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Hydraulic fracturing is the primary method of intensifying the oil flow to the well. Despite
the long history of this method’s application and the variety of software aimed at hydraulic
fracturing design, oil-producing and oil service companies often face problems during hy-
draulic fracturing, some of which are associated with insufficient elaboration of physical
models used in software packages. Sadovsky Institute of Geosphere Dynamics of Russian
Academy of Sciences has developed and constructed a unique installation that allows con-
ducting hydraulic fracturing experiments on samples of artificial porous material selected
in accordance with similarity criteria. The samples have the shape of disks with a diameter
of 430 mm and a height of 70 mm. The installation allows loading samples along three
independent axes, creating pore pressure gradients, measuring the fluid pore pressure at
several points, registering acoustic emission, probing the sample with acoustic pulses. The
article discusses the results of experiments conducted at this installation, shows the need
to advance the models used to describe the process of formation and propagation of hy-
draulic fractures in a permeable formation in a complex stress state. The results of experi-
ments on the study of the hydraulic fracture interactions with discontinuity created in ad-
vance in the model sample are also presented.
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1. INTRODUCTION

Along with water injection to maintain reservoir pres-
sure, hydraulic fracturing is the main method of stimu-
lating oil and gas production. The hydraulic fracturing is
the creation of a tensile fracture in the rock by pumping
fluid under high pressure into a certain interval of the
well. There are various both theoretical and experimental
studies of the formation and growth of hydraulic frac-
tures [1-7]. Theoretical models have limitations of their
applicability. Model parameters can only be determined
and verified experimentally. It is impossible or compli-
cated to conduct experiments under real conditions of the
developed hydrocarbon fields, therefore, experiments are
usually carried out in laboratories on samples of real
rocks or on artificial samples. In case of choosing the

material of the artificial samples, it is necessary to use
similarity criteria to ensure the applicability of the exper-
imental results to real situations. Similarity criteria are
proposed in the works [8,9] on the basis of equations that
determine the hydrodynamics and geomechanics of frac-
ture formation.

Laboratory modeling of hydraulic fracturing in vari-
ous settings are numerous. The notable breakthrough in
this direction has been achieved by Schlumberger [10],
whose equipment allows conducting experiments on
samples measuring 76X76x91 ¢cm in reservoir condi-
tions. Nevertheless, work on installations using large real
rock samples has a number of disadvantages: the com-
plexity and high cost of preparing and conducting exper-
iments, the remaining questions about the reliability of
transferring the results obtained on samples, although
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large, but still small compared to real situations, the het-
erogeneity of the stress field due to the shape of the sam-
ples, the difficulty of obtaining homogeneous samples of
large size, etc. Similar installations, but with signifi-
cantly smaller sample (usually  about
30%30%30 cm), are available in a number of leading ge-
omechanical laboratories in the world (for example, at
Delft University, the Netherlands). An overview of the
installation options is presented in Ref. [10]. Meaningful
results of investigation on the interaction of hydraulic
fractures with natural cracks are presented in Ref. [11].
Fracture interaction during multistage fracturing in hori-
zontal wells was considered theoretically [12]. Recently,
there has been an increased interest in the problem of in-
teraction between fractures and neighboring wells. It is
also essential to understand how changes in pore pressure
in the formation can affect the propagation of a hydraulic
fractures.

There are three approaches to hydraulic fracturing
modeling:

» study of small samples of real rocks;

+ selection of materials and experimental conditions

in accordance with similarity criteria;

» creation of simplified laboratory models corre-

sponding to theoretical approximations.

The description of the first two approaches is given in
a number of publications. The efficiency of simplified ex-
periments conducted under theoretical model conditions is
not so obvious, but such experiments allow solving some
numerical problems.

The materials used in the experiments can also be di-
vided into three groups:

1. Homogeneous materials using natural samples, gela-

tins, gypsum, cement, polymethylmethacrylate [13].
2. Anisotropic materials using natural samples, gela-
tins, gypsum, cements [14].

3. Samples with special discontinuities, cracks, une-
qual stress field, different angles of the well rela-
tive to the main stress axes [15].

The sample sizes range from centimeter-scale cylin-
ders at hydrostatic and triaxial stresses to meter-scale
blocks at true triaxial stresses.

This article provides an overview of the results of ex-
periments conducted using a unique hydraulic fracturing
modeling facility at the Sadovsky Institute of Geosphere
Dynamics of the Russian Academy of Sciences. The pur-
pose of these experiments was to investigate the possibil-
ity of the influence of changes in the stress state of the rock
on the direction of the fractures and the formation of new
ones, and to obtain estimates of the growth rate of the frac-
tures and the rate of filling the fracture with fluid. Com-
parison of the experimental results with the theoretical es-
timations using standard methods showed the need to

sizes

refine the models used considering the diffusion of fluid
pressure and the plastic properties of reservoir rocks.

2. EXPERIMENTAL SETUP AND
MEASUREMENT METHODS

The installation used differs from analogues in its shape
and size [16]. Structurally, the installation consists of
two disks and a side ring (Fig. 1). The thickness of the
discs is 75 mm with an outer diameter of 600 mm. The
height of the side ring is 75 mm with an internal diameter
of 430 mm and thickness of 25 mm. The dimensions of
the high-pressure chamber are 430 mm in diameter and
66 mm in height.

Rubber
membrane

Modelling
medium

Porous pressure Central

measuring points well

Fig. 1. Diagram of the hydraulic fracturing simulation setup.

The upper disk is separated from the sample by a rub-
ber membrane. The space between the disk and the mem-
brane is filled with water under pressure, which allows one
to set a vertical load on the sample. Horizontal loading of
the sample is carried out using chambers located on the
inner surface of the side ring. The chambers are made of
0.3 mm thick copper sheet. The inner hollow of the cham-
bers has a thickness of 3 mm, the height of the chamber is
2 mm less than the height of the side ring. The length of
the chamber arc is approximately 80°. Lateral (side) load-
ing is carried out by pumping fluid into opposite chambers
in pairs. Photos of the installation are shown in Fig. 2.

The holes with a diameter of 6 mm are drilled in both
discs and in the side ring. There are 29 holes in the lower
disk, 13 in the upper one, and 6 in the sidewall. These
holes are designed both for mounting various sensors, and
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Fig. 2. Photos of the hydraulic fracturing simulation setup. On the
inside surface of the side ring, chambers for creating horizontal
stresses are visible; in the center there is a model well for hydraulic
fracturing; on the sides there are auxiliary wells for creating a pore
pressure gradient.

for providing fluid pumping out or injection into the sam-
ple. Piezoelectric acoustic emission transducers are
mounted directly into the inner surface of the discs. The
layout of the sensor positions is shown in Fig. 3. The
tested samples of artificial porous materials have the shape
of disks. The installation allows to create an unequal stress
state, set pore pressure gradients, conduct hydraulic
fracturing under conditions of constant fluid flow rate or
constant fluid pressure, measure pore pressure and acous-
tic emission.
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Fig. 3. Layout of pressure sensors and acoustic emission sensors
in a top view of the setup.

Created loads:

» vertical stress up to 120 atm;

* lateral stress up to 80 atm;

 difference in the horizontal stresses up to 80 atm;

e porous pressure up to 100 atm.

Fluid injection parameters:

* at constant pressure (up to 100 atm);

* at constant rate;

* at constant pressure drop (up to 80 atm between the

injection and drain points).

Recorded values:

» flow rate and pressure of the fluid injected into the

sample;

* pore pressure;

« vertical and horizontal stresses;

e acoustic emission;

» elastic wave travel time.

The choice of the sample material modeling the collec-
tor is determined both by similarity criteria and by techno-
logical factors of manufacturing experimental samples. A
mixture of gypsum and cement in a ratio of 9:1 was used
as a model material, 45% water was added to the mixture.
To slow down the setting of gypsum, citric acid is added
to the water at a concentration of 2 g/dm?. The good fluid-
ity of the mixture and the absence of shrinkage during so-
lidification allow tight contact with the installation inside.
The material properties were determined experimentally
and are shown in Table 1. Here £ is Young’s modulus, v
is Poisson’s ratio, UCS is uniaxial compressive strength,
TSTR is uniaxial tensile strength, & is permeability, ¢ is
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Table 1. Properties of the sample material.

E,GPa v UCS,MPa TSTR,MPa  k, m? 0, %

3.7 02 64 0.8 2.7-10°5 40

porosity. Detailed information about determining the
properties of the material used and the assessment of sim-
ilarity criteria for the experiments carried out can be found
in Ref. [17].

The following series of experiments were carried out:

1. A certain pore pressure gradient was created in the
sample with the help of auxiliary wells, then a hy-
draulic fracture was formed by pumping fluid
through the central well. The injection stopped, the
installation was disassembled and the orientation
of the resulting fracture was checked. After that,
the installation was assembled again, the pore pres-
sure gradient was changed by pumping fluid
through other auxiliary wells. Hydraulic fracturing
fluid was pumped again through the central well
until the pressure drop, which determined the for-
mation of a new fracture or the propagation of the
fracture formed earlier.

2. In another series of experiments, after the for-
mation of the first fracture, the orientation of the
main compressive stresses was changed and the
possibility of forming a new fracture from the same
well was determined.

3. A special series of experiments was conducted to
determine the rate of fracture growth and filling it
with fluid.

4. Separate experiments were carried out to determine
the possibility of hydraulic fracture growth during
cyclic injection of fluid under pressure signifi-
cantly lower than the breakdown pressure.

3. RESULTS

The results of a series of experiments on studying the ef-
fect of the orientation of the pore pressure gradient on the
trajectory of hydraulic fractures are given below. The ex-
perimental conditions are given in Table 2.

Here o, / 5, is the ratio of the applied maximum hori-
zontal load to the minimum; P is the pressure in the injec-
tion well; D is the distance from the injection well to the

Table 2. Conditions of the experiments on studying the pore
pressure gradient effect.

Ne c, /o, P, MPa D, m a, degree
1 1.82 1 0.171 45

2 1.82 2 0.171 22.5

3 1 1 0.171 90

4 1.37 1.5 0.129 66

e

Fig. 4. Orientation of fractures in experiments to determine the
influence of pore pressure on the trajectory of fracture propaga-
tion. In — an injection well, Out — a production well.

Y

Fig. 5. Experiments to determine the effect of changing the ori-
entation of the principal stress axes on the development of hy-
draulic fractures.

central; o is the angle between the direction of action of
the maximum horizontal loads and the line connecting the
auxiliary wells.

Examples of fractures formed are shown in Fig. 4. In
all experiments, the main direction of fracture propagation
corresponds to the direction of the axis of the maximum
principal stress, along with this a deviation of the fracture
from this axis towards the injection well and from the
“producing” well is observed. Experiments have shown
that with minor contrasts of horizontal stresses, the pore
pressure gradient has a significant effect on the fracture
trajectory.

In the second series of experiments after the first
stage of hydraulic fracturing, the orientation of fractures
also corresponds to the direction of maximum horizontal
stresses. The fracture after the first stage is shown in
Fig. 5a. After the minimum and maximum horizontal



Experimental Study of the Hydraulic Fracture Formation and Propagation 15

Fig. 6. Photographs of the upper (a) and lower (b) surfaces and the sections of the sample (c) after obtaining a secondary hydraulic

fracture.

stresses were reversed, the pumping was performed
again. No new fractures have formed, the initial fracture
has sprouted, deviating towards the new direction of ac-
tion of maximum horizontal stresses (Fig. 5b). Note that
the fracture reopening pressure was about 30% less than
the breakdown pressure.

In the third series of experiments, the maximum load
was applied in the horizontal direction, the vertical com-
ponent of the stresses was less than the horizontal ones
6, =1 MPa, 6, =2 MPa. Thus, the primary fracture was
formed in the horizontal plane. After the first fracture
was initiated, the values of the applied lateral and vertical
loads were changed to the following: o, =1.5 MPa,
6, =0.5 MPa in order to obtain a vertical fracture. The
new fracture actually spread in the vertical plane despite
the fact that the perforation was located in the horizontal
plane (Fig. 6).

In this series of experiments the formation, develop-
ment and filling of a hydraulic fracture with fluid was
monitored by recording ultrasonic pulses passing through
the sample. Acoustic pulses were recorded by piezoelec-
tric transducers located in the lower disk (Fig. 2), piezoe-
lectric transducers located in the upper disk served as
emitters. Fig. 7 shows an example of the pressure depend-
ence on time in the central well, synchronized with the de-
pendences of the amplitude of the ultrasonic pulses that
passed through the sample during the formation of a hori-
zontal fracture on time. It can be noted that the decrease in
the amplitude of the ultrasonic pulses on the receivers be-
gins before the maximum pressure is reached. It indicates
the beginning of the hydraulic fracture growth at a pres-
sure less than the maximum. After the decline, the ampli-
tudes rise, which is caused by filling the fracture with a
fluid. In contrast to the decline, the beginning of the am-
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Fig. 7. Initial section (on the left) and complete records (on the right) of the dependences of pressure in the central well and loading
pressure on time (upper graphs) and the amplitude of ultrasonic pulses for different receivers (lower graphs).

plitude growth is clearly localized in time. Taking into ac-
count the spatial location of the source of ultrasonic
pulses, receivers and the geometry of the fracture, it is pos-
sible to estimate the propagation velocity of the hydraulic
fracturing fluid front, which was =35 mm/s, the fracture
growth rate is estimated at 100—130 mm/s.

After the rise of the amplitude of the ultrasonic pulses,
a significant decrease is recorded, which is apparently due
to the increase of the formed fracture aperture. At the re-
ceivers located closer to the central well, this decline is
maximum. There is more than three-fold drop in ampli-
tude compared to the initial value (before the fracture for-
mation). Then the pulse amplitude stabilizes. When the in-
jection is stopped, the amplitude of the ultrasonic pulses
begins to grow, which indicates that the fracture closes as
the pressure in it decreases.

A series of experiments was carried out to study the
possibility of fracture growth during cyclic injection of
fluid with a pressure less than the breakdown pressure.
An example of pressure changes in the central well dur-
ing injection with a constant flow rate is shown in
Fig. 8a. The breakdown pressure in this experiment was
5.3 MPa, after reducing the pressure, it was 3.2 MPa. Af-
ter fixing the formed fracture (Fig. 9a), the experiment
continued at the cyclically varying pressure shown in
Fig. 8b. The vertical load on the sample was set to
4 MPa, the horizontal loads were 0.1 MPa, the injection
pressure did not exceed 2.4 MPa. An example of a frac-
ture resulting from a cyclic change in the injection pres-
sure is shown in Fig. 9b.
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Fig. 8. Pressure change in the central well: (a) the formation of a
hydraulic fracture during injection with a constant flow rate;
(b) cyclic injection with controlled pressure (lower).

4. DISCUSSION

During the experiments described, attention was drawn to
the fact that the pressure of the injected fluid, at which a
hydraulic fracture occurs, turned out to be significantly
higher than expected according to preliminary estimates.
There are several approaches for estimating the break-
down pressure of hydraulic fracturing [18-20]. In this
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Fig. 9. Photo of the sample: (a) hydraulic fracture after injection
at a constant flow rate; (b) fracture after injection with a cyclic
change in injection pressure.

study, the work [19] was used to estimate the breakdown
pressure, which is determined based on the solution of
the classical Kirsch problem of stress concentration
around a circular hole [21].

The fracture initiation occurs when the value of the
tangential component of the stress on the hole exceeds
the uniaxial tensile strength of the rock. The pressure of
the injected fluid is called fracture breakdown pressure
FBP, which can be written as follows:

FBP =36, -0, +UIS.

Here 6, and o, are the minimum and maximum horizon-
tal components of the main stresses, UTS is the uniaxial
tensile strength of the medium. This approach does not
take into account the change in the stress state of the
near-well area due to fluid filtration and changes in pore
pressure, although this leads to an increase in the break-
down pressure. Taking into account the additional com-
pressive stress due to pressure changes in the near-well
area, the expression for breakdown pressure (FBP) can
be rewritten as follows:

FBP =36, —c, +UTS +gG,.

Here o, denotes the reverse stress (backstress), consid-
ered in detail in Refs. [1,18,20,22-24]. To determine the
breakdown pressure, it is proposed to calculate the back-
stress using the formula:

a(l-2v)

o, =n(FBP—c5h), n= 2(1—v)

>

where 1) is poroelasticity coefficient, a is Biot coefficient
and v is Poisson’s ratio. It is shown in Ref. [25] that tak-
ing into account the doubled effect of backstress reduces
the difference between theoretical and experimental val-
ues of breakdown pressures.

When analyzing the experimental results, it was also
found that standard methods for determining the mini-
mum principal stresses by the fracture closure pressure
give results that differ significantly from the magnitude
of the applied load. It was assumed that the detected dis-
crepancy, as in the case of breakdown pressure, was
caused by the need to take into account the backstress. A
more accurate calculation of the stresses in the sample
under applied loads, taking into account the effect of
backstress [25], allowed, as in the case of the breakdown
pressure, to reduce the difference between the calculated
and experimental values of the minimum principal
stresses.

The use of methods of ultrasonic sounding of a hy-
draulic fracture in laboratory experiments allowed us to
identify important features of its propagation. In the ex-
periment on the formation of a horizontal hydraulic frac-
ture (perpendicular to the axis of the well), the presence
of a lag was confirmed and the average value of the ve-
locity of the fluid front in the fracture was estimated. The
magnitude of this velocity (22-35 mm/s) is comparable
to the average velocity of the fluid front propagation of
70 mm/s, directly measured in the experiment on the for-
mation of a horizontal fracture in a sample with a diam-
eter of 105 mm, described in Ref. [26].

The results of the performed experiments confirmed
the data [11] that the formation of a hydraulic fracture
begins before the pressure in the well reaches maximum.
As the fracture propagates, its dry tip is formed, the flow
of fluid through the fracture at this stage is less than the
specified injection fluid flow. As the fracture aperture
grows (which manifests itself in a decrease in the ampli-
tude of the passing ultrasonic pulses), the fluid flow into
the fracture increases and begins to exceed the injection
flow rate; this, together with the elastic expansion of the
fluid, leads to a drop in pressure. The advance of the fluid
front in the fracture is manifested in an increase in the
amplitudes of the ultrasonic pulses, however, the contin-
ued expansion of the fracture aperture after some time
again leads to a decrease in the amplitude of the passing
pulses. After stopping the injection, the fracture begins
to close, which increases the amplitude of the pulses.

The experiments carried out confirmed the possibility
of forming a new fracture oriented vertically (along the
well), in the presence of an initial horizontal fracture in the
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same well. The secondary fracture was created only as a
result of a change in the stress state of the reservoir model.
It should be noted that there are no other special measures,
such as priming, perforation of the well, aimed at stimu-
lating the formation of a new fracture in a given direction
(as was done, for example, in Ref. [5]).

A series of repeated experiments with an increase in
the stress component perpendicular to the plane of the pri-
mary crack showed a redistribution of fluid flows during
the formation of a secondary fracture, which manifested
itselfin a change in the amplitude variations of the probing
ultrasonic pulses.

Experiments on modeling fracture growth with cyclic
changes in injection pressure have shown that the growth
of the initial stopped fracture can be resumed at a pressure
in the well significantly lower than when the hydraulic
fracturing operation is terminated. This result is important
when planning the switching of the producing well with
hydraulic fracturing to the water injection mode to main-
tain reservoir pressure.

5. CONCLUSIONS

1. The breakdown and closure pressure are not deter-
mined by the simplest models, it is necessary to
take into account the increase in pressure in the vi-
cinity of the fracture, the plasticity of the rock and
the real tensile strength of the rock.

2. Hydraulic fractures formation can be divided into
stages:

* dry fracture tip formation;

» fracture fulfilling with fluid;

» fracture opening, fracture growth with an al-
most constant aperture;

» fracture closure at the moment next to the
injection stop.

3. The fracture occurs before the injection pressure
reaches its maximum.

4. The condition for the appearance of a secondary
hydraulic fracture depends on a significant change
in the orientation of the axes and the magnitude of
the main stresses.

5. The propagation of hydraulic fractures is possible
at pressures significantly lower than the breakdown
pressure.

It was found that with a smaller stress contrast, the pore
pressure field has a greater influence on the direction of
fracture propagation. The possibility of creating a repeated
hydraulic fracture by changing only the stress-strain state
without additional actions, such as, for example, plugging
of an old perforation or the entire fracture, has been exper-
imentally confirmed.
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JKCNEePUMEHTAJIbHOE HCCIIeA0BaHNE 00Pa30BAHNS M PA3BUTHS
TPelUH IMApPopa3pbiBa IJIacTa

C.b. Typynraes, E.B. 3enuenko, II.E. 3enuenko, M.A. Tpumonosa, E.B. HoBukoBa

Hnemumym ounamuxu 2eocgep umenu akademuxa M. A. Cadosckoco PAH, Mockea, Poccus

AnnoTtamusi. ['napasnuueckuit paspsis miacta (I'PIT) siBiasieTcss OCHOBHBIM METOJOM YBEJHUYCHHS NPHUTOKA He)TH K ckBaxkune. He-
CMOTPsI Ha GOJBIIIYI0O HCTOPHIO MPUMEHEHHUS 3TOr0 METOJ[A U CYIIECTBOBaHHE OOJBIIOrO KOJINYECTBA PACUETHBIX POrpaMM, IpeTHa-
3HaueHHbIX i au3aiina ['PII, HedrenobbiBatoue 1 HeTeCepBUCHBIC KOMITAHMHU 3a4acTyIO CTAIKUBAIOTCS C MPOOIeMaMHu TIPH PO~
BEJICHUU THIPOPA3pbiBa, PsJi U3 KOTOPBIX CBA3aH C HEJOCTAaTOYHOH NMpPOPabOTAHHOCTHIO (PU3MYECKUX MOJENCH, 3aJ0KEHHBIX B
nporpamMmHsle naketsl. B MHcTuTyTe tuHamuku reocdep nmenu akagemuka M.A. Camosckoro Poccuiickoit akazeMun HayK co3aaHa
YHUKaJIbHAs yCTaHOBKA, MO3BOJIAIOIIAs TPOBOANTH SKCIIEPUMEHTHI IO THAPOPa3pPhIBY MIacTa Ha 00pa3iax UCKYCCTBEHHOTO MOPHUCTOTO
Marepuaia, oZ00paHHOTO B COOTBETCTBHHU C KpuTepusmu nmoaodus. O6pasiipl uMetoT Gpopmy quckoB anamMeTpom 430 MM U BBICOTOM
72 MM, yCTaHOBKa IT03BOJIET HArpyKaTh 00pasIibl O TPEM HE3aBUCHMBIM OCSIM, CO3/1aBaTh IPAANECHTHI IOPOBOTO JIaBJICHUS, U3MEPSTh
MOPOBOE JIABJICHHE UAKOCTH Ha CETKE TOYEK, PETUCTPHPOBATh aKyCTHYECKYIO SIMHCCHIO, 30HIMPOBATh 00pa3sel] akyCTHYECKUMU HM-
mynbcaMu. B cTaTbe paccMaTpHBAaIOTCS Pe3yNbTaThl SKCIIEPUMEHTOB, MPOBOJUMBIX Ha 3TOH yCTaHOBKE, MOKa3aHa HEOOXOAMMOCTh
YCIIOXKHEHHs] MOZIeJIeH, IPUMEHSEMBIX JUIsl OITHCaHus rpolecca oopa3oBanus 1 pacnpocrpanenus TpeuuH I'PII B nponunaemom mia-
CT€ B YCJIOBUSIX CIIOKHOTO HAPsDKEHHOTO cocTosiHus. [IpecTaBieHs! Takke pe3yabTaThl S3KCIEPUMEHTOB 0 HCCIIE0BAHUIO B3aHMO-
JIeHCTBHS TPELIMHBI THAPOPa3phIBa C CO3AaHHBIMU B MOJEIIBHOM 00pa3lie HapyIICHUSAMH CIUIOIIHOCTH.

Kniouegvie cnosa: TunpopasphIB I1acTa; 1ab0paTOPHOE MOIEINPOBAHHE; HOPUCTBIC CPe/Ibl; HANPSHKEHHO-1e(hOPMUPOBAHHOE COCTO-
SIHUE; pa3pylIeHne


https://doi.org/10.2118/68882-PA
https://doi.org/10.2118/68882-PA
https://doi.org/10.2118/68882-PA
https://doi.org/10.2118/68882-PA
https://doi.org/10.2113/2021/4152918
https://doi.org/10.2113/2021/4152918
https://doi.org/10.2113/2021/4152918
https://doi.org/10.2113/2021/4152918
https://onepetro.org/ARMAUSRMS/proceedings-abstract/ARMA08/All-ARMA08/117906
https://onepetro.org/ARMAUSRMS/proceedings-abstract/ARMA08/All-ARMA08/117906
https://onepetro.org/ARMAUSRMS/proceedings-abstract/ARMA08/All-ARMA08/117906
https://onepetro.org/ARMAUSRMS/proceedings-abstract/ARMA08/All-ARMA08/117906
https://onepetro.org/ARMAUSRMS/proceedings-abstract/ARMA08/All-ARMA08/117906
https://doi.org/10.1134/S1069351321050207
https://doi.org/10.1134/S1069351321050207
https://doi.org/10.1134/S1069351321050207
https://doi.org/10.1134/S1069351321050207
https://doi.org/10.1134/S1069351321050207
https://doi.org/10.2118/187822-MS
https://doi.org/10.2118/187822-MS
https://doi.org/10.2118/187822-MS
https://doi.org/10.2118/187822-MS
https://doi.org/10.2118/187822-MS
https://doi.org/10.2118/187822-MS
https://doi.org/10.1007/s12182-017-0182-1
https://doi.org/10.1007/s12182-017-0182-1
https://doi.org/10.1007/s12182-017-0182-1
https://onepetro.org/ARMAUSRMS/proceedings-abstract/ARMA69/All-ARMA69/130984
https://onepetro.org/ARMAUSRMS/proceedings-abstract/ARMA69/All-ARMA69/130984
https://onepetro.org/ARMAUSRMS/proceedings-abstract/ARMA69/All-ARMA69/130984
https://onepetro.org/ARMAUSRMS/proceedings-abstract/ARMA69/All-ARMA69/130984
https://doi.org/10.1016/0148-9062(88)92299-1
https://doi.org/10.1016/0148-9062(88)92299-1
https://doi.org/10.1016/0148-9062(88)92299-1
https://doi.org/10.1016/0148-9062(88)92299-1
https://doi.org/10.1088/1742-6596/722/1/012003
https://doi.org/10.1088/1742-6596/722/1/012003
https://doi.org/10.1088/1742-6596/722/1/012003
https://doi.org/10.1088/1742-6596/722/1/012003
https://doi.org/10.48550/arXiv.1610.09471
https://doi.org/10.48550/arXiv.1610.09471
https://doi.org/10.48550/arXiv.1610.09471
https://doi.org/10.1016/j.ijrmms.2018.04.055
https://doi.org/10.1016/j.ijrmms.2018.04.055
https://doi.org/10.1016/j.ijrmms.2018.04.055
https://doi.org/10.1016/j.ijrmms.2018.04.055
http://doi.org/10.26006/29490995_2022_14_2_40
http://doi.org/10.26006/29490995_2022_14_2_40
http://doi.org/10.26006/29490995_2022_14_2_40
http://doi.org/10.26006/29490995_2022_14_2_40
http://doi.org/10.26006/29490995_2022_14_2_40
https://doi.org/10.26006/IDG.2019.11.38613
https://doi.org/10.26006/IDG.2019.11.38613
https://doi.org/10.26006/IDG.2019.11.38613
https://doi.org/10.26006/IDG.2019.11.38613
https://doi.org/10.26006/IDG.2019.11.38613

