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Abstract. In order to study the mechanism of destruction of rocks of various genesis and the formation of fractured
reservoirs at great depths, laboratory studies of rock samples in the loading conditions of comprehensive pressure with
registration of acoustic emission (AE) and parameters of the process of changing the strength and deformation proper-
ties of samples were carried out. The spatial distributions of the hypocenters of AE events for each sample were inves-
tigated. By the nature of the distributions, the fracture geometry is described, then visually compared with the position
of the formed macrofractures in the samples as a result of the tests. The time trends of the amplitude distribution b,
set by the Guttenberg — Richter law, were calculated, which were compared with the loading curves and trends of
the calculated AE activity. Based on the analysis of the AE process for three types of rocks — igneous (urtites), meta-
morphic (apatite-nepheline ores), and sedimentary (limestones) — parameterization of acoustic emission was carried
out to determine the features of the deformation process and related dilatancy. As a result, three types of destruction of
samples were identified, their geometry and changes in strength and seismic criteria were established.
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Introduction. The study of the processes of rock destruction of various genesis and the mecha-
nism of formation of fractured reservoirs at great depths [1-3] is relevant for understanding the for-
mation of natural reservoirs and multilevel hydrocarbon deposits under extreme thermobaric condi-
tions [4, 5]. The destruction of rocks and the phenomenon of dilatancy are studied by various methods
[6-10], which revealed a complex process of development of critical deformations in defective struc-
tures [11-14], including a plastic stage and brittle fracture. Laboratory modeling of the disturbance of
rock salt and Cambrian clay when loading samples before moving to the extreme part of the stress —
strain diagram and subsequent creep tests of disturbed and undisturbed samples showed a significant
decrease in creep deformations in disturbed rocks and a decrease in their contribution to the further
destruction process [15-17].

In consolidated rocks, the dilatancy property manifests itself through the formation of a microcrack
zone, which includes a fracture preparation zone and is characterized by an intense interaction of
separation microcracks determined by the size of mineral grains, as a result of which a macrofracture
is formed [18, 19]. Studies [20-22] of the process of destruction of igneous (granites) and sedimen-
tary (sandstones) rocks with AE registration give a general idea of the development of fracturing in
rocks under load [23-25].
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Initially, microcracks of break-off are formed without significant interaction with each other,
characterized by a spatial distribution unrelated to the trajectory and location of the future macrofrac-
ture. As the load approaches the tensile strength, the formation of the embryo of a future macrofrac-
ture begins, when several microcracks of break-off interact and strengthen the opening of each other.
They form a zone of the destruction process — an area of microcracks located close to each other. In
a critically loaded rock, the stress field created by tensile forces in microcracks provokes the interac-
tion of cracks and causes unstable propagation of these cracks into an intact area of the rock.
As the size of the fracture zone increases, its central part is weakened by shear deformations, and as
a result, instability occurs, which spreads along the trail of the developing fracture zone. Stress fields
related to shear along the break enhance the opening of microcracks in the fracture zone, thereby
converting the process into an avalanche-like formation of microcracks and a transition to macro-
destruction.

Thus, what is common to the model of brittle fracture of consolidated rocks is that the formation
of a macrofracture occurs as a result of the close interaction of several microcracks when a critical
density is reached. In this case, the break propagates in a plane forming an angle § = 20-30° to the
axis of the maximum compression stress o1 [20] in accordance with the analytically described stress
fields of expanding microcracks [26].

The germination of expanding microcracks in brittle rocks, which are subjected to comprehen-
sive compression, is caused by the action of inhomogeneous stress, depending on the structural
features of the rock. Such structural features include the size of mineral grains, imperfect contacts
of grain boundaries, differences in elastic modulus of composite minerals, intracrystalline defects,
as well as shear deformations along grain boundaries. In [27], the distribution of microcracks in
physical and numerical modeling in granite is considered, where, as a result of destruction, a rock
mass of communicating microcracks and many isolated ones are revealed. Based on the identity of
the image of this distribution to the calculated geometries of the hypocenters of AE events for
igneous rocks, the definition of the microcrack zone is formulated. The microcrack zone corre-
sponds to the volume of the rock mass of communicating (presumably) cracks, which is character-
ized by a density of AE events of at least 0.0125 events/mm? according to the calculation method
used in the work.

The purpose of this work is to parameterize the fracture according to four criteria — fracture
geometry, tensile strength, amplitude distribution, and AE activity. Parameterization was carried out
based on the results of analysis of laboratory tests of the destruction of two samples of igneous
(urtites), two metamorphic (apatite-nepheline ores) and two sedimentary rocks (limestones).

Methods. Magmatic rocks were selected for laboratory studies of the deformation process:
coarse-grained massive urtites with a grain size of 5-10 mm (Khibinskoye deposit), metamorphic
rocks represented by apatite-nepheline ores of poor and rich zones, composed of a fine-grained
aggregate of sugar-like apatite with a size of 2-1 mm (Khibinskoye deposit) [28], and sedimentary
rocks — hidden fine-grained gray limestones (core material of well 3-Nerutynskaya) (Table 1).

Table 1
Rock structure
Origin Sample Rock Structure
Magmatic N1’ Massive urtites Coarse-grained (grain size 5-10 mm)
N8 Massive urtites Coarse-grained (grain size 5-10 mm)
Metamorphic N1 Apatite-nepheline ore of the poor zone Fine-grained (grain size 2-1 mm)
N2 Apatite-nepheline ore of the rich zone Fine-grained (grain size 2-1 mm)
Sedimentary DP 22-2 Grey limestone Hidden fine-gained
DP 21-2
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Studies of the behavior of rock samples under volumetric stress conditions were carried out on
the MTS 815 servo-hydraulic pressing unit with the Milne DAQ acoustic emission system integrated
into it (An Itasca International Company, UK). The technical characteristics of the MTS 815 unit
make it possible to create lateral and pore pressure in the range from 0 to 80 MPa and an axial load
on the sample up to 4600 kN. This system can simulate the stress state of a rock mass up to depths of
5-6 km. Structurally, the MTS 815 unit includes a power frame, a triaxial compression chamber,
lateral and pore pressure amplifiers, controllers and a software package for automatic control of the
loading mode, collecting and processing information from the force sensor and longitudinal and
transverse strain sensors.

AE signals were recorded by the Milne DAQ data acquisition system in trigger mode. The main
parameters of the launch and registration were controlled using the Milne Leach software module:
the signal digitization frequency was 10 MHz; the number of samples for each signal was 2048 sam-
ples; the dynamic range was 5 V; the launch threshold for each channel was 80-100 mV.

The test preparation process consisted of sealing the side and end surfaces of the sample using a
rubber shell. Acoustic emission sensors were placed on the side surface of the sample. The sample
was placed in a triaxial compression chamber, in which a lateral pressure of o3 was created by mineral
oil, corresponding to the simulated depths. Then the sample was loaded with an axial load c1. The
loading was performed in the mode of a given deformation rate equal to 0.01 mm/min. The constant
loading speed was ensured by the automatic press control system. During the experiment, the readings
of the force sensor and sensors of longitudinal and transverse deformation with a frequency of 1 Hz
were recorded, according to which graphs of changes in longitudinal, radial and volumetric defor-
mations from the stress value were plotted.

The tensile strength under volumetric compression and a given value of lateral pressure for each

sample is calculated using the formula o) = of + o3, where of — tensile strength under volumetric
compression without taking into account the value of lateral pressure c.

Table 2 provides information on the strength and deformation properties of the studied rock
samples.

Table 2
Physical and mechanical properties of rocks

. Strength, MPa . The angle of in-| Modulus of
Type of rock Density, i iaxi Coupling, ternal friction elasticit Poisson's ratio
yp kg/m® | Withuniaxial | - MPa * q . ¥,
compression egree GPa
Igneous (urtites) 2640 160.2 15.1 38.7 50.9 58.7 0.06
Metamorphic (rich ores) 3170 63.6 8.15 17.0 51.5 37.3 0.14
Metamorphic (poor ores) 2950 119.3 115 259 53.5 56.5 0.13
Sedimentary (limestone) 2571 153.2 14.8 41.7 37.1 69.5 0.32

* The parameters are determined based on the results of tests with uniaxial and volumetric compression.

The coordinates of the AE hypocenters were calculated using the commercial software ASC
InSite Seismic Processor (An Itasca International Company, UK). The wave speeds in the location
algorithm for urtites were set equal to V, = 4767 m/s, Vs = 3150 m/s, speeds for ores — V, = 3517 m/s,
Vs = 1691 m/s. The wave speeds were measured by ultrasound before testing each sample. To locate
the sources, 12 AE sensors with a contact pad with a diameter of 8 mm and a piezoelectric element
diameter of 5 mm were used. The automatic determination of the time of the first entry was carried out
by the RMS auto-picking function built into the InSite Seismic Processor.

For spatial parameterization of the deformation process, the density of AE events was calculated,
according to the distribution of which in the sample volume the ratio of the maximum width of the
microcrack zone to the length of the main crack was estimated, as well as the angle of inclination  of
the main crack in accordance with the model [20]. The cross-sectional plane of the sample for the
analysis of the microcrack zone was selected corresponding to the maximum density values.

850
This is an open access article under the CC BY 4.0 license



Journal of Mining Institute. 2024. Vol. 269. P. 848-856 [
© Vladimir L. Trushko, Aleksandr O. Rozanov, Malik M. Saitgaleev, Dmitrii N. Petrov, Mikhail D. llinov,
Daniil A. Karmanskii, Aleksandr A. Selikhov, 2024

e ]

To parameterize the deformation process over time, the b-factor and AE activity were used; the
b-factor was determined as a coefficient in the Guttenberg — Richter amplitude distribution formula
[29-31]. This parameter characterizes the inverse of the probability of occurrence of high amplitude
AE events, i.e. the value of b decreases with an increase in the number of high amplitude events.
Thus, the b-factor corresponds to the scale of the energy emitted during a certain time interval of the
test. In this paper, the analysis of the b-factor was carried out for an interval of significantly inelastic
behavior of samples near the limiting stresses.

When parameterizing AE activity, the calculation of an approximation curve in the form of an
exponent was used for a section of the activity trend corresponding to the stage of irreversible defor-
mations, according to the formula

Y = C exp(at),

where Y — approximate value of AE activity; C — scaling factor; o — exponent coefficient; t — the
current time of the test.

The exponent coefficient characterizes the rate of increase in AE activity — the higher the value
a, the faster the number of events per unit of time increases in the process of acoustic emission.

The b-factor calculation took into account the registration channel corresponding to the maxi-
mum amplitude signal for each AE event. To construct trends of the b-factor and AE activity, the
method of a sliding time window of variable duration was used, which consistently moved along the
time axis of each test. The window duration was chosen in such a way as to provide sufficient trend
resolution and statistically significant estimates of the b-factor and AE activity. The calculation of
the b-factor and AE activity was performed using a computer application developed by the authors
of the article.

To illustrate the energy of AE events on the distribution of AE hypocenters, the magnitude values
corresponding to the color diagrams for each sample were displayed. The magnitude was determined
using the InSite Seismic Processor's built-in function for each location event as the logarithm of the
average number of sensors of the product of the standard deviation of each event signal by the distance
between the corresponding sensor and the event source.

Discussion of the results. The results of the analysis of the spatial distribution of AE hypocen-
ters for igneous and metamorphic rocks are presented in the form of a comparison of the coordinates
of AE events, event density distributions and photographs of samples after testing with a visible main
crack. Figure 1 shows the AE hypocenters and their density distributions in accordance with the AE
magnitude scale for igneous rock samples (urtites with a tensile strength of 523 and 463 MPa). It can
be seen that diagonal macrofractures formed in both samples as a result of the final stage of destruc-
tion. Moreover, the most symmetrical shape of the microcrack zone is observed in a sample with a
tensile strength of 463 MPa, which is consistent with the one obtained for granite in [27]. The angles
of inclination B of the fractures for the samples are 22.32 and 20.44°, which satisfies the range pre-
dicted in [20] for the mechanism of brittle fracture through the militancy process of formation of a
rock mass of layered microfractures of separation and concomitant shear deformation.

Figures 2 and 3 present the results of the analysis of the spatial distribution of AE hypocenters
for samples of metamorphic rocks — ores of the poor zone with a tensile strength of 520 MPa (Fig.2)
and ores of the rich zone with a tensile strength of 208 MPa (Fig.3). The poor zone ore sample is
characterized by a diagonal type of macrofracture with an angle of 21.23°, which corresponds to the
range of brittle fracture [20]. But, unlike urtites, there is a significant spatial localization of the process
through the formation of two distinct clusters (Fig.2), in which the density of AE events increases
almost twice as compared with urtites. At the same time, the width of the microcrack zone becomes
significantly smaller compared to urtites, which affects a decrease in the ratio of the width of the zone
to the length of the macrofracture (from 0.329 on average for urtites to 0.223 for the ore of the poor
zone). This is consistent with the decrease in the width of the fracture preparation zone found in [32]
with a decrease in the size of the mineral grains of the rock.
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Fig.1. Analysis of the microcrack zone for igneous rocks (urtite sample with a tensile strength of 523 MPa (a-c)
and 463 MPa (d-f): a, d — distribution of hypocenters of AE events; b, e — density of AE events;
¢, f — samples after testing with a diagonal main crack

The following main conclusion can be drawn regarding the described samples. A brittle fracture
mechanism dominates in urtites and poor ores, while spatial localization and narrowing of the
microcrack zone are manifested in the ore sample of the poor zone compared to urtites. At the same
time, the b-factor and the coefficient of the exponent of AE activity a (hereinafter the exp-factor)
grow from urtites to poor ores (Table 3). This fact indicates a decrease in the size of cracks in ores
compared with urtites and, as a result, the localization of the AE process in time and space — an
increase in the rate of formation of new cracks due to a closer location. The conclusion about the
decrease in crack sizes with an increase in the b-factor is based on the theory outlined in [33].
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Fig.2. Analysis of the microcrack zone for metamorphic rocks (a sample of a poor zone ore with a tensile strength of 520 MPa):
a — distribution of hypocenters of AE events; b — density of AE events for the first cluster;
¢ — density of AE events for the second cluster; d — sample after testing with a diagonal main crack
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Fig.3. Analysis of the microcrack zone for metamorphic rocks (ore sample of a rich zone with a tensile strength of 208 MPa):
a — distribution of hypocenters of AE events; b — density of AE events; ¢ — sample after tests with an inclined macrofracture

For the ore sample of the rich zone (Fig.3), an increase in the event density to 0.1 events/mm?
is observed. The assessment of the microcrack zone also indicates its increase (the ratio of the zone
width to the length of the macrofracture is 0.609). At the same time, the angle 3 exceeds the range
of angles predicted in [20] that satisfy brittle fracture and is equal to 36.57°, the b-factor is charac-
terized by the highest value for urtites and ores of 1.73, which indicates a decrease in radiation
energy.
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Table 3
Acoustic emission parameters
. . . Maximum . The angle of
Rock sample Cc:)r:lggif:zr:;ve Pore pres- sIril;Sg;:I? Tcaellrlag(;r?hlém Exp-factor | density of AE Th;eizrztg; ?;ethe inclination of the
MPa sure, MPa MPa AE b-factor of AE events, 3 | microcrack zone main crack f,
events/mm degree
Massive urtites, 40 - 523 0.64 0.0014 0.025 0.342 22.32
coarse-grained, N8
Massive urtites, 40 - 463 0.76 0.0015 0.025 0.316 20.44
coarse-grained, N1’
Ores of the poor zone, 40 - 520 1.25 0.0027 0.05 0.223 21.23
fine-grained, N1
Ores of the rich zone, 40 - 208 1.73 0.0032 0.1 0.609 36.57
fine-grained, N2
Limestone, hidden 50 30 329 2.09 - - - 0
fine-grained, DP22-2
Limestone, hidden 75 30 304 1.73 - - - 0
fine-grained, DP21-2

Figure 4 shows the results of the analysis of the b-factor and AE activity for igneous and meta-
morphic rocks in the form of graphs of parameter changes during the tests, compared with loading
curves. It can be seen that for igneous rocks (urtites), the approximation curves (black lines) are more
flat compared to metamorphic ones (ores). This indicates the gradual formation of microcracks in
urtites and accelerated formation in ores, which affects the increase in the exp-factor.
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Fig.4. Analysis of AE and b-factor activity for igneous (urtites) and metamorphic (ores) rocks:
a — urtite sample with a tensile strength of 523 MPa; b — urtite sample with a tensile strength of 463 MPa;
¢ — poor zone ore sample with a tensile strength of 520 MPa; d — rich ore sample zones with a tensile strength of 208 MPa
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Fig.5. Analysis of AE and b-factor activity for sedimentary rocks:
a — limestone sample with a tensile strength of 329 MPa after testing (main vertical crack is visible);
b — limestone sample with a tensile strength of 304 MPa after testing (three main vertical cracks are visible);
¢ — the final stage of destruction of limestone with a tensile strength of 329 MPa;
d — the final stage of destruction of limestone with a tensile strength of 304 MPa

Figure 5 shows the results of the analysis of the b-factor and AE activity for sedimentary rocks
(limestones) in the form of graphs of changes in these parameters during the tests, compared with
loading curves. Photographs of samples after testing are also shown, which clearly show vertical
mainline cracks. Thus, the fracture geometry differs significantly from igneous and metamorphic
rocks. According to the activity trends, it can be seen that there are no precursors of destruction in the

AE process, which indicates the absence of for-
mation of a microcrack zone and, as a result, di-
latancy, the b-factor has the maximum value
among all the samples considered (2.09). All this
indicates the extreme localization of the destruc-
tion process.

The spatial and temporal parameters of AE
controlling the deformation process in rocks of
various genesis are summarized in Table 3.

Figure 6 shows the average data of inde-
pendent studies of the deformation process for
four groups of rocks corresponding to the tested
samples with AE registration. Only nonlinear
loading sections corresponding to decompression
are shown. Samples of sedimentary and meta-
morphic (poor ores) rocks exhibit a decompres-

sion effect at a ratio 6"/ ¢! equal to 0.53, igneous
and metamorphic (rich ores) rocks at ratios of

Relative volumetric deformations, x10°

6
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A
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Fig.6. Graphs of the dependences of relative volumetric
deformations on the ratio of acting differential stresses
to the ultimate strength for the studied four groups of rocks
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0.70 and 0.65, respectively. It can be seen that for igneous (urtites) and metamorphic (poor ores)
rocks, volumetric deformations are significantly greater than for rich ores and sedimentary (lime-
stones) rocks. This result is in good agreement with the obtained AE parameters. Dilatancy is ac-
companied by an increase in volumetric deformation with a brittle fracture mechanism. Analysis of
spatial and temporal parameters of AE (Table 3) showed that samples of igneous rocks and ores of
the poor zone (metamorphic rocks) meet the criteria of brittle fracture. At the same time, the value
of the microcrack zone is higher for igneous rocks (0.342 and 0.316) than for metamorphic rocks
(0.223). This suggests that the microcracking zone for the ore of the poor zone is more localized.
Thus, it can be concluded qualitatively that both types of rocks are characterized by the phenomenon
of dilatancy.

In the ore of the rich zone, with the maximum index of the width of the microcrack zone (0.609)
and the maximum density of events (0.1 events/mm?) the angle B tends to 45° and equal to 36,57°,
exceeds the range for brittle fracture [20], the b-factor acquires the maximum value (1.73) of those
obtained for igneous (urtites) and metamorphic (ore) rocks. At the same time, the volumetric de-
formation for rich ore (Fig.6) is characterized by more than twice the value compared to urtites and
poor ore. Hence, it is assumed that a lot of low-energy cracks are formed in a sample of rich ore,
characterized by a lack of opening which indicates the predominance of plastic deformation and,
as a result, a decrease in dilatancy. The resulting main crack develops in the form of a sliding
platform.

An increase in the b-factor with an increase in the role of plastic deformation was noted in
[29, 34], where AE parameters for rocks of various genesis were studied. When comparing the
results of uniaxial loading of samples for Westerly granite, the maximum value of the b-factor
turned out to be 1.68, for marble — 2.50.

For sedimentary rocks (limestones), there is an inverse change in the angle 3 compared to rich
ores — the angle tends to zero. A joint consideration of this fact with the maximum value of the
b-factor (2.09) leads to the conclusion about the maximum localization of the cracking process, i.e.,
about the minimum fracture zone. This, in turn, indicates the absence of dilatancy, which is con-
firmed by minimal volumetric deformation (Fig.6). The mechanism of formation of the resulting
mainline cracks is similar to the Griffiths crack [35], which develops in the field of tensile stresses
in an isotropic and homogeneous material.

Conclusion. The results of the performed complex of laboratory studies of the mechanism of
destruction and the process of acoustic emission in rocks of different genesis under stress conditions
corresponding to depths of up to 5 km, allow to conclude:

* Three types of macrofracture have been identified in rocks of different genesis: brittle fracture
with the formation of a rock mass of layered cracks (in urtites and poor ores); brittle fracture with the
formation of single vertical Griffiths-type cracks (in limestones); plastic deformation and fracture
(in rich ores).

* In igneous (massive urtite) and metamorphic (apatite-nepheline ore) rocks, the phenomenon of
dilatancy is observed with the formation of a network of communicating separation cracks, which
determines the possibility of formation of fractured reservoirs in the rock mass at deep depths. To
a greater extent, dilatancy manifests itself in massive urtites and forms a developed microcracking
zone. Both spatial and temporal localization of the microcracking process is observed in apatite-
nepheline ores.

* In limestones, there is an extreme case of localization of the microcracking process, and dila-
tancy in them is close to zero. This corresponds to the model proposed by Z.Rechs and D.Lochner,
on the origin and growth of faults in brittle rocks, showing that as the ratio of the distance between
cracks to the size of cracks tends to zero (localization of the process), the angle of inclination f also
tends to zero. This is confirmed by testing limestone samples with pore pressure, where there was no
filtration, which manifested itself only at the final stage of macrofracturing during the formation of
single vertical cracks.
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» From the point of view of parameterization of acoustic emission, it is necessary to supplement
the b-factor studies with an analysis of the AE source function for each event characterizing the kine-
matics of the germination of a single crack, which will make it possible to determine the scale of the
microcrack zone in various rocks, as well as the criterion for the transition from one level of fracture to
another.

* The results of petrographic analysis of rock samples before and after the test may be a factor
confirming the assumption that increased values of the b-factor can be used to judge a decrease in the
size of cracks formed in rocks of different genesis.
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