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STRESS-STRAIN STATE OF COAL WELLS KARAGANDA BASIN

The article considers the problem of determining the thermoelastic stresses that arise when drilling a coal
seam with a depth of at least 800 m. The stress-strain state is a term that has penetrated from the mechanics
of a deformable solid body into various areas, both natural and technological. Usually, three types of stress-
strain state are distinguished: the first type of elastic work - up to 35% of the breaking load; the second type
of elastic-plastic work - up to 75% of the breaking load, while cracks appear and their number increases with
increasing load; the third type of destruction - cracks appear like an avalanche and every detail is destroyed.
For the first time, we succeeded in solving analytically the Stefan problem for a cylinder of finite dimensions,
with a moving interface, by selecting an integral transformation.

A similar solution for a well in coal seams (as well as for other applications) gives an analytical solution to
the deformation-wave process in a rock mass, discovered experimentally in the late 70s of the last century
(scientific discovery of 1985, priority of 1978). Our experimental and theoretical results fit into the model of
macroscopic localization of plastic flow. This model shows that the localization of plastic flow in solids (and in
a coal seam) has a pronounced wave character. At the same time, at the stages of easy slip, linear and parabolic
strain hardening, as well as at the stage of preliminary destruction, the observed patterns of localization are
different types of wave processes.

Key words: coal seam, well, Stefan problem, stresses, temperature, depth, wave process.
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KaparaHabl 6acceiHHiH KemMip YHFbIManapbiHbIH, KepHeyni-aeGopMaLmAnbIK Kyii

Makanaga kemiHge 800 M TepeHfikTeri Kemip KabaTblH Oypfblnay KesiHae nanga 6onatbiH
Tepmocepnimai KepHeynepai aHblKTay Maceneci KapacTblpbl/ifaH. DAeTTe KepHeyi-aebopmalmanblk KynaiH,
YW TypiH arkblpaTblnadbl: CEPRimAi *KYMbICTbIH, BipiHWi Typi — y3iny »KyKTemeciHiH 35% paeniH; cepnimai-
MNACTUKAbIK *KYMbICTbIH, €KiHLLI TYPi — CbIHY }KYKTeMeCiHiH 75% -Ha aeliH, bya Kke3ae apblkTap nanaa 6onaabl
KOHE KYKTEMEHIH, ecyiMeH onappblH, caHbl apTadpl; YWiHWi Oy3blay Typi — Kap KOLWKiHI CUAKTbI KapblKTap
nanaa bonaabl KaHe apbip Henwek Hysblnagpl. bi3 anfaw pet MHTerpanapl TYPAEHAIPYAI TaHAAy apKblbl
Ko3fanaTblH MHTepdeici bap COHFbl eaWeMAal uManHApre apHanraH CtedaH ecebiH aHaNUTUKANbIK KOJMEH
LIeLyre KON KeTKi3aiK.

Kemip kabaTTapblHAafbl YHFbIMafa apHanfaH ykcac wewim (B6acka KongaHbanap cuAKTbI) OTKeH
facblpapiH 70-KblN4apbIHbIH COHbIHAA SKCMEPUMEHTTIK TYPAE alblIfaH Tay-KeH MaccacbiHAaFbl Aepopmaums-
TO/KbIH NPOLECIHIH aHaUTUKANbIK LWellimiH 6epeai (1985 »KblNFbl FblNbIMM KaHabIK, 6acbimapik 1978). bisaiH
ToXKipMbeniK KoaHe TeOPUANbIK, HITUNKENEeP MNACTUMKANbIK aFblHHbIH, MAKPOCKOMUAbBIK IOKAIN3aLUMACHIHbIH,
MoZeniHe cankec kenepdi. byn moaens KaTTbl AeHenepae (KaHe Kemip KabaTblHAa) NNACTUKANbIK afbIHHbIH,
NIOKANN3aLMACHl allKbIH TOMKbIHAbBIK CUMATKa Me ekeHiH KepceTeAi. COHbIMEH KaTap XKeHin cblipfraHay,
CbI3bIKTbIK *aHe napabonanbik aedopMalmAHbIH, LWbIHAANYbI Ke3eHAepiHAe, COHAAM-aK andblH ana Kowublay
CaTbICbIHAA NOKANM3AUMAHBIH, 6aKaNaTbIH 3aHAbIbIKTAPbl TONKBIHALIK NPOLLeCTEPAIH, 9pTypAi TMNTepi 6oabIN
Tabblnaabl.

TyiiH ce3nep: kemip kabatbl, yHFbiMa, CTedaH maceneci, kepHeynep, TeMnepaTtypa, TepeHdiK, TONKbIHAbIK,
npouecc.
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Stress-strain state of coal wells Karaganda basin
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HaI'IpFI)KeHHO-,EI,Ed)OpMVIpOBaHHOG COCTOAHUE YTONbHbIX CKBaXXUH KaparaHANMHCKOro bacceiHa

B cTaTbe paccmoTpeHa 3adada ob onpeneneHnMM TePMOYNPYrMX HanpaMKeHUr, BO3HMKAOWMX Mpu
B6ypeHUn yronbHOro naacra rayéuHont He meHee 800 m. HanpsarkeHHO-AepOopMUPOBAHHOE COCTOAHME — 3TO
TEPMMH, KOTOPbIN M3 MexaHWKM AedOpMMPYyEMOro TBEPAOro Tesa MPOHWK B pasinyHblie cdepbl, Kak
NPUPOAHOTO, TaK M TeEXHOIOrMYeckoro Tuna. O6bIYHO, PAa3ANYaAOT TPWU TUMNA HANPAKEHHO-AePOPMUPOBAHHOTO
COCTOAHMA: MepBbIM TUN ynpyroi pabotel — A0 35% OT paspyliatollein Harpysku; BTOPOW TUM ynpyro-
naactTMyeckon pabotel — A0 75% OT paspyllatolLelt Harpyskn, Npu 3TOM BO3HMKAIOT TPEWMHbl U UX YMCNO
pacTeT C yBe/IMYEHMEM HArpy3Ku; TPETUI TUN paspyLUeHne — TPELWMHbI BO3HUKAIOT 1aBMHOOOPA3HO M BCsAKan
OeTanb paspylaeTca.

Ham BnepBsble yaanocb nyrem noabopa MHTerpasbHoOro Nnpeobpa3oBaHUs PELINTb aHANNTUYECKM 33434y
CredaHa ona UMANHAPA KOHEYHbIX PAa3MepOoB, C NOABMMKHON rpaHuLel pasaena ¢as. MoaobHoe pelieHne ans
CKBa)KWMHbI B YroJibHbIX MAacTax (a Takxe A8 APYrUX MNPUNOXMKEHWK) [aeT aHa/MTUYecKoe pelleHue
nedopmMaLMOHHO-BOIHOBOMY NPOLLECCY B MAaCCUBE FOPHbIX MOPO/, OTKPbLITOE 3KCNepPUMEHTaIbHO B KOHLLe 70-
X roA0B MPOLW/Oro Beka (Hay4yHoe OTKpbiTMe 1985 roga npuoputeT 1978 roaa). MosnyyeHHble Hamu
3KCMepUMEHTaslbHble U TEOPeTUYEeCKMEe pe3y/bTaTbl  YKA3AblBAlOTCA B  MOZE/b MAKPOCKOMUYECKOM
NIOKaNM3aumMmn NNacTUYecKoro TevyeHuns. B aTon moaenm nokasaHo, YTo O0KaAM3aLMaA NAACTMYECKOro TEYEHNA B
TBepApIX Tenax (M B yro/ibHOM Naacte) MMeeT APKO BbipaXKeHHbI BOIHOBOM xapakTep. pM 3TOM Ha cTaamax
NErKoro CKOMbXEHMA, MHENHOro 1 napabonnyeckoro AebopMalMOHHOIO YIPOUYHEHMA, @ TaKKe Ha CTaaum
npeaBapuUTeNbHOro paspyleHma Habnlogaemble KapTUHbl IOKaAM3auMM CyTb PasHble TWuMbl BOJIHOBLIX

npoLueccos.

KnioueBble C/10Ba: yro/ibHbIM NAACT, CKBaXKMHa, 3adadva CtedaHa, HanpaxeHus, TemnepaTypa, rybuHa,

BO/IHOBOM npouecc

Introduction

This article is considered a continuation of the
work [1], where the extraction of methane from a coal
seam was considered. Here we also propose a theory
of microcrack formation (which refers to condensed
matter physics) in wells drilled from the surface. They
are formed during well drilling due to the occurrence
of the stress-strain state of the coal seam, as well as
due to its hydraulic fracturing [2].

The stress-strain state (SSS) is a term that, from
the mechanics of a deformable solid body, has
penetrated into various areas, both natural and
technological types [3]. Usually, 3 types of SSS are
distinguished: the first type of elastic work - up to
35% of the breaking load; the second type of elastic-
plastic work - up to 75% of the breaking load, while
cracks appear and their number increases with
increasing load; the third type of destruction - cracks
appear like an avalanche and every detail is
destroyed. Works [4-6] are devoted to this issue. See
also the bibliography presented in these works. SSSs
are also classified according to loads [3]: by the
nature of occurrence, which include technological,
atmospheric, own weight of load-bearing and
enclosing structures, seismic, explosive effects, fire,
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soil subsidence; according to the duration of the load:
constant (dead weight, soil pressure, prestress); long-
term (weight of stationary equipment on ceilings;
pressure of gases, liquids, bulk solids; long-term part
of crane, snow loads, etc.); short-term (short-term
part of crane, snow loads, wind loads); special
(seismic, explosive impacts, equipment failure,
subsidence of foundations).

In this article, we will consider SSS in wells.
They were drilled from the surface to a depth of more
than 800 m. The difference from the above works is
that the drilling process is considered as a process
with a moving interface (due to drilling). This
problem was first proposed by J. Stefan (1889) when
considering the freezing of ice in a reservoir by
solving the problem of heat conduction. A large
number of works, dissertations, monographs, etc. are
devoted to Stefan's problem. We will only mention a
few of them to clarify the essence of the issue. The
work [7] contains a survey on the Stefan problem,
which includes 339 papers on this problem. The work
[8] contains a critical review of a large number of
works. The last review of papers on the Stefan
problem is given in [9]. From a mathematical point of
view, boundary value problems of this type are
fundamentally different from classical problems of
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heat conduction. Due to the dependence of the size of
the flow transfer region on time, the classical methods
of separation of variables and integral Fourier
transforms are inapplicable to this type of problems,
since, remaining within the framework of the
classical methods of mathematical physics, it is not
possible to coordinate the solution of the equation
with the motion of the phase boundary. Numerical
modeling of Stefan problems is considered in [10-12].
In [13, 14], we managed to choose an integral
transformation and solve for the first time the Stefan
problem for a finite cylinder (this problem was
previously solved for an infinite cylinder).
Subsequently, this work was used by metallurgists in
calculating the crystallization of a steel ingot.

The development in the 2000s of directional
drilling with horizontal sections up to 3-4 kilometers
long, together with multi-stage hydraulic fracturing,
made it possible to start economically viable
production of gas, and then light oil, from tight
reservoirs from shale formations [15].

In the Karaganda coal basin, such drilling has
begun quite recently and is reflected in the
dissertation [16]. The coal seams of the Karaganda
coal basin have very low gas permeability and gas
recovery parameters, which does not allow
underground degassing to ensure the safety of miners'
work as reliably as possible. The extraction of
methane gas by drilling directional wells will reduce
the natural gas content of coal seams and increase the
productivity of mining operations during coal mining
[17].

Materials and Methods

Directional drilling is a rotary drilling method
with flushing with polymer mud. At the end of
drilling, casing string 1 is installed (Figure 1) [16].
Upon completion of the descent of the column, the
annul.us is plugged with cement mortar.
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Figure 1. The developed technology
for extracting methane from coal seams of the
Karaganda basin [16].

When drilling under the conductor, the rotary
method of drilling with flushing with polymer drilling
fluid is also used. At the end of drilling of this
interval, it is planned to install conductor 2 (Fig. 1),
with steel casing pipes, in order to protect the subsoil
and preserve aquifers, the conductor is cemented to
the mouth. To drill in a coal seam, we need to enter
the coal seam at the angle of the coal seam 3 (Fig. 1).
The angle will be set using a screw downhole motor.
The development of a well with pumping out of the
working fluid and gas is carried out through a vertical
well, previously drilled from the surface to the
productive formation, the bottom of which is aligned
with the directional cavity formed as a result of the
expansion of the walls of the well 4 (Fig. 1). In the
process of drilling, as well as using hydraulic
fracturing with polymer drilling fluids, microcracks
are formed in the coal seam, through which methane
flows (Fig. 2). Our task is to construct a theoretical
model of the development of these microcracks in
order to give a way to extract methane from coal
seams.

oy P
S

—»
v

Figure 2. Microfractures in a coal seam.
Research methods
The components of thermoelastic stresses along
the radius r is or and along the axis z - o; is of the coal

seam in the well will be estimated using the known
equations [18]:
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here, the shear modulus G is given by:
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where E is Young's modulus, ¢ is Poisson’'s ratio.

From equations (1) and (2) we need to determine
the temperature gradients in order to calculate the
stresses in the well when the drilling process is in
progress.

The non-stationary heat equation in a moving
cylindrical coordinate system moving according to
the law S(t) has the form:

aT_Aa%+1a(aﬁ A
ot " |9zz ror\ or/| )
where A4 is the coefficient of thermal diffusivity. We
choose the initial and boundary conditions in the

general form:

T(T‘, Z, t)|t=0 = 40(7”: Z),
T(T‘, Z, t)lt:R = ]/(Z, t)!
T(T', Z, t)lZ:O =" (T', t)'
T(T‘, Z, t)lz:ﬁ(t) =" (T', t)

The general solution was given by us in [13, 14] and
looks like this:
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To use Egs (1)-(3), we simplify the general problem
(5) by taking homogeneous boundary conditions. In

this case:
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T(r,z,t)|t=0 = 0;
T(r,z,t)| =g = Ty = const;
T(r,z,t)|,=0 = Ty = const; } ™
T(T', Z, t)lZ:ﬁ(t) = TO = const
where Tp is the temperature value on the cylinder
surface and on the moving media interface. Then the
general solution of the problem takes the form:
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(8)

For a stationary temperature, we have the following

expression:
ToR = /2r
= 5(Z)
Vmz C\R

When obtaining (8), we took into account that from
the equation lo(4or)=0 it follows that Ao = 2r/R and
11(2) = 1. The radial and axial components of the
temperature gradient, taking into account (9), will be
equal to

T(r,z) = 9

T 2T, | (Zr) 10
ar - Z\/E 1 R ’ ( )
0T _ RT, | (Zr) 1

The radial and axial stress components have the form:

__glor_ 4 6T (2r> 0’
or = r or Vo rz *\R)’ (12)

Y 0T 2 GRTy (2r> 13
Iz 0z~ o z2 °\R)/) (13)

Results and discussion

Let us first discuss the solutions obtained in
equations (12) and (13). The radial and axial stress
components depend on the Bessel functions. Our
experimental and theoretical results fit into the model
of macroscopic localization of plastic flow developed
in [19]. In this work, it is shown that the localization
of plastic flow in solids (and in a coal seam) has a
pronounced wave character. At the same time, at the
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stages of easy slip, linear and parabolic strain
hardening, as well as at the stage of preliminary
destruction, the observed patterns of localization are
different types of wave processes. An analysis of the
wave characteristics of such processes made it
possible to measure their propagation velocity (~ 10

10
Je(x)

> h(x)

0.0

4 m/s), wavelength (=102 m) and establish that the
dispersion relation for such waves has a quadratic
character. The Bessel functions obtained in equations
(12) and (13) in the well are shown in fig. 3a and they
describe a periodic wave process.

0 N

c)

Figure 3. The Bessel functions obtained in equations (12) and (13) in the well

On fig. 3b shows [20] that the magnitude of rock
bumps periodically changes with depth from the
surface. It turns out that the thickness of coal seams
appears to be differentiated by different zones, in
which the structure of its states changes when
changing from one area to another.

On fig. 3c shows [21] that a comparison of
longitudinal and transverse deformations of highly
compressed rocks also showed their periodic
character. This character arises within the framework
of the model of a defective medium, in which the
stresses are determined by the field of mesic cracks
interacting with each other at the boundaries of
mineral grains.

On fig. 3d shows [22] that the magnitudes of
variations in the gravitational constant (red line) and
seismic activity (blue line) of the globe also have a
wave character, since our Earth is subjected to
gigantic compressive stresses that cause earthquakes.

Equations (5), (12) and (13) are solved on
modern computers simply taking into account even in
a general form the boundary conditions. Let us now

discuss where the solutions we have obtained can be
used. In [23], the processes of drilling wells in
permafrost conditions are studied. This just
corresponds to Stefan's problem about the freezing of
areservoir. As a result of mathematical modeling, the
authors of this work obtain a nonlinear equation of
such complexity that even with the current level of
development of computer technology it is impossible
to solve it. Subsequent simplifications made it
possible to reduce the nonlinear equation to a system
that consists of two linear homogeneous differential
equations in two variables. The resulting solution
turned out to be valid only in the case when the
temperature regime of the well remains constant,
which is obviously not true. We will demonstrate the
use of our solution to this problem in the next article.

In [24], nonlinear elastic waves of the pendulum
type were found in rock masses, which correspond to
deformation-wave processes during the destruction of
rocks. The pendulum type of elastic waves is
described by Bessel-type formulas, as in our case.
The theory of such waves has not yet been

41



Stress-strain state of coal wells Karaganda basin

constructed. But the type of oscillations itself is very
similar to the movement of moving boundaries, that
is, it is close to the Stefan problem considered by us
in this article for a finite cylinder.

The work [25] is purely theoretical and, as in our
case, is devoted to the theory of the formation of
microcracks in a rock mass. Stress calculation was
carried out by the method of finite-discrete elements.
In this case, the dependence of the voltage on the bias
was non-linear. The conclusions proposed in the
paper about the radial and axial components of the
stress are in good agreement with our data obtained
analytically.

The paper [26] also discusses nonlinear
problems of soil and rock mechanics. These theories
are based on the fact that volumetric and shear
deformations depend only on shear stresses, as we put
it in formulas (1) and (2).

Conclusion

In the process of drilling, as well as using
hydraulic fracturing with polymer drilling fluids,
microcracks are formed in the coal seam, through
which methane flows. Our task is to construct a
theoretical model of the development of these
microcracks in order to give a way to extract methane
from coal seams. We managed to solve this problem
for the well by selecting the integral transformation.
Our experimental and theoretical results fit into the
model of macroscopic localization of plastic flow.
The Bessel functions obtained in the equations in the
well describe a periodic wave process. An analysis of
the wave characteristics of such processes made it
possible to measure their propagation velocity (~ 10
4 m/s), wavelength (=102 m) and establish that the
dispersion relation for such waves has a quadratic
character.
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