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Abstract. The article is devoted to the theoretical study of the influence of fractures on the static electrical conduc-
tivity of coal in order to develop and justify the non-destructive method for determining the fracturing of coal and other
rocks that conduct electric current. The inability of the effective medium model to describe the behavior of fractures in
rocks on a macroscopic scale and the complexity of experimental observations due to the low electrical conductivity of
coal necessitates an additional theoretical study.

In this paper, an approach is proposed that uses a hydrodynamic analogy between an electric current flowing
around fractures and the motion of an ideal incompressible fluid in a potential flow around solids proposed earlier in our
previous studies. The problem is reduced to solving a boundary value problem by the Cauchy-type integral method using
the Sokhotsky-Plemel formulas. Integral dependences of the relative additional electrical resistance on the fracturing
coefficient of the coal sample for an arbitrary ratio between the dimensions of coal sample and dimensions of fractures
are found. The dependences of the additional electrical resistance on the fracturing coefficient of the coal sample were
numerical calculated. Based on these calculations, the influence of the shape of cracks and the dimensions of a coal
sample on the additional electrical resistance caused by fractures was analyzed. The nonlinear behavior of the depend-
ence of the relative change in the additional electrical resistance of coal on the coefficient of fracturing and the thickness
of the sample was established. It is shown that with an increase in the fracture coefficient, the growth of the electrical
resistance of the sample occurs according to the root law, and further - according to the power law. An inverse relation-
ship was established between the gaping of fractures and the electrical resistance of a coal sample.

The results obtained can be used as a noninvasive method for determining the fracturing coefficient not only for
coal, but also for other rocks that conduct electric current.

Keywords: electrical resistance, coal sample, gas-filled cracks, hydrodynamic analogy, fracturing coefficient.

1. Introduction

A characteristic property of most rocks and, in particular, coal, is their heteroge-
neous structure due to the presence of long defects in them, such as fractures, pores,
and filtration channels. The current experimental methods used to determine the de-
fectiveness of minerals and rocks are very ineffective.

There are certain theoretical studies on the influence of fracturing on the conduc-
tivity of coal [1-3], but they are also incomplete. The sizes of cracks in rocks can be
of microscopic level. And the model of the effective medium may be unsuitable to
describe their influence on the electrophysical properties of the medium. This is of
especial importance for rocks such as coal seams, because coal is an electrically con-
ductive material. The weak electrical conductivity of coal makes it difficult to be
measured by experimental methods. Therefore, an effective quantitative assessment
of the influence of non-conductive (gas-filled) cracks on the electrical conductivity of
coal 1s needed. And this determines the relevance and demand of the theoretical study
of the effect of fractures on the electrical resistance of coal at direct current.

The presence of various voids in coal has been studied before. In particular, the
effect of pores on the electrical conductivity of coal was theoretically studied in [3]
(2010). However, the degree of porosity of the coal substance, as a rule, turns out to
be less than the degree of its fracturing. Thus, there is necessary to find additional
electrical resistance of coal caused by cracks. As for the effect of fractures on the
electrical conductivity of solid states, these issues were considered in [4, 5], where
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transfer processes in solid states were studied. However, the influence of the ratio of
coal sample sizes and fracture sizes on the electrical conductivity of the material was
not analyzed. In addition, these papers considered the approximation of a small con-
centration of fractures, when the average distance between them is quite large.

The purpose of this investigation is a theoretical study of the effect of fractures on
the static electrical conductivity of coal. It should be noted that some results related to
the effect of fractures on the electrical resistance of a conductive material were ob-
tained by the authors in [6, 7], however, they require further detailing and clarification.

2. Methods

2.1 Statement of the problem.

In the theoretical study the effect of gas-filled fractures on the electrical conduc-
tivity of coal can be considered as a heterogeneous system with inclusions, when the
volume fraction of inclusions (fractures) is relatively small. At the same time, we will
not limit ourselves to the case when the characteristic sizes of the fractures are small.
A feature of gas-filled fractures is that they are non-conductive. Therefore, they can
cause a significant impact on the effective characteristics of the environment due to a
significant difference in the properties of the environment inside and outside them,
despite the fact that they occupy a relatively small volume. Therefore, any approach-
es that operate only with the volume fraction of inclusions are unsuitable for frac-
tures. Let us assume that the distance between the fractures is large enough so that
their mutual influence can be neglected. Thus, it is advisable to first consider the
problem of the effect of a single isolated gas-filled fracture on the resistance of a coal
sample. And then it can be generalized to a sample containing a whole set of similar
fractures that are randomly distributed in its volume.

We consider, as before in [6, 7], a coal sample in the form of a plane-parallel plate
of thickness d, containing a system of randomly distributed non-conductive inclu-
sions (gas-filled fractures) with an average length of 2/. For the simplicity, we assume
that the cracks are located parallel to each other and parallel to the surface of the plate
(Fig. 1 in [7]).

We will take advantage of the fact that the carbon substance is a conductive envi-
ronment, albeit with a rather weak electrical conductivity. If we apply some potential
difference V, — V) to the opposite sides of the plate, then a constant current / will flow
in the external circuit. According to Ohm’s law for the electrical resistance of the sec-
tion of the circuit containing the carbon sample, we can write the ratio

_nh-n
=+

R (D

The presence of even one fracture in the sample will lead to a decrease in the cur-
rent density through the sample. Let us denote the perturbed current density as j’ =j —
Aj, where Aj is the change in current density caused by a fracture. Then, by using
expression (1), it is easy to show that the relative change in resistance of the sample
caused by an isolated fracture is equal to
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Here, R is an electrical resistance of an ideal sample without inclusions, R, 1s an
electrical resistance with a fracture, AR = R,— R 1s an additional electrical resistance
of the sample due to the interaction of the current with the fracture; Aj is a change in
the initial current strength due to the fracture. The index 0 in expression (2) means
that we are talking about one isolated crack. An important distinguishing feature of
expression (2) for the additional resistivity is that it is exact. This is provided by the
rejection of the assumption we used in [6] that the current density disturbance caused
by the fracture is small compared to the value of the current density in an ideal sam-
ple, i.e. Aj/j<<l. Thus, the expression (2) can be used in the case when the disturb-
ance of the initial current density caused by fracture-like inclusions is significant.

2.2 The effect of an isolated fracture on the electric current in a coal sample.

Let us first consider the situation when there is only one fracture in the coal sam-
ple, which is parallel to the surface of the plate. In the case of inclined cracks, the ob-
tained result should be multiplied by cos®a, where a is the angle between the normal
to the outer surface of the plate and the normal to the plane of the fracture.

In order to determine the effect of a collection of randomly distributed fractures
on the electrical resistance of a coal sample, the change in current density under the
influence of one isolated fracture should be considered. And then the obtained result
can be averaged on the whole sample volume.

A hydrodynamic analogy between the movement of an ideal incompressible fluid
with potential flow around solid bodies [8] and an electric current through a conduc-
tor containing long fractures was used to solve the problem of the flow of an electric
current in a coal sample with gas-filled fractures, [6, 7]. The scheme of electric current
movement around one fracture (two-dimensional case) was given before (Fig. 2 in [6]).

As it is shown in [6, 7], for a plane flow of liquid with a speed u in the direction
of the Oy axis, it is possible to introduce the quantity ®(z) which has the meaning of
the complex speed of this flow. A fracture of length 2/ represents a section of the
complex plane along the real axis Ox in the interval [/, []. It is necessary to find the
perturbation of the flow rate of an ideal incompressible fluid created by this fracture.

It follows from the theory of potential that the solution of this boundary value
problem is determined by an integral of the Cauchy type [9]. Here, the density in the
Cauchy integral is determined by the expression:

2ué

o(S)= 12_52-

3)

Specification of the source as a section along the real axis in the interval [/, /]
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w(&)=—2ur1* — &2, (4)

shows that, that the derivative of this function by & gives the function ¢(&) determined
by expression (3). Namely

dw_i_ 2_2_2u§=
d_g_dg( N )——T_gz—qo(f)- (5)

Thus, taking into account (5), the expression for the complex fluid velocity, as in
[7], takes the form

Cup &
@(Z)—E:[l(é:_z)\/lz_gz.

As it is shown in [7], using (6) and the Sohotsky-Plemel formulas [8], it is possi-
ble to find the real and imaginary parts of the complex velocity of the fluid on the
edges of the fracture.

According to the hydrodynamic analogy, the initial current density j is propor-
tional to the fluid flow rate u in the direction of the Oy axis. Then formula (7) allows
us to find the correction to the normal component of the current density Aj, o« v,(x,»)
due to the fracture (that is, the expression for the vertical component of the density
current in integral form):

(6)
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Here, the integral is taken in the sense of principal value.

2.3 Effect of the fractures system on electric current.

In order to determine the effect of the entire system of randomly located fractures
on the electric current, it is necessary to introduce the concept of the density of the
number of fractures per unit volume of the coal sample, which in the flat (two-
dimensional) case is equal to 1/p.2, where p. is the average distance between the cen-
ters of fractures. Then, after the integration, we will get along the Oy axis from 0 to d
the average change in current density due to the totality of all fractures in the sample

<Ajy>. Here, the integration along x from —o to c can be replaced by the integration

within the range from — p. to p.
Based on the assumption of statistical homogeneity of the distribution of fractures

in the coal sample, the average value of the flow velocity normal to the fracture <u y>

does not depend on the x and y coordinates. Modification of the expression (2) and
calculation of the corresponding integrals in x and y gives us the ratio for the relative
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change in the electrical resistance of the coal sample, which is due to the entire set of
fractures that it contains

AR: <Uy>/u _ k (8)
R

1-(v,)/u 1=k

Here, the dimensionless expression for & is determined by the integral

by 25
k= { D(E,a,8,y) Nk (9)

Here, the following function is introduced under the integral for brevity:
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A dimensionless fracturing coefficienty = 2hl/ r?, where h is gaping of fracture,

and dimensionless parameters o = /// and 6 = d/I are introduced into expressions (9-
10).

3. Results and discussion

With using expressions (8), (9) and (10), we will analyse the effect of fracturing
on the electrical resistance of coal for thin and thick samples and the effect of the ra-
tio of the size of the coal sample and the size of the fractures on the electrical conduc-
tivity of the material. In other words, we will find the relative value of the additional
resistance of the coal sample due to the presence of gas-filled fractures in it. To do
this, it is necessary to calculate the integral (10), which depends on the coal fracturing
coefficient y, as a parameter, and substitute the obtained values in expression (8). The
integral (9) containing the function (10) cannot be found analytically. The approxi-
mate behaviour of the function (8) was found in [7] only for certain limiting cases.
Therefore, the actual behaviour of the additional electrical resistance due to fractures
required an accurate calculation of the integral (9) with taking into account (10). In
this paper, it became possible to numerically integrate the integral (9) with subse-
quent graphical visualization of the obtained results. Situations where fractures had
various shapes were considered. In our case, the shape of the fractures is character-
ized by the parameter o = 4/, that is, the ratio of the gaping of fracture to its half-
length. The cases with the thin and thick coal sample were analysed separately, i.e.
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when the parameter 6 = d// had different values. The dependences of the relative ad-
ditional electrical resistance on the fracturing coefficient for the thin coal sample at a
fixed value of the dimensionless parameter o= 4//=0.03 and a = 4/l =0.05, which
characterizes the ratio of gaping of fracture to its length were shown in Fig. 1 and
Fig. 2, respectively.
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Figure 1 — Dependences of the relative additional electrical resistance on the fracturing coefficient
for the thin coal sample with a fixed fracture shape when a. = A4// = 0.03
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Figure 2 — Dependences of the relative additional electrical resistance on the fracturing coefficient
for the thin coal sample with a fixed fracture shape when a = 4/l = 0.05

As we can see, these dependences have a complex nonlinear character. At small
values of the fracturing coefficient, y <0.03, the additional electrical resistance
caused by fracture grows rather slowly and corresponds to the root law. With the
growth of the fracturing coefficient, when y > 0.03 and small gaping of fractures are
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a = 0.03, the dependence of the relative additional electrical resistance results in a
rapid power-law growth (Fig. 1). But with a larger value of gaping of fractures
a = 0.05, the dependence of the relative additional electrical resistance on the crack-
ing coefficient at y > 0.03 has a linear character (Fig. 2).

Dependences of the relative additional electrical resistance on the fracturing coef-
ficient for the thick coal sample at a fixed value of its thickness 6 =d//=0.6 and
d=d/l =1, are presented in Fig. 3 and Fig, 4 respectively.
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Figure 3 — Dependences of the relative additional electrical resistance on the fracturing coefficient
for the thick coal sample at & = d// = 0.6

ARSI

0.1

0.0

000 001 002 003 004 005 006
Y

Curves 1 — 3 correspond to different values of dimensionless parameter a. = 4//: {0.05, 0.06, 0.07}
respectively

Figure 4 — Dependences of the relative additional electrical resistance on the fracturing coefficient
for the thick coal sample at 6 =d// = 1.
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They show that at small values of the fracturing coefficient, y < 0.03, the relative
additional resistance grows slowly, according to the root law. If the degree of fractur-
ing of the coal sample exceeds y > 0.03, then the electrical resistance caused by the
cracks becomes linear. Comparison of the curves in Fig. 3 and Fig. 4 shows that an
increase in the thickness of the sample affects only an increase in the value of the rel-
ative additional electrical resistance, without changing the nature of the dependence.

4. Conclusions

The effect of fracturing on the electrical resistance of coal was analyzed, in par-
ticular, the dependence of this effect on the ratio of the sizes of the coal sample and
the sizes of the fractures on the electrical conductivity of the material. From the con-
ducted numerical studies, it can be concluded that the relative change in electrical re-
sistance of coal, due to fractures, mainly nonlinearly depends on the coefficient of
cracking of coal.

Results of numerical analysis show that in the case of small fractures and an ex-
tremely thin coal plate, at low values of the coal fracturing coefficient, i.e., when
v < 0.03, the relative additional electrical resistance grows relatively slowly, close to
the root law (Figs. 1, 2). In the case of a further increase in the degree of fracturing of
the coal sample, that is, for y <0.03, the growth of the relative additional electrical
resistance becomes power-law dependent.

And, finally, in the situation when the length of the fractures is close to the thick-
ness of the plate, root growth is also observed for the relative additional electrical re-
sistance of the sample caused by the fractures (Figs. 3, 4). But the additional electri-
cal resistance increases additively with the increase in the thickness of the coal sam-
ple. In addition, the obtained dependences indicate that fractures with smaller gaping
significantly affect the resistance of the coal sample.

Graphical dependences represented by curves in Fig. 1 — Fig. 4 were obtained by
numerical integration of the general expression (9) with taking into account (8) and
(10). They clearly demonstrate the behavior of the relative additional electrical re-
sistance caused by cracks, depending on the fracturing coefficient.

We note that the obtained dependences of the additional specific electrical re-
sistance on the fracture coefficient of the sample are not only of fundamental im-
portance. They are also of practical interest, because they can be used as a non-
invasive method of determining the fracturing coefficient not only of coal, but also of
other rocks that conduct electric current.
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BMNUB TA30HAMOBHEHMX TPIWMH HA ENEKTPOMPOBIOHICTb BYrINNA HA MOCTIMHOMY
CTPYMI
CmegbaHosuy J1.1., ®enbomaH E.I1., Masyp O.FO.

AHorTauis. CTaTTs NpucBsYeHa TEOPETUYHOMY BUBYEHHIO BNMBY TPILLMH HA CTATUYHY €NEKTPONPOBIAHICTb BYrinns
ANs po3pobku Ta 0BrpyHTyBaHHS HEPYWHIBHOrO CNOCOBY BU3HAYEHHS TPILLMHYBATOCTI BYFINNS Ta iHWMX MpCbKUX Nopia,
LL{O NPOBOASTH ENEKTPUYHMIA CTPYM. HesgaTHiCTb Moaeni echeKTMBHOMO CepeaoBMLLa OnncaTi NOBELIHKY TPILLWH Y ripChb-
KnX nopogax y MakpoCKOniYHOMY MacuTabi Ta CKnagHiCTb eKCepuMEHTanbHIUX CNOCTEPEXEHb YEPE3 HU3bKY enekTpon-
POBIgHICTL BYrinms 0BymMoBIoe HEOOXiAHICTb NPOBEAEHHS JOAATKOBOrO TEOPETUYHOTO LOCIIMKEHHS.

Y uin poborti 6yno BMKOpUCTaHO Migxia, skuit 6a3yeTbCs Ha BUKOPUCTAHHI NiAPOAMHAMIYHOI aHanorii Mix enexkTpuy-
HUM CTPYMOM, L0 OBTIKAE TPILLMHY, i PyXOM iAeanbHOI HECTUCKAEMOI PiAMHI NPU NOTEHLiHOMY 0BTiKaHHI TBEPAMX Tifl,
3anponoHOBaHUiA paHille y Hawwmx poboTax. Mpobnema 3804MTLCA 4O BUPILLEHHS KPaoBOi 3adaqi METOLOM iHTerpana
Tuny Kowwi 3 BukopuctaHHsam copmyn Coxoupkoro-Nnemens. 3HanaeHo iHTerpanbHi 3anexHoCTi BiJHOCHOrO 404ATKOBO-
r0 enekTpoonopy Bif KoediljeHTa TPILLMHYBATOCTI BYriNbHOTO 3paska A5 AOBINbHOMO CriBBiGHOLLEHHS MiX po3Mipamm
BYriNbHOrO 3paska Ta po3mipamu TpiuH. poBeAeHO YMCenbHI PO3paxyHKK 3anexHOCTEN J04aTKOBOTO enekTpoonopy
Bifl KoediLjieHTa TpiLLWMHYBATOCTi BYriNbHOrO 3paska. Ha OCHOBI LMX po3paxyHKiB NPOBEAEHO aHarni3 BBy (opmu Tpi-
LWH Ta pPO3MIpiB BYrifbHOTO 3paska Ha JOAATKOBUI eNeKTPoonip, 3yMOBREHW TpilMHaMK. byrno BCTAHOBMEHO HeMiHin-
HWIA XapakTep 3anexHOCTi BiGHOCHOI 3MiHU 10[aTKOBOro enekTpoonopy BYrinns Bif KoedilieHTa TpiliuHyBaToCTi Ta To-
BLUWHWM 3pas3ka. [MokasaHo, WO 3i 3poCcTaHHAM KoedvillieHTa TpiLlyMHYBaTOCTi 36iNbLUEHHS enekTpoonopy 3paska Bigbysa-
€TbCH 3a KOPEHEBUM 3aKOHOM, a Hafani — 3a CTyneHeBUM. FK 3'aCyBanocs Mix 39SHHAM TPILLMH Ta iX BNAMBOM Ha enek-
TPOOMip BYriNbHOTO 3paska iCHYe 3BOPOTHA 3aNEXHICTb.

OTpumaHi pesynbTaTi MOXyTb BYTW 3aCTOCOBAHI Y SKOCTI HEIHBA3WBHOTO METOAY BU3HAYEHHS KoediljieHTa TpiLm-
HYBaTOCTi He TiNbKKM BYriNNs, ane 1 iHWMX ripCbKux nopid, Wo NpoBOAATL ENEKTPUYHMIA CTPYM.

KntouoBi cnoBa: enektpoonip, BYrinbHWiA 3pa30K, ra30HaNOBHEHI TPILLMHW, MiApPOAMHAMIYHA aHanoris, KoedilieHT
TPiLLMHYBATOCTI.
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