circular hole [1] are
used the problem reduces to finding solutions g k, (¢), k=1N of the complex system consisting of

N singular integral equations:

N 1
1 - P
M;J;[Rkn(faﬂ)gk(ﬁ)+Skn(§a77)g/'((§)]d§ =P,(m; <1, n=1LN

where g; (&) = g;(¢,)w, (1,&) and g (¢, ) — derivative of displacement shift

it[(uk +iv)" = (uy +ivk)7]= d-v7)

(1), t. el
dr, E g (1), 4 k

where u;, v; horizontal and vertical edge displacements of the cut in the local coordinate system, v — the

Poisson’s ratio, £ — modulus of elasticity of the medium. Kernels of the integral equations are:
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Rkn (55 77) = Rkn (Tk’Tn) = eiak (é’kn (§’n)+pn Tin (5’77))
Skn (5577) =Skn (Tk’Tn) Zeiak (é/kn (5377)+pn “Skn (5’77))
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+p_ e LN U | 0ol 2Re| ——In—= l +
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o
i T} Tn—l xT? (1+T )

where p, =(py+q¢)/2; p_=(py—9gy)/2. As cracks begin to grow from the boundary of the
hole, the kernels have the property R;,(—1,77) = S,,(—1,7) = 0. Note that if the number of cracks is
even, the central symmetry of the problem can be used, and it is possible to reduce he order of the
equations system by half.

The solution for kernels of integral equations is sought in the form g; (&) = ¢, (&) / J1-£&%;and
using the Gauss quadrature formulas, the solution of integral equations system is reduced to solving a

system of linear algebraic equations:

N N
SRy &m0 () + Sy (& o (O WE =20P, ()
ko=

1 i=l

j=LN; m=1n-1

. L . 2
where »n is the order of approximation of solution and & = ”(21 ) i=Ln;
n

17, =cos @, m=1n-1 are zeros of the Chebyshev polynomials 7, (&)=cos(narccosé),
n

sin(narccos77)
V1= 772

ensure finiteness of displacement at the left end of the cut located on the border of the hole and will

Un—l (’7) =

of first and second kinds respectively. Mathematical conditions that will

close the system of equations are ¢, (-1)=0; k=1 N.
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The values of the function ¢, (&) at the ends of cuts are defined by the following equations:

n

1 - 2i—1
¢k<—1)=n;(—1>’ wk(ff)tg%
7[(21 1)

wk(l)——fZ( Do, (£)etg ="

where @, (&) is the solution of system of equations at nodal points. Stress intensity factors at the tip

of k-crack:

o, (1)

Ky —iKy =— ‘a),i (1)‘ o, (1)
K

The limit equilibrium condition for any crack can be written as:

1 5.8, [ 3 3 ] K
K, =—cos K, +3.JK; +8K; |=—X
kTG ( ’ K 1k 2k Ir
where K, K,; are stress intensity factors for the tip of £ crack, K¢ is critical stress intensity factor,

Ky, _\/Klzk +8K22k

4K,

and angle 9, =2arctg determines the direction of further crack growth, which
coincides with the plane on which the principal component of the tensile stress reaches its maximum
value, and shear stresses are zero. This is also known as o criterion [2].

Crack opening displacement [v] =v' — v along its path can be determined as:

_40-v?h @} (o) ¢k(§)
b= ke w,;(g“of

where [, is the length of k crack, and function ¢, (&) can be calculated through the known values in

" (ff)\/

Thus, we can find the crack or cracks, where limit equlhbrlum condition is satisfied. Then the

nodal points & ; as follows:

()= Z( R

stepwise algorithm for building quasi-static trajectories of fracture propagation is used. It has been
tested and described in [3-5].

To estimate the efficiency of simultaneous fracture propagation caused by longitudinal hydraulic
fracturing special software based on quasi-static approximation was developed. The program allows
to calculate the trajectory depending on several factors:

a) the distance between centers of initial fractures d;

b) initial fractures length /;

c) stress state of coal bed, particularly maximum and minimum compressive stress components

po and g, respectively and their relation gdp;



Andrey V. Patutin, Petr A. Martynyuk... Numerical Studies of Coal Bed Fracturing for Effective Methane Drainage

i,
o

Po

4V

Fig. 1. The initial position of cracks in the compressive field
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Fig. 2. Calculation termination conditions

d) the angle gam between coalescence plane of adjacent cracks and maximum stress direction
(Fig. 1).

It was assumed that there are five cracks in isotropic elastic plane with half length equal to one
located on straight line along X coordinate; p, and g, were compressive stress components at infinity
(po>q0) and the angle between maximum stress p, and initial cracks direction is gam. The fracture
growth is provided with pressure applied to the initial cracks (eqXpo, Where ey>0).

According to the software algorithm, the count stopped when growing fractures approached
each other closer than ax,,, or one of fracture wings came out from the ay.,; interval (Fig. 2). These
critical values were obtained during auxiliary studies covered the process of fractures interaction and
coalescence on relatively small ranges.

The limitation for ax.,;, can be explained due to certain features of used software: the algorithm
is not designed for modeling of fractures intersection. That is why the value of ax.,, was chosen small
enough to consider separate cracks as a jointed system. The reason for ay.,; limit is due to the fact that
cracks do not merge during the fracturing when they are out of +ay.,,,, interval.

The purpose of numerical studies was to determine the maximum distance between fracturing
wells d,,,, at which separate cracks merge into a single system, and to estimate the impact of various

factors on this value.

Numerical experiments and results

Numerical experiments were carried out as follows:

a) gdp value was chosen equal to 0.5 or 0.8;

b) angle gam was chosen equal to 10, 30, 45, 60 or 80 degrees;

¢) the ratio of pressure in the crack to the maximum compressive stress ey, varied in the range
from 1.2 to 10.0;
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Fig. 3. Dependence of d,,..(eq) for different angles: a) gdp = 0.8 and b) gdp = 0.5

d) ax.;;=0.05; ay.,, =1

During experiments the desired value of d,,,, was determined.

Fig. 3 shows the calculated dependence of the maximum distance d,,, on the e,, when gdp value
equal to 0.8 and 0.5 respectively.

Presented graphs show that with increasing pressure in the cracks there is a growth in the distance
d,.... According to the data obtained this growth is faster when the angle gam getting closer to the
direction of one of the principal stresses. The total dependence of d,,..(e) is given by d,,.. = AxIn(ey,)+B
with high degree of approximation and correlation coefficient R*> 0.99.

When the relation gdp is decreased, the maximum distance between wells d,,,, becomes smaller.
Another feature is that in the non-uniform compression field this spacing is less than in the hydrostatic
(or uniform) condition. With decreasing angle gam from 80° to some gam,,;,, the value of d,,, is
reduced, and a further decrease leads to gam value growth. Fig. 4 shows the dependence of the gam,,,,
on gdp, based on the numerical experiments results. The value of gam,,,, increases linearly from 36° at
qdp equals 0.5 to 44° with gdp equals 0.9; and approximate value for the critical angle is 45° when the
stress state of coal measure rocks can be described as hydrostatic.

Overall, these results are consistent with the generally accepted linear fracture mechanics, which
confirms the correctness of the algorithm and software program.

Fig. 5 shows a plot of d,,.. dependent on e, at different gdp. The angle between the direction of the
maximum principal stress and the fracture line is either equal to 1°, or close to 90°.

In this case, when the direction of cracks propagation is close to the direction of one of the
principal stresses, the formation of a combined fracture system is performed at the greatest distances
between fracturing wells. The maximum value of d,,, is observed during the cracks propagation in
the less energetically favourable direction (gam equal to 89°) which is corresponds to a minimum
principal stress.

The results show a strong influence of the hydraulic fracturing pressure on the crack propagation

stability in a given direction. At small pressures, which can be modeled by low pumping rates of fluid,
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Fig. 5. Dependence of d,,..(eq) for principal stress directions: a) gdp = 0.8 and b) gdp = 0.5

the value of d,,,, is approximately three times smaller than at high pressures and that is the evidence in
favour of the pulsed nature of the fracturing. In order to achieve a high rate of fluid flow it is necessary

to use more efficient pumps or special high-capacity hydropneumatic accumulators automatically
switching on at time of fracture formation.

Summary

1. The algorithm for calculating the trajectory of the synchronous longitudinal hydraulic fracturing
carried out in parallel wells and research software based on this algorithm were developed.

2. The influence of coal rocks stress state to the maximum possible distance between wells
providing fractures linkage was determined. Also it is emphasized the desirability of pulsed fracturing
with high rates of fluid flow in to the growing crack.

3. The obtained results help to design hydraulic fracture treatments in coal measure rocks in order

to solve the problem of underground methane production or intensification of beds degassing.
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YucsieHHbIE UCCIIEI0BAHMS NpoLecca
rUAPOPa3phiBa YroJAbHOIO IJIACTA
1JIs 3P (PeKTUBHOM Aera3anmu MeTaHa
A. B. IlaryTun,
I1. A. Maprsinwok, C. B. Cepaokos

HUncmumym eoprnoeo oena CO PAH
Poccus 630091, Hosocubupck, Kpacnwiii np. 54

Ilpu nposedenuu copuvix pabom Heobxoduma 3Ppexmusnas Oe2azayusi yeOIbHbIX Naacmos. B
cmamve npeocmasien an2opumm, UCNONb3VIOWUIICA Ol pacyema mpaeKmopuy mpewjutsl, KOmopas
Gopmupyemcs 6 pezyibmame nposedeHUss onepayul 2uopopa3pvléa 8 HeCKOIbKUX NAPALlebHbIX
cksadcunax. Pezynomamer yucnennozo ananusza nokaswigaiom, 4mo Hanpaeienue pacnpocmpaneHus
MpewjuHbl 3a6UCUN OM NPUTONCEHHO20 K Hell 048IeHUS U HANPAHCEHH020 cocmosanuamaccugd. Oyeneno
MAKCUMANbHOE PACCMOAHUE MeHCOY CKBANCUHAMU 2UOpOpA3Pbled, Npu KOMOPOM HPOUCXOOUM UX
cootixa. Ilonyuennvle pezyrvsmamul Mo2ym 6vlmb UCHOIL308AHBL NPU NPOEKMUPOSAHUL 2UOPOPA3PLIEA
6 Y20IbHBIX NIACMAX C Yeblo 000bIuU Memana 1ubo s uHmeHCcUpuUKayuu de2asayuil yeirenopooHo2o
Maccusa.

Kurouesvie cnoea: uuciennoe moodenupogauue, Oe2asayus Memand, YAPAGIsembvli 2uopopaspule,
MemaH y2onbHblX NAACMOS.




