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1. Introduction

In the oil and gas industry, the problem of falling re-
serves replacement coefficient from traditional reservoirs 
is becoming more and more noticeable. It is because of this 
that the share of deposits with low permeability in the struc-
ture of explored global hydrocarbon resources is increasing. 
Low-permeability reservoirs today actually determine the 
future dynamics of production. In this regard, research into 
increasing the efficiency of the development of such reser-
voirs remains relevant; moreover, it becomes more import-
ant for the further development of the industry.

However, compacted reservoirs are characterized by 
a complex geological structure, heterogeneity of filtration 
and capacity properties, and a change in the stress-strain 

state. Under these conditions, horizontal drilling and 
multi-stage hydraulic fracturing of the formation is a nec-
essary condition for achieving an economically feasible 
level of production. Designing it requires a large array of 
input data and modern tools for reproducing the growth of 
fractures in space, their direction, thickness, permeability, 
and interaction with the matrix and with each other. The 
combination of these factors significantly complicates the 
prediction of well productivity. Therefore, the ability to 
reliably describe the parameters of the fracture system 
directly determines the effectiveness of technological solu-
tions and the economic feasibility of developing low-per-
meability deposits. That is why the scientific topic related 
to the reliable description of the parameters of artificially 
created fractures during multi-stage hydraulic fracturing 

How to Cite: Lukin, O., Kondrat, O. (2026). Patterns in the formation and parameterization 
of the fracture system emerging during a multi-stage hydraulic fracturing in tight reservoirs 

under different modeling approaches. Eastern-European Journal of Enterprise Technologies, 
1 (7 (139)), 38–48. https://doi.org/10.15587/1729-4061.2026.350413

PATTERNS IN THE 
FORMATION AND 

PARAMETERIZATION 
OF THE FRACTURE 

SYSTEM EMERGING 
DURING A MULTI-

STAGE HYDRAULIC 
FRACTURING IN TIGHT 

RESERVOIRS UNDER 
DIFFERENT MODELING 

APPROACHES
O l e h  L u k i n

Corresponding author
PhD Student*

E-mail: oleh.lukin@nung.edu.ua
ORCID: https://orcid.org/0009-0005-5194-628X

O l e k s a n d r  K o n d r a t
Doctor of Technical Sciences, Professor*

ORCID: https://orcid.org/0000-0003-4406-3890 
*Department of Oil and Gas Production

Ivano-Frankivsk National Technical University	
 of Oil and Gas

Karpatska str., 15, Ivano-Frankivsk, Ukraine, 76019

A system of artificially created fractures formed 
during multi-stage hydraulic fracturing in a low-perme-
able gas-saturated reservoirs has been investigated in this 
study. The task addressed is to parameterize the object 
under consideration given limited input geomechanical 
information. 

The results of hydraulic fractures modeling have 
been obtained, as well as their geometric and filtration 
parameters, by using analytical and explicit numeri-
cal methods. Interpretation of the findings revealed the 
limitations in analytical methods when considering the 
geomechanical properties of rocks; specifically, their 
reservoir and geomechanical heterogeneities and stim-
ulation design. The consequence is the greatly increased 
uncertainty in production forecasting because frac-
tures are represented by average values of key param-
eters (L = 120–330 m, w = 2.4–7.8 mm) for determining 
well productivity. 

The explicit method demonstrated higher flexibility 
and adaptability depending on the available input data. 
The average results, which were obtained by applying 
both methods, showed similarity between key parame-
ters (L = 199–339 m, w = 7–10 mm, Cf = 774–1098 mD*m), 
which confirms these methods’ validity. However, the abil-
ity of the explicit modeling approach to provide a detailed 
description of key fracture parameters, including 3D geom-
etry, variation of fracture width (w = 3–11 mm), and prop-
pant saturation over the fractured area (Cp = 75%), gives a 
higher priority to this method during research. 

The use of an explicit method, in contrast to the ana-
lytical one, makes it possible to determine the asymme-
try of the fracture flanks, relative to the direction of the 
minimum horizontal stress, the change in thickness and 
permeability along the fracture, the distribution and con-
centration of proppant. All this leads to an uncertainty 
ranges reduction in the production forecast from horizon-
tal wells with multi-stage hydraulic fracturing, during 
the development of shale reservoirs. This is the next step 
for further use of the results
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is key when designing the development of unconvention-
al deposits. 

Analytical models such as KGD (Khristianovic-Geerts-
ma-de Klerk) and PKN (Perkins-Kern-Nordgren) have 
traditionally been used for the initial assessment of the 
parameters of the resulting fractures, but their application 
is limited by simplifications. This applies to variations in 
geomechanical properties, changes in stresses during res-
ervoir depletion, the presence of natural fracturing, which 
has a significant impact on the geometry, orientation and 
permeability of fractures. But on the other hand, they al-
low for a quick assessment of the parameters of fractures, 
such as half-length, width and permeability, after the hy-
draulic fracturing. Despite the simplicity and significant 
simplification of processes, analytical approaches remain 
in demand due to the speed of calculation, low require-
ments for the amount of input data, and the possibility of 
operational optimization with a minimum number of sen-
sitivity parameters. However, it should be noted that mod-
ern conditions for the development of low-permeability 
reservoirs increasingly require a more detailed and phys-
ically based spatial model of the fracture system, taking 
into account the geomechanical properties of rocks. That 
is why there is growing interest in numerical methods that 
make it possible to reproduce the three-dimensional geom-
etry of fractures, the interaction between them, determine 
the distribution of proppant and evaluate the change in 
permeability over the area and in time. However, geome-
chanical modeling requires a significant amount of input 
data, namely the stress profile, the value of the modulus 
of elasticity along the wellbore, and in the inter-wellbore 
space, strength parameters and characterization of natural 
fracturing, if it exists. Geomechanical data are typically 
absent or fragmentary because of the high cost of studies.

Thus, research into methods for modeling hydraulic 
fracturing processes in low-permeability reservoirs and 
their improvement and adaptability to available geological 
and geomechanical information is relevant for increasing 
production efficiency. This could reduce technological 
risks, improve forecasting capabilities, and optimize costs.

2. Literature review and problem statement 

Results of analytical modeling of the fracture system 
using the KGD and PKN methods are reported in [1]. An-
alytical models do not take into account complex factors, 
such as heterogeneity of rock properties over the area, 
plastic deformation and the presence of natural fracturing. 
This significantly limits the scope of their application in 
complex geological conditions. When constructing such 
models, it is necessary to take into account the complexity 
of the geological structure, the increasing role of heteroge-
neity of the distribution of reservoirs, the influence of the 
stress-strain state of the rock, and the current distribution 
of the stress field. Therefore, the use of classical KGD and 
PKN models is insufficient for predicting production from 
compacted reservoirs since they do not take into account 
all of the above factors. An option for overcoming such 
difficulties can be numerical methods for modeling frac-
tures after hydraulic fracturing. They allow us to clearly 
reproduce the geometry of fractures, the mechanics of 
their growth, the resulting thickness and distribution of 

proppant, which affects the permeability of fractures and 
well productivity.

This is the approach used by the authors of [2], which 
demonstrated significantly higher accuracy of forecasted 
productions generated on 3D numerical models that took 
into account stress gradients and heterogeneity of reservoir 
properties, compared to traditional analytical approaches. 
Similarly, in study [3], the authors emphasized that only 
explicit numerical modeling can assess the impact of natu-
ral fracturing on the geometry and properties of artificially 
created fractures after multi-stage fracturing. This has a 
significant impact on the predicted stimulation area and, 
as a result, the total stimulated volume. However, the issue 
of using explicit methods with limited input geomechanical 
information remains unresolved. For example, the authors 
of work [4] argued that when ignoring plasticity and the 
general stress-strain state of rocks, analytical models tend 
to overestimate the opening of fractures, which leads to a 
negative impact on the accuracy of the forecast. However, 
often for deposits, geomechanical studies were not conduct-
ed, or were performed fragmentarily, which significantly 
complicates the application of an explicit approach to mod-
eling multi-stage hydraulic fracturing, due to significant 
uncertainty and the need to use estimated values for some 
parameters.

The relevance of intensive development of low-permea-
bility reservoirs is increasing due to the depletion of reserves 
of traditional reservoirs. Total natural gas reserves of uncon-
ventional reservoirs are estimated at 5.4 trillion m3, accord-
ing to  [5]. The largest gas field of this type is Yuzivske. The 
authors of work [6] estimate its total reserves of various cate-
gories at 2 trillion m3, and the potential annual production is 
close to 10 billion m3. However, geomechanical studies have 
not been conducted in this area.

For such conditions and to solve the problems of the 
lack of geomechanical information, a tool is needed that 
contains a library of templates with the physical values of 
these parameters. As such a tool, the Kinetix Shale (USA) 
software product developed by SLB could be used for ex-
plicit three-dimensional modeling of fracturing processes 
under various geological conditions. In contrast to the an-
alytical PKN and KGD models, which are based on a sim-
plified representation of the geometry of fractures, Kinetix 
is based on a comprehensive approach. This approach 
allows us to take into account the anisotropy of rocks, 
the heterogeneity of geomechanical parameters, the inter-
action of natural fracturing with fractures created after 
fracturing, which is shown in [7]. The basis of the three-di-
mensional explicit model is the Unconventional Fracture 
Model (UFM), which combines the advantages of three-di-
mensional numerical models with discrete ones. This 
makes it possible to reproduce the shape of fractures that 
will change over time under the influence of the design of 
the fracturing, the number of stages, the volume of fluids 
at each stage, and also to evaluate the effect of shadow 
interaction between fractures. In works [8, 9] it is shown 
that the efficiency of each subsequent stage decreased 
precisely due to the shadow effect of the previous stages. 
In [10], the results of modeling the processes of transport-
ing fluids and proppant in fractures are reported; this is 
critical for understanding the productivity of the well, the 
longevity of production. The results of study [11] showed 
that the explicit method makes it possible to optimize the 
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location of perforation clusters along the horizontal part 
of the well, to conduct a sensitivity analysis for different 
injection modes, volumes and supply of fracturing fluid, 
and proppant mass. The possibility of using the explicit 
modeling method under conditions of limited geomechan-
ical information can be solved by using typical templates.

A feature of explicit modeling of fractures, after hy-
draulic fracturing, is the possibility of integration and 
calibration on the results of well testing on the modes 
and interpretation of the derivative of PRC (pressure 
recovery curve). For example, the authors of[12] used 
microseismic monitoring and injection curves to calibrate 
an artificial fracture network created using an explicit 
model. This approach allowed them to adjust the model 
and reduce the uncertainty in predicting the geometry 
and parameters of fractures. If we compare Kinetix with 
the classical analytical models PKN and KGD, we can 
conclude that explicit modeling provides a more realistic 
reproduction of the processes of formation of a fracture 
system in complex compacted reservoirs, as mentioned 
in [13, 14]. At the same time, analytical models describe 
the fracture with an idealized geometry (rectangular or 
elliptical shape). An important aspect is the shadow effect 
between stages, which manifests itself in the change of the 
stressed-strained state near the wellhead after each stage 
of fracturing, which will have an impact on subsequent 
stages. This relationship was described in study [15], in 
which during the modeling of multi-stage hydraulic frac-
turing, each subsequent stage was characterized by lower 
efficiency compared to the previous one.

Our analysis of classical hydraulic fracturing mod-
els (KGD, PKN) revealed that despite their analytical 
convenience, they have a common conceptual limitation, 
namely the inability to adequately describe the propaga-
tion of fractures under real geological conditions. This 
limitation is manifested in ignoring the spatial heteroge-
neity of the physical and mechanical properties of rocks, 
detailed parameterization of the conditions for hydraulic 
fracturing, and the interstage shadow effect, which has a 
significant impact on the geometry and dynamics of frac-
ture development. Thus, the combination of these short-
comings forms a limitation in the use of classical models 
for modeling hydraulic fracturing processes in complex 
and heterogeneous environments, which necessitates the 
development or modification of approaches that can take 
these factors into account.

Thus, one can note that analytical models are signifi-
cantly inferior to modern numerical approaches when 
predicting the geometric and filtration characteristics of 
fracture systems. Recent studies demonstrate the advan-
tages of an explicit three-dimensional modeling method, 
which makes it possible to more accurately reproduce the 
geometry of fractures and reduce uncertainty when fore-
casting production.

3. The aim and objectives of the study

The aim of our study is to substantiate an approach to 
explicit numerical modeling of the formation and propaga-
tion of a network of fractures during multi-stage hydraulic 
fracturing (HF) in tight reservoirs under conditions of a 
shortage of geomechanical data, and to assess the inter-

stage shadow effect. This will make it possible to increase 
the accuracy of predicting the parameters of fractures and 
improve the assessment of the productivity of horizontal 
wells developing tight reservoirs.

To achieve the goal, the following tasks were set:
– to calculate the geometric and hydrodynamic parame-

ters of fractures using analytical methods;
– to build a 3D geological model of the deposit, integrate 

geophysical survey data, petrophysical interpretation and 
description of the available core;

– to construct an explicit numerical model to reproduce 
the process of formation of the fracture system taking into 
account the heterogeneity of reservoir and geomechanical 
properties;

– to determine the proppant coverage along the frac-
tures and its spatial distribution.

4. Materials and methods 

The principal hypothesis assumes that numerical mod-
eling of the multistage hydraulic fracturing system in 
sealed reservoirs, in contrast to classical analytical mod-
els (KGD, PKN), provides a more correct description of 
the processes of fracture initiation and propagation. This 
is due to the possibility of an explicit approach to take 
into account the spatial heterogeneity of the physical and 
mechanical properties of rocks and the mutual shadow 
effect between fractures. It is additionally assumed that 
in the absence of complete geomechanical information, 
the use of generalized templates could allow us to re-
produce the key patterns of fracture formation during 
multistage hydraulic fracturing. It is expected that the 
combination of explicit numerical modeling with template 
geomechanical data could serve as a practical tool for in-
terpreting and predicting the effectiveness of multistage 
hydraulic fracturing under conditions of limited input  
information.

The numerical model is built for a typical sealed 
gas-saturated reservoir. The main parameters used in the 
modeling are based on public reports by the State Service 
of Geology and Subsoil, literary sources, and are given 
in Table 1.

Table 1 

Geological and geophysical source data

Parameter Value 

Depth of reservoirs 2500–3500 m

Thickness of productive horizon 20–45 m

Porosity 6–12%

Permeability 0.01–0.1 mD

Reservoir type Compacted sandstones and siltstones

Saturation type Gas

Reservoir temperature 90–120°C

Reservoir pressure 25–35 MPa

To describe the geomechanical properties of strata 
typical for the Dnieper-Donetsk depression, the following 
averaged parameter values were applied and summarized 
in Table 2.
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Kinetix uses available geomechanical information and 
makes it possible to increase the accuracy of predicting the 
geometry of the artificial fracture system, optimize the pa-
rameters of multi-stage fracturing. In order to compare an-
alytical and explicit methods, modeling was carried out for 
both methods. The explicit three-dimensional model (UFM) 
was used to reproduce the real geometry of the fracture taking 
into account the available geomechanical information and 
the parameterized fracturing. Analytical models (PKN/KGD)  
were used to compare and evaluate the differences. It should 
be noted that the PKN type model is used for thin layers, 
with a constant fracture height. The KGD model is more 
suitable for thick layers where the fracture expands mainly 
in width. These analytical models describe the geometry of 
the fracture, namely its length, width, based on the aver-
aged geomechanical properties of the rocks, the duration of 
the fracturing, and the absorption of fluid by the formation. 
Both analytical models use the following parameters:

– effective modulus (Young’s modulus)

ν
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− 2 ;
1
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– fluid loss in the reservoir
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The fracture width for the KGD model, according to [7] is 
determined from the formula
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The fracture length for the PKN model, according to [16] 
is determined from the formula
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The fracture width for the PKN model, according to [16] 
is determined from the formula
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where:
– Q – fluid flow rate, m3/s;
– E`– Young’s modulus for the formation, Pa;

– CL – fluid absorption coefficient by the formation, m/s1/2;
– t – injection time, s;
– h – fracture height, m;
– µ – fluid viscosity, Pa*s.

Table 2 

Geomechanical parameters (average values)

Parameter Value 

Modulus of elasticity E, MPa 20000–30000

Poisson’s ratio (ν) 0.22–0.28

Compressive strength, MPa 80–120

Tensile strength, MPa 3–7

Minimum horizontal stress 26–34 MPa

Maximum horizontal stress 32–42 MPa

Analytical models of the KGD and PKN types are phys-
ically justified and are used to calculate vertical fractures 
in massive formations and for long fractures in thin forma-
tions, respectively. However, a three-dimensional digital 
model of the reservoir provides greater flexibility and makes 
it possible to take into account the spatial heterogeneity of 
the pore space properties and interstage interference. To 
build a digital spatial model of the reservoir, geophysical 
well data were used, in particular, gamma-ray logging (GR), 
density logging (RHOB), acoustic logging (DT), and neu-
tron-porosity logging (NPHI). Based on these curves, a pet-
rophysical model of the distribution of reservoir properties 
was built, taking into account lithology and zonal division. 
A previously prepared tectonic-structural framework was 
used to distribute petrophysical properties.

Reservoir conditions can be characterized as typical 
with permeability below 0.01 mD and porosity in the 
range of 10–12%, which is consistent with the properties 
of compacted sandstones. Due to the limited geomechan-
ical information, including microseismic observations, 
mini-fracture results and rock stress measurements, frac-
ture modeling was performed under limited input con-
ditions using Kinetix templates. Table 3 summarizes the 
input parameters for fracturing simulation in the Kinetix 
environment.

Table 3 

Input parameters for hydraulic fracturing simulation in 
Kinetix environment

Parameters Value Note
Well length 1600 Gorizontal section

Number of stages 8 Stages
Fluid type Polymeric Viscosity at 85º–40 cPz

Proppant type 20/40 Quartz sand

Proppant concentration 200–800 Increase from 200 kg/m3  
to 800 kg/m3

Injection fluid volume 250 Calculated with a flow rate  
of 2 m3/min

Stage duration 127 min
Injection rate 2.0 m3/min

The hydraulic fracturing model was constructed in Ki-
netix, using available geological and geomechanical data. 
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The use of rock property templates from similar formations 
allows for confidence in the reliability of the results. The 
templates available in Kinetix are given in Table 4.

Explicit modeling of hydraulic fracturing allows us to vi-
sualize the three-dimensional configuration of the resulting 
fractures, estimate their half-length, thickness, and perme-
ability. It is also possible to conduct a sensitivity analysis to 
changes in matrix permeability and to estimate asymmetry 
under the condition of prior depletion of the deposit, which 
will affect the stress-strain state of the rocks. Thus, it is pos-
sible to model the multi-stage hydraulic fracturing process 
with sufficient detail, despite the limited geomechanical in-
formation, and to assess the effectiveness of the stimulation 
by predicting production on a hydrodynamic simulator.

Table 4 

Geomechanical rock property templates in Kinetix

Rock type
Modulus of 
elasticity, 

GPa

Poisson’s 
ratio

Specific 
weight 

Fracture propa-
gation resistance, 

kPa* m

Sandstone 38.74 0.20 2.65 1319
Argyle sandstone 24.06 0.25 2.50 1319

Alemnite 9.14 0.30 2.65 1978
Shale 30.98 0.35 2.30 1099

Dolomite 54.86 0.28 2.95 2637
Limestone 28.88 0.30 2.71 2637
Cretaceous 20.68 0.30 2.65 549

Gamma-ray logging (GR), neutron-density (RHOB), and 
induction logging were used to identify the lithological com-
position of the rocks. The set of logging curves used in the 
study is shown in Fig. 1.

Based on the logging curves, low-radioactivity intervals 
were identified, which are characteristic of pure sandstones. 
At the same time, intervals with increased radioactivity were 
identified as shale.

5. Results of studies on parameterization of the 
fracture system

5. 1. Calculation of fracture parameters using ana-
lytical methods

The results of calculations using the analytical models 
KGD and PKN are given in Table 5.

For the KGD model, the fracture length is 119.5 meters, 
while for the PKN model it is as much as 332.1 meters. 
This difference between the lengths is explained by the 
assumptions adopted in each of the models, according to 
which these dependences were calibrated. The KGD model 
assumes a fracture with a square cross-section and is used 
mainly for massive deposits, where the fracture grows in 
height. The PKN model is focused on a fracture with a 
significant length and a thin vertical opening due to the 
small thickness of the deposit. The fracture width for the 
KGD model is 2.41 mm, compared to 7.78 mm for the PKN 
model. This confirms the assumption that within the PKN 
model the fracture is longer and wider, which contributes 
to greater contact of the proppant with the stimulated 
pore volume. However, as can be seen from the data given 
in Table 5, the results of analytical models are limited to 
determining the length and thickness of the fracture, with-
out the ability to assess the effect of multistage, asymmetry 
or proppant distribution along the fracture. The PKN and 
KGD type analytical model cannot be fully used to predict 
the production from a horizontal well with multistage hy-
draulic fracturing.

Table 5 

Fracture parameters calculated using analytical models

Parameter KGD PKN

Fracture length 119.5 m 332.1 m

Fracture width 2.41 mm 7.78 mm

5. 2. Construction of a 3D geological model of the 
deposit

A geological model of the deposit was constructed, 
which includes geophysical research data, petrophysical 
interpretation based on logging curves and a description 
of the available core. The boundaries of the reservoirs, 
the thickness of the productive layer, and the facies com-

position were determined. 
The geological model was 
reduced to a grid geome-
try that is compatible with 
Kinetix and takes into ac-
count the thicknesses, the 
angle of the layers, and 
the heterogeneity of the 
reservoir. This allows us 
to determine the optimal 
spatial placement of per-
foration clusters and the 
integration of geological 
modeling with hydrody-
namic and geomechanical. 
The porosity distribution 
and structural-tectonic 
framework of the static 
model are shown in Fig. 2. 

As indicated in the histogram of the porosity distribution, 
it varies within 1–7%.

Permeability modeling was performed by searching for 
the dependence on porosity, in the form of a power function 
of the following type

ϕ= ,* bk a 		  (8)

Fig. 1. A set of logging curves for identifying lithological composition in Petrel
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where k – permeability, mD;
φ – effective porosity, %;
a, b – regression coefficients determined by approximat-

ing laboratory or logarithmic data.
The dependence of permeability on porosity, which was 

used during the study, is shown in Fig. 3.
To simulate multi-stage hydraulic fracturing, a three-di-

mensional model of a horizontal well was built in Kinetix. 
The length of the horizontal part is 1600 m. The horizontal 
well model is shown in Fig. 4. The placement of stage clus-

ters is carried out evenly with an interval of 200 m. Also, 
the geological model takes into account the heterogeneity 
of the distribution of formation properties, local changes in 
stresses, which will affect the geometry of the fractures of 
each stage.

A spherical quartz proppant with an average grain size 
of 20/40 was used for the fracturing simulation. A poly-
mer-based aqueous gel with a viscosity that ensures uniform 
proppant distribution and minimizes losses during injection 
was used as the fracturing fluid.

Fig. 2. 3D Geological model: a – structural-tectonic framework; b – porosity distribution histogram

a

b
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5. 3. Explicit fracture parameter calculation
As a result of the numerical simulation in Kinetix, an 

explicit representation of the fractures was generated for each 
of the 8 fracturing stages. The fracture lengths vary from 
180 to 340 meters, depending on local geomechanical condi-
tions and fracturing parameters. A histogram of the fracture 
lengths for each stage is shown in Fig. 5.

The height of the fractures varies from 30 to 42 meters, 
which indicates the influence of stratigraphic limitation, 
since it is equal to the average thickness of the productive 
horizon. The opening of the fractures reaches 7–11 mm. The 
dependence of the change in the thickness of the fractures for 
each stage on the injection time is shown in Fig. 6.

Fig. 7 shows the geometry of the fractures as a 
discrete system. The given geometry can be used in 
a hydrodynamic simulator to predict the production 
from a given well.

The generalized geometric parameters of the 
fractures for the simulated fracturing stages are given 
in Table 6. The basic parameters for comparison with 
analytical models are length and average thickness. 
Height and average permeability are critical inputs 
for the hydrodynamic simulator in predicting pro-
duction.

Table 6

Averaged fracture modeling results in Kinetix

Stage Length 
(m)

Height 
(m)

Average opening 
(mm)

Medium permeabili-
ty (mD*m)

1 339 32.2 8.23 774.49
2 298 30.9 8.88 906.80
3 276 31.3 9.06 982.03
4 249 32.1 9.42 1103.19
5 199 41.8 10.61 1067.41
6 192 40.5 10.50 1054.75
7 202 40.7 10.71 1106.76
8 249 37.1 8.03 1098.44

Fig. 3. Modeled dependence of permeability on porosity

Fig. 4. Well model in Kinetix

Fig. 5. Histogram of fracture lengths for each stage
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5. 4. Calculation of fracture cover-
age by proppant

The ratio of the total fracture area to 
the area covered by proppant is shown 
in Fig. 8 and Table 7.

Kinetix simulation results showed that 
the average percentage of the fracture area 
covered by proppant is 75%.

It should be noted that explicit fracture 
modeling also allows 2D visualization of 
proppant distribution along the fracture 
to assess asymmetry and gravitational 
shrinkage.

Fig. 6. Dependence of the change in fracture opening on injection time

Fig. 7. 3D visualization of the shape, orientation, and arrangement of fractures in space

Fig. 8. Histogram of the ratio of the total fracture area to the area covered by the proppant

Тable 7

Ratio of total fracture area to proppant area

Stage Total fracture area, m2 Area covered by proppant, m2 % 
1 10973 8637 78.7
2 9607 7440 77.4
3 8936 6905 77.2
4 8030 6149 76.5
5 8220 6300 76.6
6 7917 5898 74.5
7 8273 6251 75.5
8 7805 5955 76.2
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6. Discussion of results based on the 
parameterization of a fracture system using 

analytical and explicit methods

Our results from numerical and analytical modeling of 
the multi-stage fracturing fracture system indicate signifi-
cant variability of the main parameters, such as length and 
width. Such variability is explained by different geomechan-
ical properties of rocks and dependence on the technological 
conditions of fracturing. The main fracture parameters for 
the KGD and PKN models are given in Table 5. The frac-
ture length in the KGD model is 119.5 m, while in PKN it 
is 332.1 m. The difference is due to the initial assumptions 
of the models. Namely, KGD assumes a square cross-section 
and fracture growth in height, typical of massive deposits, 
while PKN is focused on long thin fractures in small layer 
thicknesses. The corresponding fracture width for the KGD 
model is 2.41 mm, and in PKN it is 7.78 mm.

To build a geological 3D model of the deposit, geophysical 
survey data, petrophysical interpretation results, and core 
description are integrated. The model reproduces the spatial 
arrangement of the layers, the thickness of the reservoirs, 
and the reservoir properties of the rocks, distributed over the 
area (Fig. 2, 3). Using such a model allows us to assess the 
spatial asymmetry of the fractures, their orientation relative 
to the minimum horizontal stress, and integrate the results 
into a hydrodynamic simulator for production prediction.

The fractures of the first two stages of the stimulation 
demonstrate symmetrical growth relative to the perforation 
clusters, with a clearly defined direction relative to the mini-
mum horizontal stress. Starting from the third stage, a shad-
ow effect is observed, which leads to a decrease in the length 
and distortion of the fracture geometry, as indicated in Fig. 5 
and Table 6. Stages number 6 and 7 are located at the end of 
the horizontal shaft, i.e., outside the zone of active influence 
from neighboring fractures, so their lengths are greater 
compared to the fractures of stages 5 and 6, respectively. The 
result of explicit modeling of multi-stage fracturing fractures 
allows us to visualize the 3D shape of the fractures of each 
stage, to assess their asymmetry, angle relative to the mini-
mum horizontal stress, proppant distribution along the frac-
ture and the resulting permeability, which will also change.

fracture parameterization during explicit modeling al-
lows us to assess the efficiency of the formation of a system 
of fractures within different perforation clusters. It is also 
possible to perform sensitivity analysis for the influence of 
uncertain geomechanical parameters or to optimize the de-
sign of the hydraulic fracturing. The resulting 3D geometry 
of the fractures can be used to estimate spatial asymmetry, 
orientation relative to the minimum horizontal stress, and 
the corresponding permeability. Representing the fractures 
as a discrete system, as in Fig. 7, makes it possible to integrate 
the results of explicit modeling into a hydrodynamic simula-
tor for further production prediction. The results obtained 
using explicit 3D modeling of fracture parameters with an-
alytical models showed significant differences in geometry 
predictions. However, unlike analytical methods, the explicit 
method allowed us to reproduce the full 3D geometry, taking 
into account the interaction between stages. In particular, the 
simulated stages 3–6 are smaller due to the shadow effect of 
other stages.

The area of proppant coverage is also a key factor in 
calculating the effective permeability of a fracture, which in 

turn directly affects well productivity. The analysis of these 
indicators allows us not only to assess the quality of the per-
formed hydraulic fracturing but also optimize the volumes of 
proppant for future stimulations.

Comparing the total area of the fractures with the area 
actually filled with proppant, as presented in Fig. 8 and Ta-
ble 7, allows us to assess the uniformity of the proppant 
distribution and identify areas of potentially reduced perme-
ability. This allows us to detect asymmetry and gravitational 
shrinkage, which will provide a deeper understanding of the 
actual functioning of the fractures and creates a basis for op-
timizing the volumes and modes of proppant supply. Also, 2D 
visualization of the proppant distribution along the fractures 
makes it possible to integrate the variable permeability over 
the area in a hydrodynamic simulator.

The consistency of the obtained values of the fracture 
parameters with the results of similar works [17, 18] confirms 
the correctness of the proposed method. In particular, in [17] 
the authors indicate a change in the half-length of frac-
tures after fracturing in sealed reservoirs in the range from 
50 to 150 meters, depending on the rheology of the proppant. 
Similarly, the results on the influence of the viscosity of the 
fracturing fluid on the fracture width, namely an increase 
to 7–8 mm, when using high-viscosity fluids and a narrow-
ing to 2–4 mm with low-viscosity ones. This indicates the 
physical validity of the model and the reliability of numerical 
calculations.

An important feature of the proposed approach is the 
assessment of the area covered by the proppant. This param-
eter is not taken into account in many methods of fracturing 
modeling. In the calculations performed, this parameter is 
calculated as the product of the area of the fracture in which 
the proppant remained after settling, and the fraction of 
its filling. This allows us to correctly take into account the 
permeability of the fracture, the total stimulated volume 
during the prediction, because not the entire fracture will 
be conductive. That is, not the entire area of the fracture 
actually participates in fluid filtration. The significance of 
this criterion was confirmed by empirical data in previous 
studies [19, 20]. The authors of [19] showed that when using 
a fine proppant 70/140, the effective area covered by the 
proppant can reach values of 80%, while when using a larger 
proppant 40/70, this indicator decreases to 50% due to the 
overall decrease in fracture permeability. In addition, in [20] 
it is shown that only 70% of the created fractures provide the 
main production. The above is consistent with the results of 
explicit numerical modeling of the uneven distribution of 
proppant (Table 7, Fig. 8) and interference between stages. 
The influence of the shadow effect is given in Table 6, where 
the fracture parameters change from stage to stage. 

The proposed approach complements existing models for 
predicting fracture parameters and allows us to take into ac-
count geomechanical data and heterogeneity of reservoirs in 
terms of area. In addition, the use of geomechanical param-
eter templates allows filling gaps in fragmentary input data. 
In particular, in [21] a comparison of hydraulic fracturing 
modeling methods was carried out, namely, the compaction 
of the hydrodynamic model grid dimension and the well-res-
ervoir pseudoconnection method. However, the authors use 
averaged permeability parameters. This study of explicit frac-
ture parameterization and calculation of the area covered by 
proppant can be used for further development of [2]. This will 
allow the use of additional parameters in the model and will 
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increase the accuracy of the calculation of permeability and 
the influence of proppant distribution in fractures on well 
flow rates. It should be noted that the integration of these pa-
rameters into the hydrodynamic simulator is a challenge for 
future research. One solution may be the use of unstructured 
grids, where the fracture is represented explicitly by cells 
with increased filtration properties. The calculation of such 
models requires large computational resources and addition-
al licensed software.

The practical significance of the results is the possibility 
of their application for assessing the quality of the performed 
hydraulic fracturing, optimizing the injection design, select-
ing perforation clusters, and adapting the proppant volumes 
taking into account its actual distribution in the fractures. It 
is important that the geometric and filtration parameters ob-
tained from the model can be exported to formats compatible 
with hydrodynamic simulators. 

Despite the consistency of our results with literature 
sources, explicit modeling of fractures has a number of lim-
itations; specifically, limited analysis of the shadow effect 
and changes in the stress field during the formation of the 
fracture system. Although the model reflects the uneven 
distribution of the proppant and interfracture interaction, 
it is not yet possible to quantitatively assess it. Also, the vis-
cosity of the fluid and the process of rheological degradation 
cannot be calibrated without additional laboratory studies. 
The physicality of the calculations is ensured by the ranges 
of input data taken from the templates. However, there is 
still a need to conduct full-fledged geomechanical studies. 
To eliminate or reduce the impact of these shortcomings, 
it is necessary to perform a sensitivity analysis of the input 
parameters and integrate the results with a full-fledged hy-
drodynamic model.

7. Conclusions

1. Based on the results of our performed calculations of 
the geometric and hydrodynamic parameters of fractures, 
the key limitations in the analytical models KGD and PKN 
have been identified. In particular, the inability to take into 
account the heterogeneity of geomechanical properties, nat-
ural fracturing, the shadow stage effect and the real distri-
bution of proppant. This allows for a well-founded choice of 
the explicit modeling method as more physical and adaptive. 
In addition, the advantage of this method is explained by the 
possibility of integration with hydrodynamic simulators.

2. To enable explicit modeling of fractures and integra-
tion of geomechanical and reservoir properties of rocks, a 
3D geological model of the deposit was built. The model is 
based on geophysical research data, petrophysical interpre-
tation and core description, which allowed us to reproduce 
the thickness and length of the layers and variations in the 
mechanical properties of rocks. The use of such a model pro-
vides the basis for integrating the results of explicit modeling 
of fractures in a hydrodynamic simulator for further produc-
tion forecasting.

3. An analytical and three-dimensional numerical model 
has been implemented. The main parameters of the fractures 
were determined for further forecasting of production and 
determining the productivity of the well. The result of nu-
merical modeling in the Kinetix environment is the spatial 
geometry of the fractures, each stage of hydraulic fractur-

ing, which is represented in the form of a discrete system 
of fractures. The obtained length of the fractures is from 
180 to 350 meters, and the height varies within 40 meters, 
depending on the geomechanical properties of the rocks, the 
effects of interstage interaction and the location of the stages 
relative to the effective thickness of the horizon. During the 
modeling, a decrease in the length of the fractures is observed 
due to the accumulation of stresses in the zone of previous 
fractures, while for the stages located closer to the wellbore, 
a partial increase in the length was noted. This can be ex-
plained by the stages going beyond the stress interference 
zone or more favorable geological conditions. Taking into 
account the heterogeneity of the reservoir properties and 
the use of geomechanical templates have made it possible to 
reflect the change in the length and width of the fractures 
in space. Special feature of our results is the non-uniform 
change in the width of the fractures, which cannot be taken 
into account by analytical methods. This change is explained 
by the spatial and zonal change in Young’s modulus and the 
direction of the minimum horizontal stress.

4. When determining the proppant coverage and its spa-
tial distribution along the fractures, it was found that the cal-
culated area of the fractures effectively filled with proppant is 
about 70%, which indicates a sufficient level of permeability 
necessary to ensure the productivity of the well. Assessment 
of the interaction between the stages showed the influence 
of the shadow effect from neighboring stages, namely, a 
decrease in the length of new fractures and a non-uniform 
distribution of the proppant. This effect cannot be repro-
duced by analytical models and is due to the non-uniformity 
of geomechanical properties.
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