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ABSTRACT

Purpose. Theoretical substantiation of the methodological foundations of possible effects and aftereffects identifica-
tion of the hydraulic seam fracture (HSF) technology.

Methods. The research structure and procedure includes: studying the power engineering aspect of the rock failure,
the acoustical wave effects; thermodynamic analysis of rock failure, analysis of surfaces mechanoactivation at rock
failure and aftereffect of the primary pore space self-development at the HSF due to the Rebinder’s effect.

Findings. It was established that among the fundamental consistent patterns that determine the formation and develop-
ment of the HSF technology aftereffects during formations mining, are the methodological provisions and criteria for
failure parameters prediction and grinding effects, namely: the average and local energy density of geoenvironment
destruction, efficiency of grinding, the average particle and pore size, the specific surface area, the specific energy
consumption per unit of the resulting surface. The connection between the parameters of the acoustic wave and the
size of the fractures, which forms the basis of the acoustic emission (AE) method, is experimentally confirmed.

Originality. It is established that the database for evaluating the expected fracture effects in the working zone of the
HSF is: AE activity, specific acoustic radiation, spectrum of signals, characteristic amplitudes under the condition of
physical modeling on the model samples of the geoenvironment behavior. It is shown that the critical state of a sub-
stance corresponding to the beginning of failure at the microlevel should be considered from the standpoint of ther-
modynamics as a phase change (evaporation, sublimation) near the critical point, based on the temperature critical
values and the specific energy of the phase change. The presence of surfaces mechanoactivation in the rock failure is
experimentally proved. The hypothesis concerning the rock pore space development aftereffect during hydraulic
seam fracture due to the Rebinder’s effect is presented.

Practical implications. It is proposed to size up the degree of geoenvironment destruction in the process of the HSF
by the K, parameter, which is equal to the product of the maximum amplitude of acoustic signals on the total acoustic
activity of the destruction zone. It is established that the conditions for rock failure at the HSF are determined by the
relationship between the rock pressure P and the volume energy density # of the failure. It is shown that the level of
surfaces mechanoactivation can be estimated by adsorption characteristics — the adsorption potential and the pH of
the newly discovered surfaces.

Keywords: hydraulic seam fracture, acoustical waves, thermodynamic analysis, mechanoactivation, the Rebinder’s
effect, acoustic emission, potentiometry, pH measurement

1. INTRODUCTION

In recent decades, for the intensification of the fluids
extraction (oil, natural gas), mainly from tight stratum, the
hydraulic seam fracture (HSF) technology or shortly
“frecking” is being actively implemented in the world. It
involves the formation of induced fractures in the for-
mation by gradual pumping into it a special liquid under
high pressure — mainly water or hydrocarbon liquid with a

certain content of sand or other proppant and thickeners. In
this way, forced pore space in the formation substantially
increases its current capacity and provides an intensifica-
tion of the fluid entry into the seam after the end of the
hydraulic fracture process. The frecking technology is at
the basis of extraction, in particular, of shale oil and gas
(Gandossi & Von Estorff, 2015; Gandossi & Von Estorff,
2016). As of 2012, 2.5 million people are involved in
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freking operations at oil and gas wells worldwide, inclu-
ding 1 million in the United States (King, 2012). Accor-
ding to the U.S. Department of Energy (DOE), the volume
of “technically extractive” world shale gas reserves in
41 countries of the world is over 200 trillion m? (Shcherba,
2013). At the same time, the resources of the “traditional”
natural combustible gas in the world are estimated to be
327 — 546 trillion m* (Biletskyi, 2004; Biletskyi, 2007;
Biletskyi, 2013), which illustrates the significance of the
fluid extraction problem using the HSF technology.

However, the application of the HSF technology, ac-
cording to many studies and expert assessments, has envi-
ronmental risks. So, the European Parliament’s study on
“The Impact of Shale Gas and Shale Oil Extraction on the
Environment and Human Health” has shown that 58 of
the 260 substances used in the process of fracking have
one or more hazardous properties (Lechtenbohmer et al.,
2011). Which includes, 6 the highest hazard substances,
according to the European Commission classification,
38 are classified as hazardous toxins, 8 substances are
classified as known carcinogens, 7 are classified as muta-
genic, 5 — as having an effect on reproductive processes.

In the conclusions of another study “Chemicals used
for hydraulic fracturing” by the US House of Representa-
tives on energy and trade, carried out in 2011, it was
noted, firstly, that this analysis was the most comprehen-
sive national assessment of chemicals types and volumes,
which were used in the process of hydraulic fracturing;
secondly, in 2005 —2009, the 14 leading companies in
the field of the HSF in the United States used more than
2500 hydro-dispersive products (reagents) containing
750 compounds and more than 650 of them contained
chemicals known to be potentially human carcinogens or
introduced to the list of dangerous air pollutants
(U.S. House of Representatives, 2011).

In addition to these estimates, there are many more
local studies and observations that contain both argu-
ments for and against the HSF technology, which basi-
cally correlate with the above arguments of the HSF
technology significance and its risks.

Environmental risks of the HSF technology are main-
ly due to the probability of earthquakes, as well as the
penetration of chemicals used in this technology in the
aquifers and above — up to the surface of the earth. De-
tailed studies (Skoumal, Brudzinski, & Currie, 2015)
have shown that earthquakes may in some cases be
caused by fracturing, but this effect is not widespread,
and the magnitude of earthquakes is small — about 2 —3
on the Richter scale.

The reasons for the chemical substances migration in
the rock massif are different, in particular, earthquakes
with low magnitude caused by drilling wells and con-
ducting HSF (according to Shcherba, 2013) thousands of
micro-earthquakes are observed), natural and newly
formed fracturing of rocks, capillary suction (Birdsell,
Rajaram, Dempsey, & Viswanathan, 2015), etc. The deci-
sive influence of the geological environment characteris-
tics on the ascending migration phenomenon, its speed
and time frame from the location of the HSF through the
indigenous rocks to shallow aquifers are estimated. Myers
(2012) suggested that such migration could occur in less
than 10 years. In work (Flewelling & Sharma, 2013), the
time frame for such migration is estimated at over
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100 years. The presence of a hydraulic connection be-
tween black shales and shallow aquifers is also noted by
Rozell & Reaven (2011) and Warner et al. (2012).

The authors (Flewelling & Sharma, 2013) have inves-
tigated the factors that control the fluid flow at a depth.
In particular, they considered the fluid ascending migra-
tion of the HSF and salt solutions in black shales of
the United States, depending on the permeability of the
higher-layers of rocks and main gradients, since these
variables, in their beliefs, determine the direction and
magnitude of the vertical migration flows of fluids in the
fractures. It is marked by a much larger (in order of mag-
nitude) horizontal migration compared with vertical
migration. The multifactor of the liquid phase migration
process, which is particularly affected by the size distri-
bution of the flakes is shown (note that the density of the
disperse materials composition can be estimated, for
example, by the Fuller criterion), the voltage in the seam,
the degree of its fluid saturation, the cementation pro-
cesses. These factors often cause a decrease in the per-
meability of the collector layer by a huge ratio. Multiple
fluids (e.g., oil, natural gas, and water) in pore space also
significantly reduce permeability. The prevalence of fine-
grained rocks (shale, siltstones and argillites) and the
bedded structure of sedimentary basins limits the vertical
permeability of underlying rocks above black slates.

Particular attention deserves empirical studies of ver-
tical fracture growth during the stimulation of HSF. Stu-
dies for US slate conditions (Barnett, Eagle Ford, Mar-
cell, Woodford and Niobrara) are performed by Fisher &
Warpinski (2011) fix the maximum height of fracture
growth (the upper boundary of rock failure) during each
recorded HSF stimulation, usually about 100 m from the
place of fracture pressure application. At the same time,
the HSF was implemented at a depth of 1500 — 2500 m.
In different basins, the height of fractures varies slightly,
which obviously depends on the geological situation,
and the maximum recorded fracture height is just over
500 m (Davies, Mathias, Moss, Hustoft, & New-port,
2012). Note that the “primary fracture” height was in-
vestigated — immediately after the HSF. Its development
has not been monitored.

Another important aspect of pore space development
at the HSF is fracture-propagation pressure. It is estab-
lished that besides the fracture network (that is, only
outside the fracture surface or in the extremes of fracture-
propagation), the change in seam pressure depends on the
properties of the rocks and fluids that control the pressure
propagation. The natural positive pressure gradients
(which are a necessary condition for the bottom-up fluid
flow) occur due to topographical factors or excess relic
pressure at the depth (Flewelling & Sharma, 2013).

The performed review and analysis of the problem of
the HSF effects and aftereffects shows its relevance. In
this case, the existence of empirical research and analyti-
cal works create an information base for forecasting (in
particular, through modeling) the pore space extension
(the fracture development), as well as the fluids ascen-
ding migration in the rock massif due to the HSF. At the
same time, it should be noted the lack of research on the
conditions for the HSF rock failure and the problems of
the pore space development aftereffects in the hydraulic
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seam fracture. In the above-mentioned studies there is no
theoretical analysis of the rock failure process in the HSF,
the possibilities of monitoring its kinetics, evolution and
forecast of the HSF technology practical application con-
sequences. The dynamics of fracturing in the rock massif
at the HSF is practically unexplored. One of the possible
mechanisms for such “self-development” of rocks fractu-
ring in the presence of fluids is, as is known, the manifes-
tation of the Rebinder’s effect (Andrade & Randall, 1949;
Goryunov, Pertsov, & Summ, 1966; Malkin, 2012).

The purpose of the work is theoretical substantiation
of the methodological foundations of possible HSF tech-
nology effects and aftereffects identification. To achieve
this purpose, it is necessary to consider:

—the rock failure energy aspect, in particular, the
conditions for the formation and development of frac-
tures in the formation; the effect of acoustic radiation, the
sources of which are the cells of rocks grinding;

— the rock failure thermodynamics, in particular, the
process of dispersion as a phase transition (evaporation,
sublimation) near the critical phase point;

—the effect of surfaces mechanoactivation in the
rock failure HSF and its expected technological effects
(aftereffects);

—the Rebinder’s effect is the disjoining pressure of
the molecules, occurred along the upper reaches of the
fractures, in particular the surfactants molecules at the
HSF and also the cooling of tiny fractures in the size of
several lattice atom in the water environment and, thus,
preventing their “healing” (aftereffects of pore space
self-development as a result of HSF).

Thus, the authors set the task of applying the modern
theoretical level of the rock failure science to establish
the conditions for the rock failure HSF and the justifica-
tion of the HSF technology aftereffects. At the same
time, it is important to analyze the patterns of the mecha-
nism and the effects of the geological environment de-
struction during the formations development.

2. METHODOLOGY

The structure and sequence of the research includes:
studying the rock failure energy aspect, the effects of
acoustic waves; thermodynamic analysis of rock failure,
analysis of surfaces mechanoactivation in the rock failure
and aftereffects of pore space self-development as a
result of HSF due to the Rebinder’s effect. Applied:
acoustic emission method, potentiometry, pH measure-
ment. The original wideband acoustic sensor of
V.M. Bovenko design was used in the acoustic emission
method (Bovenko, 1990). The loading of model samples
during their destruction was carried out at the original
installation of A.D. Alekseev design (Donets’k Physical-
Technical Institute of the National Academy of Sciences
of Ukraine) (Gorobets, Bovenko, & Dubrova, 1995). The
range of samples pressure loads in the studies:
0 — 150 MPa. Acoustic emission was evaluated by the
activity of acoustic signals fixed by the sensor in the
range 0— 105! and specific acoustic radiation in the
range of 0— 10'° signals per m>. In research using the
potentiometry method the original method was deve-
loped by (Gorobets, Yur’yevskaya, Korsakov, & Vdo-
vina, 1986). The adsorption potential of the serro-ferri
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system was detected in the presence of the test material
joint hinge (15 mg). Patch clamp range is 550 — 0 mV.
Test duration is 6 — 12 min, taking into account the buf-
fer features of the system. At the same time, the pH pa-
rameter was recorded in the range 2.6 — 3.1.

3. RESULTS AND DISCUSSION

Microstructural dissipations are developed in activa-
ted structural damages in the material operation modes
with accelerated accumulation of energy (seismic, tecto-
nic processes, HSF). In particular, there are irreversible
changes in the hanging layer consistence, creepages, frac-
ture propagation, phase polymorphic changes, chemical
reactions, material heating, local penetration of occluded
molecules of liquids through fractures (Rebinder’s effect),
abnormal changes in the physical properties of a sub-
stance, as shown in previous papers (Gorobets, 2002;
Gorobets & Safonov, 2002; Gorobets, 2004).

3.1. The rock failure energy aspect.
The acoustic waves action

The most important achievements of science in han-
dling a problem are multipurpose kinetic representations
of destruction, which are experimentally confirmed for
different types of materials (crystals, rocks, metals, glass,
polymers) (Kuksenko, 1984; Petrov & Gorobets, 1987).
Also important are the new provisions in the solids dis-
persion theory developed in the works (Gorobets, 2002;
Gorobets, 2004).

In various concepts of destruction, the fundamental
role is assigned to the critical state of materials. For
example, in the dilaton theory (Vettegren’, Kuksenko, &
Tomilin, 2004) fracture formation is associated with the
critical extension of interatomic bonds, in which the
dilaton fracturing is achieved at phonon pumping. In the
autovibrating theory (Bovenko, 1986; Bovenko, 1990)
the critical state is considered as an analog of the reso-
nance-wave (autoresonant) state. From the standpoint of
this theory, precisely acoustic radiation leads to the intera-
tomic bonds cleavages. Each of these cleavages initiates
new fractures, acting as a trigger for releasing accumula-
ted energy. Thus, the basis of the rock mass grinding
effects are the elementary acts of destruction (irreversible
interatomic bonds cleavages). These acts arise in the criti-
cal state of materials in local thermodynamically non-
equilibrium zones by the autovibrating of atoms and their
self-organization under the autoresonant mechanism.

The useful effect of new surface formation during
destruction is due to the acoustic waves action that arise
during interrupted condensed material automotive (Bo-
venko, 1987; Gorobets, Bovenko, & Dubrova, 1995;
Gorobets, 2004). In the state of pre-destruction of the
loaded solid, a mechanism is implemented in the form of
an acoustic laser as an irreversible machine. The trans-
formation of the lattice energy E into the acoustic £, with
the quantum efficiency #, equal to the ratio of the
phonons energy (4 v,) to the energy of the interatomic
bond (m-c?) occurs:

h'Um Vb
ny=—"a=-"L

="t =1072..1073,
m-c

(1
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where:

h — Planck’s constant;

Un = c/a —maximum oscillation of atoms frequency
in an acoustic wave;

¢ — the acoustic speed in a solid;

a — interatomic distance.

The natural vibration is of quantum mechanical na-
ture, since they arise at a critical velocity of particles
Vi, = h/ma, which value for most solids is Vy/c =1072...1073.
In the presence of vibration, destructive processes begin
to develop intensively at a rate of:

Vi =V ¢ =(10_2...10_3)~c, )

that characterizes the critical rate of autoresonance.

When the critical energy density (average in sample
volume Wy and local Way—in the damage center) accu-
mulated in the rock, energy is released by the new sur-
face formation A4S (with the HSF — the surface of the
newly formed pores and fractures in the array of rocks).
Critical density energy:

Wy _00-& .

Wy =—-= ; 3)
i 2-¢

W, = %04 , (4)
2
where:

0o, & — break-down point and deformation at the
break-down point;

& — relative deformation at the dispersion stage.

The Wy value characterizes the grinding mode (geologi-
cal environment fracturing, the formation of large fragments
and joints). The Wy value determines the energy consump-
tion for grinding (dispersing) and small pores and fractures
formation, in particular, with HSF. The achievement of the
critical energy density causes the rock failure at the HSF,
and the degree of its excess — also the nature and parame-
ters of destruction and the HSF aftereffects development.

The kinetic curves of tiny fractures accumulation under
high pressure conditions are of particular interest for the
volume natural objects fracturing process study.
Information on the origin and development of fractures in
the heterogeneous bodies volume of various nature is
obtained by the method of acoustic emission (AE). AE
method is used to study the size of fractures from tiny to
kilometer. Figure 1 shows experimental data (Frolov,
Kil’keev, Kuksenko, & Novikov, 1980), confirming the
connection lg (7/2) =f(Ig /) between the duration of the
leading edge 7/2 (sec) of the linear acoustic waves and the
fracture size | m in the materials destruction in laboratory
conditions on models and in the earth’s crust (the turn-
down of fracture size is 0.1 mm — 1 km). It is believed that
the equations of this connection correspond to the formula:

r=4 5)
v
where:

v — fracture propagation rate;
o — the coefficient of proportionality.

6
y=1.0294x+3.181 5/
R’=0.9889 e
o g3
2
2 |
= 2 1 o 1 2
S -1
2
-3
-4
Lg (772), (T, s)
® Rock during earthquakes e Glassfiber
Granite Porous glass
e Glass o Steel

Figure 1. The relation Ig (T/2) =f (Ig l) between the duration
of the acoustic wave leading edge T/2 and the frac-
tures size | at the destruction in the laboratory and
natural conditions (Frolov, Kil’keev, Kuksenko, &
Novikov, 1980)

Kinetics of stresses and acoustic emission at iron-
bearing rock sample destroying by simple compression
(cube with 50 mm side) is shown in Figure 2a: o — stress,
MPa; N—-AE activity, sec!; 7—load duration, sec;
¢ —current deformation, units ode. The change in the
stress-deformed state and acoustic radiation of iron-
bearing rocks sample is shown in Figure 2b (a cube with
50 mm side) in the simple compression process coupled
with the radiation exposure of the sample by the UHF
electric field (power — 70 W, frequency — 40 MHz).

As it can be seen from the comparison of graphs N (7)
(Fig. 2a, b), the effect of the UHF field led to increased
plasticity and the manifestation of sliding fracture mode
of the sample (under the action of tangential stresses with
the sliding planes formation) (Gorobets & Dubrova, 1991).

Thus, the use of acoustic data in the volume geoenvi-
ronment fracture allows us to obtain information for de-
struction mechanism monitoring and evaluation of the
expected (in the ¥ volume zone) grinding effects, in particu-
lar, with the HSF: the growth of the surface AS/V of the
destroyed joints; medium particles density dx, y grade yield:

A
BNy a =Ly =V Nps
v K\N v oy

where:

N/V — the number of AE signals is shown;

I, 0 — transverse and linear dimensions of structural
flakes (blocks);

K — concentration criterion, K =2 — 5 (Gorobets, 2004).

Listed in Figures 1 and 2 experimental data show the
leading role of acoustic monitoring in forecasting the
rock failure effects. Based on the carried out analysis and
the obtained data, we believe that the degree of geoenvi-
ronment fracturing in the HSF process can be estimated
by the K}, value, which is equal to the product of the Amax
acoustic signals maximum amplitude to the total acoustic
activity Ny of the destruction zone: K, = Amax'Ny. In this
case, the K, criterion essentially characterizes the acous-
tic effect of the kinetic energy transformation in the dril-
ling working zone into the acoustic energy of the geoen-
vironment fracturing.
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Figure 2. Stresses kinetics o (z) (1) and acoustic radiation
N (z) (2) at iron-bearing rocks loading with simple
compression (a) and combined (compression with
radiation) (b)

3.2. The rock failure thermodynamics

In the aspect of the methodology of the HSF techno-
logy aftereffects predicting, in our opinion, the thermo-
dynamics of the rock failure process plays a special role.
At the same time thermodynamic foundations considera-
tion is important in all destruction manifestations: tecto-
nic processes, rock bumps, coal and gas emissions,
explosion, drilling, crushing and grinding. Experimental
data have established the proximity of the fracturing
activation energy values, indentation, thermal degrada-
tion, sublimation, and enthalpy per unit of atoms for a
wide range of materials. In this connection, the critical
(limit) state of a substance corresponding to the destruc-
tion beginning of the packed bed substance at the mi-
crolevel should be considered from the thermodynamics
standpoint as a phase change (evaporation, sublimation)
near the critical point, based on the critical values of the
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temperature T, and the specific energy AH.'® of the
phase change taking into account the ratio:

AHY =3.R.T,

cr o

(7

where:

R — universal gas constant, R = 8.31 J/mol-K (Gorobets
& Lyutyy, 1997; Lyutyy, Gorobets, & Dubrova, 1997).

From this, it follows that when the energy of any type
(mechanical, thermal, combined) is brought to the mate-
rial at the pre-destruction stage in the local zones (near
the space lattice defects) there are “hot spots” — areas of
micro-destruction with the temperature 7. of a critical
value. We believe that the parameter 4H,, plays the role
of a potential (energy) barrier that prevents the sponta-
neous substance phase change to the same extent as its
self-destruction/dispersion. This means that the value
Way of the local critical energy density at destruction
(dispersion) is equivalent to the content and equal to the
specific energy intensity of the substance phase change
in a critical state.

In other words, in the microdispersion zones, the fair
ratio is:
= A Hlab ~

Way o 23 RT,. @®)

Experimental data on the activation energy of fractu-
ring with microindentation or stretching are consistent
with the turndown AH.,, calculated for substances with
known values of critical parameters, for example,
22— 150 kJ/mole (coal), 319 (silicium), 298 —344
(quartzite), 366 — 378 (silicate glass), 569 (magnesium
oxide). The turndown of the local energy density Way in
the natural materials dispersion process (iron ore, sand-
stone, talc, and coal) is also established in the conditions
of volume compression: Way=102-103 MJ/m* at
AS/V =103 — 104 m*m? (Gorobets, 2004). According to
experimental data, the energy density during ferruginous
rocks drilling is Way=170— 180 MJ/m* (the particles
size is about 107'...102m), when the fracture is
Way=2.9—4.2 MJ/m? (the particles size is —10°...—~107! m).

After reaching the critical energy density in local
zones where there is a strong deviation from the thermo-
dynamic equilibrium, the body becomes a thermodyna-
mic system of open type, that is, it can exchange energy
and materials with the environment. The act of rock
failure in nature and technology (seismic processes, rock
bump, hydraulic seam fracturing) is accompanied by
dispersion, rocks heating, changing the materials phase
state, its properties and quality, the removal of small and
fine particles into free space.

Rocks fracturing takes place under triaxial compres-
sion conditions at about ten kilometers depth at high
stress levels — hundreds and thousands of MPa. Despite
the great stress and accumulated energy in local areas,
the rocks of the geological environment can not resist the
array environment. However, the situation changes if
there is baring, or the well being drilled. There is a possi-
bility of stress discharge and energy release in the form
of heat and self-destructive work. Similarly, in mining
operations (especially explosive), coal and gas emissions,
drilling wells, man-made seismic bumps serve as a trig-
ger for the rock failure process implementation with all
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its consequences and the effects of temperature, pressure,
energy and substance properties changes.

In the works (Gorobets & Lyutyy, 1997; Gorobets,
2004) thermodynamic parameters connection of the geo-
logical environment study is carried out on the basis of
the relationship between the pressure P and the volume
energy density W of the deformation: P=1/3W. The
value W is estimated from the formula:

Wzpc AT, )

where:

¢ — the specific rocks heat;

AT — the growth of the rocks temperature at a depth
of Ah in comparison with the temperature on the earth’s
surface.

The temperature plays the role of the parameter
through which the elastic energy is expressed through its
thermal equivalent. The increase in pressure AP with
increasing depth 4/ is described by the ratio:

AP=p-g-Ah. (10)

The value AT/Ah, established by the results of tem-
perature measurements in deep mines and wells, varies
within 1 — 5°C at 100 m depth. Consequently, the condi-
tions for rock failure at HSF are determined with the
relationship between the rock pressure P and the volume
energy density W of the deformation.

3.3. Surfaces mechanoactivation in the rock failure

Dynamic substance reorganization at the geoenviron-
ment destruction is accompanied by the generation of
space lattice defects, electromagnetic and acoustic radia-
tion, the emission of electrons, atoms, particles, and lumi-
nescence. In nature and various technologies of pro-
cessing geomaterials in areas of small scale (micro and
nanoscale), at certain moments, energy may be concen-
trated, comparable to the activation energies of chemical
reactions. This leads to changes in the energy state of the
substance, the physico-chemical and technological pro-
perties of the fine fractions of the crushed material, which
are called mechanical activation. The energy state of a
substance determines the properties of the solids surface,
in particular, its chemical structure, a set of functional
groups associated with the number of structural defects in
the form of fractures, pores and other deformations of the
natural atoms location. The solid surface is characterized
as a special materials state in physics of strength.

Among the factors that determine the effects of
mechanoactivation, are the averaged Wy (in the sample
volume) and the local W,y (at the heart of destruction)
energy density at destruction (Gorobets, 2004). The in-
crease in the level of these energy parameters is due to
the approach of mill feed material loading speed to the
critical speed of the auto-resonance, in which the limiting
speed of the substance space lattice at micro and nano
levels is realized. From the standpoint of the destruction
physics, the phenomenon of mechanoactivation can be
imagined as one of the forms of substance activity natu-
ral vibration at the stage of spontaneous destruction (au-
to-rezonance) of a loaded solids (Bovenko & Gorobets,
1988; Gorobets, 2001).
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The degree of mechanical activation can be estimated
by the dispersion effect, that is, the specific newly-
formed surface AS/V in the process of geomaterial de-
struction. It is stated (Gorobets, 2004) that the value 4S/V
is determined by the energy properties of the geomateri-
al, in particular, the surface energy y, the efficiency of the
dispersion #, the Wy parameters and energy density Wy
at fracturing in accordance with the ratio:

AS Wy-n  AS Wy &1
14 y TV y

The value of the parameter 4S5/V is proportional to the
ratio Wy /y, which means the essence of the limits im-
posed by the energy properties nature (y, 7, Wuy) of the
geoenvironment on the limiting degree of its mechano-
activation. Let’s consider in practical examples the esti-
mability of the maximum realized degree of destroyed
product particles mechanical activation.

Studies have shown that the effects of mechanoacti-
vation vary depending on the way and mode parameters
of the loading during machining, in particular, depending
on the dynamic deformation velocity and the duration of
pumping the body with energy. The way and mode of
loading may change the following parameters: juvenile
surface, number of functional groups, supramolecular
structure, chemical composition, heat of materials wet-
ting and dilution. The parameter for fine particle fraction
activity comparison can be free energy of adsorption
under other equal conditions.

In practice, the characteristic of adsorption activity,
which is determined with the use of the potentiometric
method, is tested and recommended for evaluation of the
particle mechanoactivation (Gorobets, Yur’yevskaya,
Korsakov, & Vdovina, 1986). The technique involves
measuring potential of the crystal system oxidation-
reduction ferro-ferri system (Fe3"/Fe?") in the presence of
a metal-oxide dispersion composite joint hinge to deter-
mine the equilibrium between the concentration of iron
in the solution and metal-oxide substance surface. In
essence, the value of the conventional adsorption poten-
tial 4p of the metal-oxide dispersion composite of a
given physico-chemical system characterizes the amount
of free energy stored by the solids during its destruction
(compression, bumo, friction, drilling, explosion, etc.).

Let’s consider the results of the mechanoactivation
study on an example of a rock that was subjected to
seismotectonic deformations and stresses at earthquake
focus (analog to the HSF in active layer fracture zone).
The main minerals of the investigated rock are epidote,
chlorite, calcite. The essence of the applied method is as
follows. A thin layer (up to 1 mm) is removed from the
surface of the crude rock samples and glide plane (vitri-
fied surface), pound with a pestle into a particle size of
less than 100 microns, and the obtained material is sub-
jected to a particle analysis. The isolated fractions —40 pm
and 40 — 100 um were investigated by a potentiometric
method with control of potential change to a stable value.
The initial value of the potential from which the study
began, should be 500 — 530 mV. The equal value of the
potential was considered to be the magnitude at which
the potential changed for 3 min do not exceed 1 mV.

(In
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The test duration was 6 — 12 minutes. The weight of
the test sample was 15 mg. In the process of ferric ion
adsorption on the surface of fine particle fractions, the
fall of the suspension potential was recorded. At the
same time, the pH is recorded (the initial value was
2.6 —2.7), as for some rocks the pH value can also be a
characteristic of mechanical activation.

The adsorption characteristics change (¢ and pH),
which is an estimate of mechanically activated slicks on
glide plane (or tectonic powder) of rocks, destroyed in
the seismic process, is shown in Figure 3 and 4. As it can
be seen, the effect of mechanical activation is mostly
strong (in 3.5 —4.0 times) in the glide plane substance
compared with the inactive rock substance. In this case,
the potential change for a thin fraction (less than
40 microns) is 1.5 — 9.0 times higher than for a fraction
larger than 40 microns. As it is established, the level of
mechanoactivation in natural conditions (seismic pro-
cesses) is tens of times higher than in a laboratory exper-
iment when the geographic environment is loaded with
compression with sliding and separation.

480 T T T T T T

36 42 7, min

Figure 3. Kinetics of the rock parameter ¢ (—40 um) activated

in the seismic process: 1—glide plane substance;
2 — the main rock substance

pH
3.1
3.0
2.9

2.8

2.7

2.6 T r r r r r r
30 36 42 7, min

Figure 4. Dynamics of the rock indicator pH (—40um):
1 — glide plane substance; 2 — the main rock substance

The change in potential Ap (from the initial to the
equal value) is characterized by the following ratio for
different rock failure methods : creep : explosion (ana-
logue of fractional pressure) : seismogenic fractures
(glide plane) = 1:5:57 (30). Significant differences in the
magnitude of the kinetic adsorption of the glide plane
substance, which is an order of magnitude greater than
that of an explosion, and almost 2 orders of magnitude
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greater than with a quasi-static load (creep regime), indi-
cate the stability of the surface energy state of vitrified
slicks formed in thick seismogenic strike slips of the
distant geological past in the fault zone.

Experiments have shown that the pH value in the ad-
sorption process of activated powders varies in a rather
narrow range: ApH =0.01 — 0.65. At the same time, the
pH increase for thin fractions (less than 40 microns) is
1.6 — 3.0 times more significant compared to large parti-
cles (up to 100 microns). The results shown in Figure 3
and 4, give grounds to recommend the application of the
described method for assessing mechanoactivation of
destroyed geomaterials by the value ¢ or 4¢ (pH or ApH).

3.4. Aftereffect of initial pore space self-
development at HSF due to the Rebinder’s effect

The Rebinder’s effect is the change in the solids
mechanical properties as a result of physical and che-
mical processes that reduce the surface (interphase)
energy of the body (Andrade & Randall, 1949; Malkin,
2012). It should be expected that in conditions of rock
failure at HSF, the Rebinder’s effect appears in the
post-phase, firstly, in the disjoining pressure of the
molecules, occurred along the upper reaches of the
fractures, in particular the surfactants molecules and,
secondly, the cooling of tiny fractures in the size of
several lattice atom in the water environment and, thus,
preventing their “healing”. The following mechanical
influences (e.g., microearthquakes, accompanying HSF,
repeated HSF) intensify the expansion of these micro-
fractures, which results in further rock failure, self-
development of its fracture.

The elementary (single) Rebinder’s effect is based on
the destructive effect of the difference in the liquid sur-
face pressure forces inside a solid body fracture. As a
result of the disjoining pressure of aqueous slicks, the
fracture at its peak gets self-development and “moves”
along a rock massif. The effect depends on the initial
structure of the solid (the presence of dislocations, frac-
tures — at HSF they are created by the initial array initia-
tion with high liquid pressure), the properties of the lig-
uid (viscosity) and its quantity. As a result of surface
tension forces there is a multiple drop in strength, in-
crease of solid fragility, its hardening.

In accordance with the Griffiths equation, fractures
are developing under conditions (Anderson, 2004):

3G 35 oW "
ol dl dl
where:

G — all types of energy that contribute to the fractures
development;

| — fractures length;

S - surface energy of “man-made” fractures;

W — the kinetic energy of the fractures elements.

Thanks to the surface-active reagent, the value of
0S/0l decreases, which in turn reduces the value of 0G/0l,
that is, the power input in fractures propagation.

Since the problem of rock pore space development
aftereffects during hydraulic seam fracturing in the con-
text of the Rebinder’ effect rises for the first time, the
actual tasks of the study are:
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— defining the Rebinder’s effect occurrence in the
rock failure at the HSF technology;

— methodical basis formation for studying the pro-
cesses of rock fracturing self-development in the HSF
application in different geological conditions.

4. CONCLUSIONS

1. The basis of the rock grinding effects are the basic
destructions (irreversible fractures in interatomic bonds).
These fractures arise in the materials critical state in local
thermodynamically unequal zones by the atoms autovi-
brating and their self-organization under the auto-
resonance mechanism. The useful work of the new sur-
face formation during destruction is due to the action of
acoustic waves that arise during interrupted condensed
material automotive. In the pre-destruction state of the
loaded solid, a lattice energy transformation E into the
acoustic £, with the quantum efficiency #,, equal to the
ratio of phonons energy (4-v,) to the energy of the in-
teratomic bond (m-c?), takes place.

The basis of the HSF aftereffects, as the theoretical
analysis of the destruction process shown from the
standpoint of kinetic and autovibrating theory, thermo-
dynamics laws of the critical state and dispersion theory,
are the effects of the dynamic rearrangement of the geo-
environment substance, including the formation of joints
and thin fractions with enhanced energy (mechanoactiva-
tions) properties of their surfaces.

Among the fundamental patterns determining the
formation and development of aftereffects of the HSF
technology during the formation development, are the
methodological provisions and criteria for destruction
parameters prediction and the grinding effects: the ave-
rage and local energy density at geographic environment
destruction, the efficiency of grinding, the average size
of particles and pores, specific surface area, specific
energy consumption per unit of the resulting surface.

2. Connection between acoustic wave parameters and
fractures size, which forms the basis of the AE method
was confirmed experimentally. Based on the analysis
carried out and the obtained data, we believe that the
degree of geoenvironment destruction in the HSF process
can be estimated by the K, value, which is equal to the
acoustic signals maximum amplitude product Amax to the
total acoustic activity Ny of the destruction zone:
K, = Amax- Ny. Experimental data show the leading role
of acoustic monitoring in rocks destruction effects fore-
casting, in particular, in the HSF.

The basis for expected destructive effects (dispersion)
evaluating in the working area is: AE activity, specific
acoustic radiation, spectrum of signals, characteristic
amplitudes under the condition of physical modeling on
model samples of the geoenvironment behavior.

3. In the methodology aspect of the HSF technology
aftereffects predicting, the thermodynamics of the
microlevel process plays a special role; it should be con-
sidered from the standpoint of thermodynamics as a
phase change (evaporation, sublimation) near the critical
point, based on the temperature critical values and the
specific energy of the phase change.

52

Conditions of rock failure at the HSF are determined
by the relationship between the rock pressure P and the
volume energy density W of the deformation.

Information on the critical limit state of the loaded
geographic environment samples includes the theoretical
preconditions for assessing the following energy indices
of the geomaterial destruction:

—average volume energy density transferred to the
geoenvironment;

— local density of elastic energy in the destruction;

— transformation coefficient of accumulated energy
into the destruction.

4. On the basis of experimental data, the presence of
surfaces mechanoactivation in the rock failure is
proved. It is shown that the level of surfaces mechano-
activation can be estimated by adsorption characteris-
tics — the adsorption potential and the pH of the newly
discovered surfaces.

5. The hypothesis for the aftereffect of rock pore
space development during the hydraulic seam fracturing
in the context of the Rebinder’s effect was proposed for
the first time. The actual problems of the Rebinder’s
effect occurrence investigating at under the hydraulic
seam fracturing are formulated. The degree of the
Rebinder’s effect occurrence and its role in the intro-
duced fluid flow depends on the geomaterial nature.

5. FURTHER RESEARCH

A theoretical analysis of the HSF technology of shale
oil and gas extraction aftereffects has been carried out,
which showed the presence of potentially threatening
factors that require further research:

— stress zones development with increasing fragments
formation, joints, fine particles activated on the well
drilling path and fracturing;

— systematic seismic activity of the developed layers
as a result of the interaction of increased energies hearths
(taking into account the principle of concentration frac-
tures coarsening, relaxation of stresses, increase of
acoustic activity, auto-resonance, self-destruction, dis-
persion, emission of gases and dust);

—filling fracturing zones of activated geomaterial
with chemicals with organic layers of the earth and aqui-
fers poisoning; temporal assessment of the pore space
development (in the formation and perpendicular to its
extension) due to the Rebinder’s effect.
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TEOPETUYHI IIEPEYMOBH PYHHYBAHHS I'TPCHKHX ITOPI]I
IIPU I'TAPABJIIYHOMY PO3PUBI IIVTACTA TA AHAJII3 TIOCT-E®EKTIB

B. binenpkwuit, JI. 'opobers, M. @uk, M. Anp-Cyntan

Mera. TeopeTnune OOIpyHTYBaHHS METOIOJIOTIYHMX OCHOB BCTAHOBJIEHHS yYMOB HPOSBY MOXIIHUBHX €(EKTiB i
mocT-e)eKTiB TEXHOIIOTI1 TifpaBIigHoro po3puBy miacrta (I'PII).

Metoauka. CTpyKTypa Ta MOCIiOBHICTb MPOBEACHHS AOCHIHKEHHS BKIIOUA€ BUBUCHHSI CHEPIETHIHOTO acIeKTy
pYHHYBaHHS TipCBKOTO MAacWBY, il aKyCTHUYHHX XBHJIb, TEPMOJMHAMIYHUN aHaNi3 pyWHYBaHHS TipCBKOTO MAcHBY,
aHaIi3 MEXaHOAKTHBALlii TOBEPXOHB MPH PyHHYBaHHI TiPCHKOTO MAaCHBY Ta MOCT-€(EKTy CaMOPO3BUTKY IEPBHHHOTO
nopuctoro npoctopy I'PII BHacminok nii edpexry Pebinmepa. 3actocoBaHO MEeTO aKyCTHYHOI eMicii, HoTeHIioMeTpii
ta pH-meTpii.

PesyabTaTn. BetaHoBieHO, 1110 10 Yncia (GyHIAMEHTAILHUX 3aKOHOMIPHOCTEH, SIKi BU3HAYAIOTh (POPMYyBaHHS 1 poO-
3BUTOK mocT-eekTiB TexHouorii I'PI1 npu BinnpaitoBaHHi NPOAYKTHBHUX IUIACTIB, BIAHOCATHCS METOANYHI MOJI0KEH-
HS1 ¥ KpUTepii 71 IPOTHO3Y MOKA3HUKIB pyHHYBaHHS Ta €(eKTiB NOAPIOHEHHS, a caMe: CepeaHbO] Ta JOKAIBLHOI TyCTH-
HU eHeprii npu pyiiHyBaHHI reocepenosuina, KKJ[ noapiOHeHHs, cepeaHiii po3mip 4acToK i 1Mop, mUTOMa MOBEPXHS,
ITUTOMI BUTPATH €HEprii Ha OJUHULIIO OfepKaHoi moBepxHi. ExcriepruMeHTanbHO MiATBEpIKeHNH 3B’ S130K MIXK Iapame-
TpaMHu aKyCTHYHOI XBHJIi Ta PO3MipOM TPIIIKH, IO CKJIAZa€ OCHOBY METOy aKycTH4HOI eMicii (AE).

HaykoBa HoBH3HA. BecraHoBieHo, mo 0a3y iHdopMariii A omiHKK odikyBaHHX y pobouiit 30Hi ['PII edekriB pyii-
HyBaHb CKJIAHAIOTh aKTUBHICTh AE, muTOMEe akyCTHYHE BHUIIPOMIHIOBAaHHS, CIIEKTP CHUTHAIIIB, XapaKTepHI aMILTITYI! 32
YMOBH (i3UYHOTO MOJIEIIOBAHHS MOBEiHKH I'e0CepPeOBHIIA Ha MOJEIBHHX 3pa3Kkax. BU3HaueHo, 10 TpaHUYHUI CTaH
PEUYOBMHH, LIO BiJIOBIAE MOYATKY pyHHYBaHHSI Ha MIKPOPIBHI, CIIii pO3IIISAAaTH 3 MO3UIINH TEPMOJUHAMIKH SIK (a3o-
BU mepexij (BUNapoByBaHH:I, CyOIimMallis) moOJIn3y KPUTUYHOI TOYKH, BUXOSIUH 13 KPUTHYHUX 3HAUYEHb TEMIIEPaTypu
i nurtoMoi eHeprii ¢azoBoro mepexony. ExcriepuMeHTanbHO NOBEAEHO HAsSBHICTh MEXaHOAKTHUBALl MOBEPXOHb NPHU
py#HYBaHHI TipChKOro MacuBy. BucyHyTa rimoTes3a IMoA0 MocT-eeKTy PO3BHTKY MOPHUCTOTO MPOCTOPY TiPCHKOTO
macuBy npu ['PI1 y konTekcri aii epexry Pedinaepa.

I[pakTHyHa 3HAYMMIicTh. 3aTIPONIOHOBAHO OLIIHIOBATH CTYIiHb PyWHYBaHHs reocepenosuma y npoueci I'PII moka-
3HUKOM Kj,, 1110 JIOPiBHIOE HOOYTKY MaKCHMaJbHOI aMIUNITYAN aKyCTHYHHMX CHIHANIB HAa CyMapHY aKyCTHYHY aKTHB-
HICTh 30HH pyWHYBaHHS. BCcTaHOBIEHO, 110 YMOBH pyHHYBaHHS Tipchkoro MacuBy nipu ['PIT merepmiHytOTECS CHiBBiA-
HOIIEHHSIM MiX TipCbKHM THCKOM P i 00’eMHOI0 ryctuHOI0 eHeprii W nedopmarii. [Tokasano, mo CTyIiHb MeXaHOAK-
THUBAIIi] TOBEPXOHb MOXKE OyTH OIliHEHA 3a XapaKTepUCTUKAaMH aIcopOIii — MOTeHIianoM aacopomii Ta mokasaukoM pH
HOBOBIIKPUTHUX ITOBEPXOHb.

Knwuosi cnosa: ziopasniunuii pospug niacma, aKycmuyHi Xeuni, mepMOOUHAMIYHUL AHANI3, MEeXAHOAKMUayis,
egpexm Pebinodepa, akycmuuna emicis, nomenyiomempis, pH-wempis
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Hean. Teopernueckoe 000CHOBaHHWE METOJOJIOTHYECKHUX OCHOB YCTAHOBIJICHHSI YCJIOBHI IPOSIBICHHS BO3MOIKHBIX
3¢ PeKToB n nMocT-3¢HEeKTOB TEXHOIOTUH THIpaBINUecKoro paspsisa miacta (I'PII).

Metoauka. CTpyKTypa U MOCJI€J0BaTEIbHOCTD MTPOBEICHUS MCCIIEOBAHMS BKIIOUAET U3Y4YEHHE YHEPreTUUECKOTro
acriekTa paspylIeHus] TOPHOTO MaccCHBa, IEHCTBHSI aKyCTHYECKHUX BOJIH, TEPMOJMHAMHYECKHH aHAIM3 pa3pyLIeHUs
TOPHOTO MacCHBa, aHaIW3 MEXaHOAKTHBAIMH ITOBEPXHOCTEH IpH pa3pylIeHWH TOPHOTO MaccuBa W IocT-3¢derra
caMopa3BHUTHUS NepBUYHOTrO nopuctoro npoctparcrsa ['PII B pesynberare nevictBus 3¢ dexra Pebunnepa. [Ipumenen
METOJ aKyCTHIECKOH 3MUCCHH, IOTEHIIMOMETpuH 1 pH-MeTpuu.

Pe3ysabTaThl. YCTaHOBIEHO, YTO K YHCITY (GYHIAMEHTAIBHBIX 3aKOHOMEPHOCTEH, ONpeAeISIonUX (POPMUPOBAHHUE
n passuthe noct-3¢¢dexros texHomoruu I'PII mpu oTpaboTKe MPOAYKTUBHBIX IUIACTOB, OTHOCSTCS METOANYECKHE
MIOJIOXKEHHSI M KPUTEPHH U1 IIPOTHO3a MOoKa3aTenel paspyuieHus U 3Gp(GeKToB N3MeIbUeHUs, & HIMEHHO: CpeIHeH H
JIOKAJTBHOHN IJIOTHOCTH 3HEPTHHU NpH paspyueHnn reocpensl, KIIJ[ m3menpbueHus, cpeqHuil pa3mep 4acTUIl U 1op,
yZenbHasl MOBEPXHOCTb, yAEIbHBIC 3aTPaThl JHEPTMM HA COUHMILYy IOITy4YEHHON NMOBEPXHOCTU. DKCIIEPUMEHTAIBHO
NOJTBEPXKICHA CBA3b MEXKAY NapaMeTpaMH aKyCTHYEeCKOH BOJIHBI M Pa3MEpPOM TPELIMH, YTO COCTaBISIET OCHOBY
METO/Ia aKyCTHYECKO# amuccuu (AD).

Hayunasi HoBU3HA. Y cTaHOBIIEHO, 4TO 0a3y MH(OpMAaLUK IJIs OLIEHKH 0kuaeMbIx B paboueit 3oHe I'PIT ahpexToB
pa3pyLIeHUI COCTaBISIOT aKTUTUBHOCTh AD, yAENbHOE aKyCTHYECKOE H3JIyYeHHE, CIIEKTP CHTHAJIOB, XapaKTepHBIC
aAMIUIATYBI TIPH YCIIOBUHM (PM3WYECKOTO MOJIEITMPOBAHUS IOBE/ICHHS FeocpeIbl Ha MOJICNIBHBIX 00pasiax. OnpeieneHo,
YTO Hpe/eIbHOE COCTOSHHUE BEIECTBA, OTBEYAIOIee Hayaly pa3pylIeHHs Ha MUKPOYPOBHE, CIIEyeT paccMaTpUBaTh ¢
MTO3UIMK TEPMOTMHAMUKH KaK (a30BEIA Iepexo] (McrapeHue, cyOormManus) BOMU3N KPUTHIECKOH TOYKH, UCXOIS U3
KPUTHUYECKHX 3HAUCHHUH TeMIIepaTyphl U YAEIbHONW SHEpTuH (a3oBOro rnepexoa. IKCIEePUMEHTAIBHO J0Ka3aHO HalH-
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Yyre MeXaHOaKTUBALIMU NOBEPXHOCTEH MPH pa3pyLICHUH TOPHOTO MaccHBa. BhIIBHHYTA T'MIIOTE3a OTHOCUTEIBHO HOCT-
a¢exTa pa3BUTHS IOPUCTOTO MPOCTPaHCTBA ropHoro Maccusa npu ['PI1 B koHTekcTe nelicTBus s¢dexra Pedunaepa.

IMpakTHyeckasi 3HAYMMOCTb. [Ipe/IoKeHO OLIEHUBATh CTeNeHb pa3pylieHus reocpezsl B npouecce I'PIT mokasa-
TeneM Kj,, KOTOPBIA paBeH NMPOW3BEACHUI0 MAaKCUMAJIBHON aMIUIUTY/bl aKyCTHYECKHX CHUTHAJIOB HA CyMMapHYIO aKy-
CTHYECKYI0O aKTHBHOCTb 30HBI pa3pyLIeHHs. YCTaHOBJEHO, YTO YCJIOBHS pa3pylleHus ropHoro maccusa npu ['PIT
JIETEPMHHUPYIOTCSI COOTHOLIEHHEM MEX/y FOpPHBIM JlaBlieHHeM P 1 00beMHOM IIOTHOCTBIO SHeprun W nedopmarum.
[Toka3aHo, YTO CTEeHb MEXAaHOAKTHBALIMM MOBEPXHOCTEH MOXET OBITh OLICHEH N0 XapaKTePHCTHKAM aincopOLuu —
MOTEHIIMAIIOM aICOPOLUH M TIoKa3aTesaeM pH HOBOOTKPHITHIX OBEPXHOCTEH.

Kntouesvie cnosa: cudpasiuueckuii paspuvle niacma, aKkyCmuyecKue 80Hbl, MePMOOUHAMUYECKUL AHATU3, MEXAHO-
axmusayus, s¢pghexm Pebunoepa, akycmuueckas smuccus, nomenyuomempus, pH-wempusa
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