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Keywords: One of the primary factors that affects the effectiveness of the processing of oil and gas deposits is the natural or artificially
fluid movement within fractured oil altered movement of liquid in the formation (hydrodynamic processes). Besides, the natural flow of liquids in the productive
reservoirs, fractal dimension of a layers can be complicated by the factors related to the methods of increasing oil recovery in the layers, such as hydraulic
system of fractures in rocks, fluid- fracturing of layers. Typically, these actions are performed in order to enhance the production of oil and gas, as well as improve
saturated reservoirs. the efficiency of oil extraction. Nevertheless, due to these activities, the productive reservoirs, which are porous and permeable

matters, change into different stress conditions (destructive states). These conditions are identified by the amount of fissures
within a single volume (unit) of rock and the specific pattern of fluid flow within reservoir. This article is reflecting
investigations on how reservoirs deform and develop a system of fractures with a fractal pattern. Additionally, a model, which
explains how these cracks system are generated, considering the changes in the fractal dimension of the media.

According to the conducted researches, further phases of the process of formation of cracks have been pointed out. First, several
initial cracks occur which have a chaotic disordered arrangement. Simultaneously, the fractal dimension of the system increases to a
value of 1.6. During the subsequent phase, as the fractal dimension gradually rises from 1.6 to 1.73, the initial cracks start merging
and creating a ruptured area. Next, the fractal dimension remains relatively stable, and once it reaches 1.75, there is a sudden break
or disruption in the integrity of the medium. The reasons for possible inconsistency is in simulated crack formation, which can be
attributed to the presence of multiple levels of heterogeneity and defects within real geological materials. These variations occur
because of fluctuating micro- and macro stresses that are distributed among these heterogeneities.

KomiogeBrre ci1oBa: OHUM U3 OCHOBHBIX (aKTOPOB, BIMAIIMX Ha 3PQPeKTUBHOCTb pa3paboTKU He(TAHBIX U Ta30BBIX MECTOPOXIAEHWH, ABJIAETCA
JABIXKeHHe ¢uronaa B €CTEeCTBEHHOE WM HCKYyCCTBEHHO CO3[aBaeMoe ABIXeHHe XUAKUX Cpefl B IulacTe (TMApoAMHAMUYecKue mpouecchl). Kpome
TPeIHOBAThIX HeTAHBIX 9TOr0, €CTeCTBEHHBINI NPHUTOK JXMAKOCTEHl B MPOAYKTUBAHBIX IJIACTaX YCJIOXKHAETCA Bo3jelicTBUeM (aKTOpPOB, CBA3AHHBIX C
KOJIJIEKTOpax, ppakTaabHas MeToJaMu HOBBIeHNs HeTeoTJauu MJIaCTOB, TaKMX KaK IHApaBINYecKull pasphiB IUlacTa. B pesysbTaTe BHEIINX BO3AENCTBUH
PasMepHOCTb CUCTEMBI TPELIVH B KOJUJIEKTOPBI, CJIOXKE€HHBbIE IIOPUCTBIMHA W NPOHUL@EMbIMHU IIOpOAAMU, IEPEXOAAT B pas3IMdHble HaIPsXKEHHbIE COCTOAHUA
TOPHBIX IIOPO/Iax, HACHIIEHHbIE (mecTpyKTHBHBIE COCTOAHMA). [IpU 3TOM HM3MEHEHUs CBOWCTB KOJUIEKTOPOB ONpPEAEesIAI0TCA KOJMYECTBOM TPELWH B Npefesiax
1101 I0M KOJLTIEKTOPHIL. ofHOro o6beMa (e€AMHMIBI) TOPOABl M crenudHUIecKUM XapakTepoM ABWXeHHsA (uiionaa BHYTPU KoJulekTopa. B craThe

paccMaTpUBAIOTCA JaHHBIE BOIIPOCH, B TOM YHCJIe MPoIecch AedpopMHUpPOBaHHUSA KOJIJIEKTOPOB ¢ 00pa30BaHMEM CHCTEMBI TPeIuH
¢ ppakTaJbHBIM PUCYHKOM. KpoMe Toro, npesicTaBIeHHasA MOZEe/b OObACHAET, KaK 06pasyloTcsA TPEIHHbI, YYUThIBasA N3MEHEeHHsA
BO (paKTa/IbHOI Pa3MepHOCTHU Cpefbl.

CorylacHO NpOBEJEHHBIM HCCJIe[IOBAHUAM, BBIEJIEHBI ciedylomue ¢asbl nporecca o6pa3oBaHUA TpeluH. [lepBoHaYaJbHO
MOSABJIAETCS HECKOJIBKO HAYasIbHBIX TPEIMH, KOTOphle HMeEIOT XaoTH4ecKoe HeyINOpAJOYeHHOe pAaCIOoJIokKeHHe, MPH 3TOM
¢dpakTasbHasg pa3MepHOCTb CHCTEMBI yBeIMYNBaeTcA A0 3HaYeHuA 1,6. Ha ciiefyromeM ararne, Koraa ¢ppakTaabHas pasMepHOCTb
mocrerneHHo pacrer ¢ 1,6 mo 1,73, TpemuHb HauYMHAKOT CAMBAThCA M OOpa3oBBIBATH 00JIACTH paspeiBa. B mampHerimem
¢dpakTasbHasg pa3MepPHOCTb OCTaeTCsA OTHOCHTEJIBHO CTAOWJIBHOM [JO 3HaueHMil 1,75, mocjae 4ero NPOUCXOAUT HapylleHue
LeJIOCTHOCTU cpefbl (pa3phiB). [IpUYMHBI BO3MOXHOTO HECOOTBETCTBUA MPEUIOKEHHBIX MOJeJseil TPeIMHOO6pa3oBaHIA
peasbHEIM TeOJIOTHYeCKUM OOBeKTaM MOTYT ObITh OOBACHEHB HAJIMYMEM MHOXECTBA YPOBHEH MX HEOJHOPOJHOCTHU, YTO
OPUBOAUT K BO3HUKOHBEHHUIO HEyYTEHHBIX B MOJEJIAX (GIIIOKTYAIil MUKPO- 1 MAaKPOHAMPIKEHNUIL.
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Introduction

As is known from the practice of modern oil and gas
production, even at the stage of field development design, some
losses of "black gold", expressed as the indicator "recoverable
reserves", are included [1-3]. That is, such total losses are equal
to about 60-70 % of the initial hydrocarbon reserves.

The main cause for such losses is often the natural or
artificially altered dynamics of fluid movement within the
reservoir. Even in cases where the natural dynamics is
favorable, they are often disrupted by technical well
operations such as hydraulic fracturing and others used to
enhance oil and gas production and increase the oil
recovery rate [4-6]. Consequently, construction of deep
penetrating hydraulic fractures in the oil reservoir can
result in the formation of additional pathways for water,
which in turn weakens the flow of oil through the natural
fracture network. Particularly, the technique of hydraulic
fracturing leads to the destruction of the natural structure
of porous and permeable reservoirs containing oil and gas.
These reservoirs can pass within various states of
destruction, characterized by the number of fractures per
unit volume of rock, also known as fractality of fracturing
[7-10]. Its volume can be as large as 1 m® or as small as
1 cm?® and can contain a few fractures, numerous fractures,
or even be completely fractured to the point where it
resembles absolutely loose sand.

In nature, the process of occurrence of cracks in reservoirs
occurs because of geostatic, tectonic, etc. stresses, leading to
local deformations of the environment. Moreover, the above-
mentioned process of rock fracture is nonlinear and Hooke's
law of deformation (¥ = —kX) is valid only at the initial stage
of deformation. When a certain threshold value reached, the
linearity of deformation is broken and stress redistribution
(bond breaking) occurs [11-14]. As a result, a branched crack
system (secondary cracks) appears in the rock matrix. Such
deformation process is suitable for both types of deformations —
tensile and shear - common in nature. Characteristic
configurations of cracks in both cases have a fractal structure
(Fig. 2) with a dimensionality of 1.62 — 1.64.

Research Methodology

The above-described process of fractal crack formation
indicates the unpredictability of cracks growth manner,
and the similarity of the fractal dimensions of crack
systems under tensile and shear deformations proves the
impossibility of determining the types of external load
based on the orientation of cracks.

In order to identify the existence of the connection
between numbers of cracks the values of the corresponding
fractal dimension, it is necessary to trace the variation in
the values of the fractal dimension of the system during
the development of secondary cracks [15]. Since this is
practically impossible to do in reality, the process, with a
certain degree of reliability could be adequately modeled
in the following sequence.

Let us imagine that a square area of surface a X a is divided
into n elementary areas — AS, each of which is formed by four
rods forming sides (Fig. 3). The figure shows elementary site
AS, each side of which is a side of the neighboring site and is
characterized by its ultimate strength — Pi j.

Let the force F on the line [0, g; a%] be applied to
the centre of the square axa linearly decreases from the

value of F on the line [0, g; a, %J to O to the edges of

the area, i.e. F:F—[z-i]-F.
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Fig. 1. Fractality of a porous reservoir

Fiq. 2. Fractality of cracks under different types
of deformation: a — tension; b — shear [7]

Fig. 4. Evolution of the fractals cracks system
during loading [15]

Obviously, according to the law of conservation of
force, acting on the plane (Sij) by the formula (£, = F; +
F,, + F,; + F, ), where F, F,, F, F,are the forces acting
on the sides of the plane (Sij), it is reasonable to assume

that[Fu =F,=F,=F,= gj

For calculation the site with the size 240Xx240 was
chosen. The value of the strength limit Pij was set using a
random number generator Pij < 1. Force F = 1. At
condition Fij > Pij the side of the platform AS is destroyed.

The evolution of the system is as follows. In the first
step of modelling individual cracks appear (Fig. 4, a). In
subsequent steps they start to merge (Fig. 4, b) and finally
a single fracture is formed (Fig. 4, ¢).

The fractal dimension of the system changes from O to
1.75, and the fractal dimension increases rapidly at first, a
chaotic system of cracks is formed, and the fractal
dimension approaches the value of 1.6. Then the cracks
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start to unite and form a fracture region, the fractal dimension
slowly increases from 1.6 to 1.73. Once this value is reached,
the fractal dimensionality of the rupture, in subsequent
modelling steps, remains almost unchanged (Fig. 5). The
collapses of the sides of the elementary square area are
concentrated along the interaction line. Completing the
formation of the rupture, its body is formed which is a fractal
cluster, accompanied by a chaotic system of cracks, the fractal
dimension increases slightly to 1.75. At the subsequent steps
of modelling the formation of new fractures stop.

Discussion of Results

During of elastic cracking process, the total energy of
the system decreases with time, so it can be argued that
the more cracks grow, the more stable the system
becomes; when the energy is exhausted, crack growth
stops. Thus, the results of calculation of evolution and
fracture zone show that fractal dimension can be used as a
quantitative criterion for diagnosing the processes of self-
organization of fault systems.

At the same time, real geological media most often
possess a certain multilevel heterogeneity of internal
structure and defectively of different hierarchical levels
[16-24]. In this connection, as well as taking into account
fluctuations of micro- and macro-stress distribution on
these heterogeneities, obtaining specific characteristics of
geometrically similar samples revealed that along with the
factors confirming the law of similarity, significant
deviations from this law are also observed. Since the
observed deviation is a consequence of geometrical
dimensions of solid deformable bodies, the causes of this
deviation are related to the scale factor, and the
phenomenon itself is called the scale effect [25-32]. In
particular, for a continuous closed curve y possessing the
properties of homogeneity and self-similarity, the power
law is valid [25-26] at constant D (Hausdorff dimension)
along this curve.

I =m, M

when D above (>) 1, the curve is a fractal. Here In —
is the length of the broken line approximating this curve,
composed of segments of constant length 1. The
homogeneity of the curve means that all sections of the
curve between adjacent vertices of the approximating
broken line with links of length n create the same
number of segments on the approximating broken line
with links of length & < 1, and the property of self-
similarity means that the curve is similar in its part. So
the number of segments of a polyline with link length &
that fit between neighbouring vertices of a poly line with
link length n depends only on the ratio n/&, but not on n
and & separately.

However, the properties of homogeneity and self-
similarity of a curve are not necessary for a continuous
curve to be a fractal; it is sufficient to consider the
essentially weaker properties of its local homogeneity and
local self-similarity. This means that for any point of the
curve one can specify a small neighborhoodA in which the
curve is characterized by the following property:

— the principal term of the asymptotic representation of
the number of vertices AVEn of an approximating poly line
with link length & between two neighboring vertices of the
poly line located in the neighborhood A, with link length
n, depends only on the ratio n/&:

— when n/& — o, i.e., when the ratio n/§ >> 1 is
fixed, there is a dependence on the ratio n/§ — oo.

Ny, = F0/O). @)

Value Change of the fractal dimension
2.000000
1,800000
1600000 gupets
1400000

1,200000
1000000
0.800000
0.600000
0.400000
0.200000

0.000000

1 36 71 106 141 176 211 246 281 316 351 386 421 456
Time (steps)

Fig. 5. Change in the fractal dimension of the system
during the experiment [15]

For the lengths of approximating broken lines in the
neighborhood of each point of a continuous curve having
the properties of local homogeneity and local self-
similarity, the steppeasymptotic relation is valid [33-38]:

L{; - T]D él_D + veey (3)

where the dots denote values small compared to the first
term (this also includes the contribution from the extreme
links, which may be fractional). If D > 1 throughout the
curve, it means that the curve under consideration is
fractal. The length of a broken line approximating a
continuous curve between two points of the curve at a
distance n depends on two-dimensional parameters: n and
the length of a link of the line &.
From the analysis of dimensions we obtain

L, = n®(n/8). 4

For a smooth (or piecewise smooth) curve & — 0, i.e.,
when n/& — o, the function ® tends to a finite limit
® (o). By definition, the value

Ly = n @() (5)

is the length of the segment of the smooth curve between
two points of the smooth curve, which are separated by
distance n. Thus, for smooth curves when n/§ — < there
is full auto modeling in the parameter n/&.

For fractal curves, there is no finite limit to the
function ® (m&) when nE&— oo; this limit is infinity.
However, it follows from the above asymptotic
representation (3) for L& that when n/g — < the function
@ (m&) has a stepped asymptotic representation

d/E) = M/E)”, 6

i.e. at /€ — oo there is incomplete auto modelling by the
parameter n/&.

Thus, passing from geometrical images to physical
objects represented by them, one can easily establish
fractality and incomplete auto modelling by the
parameter n/&.

In the framework of linear fracture mechanics, it is
acceptable (see [39]) to model fractal crack propagation in
brittle material based on the classical Griffiths criterion.
This is possible given that the stress intensity factor
depends on the load, the average crack size and its fractal
dimension [39]. In this case, we proceed from the fact that
the surface of a fracture or crack formed during the
fracture of most brittle materials is very irregular and
characterized by the presence of irregularities of various
sizes — jagged, peaks, ridges, etc. Therefore, a real crack is
far from that idealization of a crack with smooth sides,
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which is considered in linear fracture mechanics. A real
crack has a "saw tooth" or "zigzag" structure of the Koch
curve type, depending on the scale of consideration [40].

In the case of purely brittle fracture, forces of
molecular bonding are also manifested additionally. These
forces together with the forces G(s) grouped under the
general name of cohesive forces. So, finally must be taken
into account following additional dimensional indexes:
such as the crack head size d, which is determined by the
load and material structure, and the characteristic value of
the cohesive forces G,.

Numerous observations show that the following
hypotheses are valid for a large class of practically important
cases of brittle and quasi-brittle fracture [41-46]:

1) Insignificant dimensions of the head compared to
the crack size 1 (d/L < < 1);

2) Autonomy of the head, i.e., the identity in the state
of mobile equilibrium of the heads (and, consequently, of
the bonding forces generated by them) for all cracks in a
given material under given external conditions. The
mobile equilibrium corresponds to the maximum bonding
forces, so that at the slightest increase in load the crack
instantly begins to propagate.

The autonomy of the crack head is explained by the
fact that the characteristic value of the applied loads o, is
much smaller than the characteristic value of the cohesive
forces G, (0,/G, < < 1). Therefore, the theory of brittle
(and quasi-brittle) fracture is intermediate-asymptotic, and
it turns out that not each of the constants d and G,
separately is significant: the only material constant, in
addition to the constants of the theory of elasticity, is the
cohesive (adhesion) modulus or crack resistance:

K :]j‘(Gs)ds/\/S; K ~Gd.

The modulus of adhesion, which has the dimension
kgf/sm?Z is an independent characteristic of the strength
properties of the material and characterises the resistance
of the material to crack propagation.

For example, the values of the modulus of adhesion for
structural steel are K~2.510* kgf/sm*?% and for
duraluminium - K~10* kgf/sm*2,

The adhesion modulus K introduced by Barenblatt in
[33] should be distinguished from the material strength
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