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The radial drilling technology efficiency for carbonate bashkir deposits of Perm Krai is considered. The geo-

logical structure of a productive part of bashkir layer is characterized by high degree of heterogeneity that promotes 
while drilling radial channels involvement in development additional interlayers that earlier was not drained. 

During the analysis the main geological process parameters affecting drilling technology efficiency were re-
vealed. According to the dynamics of average daily oil production growth, palettes were built to forecast additional 
oil production as a result of radial drilling activities. Using the pallets, it is possible to predict the total additional  
oil production, well operating time with the effect of radial drilling and average daily oil production growth for  
each year. 

It was found that hydrochloric acid treatments performed on wells prior to radial drilling significantly reduce 
the effectiveness of radial drilling technology. For such wells, the value of the correction is statistically substantiated, 
which reduces the predictive estimate of the increase in oil production.  

A model was built to assess the increase in oil production in the first year after the event and an algorithm  
for calculating the total additional oil production was developed using linear discriminant analysis. For the resulting 
model, errors are calculated that are compared with the forecast efficiency of standard methods for oil-producing  
enterprises. This model shows a much more accurate correspondence of forecast results to actual technology applica-
tion results.  

The probability of the event high efficiency increases significantly with a more detailed approach to the selec-
tion of wells for radial drilling. According to the forecast methodology, the technology’s efficiency was calculated 
and recommendations for its implementation for the wells of the Bashkir production objects were made in the inter-
ests of an oil-producing enterprise. 
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Introduction. Currently, in the structure of the production of geological and technical opera-
tions (GTO) of the Perm Krai, aimed at the secondary opening of formations, radial drilling takes a 
significant place (RD). With standard RD four radial channels are drilled in the interval of the res-
ervoir with phasing of 90 and a length of up to 100 m. Drilling of radial shafts is supplemented by 
hydrochloric acid treatment (HAT) for carbonate deposits in order to intensify the influx.  

The RD technology has been used at the production fund of wells in the Perm Krai since 2005, 
mainly for carbonate (549 GTO), much less often for terrigenous formations (41 GTO). On average, 
technology success in recent years has been estimated at 42 to 78 % [1]. Moreover, the efficiency of 
RD for carbonate reservoirs is much higher than for terrigenous. The average duration of the RB ef-
fect is 667 days for terrigenous and 818 days for carbonate objects, the average additional oil produc-
tion is 3.5 thousand tons for terrigenous and 4.6 thousand tons for carbonate objects. 

Currently, the share of carbonate deposits in the structure of residual recoverable reserves 
(RRR) of oil in the Perm Krai is 62 %, and this value increases every year due to their less intensive 
current production. The interest of oil producers to RD is due to the need to introduce relatively 
low-cost technologies for sites with low RRR. Therefore, RD technology is the most demanded in 
the structure of the GTO for carbonate production facilities of the Perm Krai. To date, 149 opera-
tions have been carried out using the RD method for the bashkir formation, which significantly ex-
ceeds the 49 acid hydraulic fracturing operations (AHFO) performed during the same period. The 
interest in RB technology is due to the fact that the number of wells with oil reserves sufficient to 
introduce more costly technologies (AHFO, etc.) is very limited today. According to the authors, 
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RD technology is promising and can be widely used in conditions of carbonate reservoirs and other 
old oil and gas producing regions.  

The analysis shows the need for a separate analysis of the RD efficiency of for various opera-
tional objects. The largest number of RD operations was carried out for deposits of Bashkir age, 
whose share is significant (23 %) in the current oil production of the Perm Krai. So the objective of 
this paper is to identify the geological and technological criteria for the RD efficiency for wells in 
the bashkir formation. Collectors of bashkir sediments are mainly represented by biomorphic-algal 
and foraminiferous pore-type limestone [11]. Productive formations have a high degree of hetero-
geneity that promotes while drilling radial channels involvement in development additional inter-
layers that earlier was not drained. 

The papers [6, 7] summarize the experience of implementing RD technology in the Perm Krai. 
The RD in the conditions of the carbonate reservoir is more effective than the HAT and repeated 
perforation. However, at present time there is still uncertainty in the selection of candidate wells for 
the implementation of the technology. In this paper, the analysis of the RD efficiency was carried 
out according to the information on 01.01.2018, while 16 repeated operations were excluded from 
the analysis, the effectiveness of which is much lower. This is due to the fact that any previously 
conducted GTO take part of the remaining reserves of formations. As a result, the additional total 
oil production from the technology for the bashkir reservoir for the 133 examined wells varies in the 
range from 0 to 25 thousand tons with an average value of 4.8 thousand tons of oil per well.  

The possibilities of geological and hydrodynamic modeling in forecast calculations of the RD 
efficiency have a number of significant limitations and uncertainties. The main problem is the com-
plexity of a formalized assessment of the connectivity of the radial channel with the reservoir.  
In modern simulators (Tempest, Eclipse, etc.), when calculating RD technology, in addition to the 
permeability of the formation, the skin factor (S) and the coefficient of communication of the ra-
dial channels with the formation (φ) are mandatory to run the calculations. Moreover, the S values 
are not known for all wells, and a numerical estimate of the value of φ is always subjective. As a 
result, in practice, the only possible option remains to take in advance the value of the required 
fluid flow after the GTO, adjusting the indicators S (if it is unknown) and φ. Consequently, a sin-
gle cell, characterized by subjective information, usually corresponds to a radial channel 100 m 
long in the model.  

Development of a statistical model for evaluating the radial drilling technology efficiency. 
One of the effective tools for improving the quality of design decisions is the use of statistical 
methods, which can be successfully applied to predict the GTO efficiency, for example [3, 8, and 9]. 
According to the authors, precisely statistical methods can be used for summarizing field informa-
tion that is applicable for evaluating the RD efficiency. Their goal is to evaluate the efficiency  
of RD technology implemented at oil wells for various geological and technological conditions.  

At the first stage, according to the average daily oil increment for each year, a palette was built 
to forecast additional oil production. All wells are divided into seven classes according to the indi-
cator of additional oil production. A line of daily average growth falling over the years has been 
constructed for each class.  

Using the palette shown in Fig.1, it is possible to predict the average daily increase for each 
year, the effect time and the total additional oil production due to technology. For the practical use 
of the palette before the GTO, it is necessary to quantitatively assess the increase in oil production 
in the first year after RD (∆qo), which will determine the further dynamics of production.  

Initially, as a result of statistical analysis, it was established that previously conducted HAT on 
the wells (for the period from 1 to 15 years before the RD) reduces the potential increase in oil 
when applying the technology. So, for the bashkir reservoir, the average understatement ∆qo due to 
the previously conducted HAT was 1.3 tons/day (4.6 versus 5.9 tons/day) while maintaining the dy-
namics of production decline of more than 1 tons / day in all next years. That is why all wells with 
previously conducted HAT are excluded from the analysis. The forecast ∆qo for them should include 
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a downward correction of 1.3 tons/day. 
Since such wells did not subsequently 
participate in the formation of the fore-
cast model, in the future, after the in-
troduction of a downward corrective 
correction, they can be considered as an 
examination sample. The training sta-
tistical sample resulted in 71 wells.  

A linear discriminant analysis 
(LDA) was used to assess the complex 
effect of various geological and tech-
nological indicators on the increase in 
oil production in the first year after the 
operation. The methodology for the 
implementation of the LDA to solve a 
similar oil field problem is described in 
detail in the paper [2]. 

Taking into account the analysis of 
the results of [5, 10, 12], the following 

expanded set of parameters was considered: oil-saturated thickness ho, м; sandiness coefficient 
Ksand, m/m; dissection coefficient Kdis, units; oil viscosity in reservoir conditions µo, mPa∙s; hydro-
conductivity of the remote zone of the formation (RZF) εRZF, mkm2 ∙sm/(mPa∙s); permeability coef-
ficient RZF k RZF, mkm2; piezoconductivity χ, sm2 ∙s; reservoir pressure Рf, MPa; bottom hole pres-
sure Рbot, MPa; saturation pressure Рsat, MPa; average thickness of a single oil-saturated interlayer 
hil, m; well skin factor S; channel density chan, m/number of channels, oil production prior to the 
implementation of GTO qin, tons/day. 

When implementing LDA, a statistical sample is divided into wells with increments ∆qo of 
more and less than 7 tons/day according to the principle of the of RD technology efficiency. As a 
result of the LDA, the parameters that have showed the greatest significance in dividing the sample 
into two classes; are ho, Ksand, Kdis, μ, χ, S, chan, qin. Using these parameters the linear discriminant 
function (LDF) is constructed: 

Z = 0.059qin + 0.402ho + 1.92Ksand + 0.141Kdis – 0.048μo – 0.516chan + 0.000876χ + 0.032S – 2.90,   

if R = 0.76. 

For the class with a more effective RD result (∆qo> 7 tons/day), 75 % (21 out of 28 wells) were 
correctly classified, for the class with ∆qo <7 tons/day, 96 % (44 out of 46 wells). It should also be 
noted that the +/– signs in the coefficients with LDF indices do not contradict their physical mean-
ing. Thus, an increase in the thickness of the reservoir (ho) and the share in the formation of reser-
voirs (Ksand) due to the large capacitive characteristics increase the estimate of the discriminant 
function (Z). Larger dissection (Kdis) corresponds to the growth of the first year (∆qo), since the ra-
dial channel includes more new interlayers to drain. At low oil viscosity (μo) and high piezoconduc-
tivity of the formation (χ), the RD effect is higher due to greater oil mobility. At lower values of the 
channel density (chan), each radial channel has a large effective thickness (ho), therefore, the in-
crease is higher.   

The physical meaning of the criterion Z in LDF is that with its growth, the probability P(Z)  
of classifying an object as a more efficient GTO increases. The dependence Р(Z) = f(Z) is 
shown in Fig.2. 

The table for the training sample contains comparative characteristics of the actual production 
growth of the first year in various ranges of the obtained probabilistic estimates P(Z).  

 

Fig.1. Daily average oil growth forecast palette 
from the application of RD technology for the Bashkir formation  

of Perm Krai [4] 
1 – class 1 (additional production (AP) 50-500 tons); 2 – class 2 (AP 500-1000 tons); 

3 – class 3 (AP 1000-2000 tons); 4 – class 4 (AP 2000-4000 tons);  
5 – class 5 (AP 4000-8000 tons); 6 – class 6 (AP 8000-16000 tons);  

7 – class 7 (AP 16000-32000 tons); 8 – forecast 
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According to the table, the de-
pendence of the growth of the first year 
on the value of P(Z) is constructed, 
which is approximated by the follow-
ing equation: 

∆qo = 30.7x3 – 44.5x2 + 22.8x + 2.84  

(if R = 0.98), where x – value of P(Z). 
Estimation of the error of the 

forecast statistical model of oil pro-
duction growth from RD. As a result, 
the predicted estimates ∆qo, as well as 
the errors in comparison with the actual 
growths, were calculated for the wells 
of the training sample. A comparative 
assessment of the obtained errors ∆qo 
of the proposed methodology (based on 
LDA) was also carried out with the 
growths that were predicted at oil pro-
ducing enterprises when planning RD 
using hydrodynamic models. Figure 3 
shows a comparison of the errors of the 
methods (LDA and standard) with the 
actual RD results for the wells of the 
training sample.  

When using the LDA method, 
more than half of the objects fell into 
the error interval of less than 2 tons/day 
– 54 % of the wells, and in the error 
interval of more than 4 tons/day – only 
11 % of the wells. The maximum er-
rors in most cases underestimate the 
predicted effect of RD for wells with 
abnormally high production. Moreover, 
in all these cases, the wells are evalu-
ated by the proposed methodology as 
the most promising for RD, which is 
important for the practical implementa-
tion of the methodology.  

As for the standard methodology, 
the results of the ∆qo similarity of the 
forecast to the actual results are no-
ticeably worse. There are 42 % of the wells in the error interval of less than 2 tons/day. Errors  
of more than 4 tons/day are characterized by 23 % of wells, the discrepancy was more than  
10 tons/day for one well (Fig.3). 

A similar analysis was carried out for the wells of the test sample with previously conducted 
HAT, which were not involved in the construction of the forecast model. For such wells a correc-
tion of 1.3 tons/day was subtracted from ∆qo. As a result, the maximum discrepancy between the 
actual results and the predicted estimates of ∆qo (52 % of wells) was also in the error range of less 
than 2 tons/day. Only 8% of wells fell into the error interval of more than 4 tons/day.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Probability distribution Р(Z) of wells 
from the training sample 

Interval P(Z) Number of the objects  Average actual  
 growth, tons/day 

< 0.001 6 1.7 
0.001-0.01 9 3.7 
0.01-0.1 14 4.7 
0.1-0.2 7 5.3 
0.2-0.4 8 6.0 
0.4-0.8 7 7.5 
0.8-0.9 3 8.9 
0.9-0.95 7 9.5 
0.95-1 10 11.6 
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Estimation of discriminant function (Z) 

Fig.2. Probabilistic assessment of classifying an operation as effective  
in increasing oil production in the first year from the indicator Z 

Fig.3. Distribution of the errors in the estimates of the average daily 
oil production growth in the first year after RB 

1 – standard technique; 2 – LDA 
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When calculating the residuals ∆qo for the same wells which were the basis of the planned in-
crements of the oil producing enterprise, 36 % of the wells fell into the intervals of less than 
2 tons/day, 21 % of the wells were more than 4 tons/day.  

Conclusion. The proposed statistical model for estimating ∆qo for the bashkir reservoir showed 
a high degree of correlation with actual data and allowed a significant increase in the accuracy of 
forecasting RD technology efficiency in comparison with the standard approach.  

A more detailed selection of candidate wells is required to increase the operation efficiency, 
taking into account the complex of geological and technological parameters, and not just the 
technical requirements of the wells. According to the forecast methodology, in the interests of the 
oil-producing enterprise, RD technology efficiency calculations were carried out and authors have 
made recommendations for the introduction of technology for wells that showed the greatest po-
tential for oil production growth. 
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