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Abstract. The article presents the results of analysing geological structure of the Famennian deposits (Devonian) in the 
Perm Region. Numerical modelling of the distribution of inhomogeneous stress field near the well was performed for the 
two considered types of perforation. With regard for the geometry of the forming perforation channels, numerical finite 
element models of near-wellbore zones were created considering slotted and cumulative perforation. It is ascertained that 
in the course of slotted perforation, conditions are created for a significant restoration of effective stresses and, as a re-
sult, restoration of reservoir rock permeability. Stress recovery area lies near the well within a radius equal to the length 
of the slots, and depends on the drawdown, with its increase, the area decreases. From the assessment of failure areas, it 
was found that in case of slotted perforation, the reservoir in near-wellbore zone remains stable, and failure zones can 
appear only at drawdowns of 10 MPa and more. The opposite situation was recorded for cumulative perforation; failure 
zones near the holes appear even at a drawdown of 2 MPa. In general, the analysis of results of numerical simulation of 
the stress state for two simulated types of perforation suggests that slotted perforation is more efficient than cumulative 
perforation. At the same time, the final conclusion could be drawn after determining the patterns of changes in permea-
bility of the considered rocks under the influence of changing effective stresses and performing calculations of well flow 
rates after making the considered types of perforation channels. 
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Introduction. Raw material complex is a very important element of the world economy [1]. At 
the present stage of development, the fuel and energy resource complex should ensure a rational use 
of natural resources by applying the most efficient technologies for the development of hydrocarbon 
fields [2]. High-quality perforation development of pay zones is the basis for unimpeded filtration 
of fluids from reservoir to the well [3]. Complexly structured carbonate deposits are among the 
most promising sources for increasing the resource base of hydrocarbons throughout the world 
[4-6]. The article considers perforation of the Famennian carbonate pays in the southeast of the 
Perm Region. 
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Famennian deposits of the Devonian system in the Perm Region only recently became a po-
tential object for oil prospecting and production. The first oil shows in the Famennian deposits were 
recorded in the mid-20th century, but until the 1990s they had no commercial significance [7]. Nu-
merous works of the Russian geologists (V.M.Provorov, V.I.Galkin, T.V.Karaseva, G.F.Ulmishek 
and others) are dedicated to the study of oil-and-gas potential of the Famennian in the Volga-Urals 
Province. The most relevant studies of the Famennian in the Volga-Urals Province are [8-10], 
which analyse the lithofacies and biostratigraphic features, patterns of spatial changes in the porosi-
ty and permeability properties (PPP) of the Famennian reservoirs pointing to a high potential of this 
interval. It is important to note that the Famennian deposits are comprised into carbonaceous car-
bonate-siliceous rocks of domanik type. In [11-13] geochemical features of the Famennian section, 
which is characterized by a high content of organic matter of sapropelic and mixed types, are con-
sidered. Oil and gas potential of the Upper Devonian carbonate deposits is also a subject of discus-
sion in the Timan-Pechora Province. Lithogenetic features (lithotypes, secondary transformation 
processes), reservoir properties, patterns of structure and distribution of reservoir rocks of the 
Famennian deposits in the Central Khorej Ver reefogenic zone are considered in detail in [14-16]. 
From the analysis of the above works, it follows that the Famennian sequence is characterized by 
geological heterogeneity of the section which is due to the cyclical nature of the sedimentation pro-
cess and various lithofacies environments. It was ascertained that the most important secondary 
processes of rock transformation are fracturing and leaching. The most high-capacity types of reser-
voirs are porous-cavernous and porous-fractured-cavernous. Taken together, the cyclicity of the 
section and various lithofacies zones are the main factors influencing the spatial distribution of 
Famennian reservoirs.  

At present, the Famennian carbonate strata are not adequately studied by geophysical methods 
and drilling in comparison with the main oil-and-gas bearing complexes in the Perm Territory. The 
Famennian deposits are widespread in the study area and are composed everywhere of limestones 
and dolomites with a variable proportion of sulphate and clay rocks with total thickness from 100 m 
(in the axial zone of the Kama-Kinel trough system) to 400-500 m (within the Famennian barrier 
reefs) [17]. In the Famennian section, five pay formations are distinguished – from Fm1 to Fm5. Oil 
fields occur at depths from 1,560 to 2,355 m [18]. Until the early 1990s, in most cases, sampling, 
testing, and coring were not carried out in this section interval. As a result of exploration work, 
starting from 1990, in the southern and southeastern Perm Territory, commercial oil occurrences 
were discovered at 23 fields in the Famennian (Upper Devonian); total recoverable oil reserves 
were over 12 million tons [18]. Thus, the discovery of the Famennian deposits expands the produc-
tivity range of the section increasing the potential for prospecting and development of new pay 
zones in the region, which, in turn, requires a comprehensive study of the pay zones and production 
technologies. 

The object of interest in this article is the slope bioherm type of Famennian section lying in the 
marginal part of the Bashkirian Vault. This zone is subdivided into two types of section: a low-
permeable slope section and a paleokarst slope section [9]. 

In the Timan-Pechora [14, 16, 19] and Volga-Urals provinces [9, 20, 21], a specific feature of 
the Famennian deposits is their exceptional heterogeneity in sedimentation cycles represented by 
alternation (rhythms) of low-permeability and porous limestones. Low-permeability rhythms are 
composed of dense fine-grained limestones with a minor presence of clayey deposits. Porous lime-
stones are characterized by a cavernous texture. Among the important features of the Famennian 
carbonate deposits is the development of fracture systems [22]. 

Predominant development of voids is associated with the structural factor, lithofacies zoning, 
and secondary processes (karst formation, dolomitization, sulphitization) which occurred in the car-
bonate sequence [23]. Reservoirs in this case are massive reefogenic carbonates and various inter-
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beds among dense rocks. The presence of good reservoir zones is confirmed by high oil yields at 
several fields. The values of reservoir properties (porosity, permeability, and oil saturation) vary 
extensively. 

As a whole, a complex geological structure affects the difference in the PPP even within one 
field (occurrence), which leads to a difference in well testing results, in terms of initial flow rates, 
well productivity and production dynamics. 

Two wells drilled in the northern Bashkirian Vault, in the slope bioherm facies zone were se-
lected for analysis (Fig.1). Well N 291 was drilled at the Pavlovskoye area within the Vostochno-
Detkinskaya structure. The well belongs to the slope paleokarst type. Reservoirs in this type of sec-
tion have a reef initial genesis, but at the same time they are intensely transformed by the secondary 
(karst) processes, which has a positive effect on the PPP. Well N 17 is in the Trushnikovskoye area 
within the local structure of the same name and corresponds to the low-permeability slope type. 

Famennian deposits in the Pavlovskoye-291 well were penetrated in the interval 1,572.9-
1,800.6 m. Oil-saturated reservoirs occur at depths 1,738.6-1,753.9 m and are composed of brown-
ish-grey limestones, massive, fine- and cryptocrystalline, dense, hard, cavernous. Reservoir rocks 
are of mixed (porous-cavernous) type. When testing in the process of drilling the pay formation 
Fm4 for 13 minutes, an inflow of highly carbonated oil in the volume of 5.039 m3 was recorded. As 
a result of testing Fm4, an inflow of oil with water was obtained with flow rate Qo = 17.7 t/day and 
Qw = 10.2 t/day. 

In Trushnikovskoye-17 well, the Famennian occurs at depths 1,470.9-1,715.3 m. In the interval 
of 1,618.7-1,654.0 m, oil-saturated reservoirs belonging to porous and porous-cavernous types were 
identified. Reservoir rocks are composed of grey, brownish-grey limestones, medium- and coarse-
crystalline, massive, mostly dense, in places porous, hard. The reservoir is characterized by fractur-
ing. Fractures are mineralized, open, subhorizontal, multidirectional, often attenuating, from 3 to 
10 cm long; openness of fractures along the layer is on average to 0.25-0.3 mm; fracture walls are 
composed of calcite with bitumen and oil spots or filled with oil. When testing the well, a non-
commercial inflow of oil with water and gas was recorded with flow rate Ql = 0.6 m3/day. 

Even though the reservoirs are composed of coeval rocks, well flow rates differ significantly. 
A possible reason for such an inflow is the pay zone perforation method. Both wells in the intervals 
of the pay zone were penetrated by cumulative perforation. Penetration of pay formations by cumu-
lative perforation leads to a change in the initial stress-strain state (SSS) of productive formations 
near the well and, in some cases, to problems in inducing the inflow. 

Considering varying degrees of success when developing coeval productive formations as well 
as the results of previous work on assessing the effect of the changing average effective stress on 
rock permeability, it is necessary to evaluate the effect of the forming perforation channels on the 
SSS of reservoir in near-wellbore zone [24]. 

When modeling the SSS of the Famennian carbonate deposits, two types of perforation chan-
nels were considered forming during cumulative and slotted perforation [25-27]. 

In scientific literature, the problem of numerical modelling of SSS near perforation channels 
and slots is not adequately covered, except the publications on slotted [24, 28, 29] and cumulative 
[30-32] perforation. However, these works cover only certain aspects of modelling these types of 
perforation. In [32, 33], the problem of column deformation when making cumulative holes is con-
sidered, and there is no analysis of stresses in the reservoir rock. In publication [34], sand removal 
was modelled when making a perforation hole based on a discrete model. At the same time, there is 
no comparative analysis of the efficiency of slotted and cumulative perforation in relation to a spe-
cific pay zone in the above publications. 

Thus, the main goal of the study is the development of numerical finite element models of 
near-wellbore zone considering the geometry of slotted and cumulative perforation channels, based  
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Fig.1. Lithofacies scheme of Famennian in the southern Perm Region (a) and 
 interpretation of Pavlovskoye-291 and Trushnikovskoye-17 wells logging (b) 
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on generalization of geological information and field research of wells. Multivariate numerical 
modelling was performed for various well operation modes, and the most efficient perforation method 
for the considered pay zone was determined; recommendations were drawn up on optimizing well 
operation modes for the two considered perforation types. 

Methodology. To evaluate the efficiency of perforating productive formations represented by the 
Famennian carbonate deposits, using the methods of cumulative and slotted perforation, an analysis of 
the inhomogeneous stress field in near-wellbore zone near the perforations was performed. 

ANSYS finite element modelling software package was used to calculate the stress-strain state 
[29, 35]. This software implements the ratios describing poroelastic behaviour of a porous medium, 
and it is successfully used to solve geomechanical problems when developing hydrocarbon fields 
[36, 37]. The software has shown itself well in numerical calculations of geomechanical modelling 
problems [33, 38, 39], especially when considering the complex geometry of slotted and perforated 
holes [32, 40].  

When modelling a poroelastic body in ANSYS it is planned to use CPT215 or CPT216 finite 
elements which simulate a porous reservoir, while numerically calculating differential equations 
that describe the basic principles of Biot theory. Relationship between the effective stresses and 
elastic deformations of a solid body is considered. The system of numerical calculations includes 
the equation of Darcy's law. 

For numerical modelling of SSS when performing slotted and cumulative perforation, finite 
element schemes of near-wellbore zones were developed (Fig.2). Symmetry of the models allows 
considering only a sector of the cylindrical area of 90°, while the inner radius for both models was 
equal to the well radius of 0.108 m; outer radius of the scheme was 5 m for the model with slotted 
perforation and 3 m for the model with cumulative perforation; thickness of models was 0.75 and 
0.167 m, respectively. For the model with slotted channels, two slots were made with an offset of 
90°, cross section was set in the form of an ellipse, which had semiaxes of 0.02 and 0.4 m, height of 
the slots was 0.25 m (Fig.2, a). For cumulative perforation model, two holes were also made with a 
90° offset, which corresponds to perforation density of 12 holes per 1 m of wellbore length. Hole 
geometry was an elongated ellipsoid with radii of 0.3 and 0.006 m. 

 

                     
 

                

Fig.2. Finite-element scheme of near-wellbore zone used to simulate a change 
in SSS for slotted (a) and cumulative (b) perforation  
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Calculations were made on the example of Famennian deposits (Fm4) at the Trushnikovskoye 
and Pavlovskoye fields in the southern Perm Region. Table 1 shows the main geometric charac-
teristics of the models. Table 2 shows the mechanical properties of rocks and pressure values used 
in calculations. These parameters were determined during geological field studies and laboratory 
tests of core samples as well as the studies of physical and mechanical properties of carbonate 
reservoir rocks in the fields under consideration. As can be seen from Table 2, strain-stress proper-
ties of these pay zones differ slightly, mainly because the reservoir of the Famennian deposits at the 
Pavlovskoye field is more porous. 

In modelling, the following boundary conditions were set: 
 pressure in the well (bottomhole pressure) as the difference between the initial formation 

pressure (pressure on external boundary of reservoir) and pressure drawdown; 
 movements in the direction of x and y axes were fixed inside the well simulating a cased 

well; 
 

Table 1 
Geometric characteristics of finite-element models 

Characteristic Slotted perforation Cumulative perforation 

Outer radius of model, m 5 3 
Thickness of model, m 0.75 0.167 
Well radius, m 0.108 0.108 
Radius of external boundary of reservoir, m 250 250 
Perforation channel length, m 0.4 0.3 
Maximum slot width, 
diameter of cumulative perforation, m 0.02 0.012 

 
Table 2 

Mechanical properties of rock and pressure values 

Characteristic Trushnikovskoye field Pavlovskoye field 

Elasticity modulus, GPa 30 28 
Poisson’s ratio, d.f. 0.3 0.3 
Biot coefficient, d.f. 0.55 0.6 
Ultimate stress in uniaxial compression, MPa  35 30 
Angle of internal friction, deg 32 30 
Formation depth, m 1,680 1,790 
Vertical stress, MPa 42 45 
Horizontal stress, MPa 24 25.6 
Formation pressure, MPa 17.5 18.6 
Drawdown pressure, MPa 2-10 2-10 

 
 pressure on external boundary of the model was determined from the ratio 

ln / ,
ln /

w
b

b w

r rp p p
r r

    (1) 

where p is the determined pressure value, MPa; pb  pressure on external boundary, MPa; ∆p  
pressure drawdown, MPa; rb  radius of external boundary, m; rw  well radius, m; r  radius from 
well centre for which pressure value is determined, m; 

 pressure on the surface of the slot and cumulative hole was set according to linear depen- 
dence on radial coordinate: at radius equal to that of the well, pressure was equal to bottom hole 
pressure, and at the top of perforations, pressure was determined from ratio (1) with radius equal to 
the length of the perforation channel plus well radius; 

 displacements along the normal to the surface were fixed at the left, right and lower bounda-
ries of the model (Fig.2, b); 
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 on the upper horizontal surface of the model, the value of vertical stresses from the overlying 
rock mass was applied. 

Calculations were made for two options: for slotted perforation – cased hole calculation with-
out perforation and with perforation; for cumulative perforation – calculation of initial stresses in 
the reservoir without a well and perforation holes, and with perforation. Based on these two calcula-
tion stages, the difference in average stresses between the first and second calculation options was 
determined for analysing the change in the stress field near perforations. 

It should be noted that due to certain specific features of taking into account the cement stone 
and casing when modelling near-wellbore zone, at this stage of research, well casing was conside-
red only by setting boundary conditions as zero displacements of well walls in horizontal plane as 
well as setting an impermeable well wall. 

A change in average effective stresses was calculated in each finite element of the model from 
the following relationship: 

   
 

(1) (1) (1) (0) (0) (0)
1 2 3 1 2 3

(0) (0) (0)
1 2 3

100,
3

      
  

  
 (2) 

where ∆σ is a change in average effective stress, %; σ1, σ2, σ3 – the main effective stresses (super-
scripts correspond to the calculation stage), MPa. 

To assess the stability of rocks and appearance of areas with plastic deformations, the Cou-
lomb – Mohr criterion was used in the main effective stresses: 

1 3
1 sin( ) ,
1 sincp p  

      
 

 (3) 

where σ1, σ3 are the main maximum and minimum stresses, MPa; c ultimate strength of rock under 
uniaxial compression, MPa;   angle of internal friction, degrees; р  formation pressure, MPa. 

Results. Figures 3-6 show some of the results of numerical calculations. Based on simulation 
results, it was found that pressure in near-wellbore zone for cumulative and slotted perforation is 
distributed evenly and reflects the logarithmic dependence of this characteristic in the reservoir, in 
the zone remote from perforation, and corresponds to a linear dependence on the wall of slots and 
the wall of cumulative holes. 

As can be seen from Fig.3, a, areas of reservoir with the minimum average stress lie on the sur-
faces of slot walls, i.e., they should have the maximum permeability. The maximum average stresses 
are concentrated at the tops of slots and, on the contrary, reflect areas with the greatest decrease in 
permeability. 

The efficiency of applying slotted perforation is evidenced by the calculation results presented in 
Fig.4, which show the distribution of the stress recovery area obtained from dependence (2). As can be 

seen from Fig.4, after making 
the slotted perforation inside the 
area bounded by the radius 
equal to the length of slots, a 
zone of effective stress reduc-
tion forms, i.e., permeability 
should be restored in this area. 

The calculation results 
showed that with increasing 
drawdown on the reservoir, the 
magnitude and area of stress 
recovery decrease. Thus, for 
the drawdown of 2 MPa (Fig.4), 

a b 

    
 

        17.3   23.1   28.8   34.5   40.3   46.1   51.8   57.7   63.3   69.1 

Fig.3. Distribution of average effective stresses (a) and failure zones according 
to Coulomb – Mohr criterion (b) near the well for slotted perforation for Famennian 

deposits at Pavlovskoye field and a drawdown of 10 MPa 
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the maximum recovery of 
stresses was approximately 
40 %; with a drawdown of 
10 MPa it decreased and 
amounted to about 20 %. This 
is quite natural, since with 
growing drawdown, the aver-
age effective stresses also in-
crease, which leads to a de-
creasing effect of stress reco-
very due to slotted perforation. 
Areas of stress recovery when 
making slotted perforation for 
the Famennian deposits at both 
the Trushnikovskoye, and Pav-
lovskoye fields are almost 
identical. 

In the second part of the 
calculations, modelling of cu-
mulative perforation was per-
formed. Figure 5 shows the dis-
tribution of average effective 
stresses determined from de-
pendence (2). A similar stress 
distribution was recorded near 
perforations, both for condi-
tions of the Trushnikovskoye 
and Pavlovskoye fields. As can 
be seen from Fig.5, the maxi-
mum stresses are concentrated 
at the sides of the perforation 
channel, which is caused by the 
effect of vertical stresses from 
the overlying rock mass. With 
growing drawdown, the value 
of average effective stresses 
increases by approximately the magnitude of the change in drawdown (Fig.5). Concentration of 
stresses in these areas leads to emergence of failure zones (Fig.6). 

Figure 6 shows areas of reservoir rock failure determined using Coulomb – Mohr criterion in 
the main effective stresses (3). For comparison, the calculation results for the Famennian deposits at 
the Trushnikovskoye and Pavlovskoye fields are given with a drawdown value of 2-10 MPa. For 
the pay zone at the Pavlovskoye field, even at a drawdown of 2 MPa, there are areas with destruc-
tion of the lateral surface of cumulative perforation. These areas begin to grow with increasing 
drawdown, which is associated with increasing effective stresses. 

A similar pattern is observed for the Famennian deposits at the Trushnikovskoye field. However, 
areas of broken rocks appear at a drawdown of 6 MPa, which indicates a greater strength of these 
carbonate deposits. Emergence of areas of broken rocks can point to both positive, and negative ef-
fects. The positive effect is because fracturing can occur in such areas that will lead to a growing   
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Fig.4. Distribution of effective stress change (%) in the model (a, c) and on the section in 
the middle of slots (b, d) near the well for slotted perforation in Famennian deposits at 

Pavlovskoye field for drawdown equal to 2 (a, b) and 10 (c, d) MPa 
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Fig.5. Distribution of average effective stresses (MPa) near the well for 
cumulative perforation for Famennian deposits at Pavlovskoye field 

at drawdown equal to 2 (a) and 10 (b) MPa 



 

 

Journal of Mining Institute. 2022. Vol. 257. P. 732-743 
© Sergey E. Chernyshov, Sergey N. Popov, Stanislav V. Varushkin, Aleksandr A. Melekhin,  
Sergey N. Krivoshchekov, Shaoran Ren, 2022 

DOI: 10.31897/PMI.2022.51 

 

740 
This is an open access article under the CC BY 4.0 license 
 

 

a b c 

 
d e f 

 

Fig.6. Dynamics of reservoir rock failure zones near cumulative  
perforation holes according to Coulomb – Mohr criterion for Famennian deposits 

at Trushnikovskoye (a, b, c) and Pavlovskoye (d, e, f) fields at drawdown  
equal to 2 (a, d), 6 (b, e) and 10 (c, f) MPa 

 
permeability of rock near perforation. At the same time, the occurrence of such areas can lead to rock 
removal into the well and blockage of filtration channels, and even greater rock collapse in near-
wellbore zone. 

Simulation results showed that, unlike cumulative perforation, in case of slotted perforation, 
failure areas near the well appear only at high drawdowns – 10 MPa and more for the conditions of 
Famennian deposits at the Pavlovskoye field with lower strength properties compared to the Trush-
nikovskoye field, which indicates a better stability of slotted channels and the efficiency of slotted 
perforation. 

Based on results of assessing the change in average main effective stresses in near-wellbore 
zone after cumulative perforation, it was found that the area of stress recovery is small. It is concen-
trated in the upper and lower parts of the perforation hole and is comparable in volume to the area 
of stress reduction at the sides of the hole. Based on comparison of similar simulation results for 
slotted perforation, it can be concluded that making of slotted channels leads to formation of a 
larger area with stress recovery (compared to cumulative perforation), which should result in partial 
restoration of permeability in this area and an increase in well productivity. 

Discussion. Numerical calculations using the finite element model of near-wellbore zone with 
slotted perforation showed that on the side walls of slotted channels there are areas with the mini-
mum value of average effective stresses (Fig.3), which indicates that in such areas the lowest com-
pressive stresses are acting and, as a result, the maximum rock permeability should be recorded. 
This effect is more clearly demonstrated in Fig.4, which shows the areas and magnitude of stress 
reduction on the example of the Pavlovskoye field. It follows from Fig.4 that average effective 
stresses decrease to 40.2 % at a drawdown of 2 MPa and to 19.6 % at a drawdown of 10 MPa. This 
should result in a growing permeability on slot walls in near-wellbore zone after making slotted per-
foration. Based on calculation results shown in Fig.4, it can be noted that an increasing drawdown 
leads to growing effective stresses and a decrease in zones and magnitude of stress reduction (from 
40.2 to 19.6 %), which should lead to a decreasing reservoir permeability in the study area. In gene-
ral, the results of numerical simulation of slotted perforation for the two studied geological bodies 
were similar. The only difference was that for the Tournaisian-Famennian deposits at the Pav-
lovskoye field, at a drawdown of 10 MPa, small areas of failure appeared on walls of the perfora-
tion channels. This is due to the following: reservoir rock of the pay zone at the Pavlovskoye field 
has worse mechanical properties compared to the Trushnikovskoye field.  
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Results of numerical modelling of cumulative perforation holes for two considered pay zones 
showed that on the side surfaces of perforation there are areas of maximum average effective stress-
es, and in the upper and lower parts of the holes – minimal ones. At the same time, with drawdown 
growing from 2 to 10 MPa, the value of maximum average stresses increases from 37.4 to 
45.5 MPa, i.e., by 22 % (Fig.5). The value of minimum average effective stresses also increases 
from 7.4 to 8.9 MPa, i.e., by 20 %. As in the case of slotted perforation, growing drawdown pres-
sure leads to an increase in average effective stresses, which, in turn, should result in decreasing 
near-wellbore zone permeability. An increase in stresses on side surfaces of perforation channels 
due to growing drawdown leads to an increase of failure zones (Fig.6). The results of the stress field 
analysis based on Coulomb – Mohr criterion showed that for the conditions at the Pavlovskoye 
field, areas of rock failure appear even at drawdown of 2 MPa, and for the Trushnikovskoye field, at 
6 MPa. When making cumulative perforation without considering the drawdown, effective stresses 
increase by 69 % on the sides of the holes; and in the upper and lower parts of the holes, on the con-
trary, they decrease by 66 %. This result suggests that in the upper and lower parts of cumulative 
perforation, an increase in rock permeability is possible, and on the side surfaces, a decrease.  

Analysis of the results of numerical simulation of stress state for two simulated types of perfo-
ration suggests that in some cases slotted perforation is more efficient than cumulative perforation. 
The conclusion can be drawn from the results of determining the patterns of changes in permeability 
of the considered rocks under the influence of changing effective stresses. 

Pay zones under consideration have a fractured-porous reservoir type, and a change in the 
stress field near perforations should lead to significant variations in permeability of fracture sys-
tems, which are very sensitive to changes in effective stresses in rock. This factor should also be 
considered in further investigations of the inhomogeneous stress field near perforation channels us-
ing the studied carbonate formations as an example. 

Conclusion. The results obtained are of great practical importance. Based on the data of nu-
merical modelling of near-wellbore zone, the use of slotted perforation is recommended as a sparing 
and most efficient method for perforation of the considered pay zones. In the presence of slotted 
perforation channels, it becomes possible to create a sufficiently large drawdown (to 10 MPa) ex-
cluding the risks of reservoir rock failure in near-wellbore zone. In case of using cumulative perfo-
ration, especially for the pay zone at the Pavlovskoye field, it is recommended not to create high 
drawdowns, as this can lead to rock failure near the perforations. The developed numerical models 
can be adapted and used for other productive formations for determining the most efficient methods 
for perforation of productive layers and optimal well operation modes. 

Main conclusions were drawn: 
1. As part of the work, numerical finite element models of near-wellbore zones were produced 

considering slotted and cumulative perforation. Multivariate numerical simulation of stress-strain state 
in near-wellbore zone is considered when making slotted channels and cumulative perforations. 

2. Based on the obtained stress field, a significant recovery of effective stresses when making 
slotted perforation is shown, which should lead to restoration of reservoir rock permeability. The 
area of stress recovery is near the well within a radius equal to the length of slots and depends on 
the drawdown value; with its increase, the areas decrease. Near cumulative perforations, stress re-
covery area is much smaller and comparable to the reduction area, which indicates that a significant 
recovery of permeability with this type of perforation is hardly possible. 

3. Evaluation of failure areas using Coulomb – Mohr criterion showed that when making slot-
ted perforation, the reservoir in near-wellbore zone remains quite stable, and failure zones can ap-
pear only at sufficiently high drawdowns – from 10 MPa and higher. An opposite situation was 
recorded for cumulative perforation – failure zones near the holes can appear even at drawdown of 
2 MPa, which can lead to negative consequences, to blockage of the perforation channels and a de-
crease in fluid flow through the holes into the well. 



 

 

Journal of Mining Institute. 2022. Vol. 257. P. 732-743 
© Sergey E. Chernyshov, Sergey N. Popov, Stanislav V. Varushkin, Aleksandr A. Melekhin,  
Sergey N. Krivoshchekov, Shaoran Ren, 2022 

DOI: 10.31897/PMI.2022.51 

 

742 
This is an open access article under the CC BY 4.0 license 
 

REFERENCES 
 
1. Litvinenko V.S., Sergeev I.B. Innovations as a Factor in the Development of the Natural Resources Sector. Studies on Rus-

sian Economic Development. 2019. Vol. 30. N 6, p. 637-645. DOI: 10.1134/S107570071906011X 
2. Bera A., Vij R.K., Shah S. Impact of newly implemented enhanced oil and gas recovery screening policy on current oil pro-

duction and future energy supply in India. Journal of Petroleum Science and Engineering. 2021. Vol. 207. N 109196. 
DOI: 10.1016/j.petrol.2021.109196 

3. Song Li, Yu Fan, Bo Gou et al. Simulation of filtration fields with different completion methods in carbonate gas reservoirs. 
Chemistry and Technology of Fuels and Oils. 2021. Vol. 57. Iss. 4, p. 698-704. DOI: 10.1007/s10553-021-01295-y 

4. Wenwen Li, Jian Cao, Dongming Zhi et al. Controls on shale oil accumulation in alkaline lacustrine settings: Late paleozoic 
fengcheng formation, northwestern junggar basin. Marine and Petroleum Geology. 2021. Vol. 129. N 105107. 
DOI: 10.1016/j.marpetgeo.2021.105107 

5. Shehata A.A., Kassem A.A., Brooks H.L. et al. Facies analysis and sequence-stratigraphic control on reservoir architecture: 
Example from mixed carbonate/siliciclastic sediments of Raha Formation, Gulf of Suez, Egypt. Marine and Petroleum Geology. 
2021. Vol. 131. N 105160. DOI: 10.1016/j.marpetgeo.2021.105160 

6. Mukhametshin V.S., Tyncherov K.T., Rakhimov N. Geological and statistical modeling of oil recovery of carbonate formations. In-
ternational Conference on Innovations, Physical Studies and Digitalization in Mining Engineering (IPDME), 23-24 April 2020, St. Peters-
burg, Russian Federation. Journal of Physics: Conference Series, 2021. Vol. 1753. N 012080. DOI: 10.1088/1742-6596/1753/1/012080 

7. Vilesov A.P., Pyatunina E.V. Study of the lithofacies structure of the productive carbonate rock mass of Famenian Stage on 
Bashkirsky Vault for the purpose of the economization of the geological prospecting. Oil Industry. 2011. N 6, p. 82-85 (in Russian). 

8. Fortunatova N.K., Zaytseva E.L., Kononova L.I. et al. Upper Devonian Lithology and Biostratigraphy of Referenceborehole 
1 Melekess (Melekess Depression, Volga-Ural Region). Byulleten' Moskovskogo obshchestva ispytateley prirody. Otdel geologi-
cheskiy. 2018. Vol. 93. N 5-6, p. 3-49 (in Russian). 

9. Putilov I.S., Solovev S.I., Klimovskikh M.A. et al. New Data on the Geological Structure and Oil and Gas Potential of the 
Devonian-Carboniferous Sediments in the South and Southeast of the Perm Region. Geology, geophysics and development of oil and 
gas fields. 2019. N 6, p. 29-35 (in Russian). DOI: 10.30713/2413-5011-2019-6(330)-29-35 

10. Chikhirin A.A., Shostak A.V., Kirillov K.A. Prospect of Oil Potential of Late Frasnian-Tournaisian Sediments within the 
Udmurt-Perm Paleoshelf. Advances in Current Natural Sciences. 2021. N 8, p. 91-98 (in Russian). 

11. Radchenko K.A., Korobova N.I., Bolshakova M.A. et al. Lithological-Geochemical Characteristics of Natural Outcrops of 
the Domani Sediments in the Areas of the Pre-Urals Regional Trough of the Volga-Ural Oil and Gas Basin. Vestnik Moskovskogo 
Universiteta. Seria 4: Geologia. 2019. N 4, p. 28-33 (in Russian). 

12. Masagutov R.Kh., Ilemenova O.D., Minkaev V.N. Geology and Geochemistry of Domanik Facies in Southeastern Volga-
Urals Province (on the Example of Bashkirian Cis-Urals Region). Ufa: Bashkirskaya entsiklopediya, 2019, p. 160 (in Russian). 

13. Vashkevich A.A., Strizhnev K.V., Shashel' V.A. et al. Prediction of Potential Zones in Domanik-Type Deposits in the Volga-Urals 
Oil-and-Gas Province. Neftyanoe khozyaystvo. 2018. N 12, p. 14-17. DOI: 10.24887/0028-2448-2018-12-14-17 

14. Matveeva N.A. Structure and Emplacement Conditions of Famennian Carbonate Deposits in Central Khorej Ver Reefogenic 
Zone: Avtoref. dis. … kand. geol.-mineral. nauk. Syktyvkar: Institut geologii Komi Nauchnogo tsentra Ural'skogo otdeleniya RAN, 
2016, p. 20 (in Russian). 

15. Matveeva N.A. Сentral-Khoreyver Arch (Timan-Pechora Province) – formation of the Famennian reefogenic deposits. 
Neftegazovaya geologiya. Teoriya i praktika. 2017. Vol. 12. N 2 (in Russian). DOI: 10.17353/2070-5379/16_2017 

16. Musikhin A.D. Lithology and Prediction of Spatial Distribution of Reservoir Rocks of Famennian Oil-and-Gas-Bearing 
Deposits in the Eastern Central Khorej Ver Scarp: Avtoref. dis. … kand. geol.-mineral. nauk. Мoscow: Rossiyskiy gosudarstvennyy 
universitet nefti i gaza imeni I.M.Gubkina, 2016, p. 25 (in Russian). 

17. Sinitsyn I.M., Sinitsyna G.I. State Geological Map of the Russian Federation. Scale 1:200 000. Mid-Volga Series. Sheet 
O-40-XXXII (Kueda). Explanatory Notes. Мoscow: VSEGEI, 2017, p. 81 (in Russian). 

18. Varushkin S.V. Project for Additional Exploration of Famennian Deposits by Drilling Sidetracks and Deepening Wells of 
the Project Operating Fund of OOO “Lukoil-Perm”. Geologiya v razvivayushchemsya mire, 18-21 aprelya 2017, Perm', Rossiya. 
Permskiy gosudarstvennyy natsional'nyy issledovatel'skiy universitet, 2017. Vol. 1, p. 196-197 (in Russian). 

19. Musikhin A.D., Osintseva N.A., Sival'neva O.V., Kitaeva I.A. Emplacement Conditions of Reservoir Rocks in Famennian 
Deposits of the Central Part of the Eastern Flank of Khorej Ver Oil-and-Gas-Bearing Area of Timan-Pechora Province. Nefte-
gazovaya geologiya. Teoriya i praktika. 2017. Vol. 7. N 2, p. 26 (in Russian). 

20. Boyarshinova M.G., Vinokurova E.E., Pyatunina E.V. Discussion of Some Specific Features of Lithological-Facial Struc-
ture of Carbonate Strata of Famennian Stage of Zabrodovsky Territory Because of Prospects of its Oil and Gas Potential. Geology, 
Geophysics and Development of Oil and Gas Fields. 2015. N 7, p. 10-12 (in Russian). 

21. Sosnin N.E., Filipyeva S.G., Makarova S.V. et al. Expected Development of Non-Anticlinal Hydrocarbon Traps in the Up-
per DevonianTournaisian Carbonate Deposits Within the Northern Regions of the Volga-Ural Oil and Gas Province. Perm Journal of 
Petroleum and Mining Engineering. 2021. Vol. 21. N 4, p. 156-162. DOI: 10.15593/2712-8008/2021.4.2 

22. Votinov A.S., Seredin V.V., Kolychev I.Y., Galkin S.V. Possibilities of accounting the fracturing of Kashiro-Vereyskian 
carbonate objects in planning of proppant hydraulic fracturing. Journal of Mining Institute. 2021. Vol. 252, p. 861-871. 
DOI: 10.31897/PMI.2021.6.8 

23. Vashkevich A.A., Strizhnev K.V., Shashel V.A. et al. Forecast of Prospective Areas for Sediment Type Domanic in the 
Volga-Ural Oil and Gas Province. Oil Industry. 2018. N 12, p. 14-17 (in Russian). DOI: 10.24887/0028-2448-2018-12-14-17 

24. Chernyshov S.E., Repina V.A., Krysin N.I., MacDonald D.I.M. Improving the efficiency of terrigenous oil-saturated reser-
voir development by the system of oriented selective slotted channels. Journal of Mining Institute. 2020. Vol. 246, p. 660-666. 
DOI: 10.31897/PMI.2020.6.8 

25. Gaivoronskiy I.N., Kostitsyn V.I., Savich A.D. et al. Ways of Improvement of Reservoir Completion Efficiency. Oil Indus-
try. 2016. N 10, p. 62-65 (in Russian). 

26. Chernyshov S.E., Ryabokon' E.P., Turbakov M.S., Krysin N.I. Patent N 2645059 of the Russian Federation. Method of 
Slotted Hydro Sandblast Perforation. Publ. 15.02.2018. Bull. N 5 (in Russian). 



 

 

Journal of Mining Institute. 2022. Vol. 257. P. 732-743 
© Sergey E. Chernyshov, Sergey N. Popov, Stanislav V. Varushkin, Aleksandr A. Melekhin, 

Sergey N. Krivoshchekov, Shaoran Ren, 2022 

DOI: 10.31897/PMI.2022.51 

 

743
This is an open access article under the CC BY 4.0 license

 

27. Krysin N.I., Riabokon E.P., Turbakov M.S. et al. Improvement of Devices of Abrasive Jet Perforation in Oil Wells. Oil In-
dustry. 2016. N 8, p. 129-131 (in Russian). 

28. Chernyshov S.E., Galkin S.V., Krisin N.I. et al. Efficiency improvement of abrasive jet perforation. SPE Annual Caspian 
Technical Conference and Exhibition (CTCE 2015), 4-6 November 2015, Baku, Azerbaijan. OnePetro, 2015. N SPE-177375-MS. 
DOI: 10.2118/177375-MS 

29. Chernyshov S.E., Popov S.N. The influence of geomechanical factors on the oil well productivity and the bottom-hole zone 
permeability of reservoir exposed by slotted perforation. Processes in GeoMedia. Cham: Springer, 2021. Vol. III, p. 167-182. 
DOI: 10.1007/978-3-030-69040-3_17 

30. Kritsanaphak K., Tirichine S., Abed M.L. Using hydrajet perforating technique as an effective alternative to explosive per-
forating for algerian oil and gas fields. IADC/SPE Asia Pacific Drilling Technology Conference and Exhibition, 1-3 November 2007, 
Ho Chi Minh City, Vietnam. OnePetro, 2007. N SPE-136066-MS. DOI: 10.2118/136066-MS 

31. Rahman M.A., Mustafiz S., Koksal M., Islam M.R. Quantifying the skin factor for estimating the completion efficiency of 
perforation tunnels in petroleum wells. Journal of Petroleum Science and Engineering. 2007. Vol. 58. Iss. 1-2, p. 99-110. 
DOI: 10.1016/j.petrol.2006.11.012 

32. Qiao Deng, Hui Zhang, Jun Li et al. Study of downhole shock loads for ultra-deep well perforation and optimization 
measures. Energies. 2019. Vol. 12.  Iss. 14. N 2743. DOI: 10.3390/en12142743 

33. Qiao Deng, Hui Zhang, Jun Li et al. Numerical investigation of downhole perforation pressure for deepwater well. Ener-
gies. 2019. Vol. 12. Iss. 19. N 3795. DOI: 10.3390/en12193795 

34. Rakhimzhanova A., Thoкnton C., Amanbek Y., Yong Zhao. Numerical simulation of sand production in oil wells using the CFD-
DEM-IBM approach. Journal of Petroleum Science and Engineering. 2022. Vol. 208. Part C. 09529. DOI: 10.1016/j.petrol.2021.109529 

35. Popov S.N., Smetannikov O.Yu. Development of a Numerical Model of the Near Borehole Zone of a Fractured-Carbonate 
Reservoir that Accounts of the Fractures Permeability Changes under the Impact of Mechanical Effects during Water Injection and 
Varying Effective Stresses.  Geology, geophysics and development of oil and gas fields. 2019. N 4 (328), p. 46-51 (in Russian). 
DOI: 10.30713/2413-5011-2019-4(328)-46-51 

36. Kashnikov Yu.A., Ashikhmin S.G., Gladyshev S.V. et al. Changes in Stress-Strain State and Porosity and Permeability of 
Fractured Pay Zone During Slotted Perforation. Geologiya, geofizika i razrabotka neftyanykh i gazovykh mestorozhdeniy. 2002. 
N 11, p. 15-21 (in Russian). 

37. Fjear E., Holt R.M., Horsrud P. et al. Petroleum related rock mechanics. Amsterdam: Elsevier, 2008, p. 492.  
38. Hanegaonkar A., Kidambi P., Kumar G.S. Coupled flow and geomechanics model foe CO2 storage in tight gas reservoir. 

Proceedings of the Fourth International Conference in Ocean Engineering (ICOE2018). Singapore: Springer, 2018, p. 955-967. 
DOI: 10.1007/978-981-13-3119-0 65 

39. Karev V., Kovalenko Yu., Ustinov K. Geomechanics of oil and gas wells. Cham: Springer, 2020, p. 166. DOI: 10.1007/978-3-030-26608-0 
40. Smetannikov O.Yu., Kashnikov Yu.A., Ashikhmin S.G., Kukhtinskiy A.E. Numerical model of fracture growth in hydrau-

lic re-fracturing. Fratture ed Integrita Strutturale. 2019. Vol. 13. N 49, p. 140-155. DOI: 10.3221/IGF-ESIS.49.16 
 
 
Authors: Sergey E. Chernyshov, Doctor of Engineering Sciences, Head of Department, nirgnf@bk.ru, https://orcid.org/0000-

0002-2034-3014 (Perm National Research Polytechnic University, Perm, Russia), Sergey N. Popov, Doctor of Engineering Scien-
ces, Head of Laboratory, https://orcid.org/0000-0002-1110-7802 (Institute of Oil and Gas Problems of the Russian Academy of 
Sciences, Moscow, Russia), Stanislav  V.  Varushkin, Candidate of Engineering Sciences, Head of Department, 
https://orcid.org/0000-0002-2166-9550 (LLC “LUKOIL-PERM”, Perm, Russia), Alexandr  A.  Melekhin, Candidate of Engineer-
ing Sciences, Associate Professor, https://orcid.org/0000-0002-0737-1360 (Perm National Research Polytechnic University, Perm, 
Russia), Sergey  N.  Krivoshchekov, Candidate of Engineering Sciences, Associate Professor, https://orcid.org/0000-0002-9748-
6291 (Perm National Research Polytechnic University, Perm, Russia), Shaoran  Ren, Doctor of Sciences, Professor, 
https://orcid.org/0000-0002-0829-3704 (China University of Petroleum, Qingdao, China). 

 
The authors declare no conflict of interests. 

 


