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Abstract. Hydraulic fracturing is an effective way to stimulate oil production, which is currently widely used in various 

conditions, including complex carbonate reservoirs. In the conditions of the considered field, hydraulic fracturing leads 

to a significant differentiation of technological efficiency indicators, which makes it expedient to study in detail the 

crack formation patterns. For all affected wells, the assessment of the resulting fractures spatial orientation was per-

formed using the developed indirect technique, the reliability of which was confirmed by geophysical methods. In the 

course of the analysis, it was found that in all cases the fracture is oriented in the direction of the development system 

element area, which is characterized by the maximum reservoir pressure. At the same time, reservoir pressure values 

for all wells were determined at one point in time (at the beginning of hydraulic fracturing) using machine learning 

methods. The reliability of the used machine learning methods is confirmed by high convergence with the actual (his-

torical) reservoir pressures obtained during hydrodynamic studies of wells. The obtained conclusion about the influence 

of the formation pressure on the patterns of fracturing should be taken into account when planning hydraulic fracturing 

in the considered conditions.  
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Introduction. The oil and gas reserves contained in carbonate reservoirs are approximately 70 % 

of the world reserves, and proven recoverable reserves – approximately 50 % [1-3]. Compared to res-

ervoirs represented by sandstones, carbonate rocks much differ in the characteristics of the geological 

structure and mechanisms of reserves development, which, of course, should be taken into account 

when choosing development methods [4-6]. In many articles [5, 7, 8] it is noted that during the ex-

ploitation of carbonate deposits, the initial levels of oil production can be high, but it is quite difficult 

to maintain them at a stable level. In these conditions, measures to stimulate oil production, such as 

acid hydraulic fracturing (AHF), play an important role in the effective development of complex 

carbonate reservoirs [9-11]. However, it should be noted that the application of this method in complex 

reservoirs, for example, in reef structures, is complicated by unstable results [12-14]. Thus, when con-

ducting acid fracturing at the Famennsky development site of one of the oil fields confined to the 

Solikamsk depression (Perm Territory), there is a significant spread in the values of technological effi-

ciency indicators: a number of wells achieved a very significant increase in production rate, which 
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persists for a long period of time, on some wells, the increase in production rate is minimal (or not 

obtained) [15-17]. One of the probable reasons for the noted phenomenon may be the complex geo-

logical structure of the development object, including differences in the structure of the void space,  

a large range of variation in effective oil-saturated thicknesses, which ultimately can affect the 

formation of hydraulic fractures [18-20]. In this regard, it seems relevant to study the patterns of 

hydraulic fractures formation for further effective application of the considered method of stimula-

tion [21-23]. 

There are a number of methods that allow assessing the direction of hydraulic fractures during 

the operation [24-26]. One of the common methods for assessing the parameters of a hydraulic frac-

ture is microseismic monitoring (MSM), which has received practical application in many oil pro-

ducing regions of Russia and abroad [27-29]. However, in areas with unfavorable seismo-geological 

conditions, it is not always possible to obtain conditioned material using seismic research methods. 

On the territory of the Perm Territory, the zone of unfavorable seismogeological conditions is wide-

spread and has a significant area; a number of oil fields are located on its territory, including the one 

considered in this paper [30]. 

Another well-known tool for controlling the process of formation of hydraulic fractures is a ge-

ophysical method – sonic waveform logging (SWL-D) [31]. This method is also widely used in the 

oilfield business practice, including in the Perm region fields, however, mass use is also limited by 

economic and technological reasons. Therefore, the development of indirect methods for determining 

the direction of hydraulic fractures is especially relevant, and the existing actual experience of MSM 

and SWL can be used to assess the reliability of the results. 

In papers [32, 33] describes a technique based on the field data analysis and confirmed by the 

results of hydraulic fracturing MSM at a number of wells in the Perm region fields. The essence of 

the technique is reduced to a comparative analysis of the mutual influence of wells within the element 

of the development system in which the well is located – the object of influence. As a measure of 

well mutual influence, it is proposed to use the correlation coefficient between fluid flow rates (in-

jectivity in the presence of injection wells), a hypothesis about the direction of the fracture is put 

forward based on visual analysis and comparison of fields representing the distribution of the corre-

lation coefficient between well flow rates in the area of the development system element. Despite the 

good agreement between the results of using the indirect technique with MSM, its practical applica-

tion is hampered by the need and complexity of a comparative visual analysis of the fields of distri-

bution of correlation coefficients, dependence on the so-called human factor. In this regard, it is ad-

visable to adjust the methodology aimed at eliminating this shortcoming. 

Reliable determination of the hydraulic fractures direction will allow to increase the detailing of 

the operations results analysis performed in complex carbonate reservoirs, to explore the probable 

patterns of this process. In turn, the identification of geological and technological factors that deter-

mine the patterns of the spatial arrangement of hydraulic fractures is a key tool in the management of 

the event, its use will significantly increase the efficiency of planning in the conditions under consid-

eration [34, 35].  

In the general list of geological and technological factors that probably affect the hydraulic frac-

tures patterns formation in the reservoir, reservoir pressure should be highlighted. However, the dis-

creteness and time difference of reservoir pressures actual measurements, despite the high coverage 

of the fund of the considered object by hydrodynamic studies (HDS), is a factor limiting the detailed 

analysis of this hypothesis, therefore it seems relevant to use indirect methods for determining reser-

voir pressure based on mathematical processing of the accumulated experience of hydrodynamic and 

field tests. research using artificial intelligence. 
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Currently, the methods of artificial intelligence and machine learning are widely used in all 

areas, including oil and gas engineering, and their application makes it possible to modernize  

existing technologies and processes [36-38]. Machine learning methods can be used to indirectly 

assess and predict the energy state of deposits [39-40]. 

At present, there are several types of machine learning: 

• classical learning – includes such algorithms as classification, regression, clustering, generali-

zation, association; 

• reinforcement learning – used to create autopilots, robotic vacuum cleaners, computer games; 

• ensemble methods – used in search engines, computer vision and all tasks where classical  

algorithms work; 

• neural networks and deep learning – used in all of the above tasks, they represent a set of 

neurons and connections between them. 

The choice of a machine learning method depends on the problem statement; a combination of 

methods is often used. For the effective use of elements of artificial intelligence, a well-prepared 

database is required, which is often a more time-consuming task than the process of building a model 

and training it. Taking into account innovative trends in the oil and gas industry and an extensive 

database of development objects, the use of machine learning methods to solve various analytical 

problems in this area is particularly relevant. 

Methodology. This study proposes an improved approach to solving the problem. The direction 

of hydraulic fractures is still proposed to be assessed by changing the degree of interaction between 

wells, based on the assumption that as a result of hydraulic fracturing in the zone of fracturing, per-

meability changes, which, of course, affects the presence and degree of hydrodynamic communica-

tion between wells. A distinctive feature is the inclusion in the methodology of the stage of calculating 

the value of Δr, which is the change (in absolute value) of the correlation coefficient between well 

flow rates. 

In the future, it is proposed to build not two fields, but one, reflecting the change in the value of 

Δr over the area of the development system element. The section of the element with the maximum 

value of Δr is proposed to be considered a probable direction of crack formation. Thus, the improved 

indirect technique involves the construction and analysis of only one field – the scheme for changing 

the value of Δr. 

At the next stage, studies were carried out to assess the influence of geological and technological 

factors on the hydraulic fracture formation patterns. Identification of such factors will make it possi-

ble to successfully plan further hydraulic fracturing activities. It is obvious that as the factors that 

probably determine the hydraulic fractures formation patterns, parameters should be considered, the 

practical determination of which is not difficult. 

To this end, for all wells within the elements of the development system, a large amount of 

geological and field data was involved, including bottomhole pressure, porosity coefficient values, 

belonging to the lithofacies zone, and calculations were carried out to determine the reservoir pressure 

values for each well of the element at one point in time corresponding to the beginning of hydraulic 

fracturing. When calculating reservoir pressures, two methods of machine learning were used – ran-

dom forest and artificial neural network. 

The machine learning method “random forest” has been widely used in many areas and is used 

to solve various kinds of problems [41, 42]. One of the few universal algorithms was first proposed 

by American mathematicians L.Bryman and A.Cutler, it allows solving problems of classification, 

regression, clustering, anomaly search, etc. 
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An artificial neural network is also currently 

being successfully applied in the field of oil and 

gas engineering due to the use of a large amount 

of geological and field data. With proper training, 

a neural network can reliably predict the required 

parameters by defining complex non-linear rela-

tionships between input data. 

When developing models for determining 

reservoir pressure using artificial intelligence 

methods (random forest and neural network), 

such parameters as fluid flow rates, as well as 

the operating factors of each well, were used  

as input data. In calculating reservoir pressures, 

a method was used that showed the best match 

between the calculated and actual values of the 

desired value [43]. 

Results. Figure1 shows the results of the prac-

tical application of the proposed methodology – 

assessment of the hydraulic fractures direction for 

one of the wells (N 423), which exploits the 

Famennian carbonate deposits, on which acid 

fracturing was performed with proppant fixation. 

The choice of this well is due to the availability 

of wave acoustic logging data, performed before and after hydraulic fracturing. 

For all wells within a development system element that includes a well 423, the values of the 

correlation coefficients r between the fluid flow rates before and after hydraulic fracturing were cal-

culated, their difference was determined, and a scheme was constructed for changing the parameter 

Δr over the area of the element (Fig.1). 

As follows from the analysis of Fig.1, the maximum change in the correlation coefficient be-

tween production rates is noted in the direction of the well 433 and 427, which is fully confirmed by 

the results of SWL (Fig.2). 
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Fig.2. Spatial position of hydraulic fracture according to SWL [44] 

1 – operating production well; 2 – operating injection; 3 – well-fracturing facility; 4 – fracture direction after hydraulic fracturing 
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Fig.1. Scheme of changing the parameter Δr on the area  

of the development system element [44] 

1 – hydraulic fracturing well; 2 – production well 
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In total, 26 hydraulic fracturing operations were 

performed at the object under consideration, and for 

each of them, the direction of hydraulic fractures was 

estimated. It should be noted that the obtained results 

are fully consistent with the SWL materials (for wells 

where hydraulic fracturing was accompanied by this 

control method). 

The next stage of the work was to study the 

probable causes of the spatial orientation of the formed 

cracks. It has been established that the only factor (out 

of the total significant amount of information 

involved) that affects the location of fractures is reservoir pressure. As noted earlier, reservoir 

pressure values for all wells before hydraulic fracturing were determined using machine learning 

methods implemented as a module of a generalized software package, which was developed to solve 

a number of tasks for monitoring the oil fields development. This module allows you to perform retro- 

and prospective analysis of reservoir pressure in the extraction zones at any time. Reliability of 

reservoir pressure reproduction by each of the two methods is estimated by the criterion r – the 

correlation coefficient between the actual and model reservoir pressures (see table). 

For the conditions of the considered development object, both the neural network and the random 

forest method demonstrate high reliability when reproducing historical data on reservoir pressure. 

Based on a slightly higher average value of the coefficient r, data obtained using a neural network 

were used for further research. The reproduction of historical data is also illustrated by a graph of 

reservoir pressure dynamics for one of the wells of the element – well 9070 (Fig.3). Visual analysis 

of the graph confirms the high reliability of the machine learning method used in reproducing reser-

voir pressure (a sharp increase in reservoir pressure (2007-2008) is associated with the introduction 

of a reservoir pressure maintenance system, and a subsequent significant change in the energy con-

dition is due to a decrease in the injection of the agent into injection wells and active drilling of the 

deposit). 

The high reliability of the used indirect method for determining reservoir pressure made it 

possible to assess the energy state of the development system element immediately before hydraulic 

fracturing in the well 423 located within this element. The calculations results are presented in the 

form of a reservoir pressure distribution scheme, a kind of analogue of the isobar map built for  

a reservoir fragment. 

As follows from the analysis of the scheme presented in Fig.4, the maximum values of reservoir 

pressure are typical for well sampling zones 433 and 427. At the same time, it was in the direction of 

these wells that the priority development of cracks was established (see Fig.1, 2), i.e. within the 

 
 

Comparison of correlation coefficients of actual  

and model reservoir pressures 

Well  

numbler 

Correlation coefficient  value 

Random forest Neural network 

423 0.721 0.728 

424 0.836 0.964 

427 0.972 0.950 

429 0.734 0.836 

430 0.979 0.914 

433 0.624 0.712 

9070 0.806 0.806 

Average 0.810 0.844 
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Fig.3. Dynamics of actual and model reservoir pressure during well 9070 operation [44] 

1 – model reservoir pressure; 2 – actual (hydraulic well studies) 



 

 

Journal of Mining Institute. 2022. Vol. 258. P. 924-932 

© Evgenii V. Filippov, Lev A. Zakharov, Dmitry A. Martyushev, Inna N. Ponomareva, 2022 

DOI: 10.31897/PMI.2022.103 

929 

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

considered section of the deposit, hydraulic 

fractures propagated in the direction of zones 

with maximum reservoir pressure. 

Coincidences of the spatial distribution 

of hydraulic fractures and zones with the 

highest formation pressures (within the ele-

ments of the development system) were estab-

lished for 25 out of 26 measures performed  

at the facility. 

Discussion. In the performed analysis 

course, it was found that within the limits of 

the Tournaisian-Famennian considered field 

oil deposit, as a result of hydraulic fracturing, 

cracks are formed in the reservoir, oriented to 

the zone with the maximum reservoir pressure 

for the area. This conclusion will allow more 

efficient planning of hydraulic fracturing, re-

ducing economic and technological risks. 

The establishment of this regularity be-

came possible due to the complex use of two 

indirect methods – fracture formation direction 

assessment according to the comparative anal-

ysis of the correlation of well flow rates before and after hydraulic fracturing, as well as a method for 

determining reservoir pressure in any period of well operation, based on the use of machine learning 

methods. 

It should be noted that the conclusion obtained in the work on the predominant impact direction 

in the area of increased formation pressures, to some extent, contradicts the known geomechanical 

concepts. Thus, in the works [14, 20, 45] based on analytical solutions, the authors made conclusions 

about the propagation of hydraulic fractures in the area of low pressures. Of course, this issue is 

debatable and requires further study. 

In particular, the conclusion that a fracture propagates into a low-pressure zone contradicts the 

laws of fluid flow: it is known that the fluid moves from a higher pressure to a lower one, and it is 

not clear how the propagation of a fracture into a low pressure zone will ensure the influx of additional 

fluid volumes. 

In any case, the issue of the hydraulic fractures spatial orientation has not been resolved. On the 

one hand, analytical solutions cannot take into account the complexity of the geological structure of 

carbonate deposits. On the other hand, the solution obtained and described in this article is valid only 

for the object under consideration and may be a particular, atypical case due to the peculiarities of the 

geological structure of the deposit itself, or it may describe the general trend in hydraulic fracturing. 

For example, the reservoir under consideration is a reef structure with a complex structure of void 

space, complicated by the presence of cracks and caverns. Within the reservoir, zones with different 

anisotropy of the reservoir permeability are distinguished, which, can affect the patterns of fracturing 

in the process of hydraulic fracturing. Therefore, similar studies will be carried out in the future, the 

objects of which will be oil deposits confined to terrigenous and carbonate pore reservoirs. 

Conclusion. Hydraulic fracturing is a method of intensifying oil production, widely used not 

only in terrigenous, but also in complex carbonate reservoirs. 

When analyzing the accumulated experience of AHF in the conditions of the Tournaisian-

Famennian development site of one of the fields in the Perm region, represented by complex car-

bonate reservoirs, a significant differentiation of technological efficiency indicators was established: 

 

Fig.4. Reservoir pressure distribution scheme within the  

development system element before hydraulic fracturing [44] 
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high production rates were obtained at some wells, while the planned effect was not achieved at oth-

ers. In this regard, the task of a hydraulic fracturing accumulated experience detailed analysis, includ-

ing the assessment of the direction of fracture formation and the identification of factors influencing 

it, is an urgent task. 

To assess the direction of hydraulic fractures, an indirect technique based on the comparative 

correlation of well flow rates was used. The results of this technique are fully confirmed by the  

materials of geophysical surveys (SWL-D), the direction of fracturing is established for all wells – 

hydraulic fracturing objects. 

The hypothesis about the probable influence of reservoir pressure on the hydraulic fracture’s 

formation direction is investigated. To check it for all wells, including those located in the immediate 

vicinity of wells – objects of influence, the materials of hydrodynamic studies with the determination 

of reservoir pressures were involved. 

The difference in measurements of actual reservoir pressures necessitates the use of indirect 

methods that allow reproducing reservoir pressures in any period of well operation. In this work, 

machine learning methods are used – a promising direction that allows solving numerous problems 

of oil and gas engineering. With the use of machine learning methods (“random forest” and neural 

network), models were obtained, which, for convenience, were implemented as a software module. 

Reliability of calculations is confirmed by high convergence with actual historical data. 

The constructed models are used to reproduce reservoir pressure values in the sampling zones of 

all wells immediately before hydraulic fracturing. At the same time, pressures were calculated both 

for wells – objects of influence, and for those located in the immediate vicinity. 

A joint analysis of hydraulic fracture directions and reservoir pressure distribution patterns 

within the elements of development systems made it possible to obtain the most important conclusion 

that fractures propagate in the direction of zones with the highest reservoir pressures. 

This conclusion can be both of the particular nature, applicable to the conditions of the object 

under consideration, and reflect the general pattern of this type of impact.  
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