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 The reservoirs of the Tournaisian deposits in the Perm Region are characterized by high heterogeneity of the geological 
section, low thickness and relatively low well productivity. For the rational development of such deposits intended to 
enhance the oil recovery ratio, various well interventions are required. The paper compares the effectiveness of such low-
cost operations as acid treatments and radial drilling.  
It further considers the radial drilling technology in detail. Radial drilling operations at the Tournaisian deposits of the Perm 
Region oilfields are analysed. To assess the projected oil production, a graph of the actual decline in the incremental oil 
production from the time of operation over the years has been plotted. 
The paper presents the methods of estimating the well intervention effectiveness. The main method is hydrodynamic 
modelling. However, it has significant drawbacks in predicting the effectiveness of radial drilling technology. In the
authors’ opinion, the optimal well intervention effectiveness forecast methods are statistical methods taking the complex 
impact of geological and technological parameters into account. In the course of the research, the Student's t-test was used 
to identify the main geological and technological parameters that have an impact on the efficiency of radial drilling. 
With the identified parameters and the linear discriminant analysis method, a predictive model for estimating an increase in 
oil production for the first year after the operation was built. For the wells selected as the training and test samples, the error 
of the oil output growth forecast for the first year after the operation was assessed. The errors in the forecast calculations 
were then compared to the forecast error estimation obtained using the hydrodynamic model. The output of the study is the
developed method for determining the total incremental production using radial drilling technology. 
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 Коллекторы турнейских отложений нефтяных залежей Пермского края характеризуются высокой неоднород-
ностью геологического разреза, малыми толщинами и невысокой производительностью скважин. Для их
рациональной разработки с целью повышения нефтеотдачи пластов широко применяются геолого-технические 
мероприятия. В работе проведено сравнение эффективности малозатратных геолого-технических мероприятий –
кислотных обработок и радиального бурения.  
Подробно рассмотрена технология радиального бурения. Приведен анализ мероприятий по радиальному бурению,
выполненных на турнейских объектах месторождений Пермского края. По фактическим данным построен график 
динамики падения дополнительной добычи нефти от мероприятия по годам, который можно использовать для
оценки прогнозной добычи нефти.  
Представлены методики прогноза эффективности геолого-технических мероприятий. Основным методом является 
гидродинамическое моделирование. Однако у метода существуют значительные недостатки при прогнозе
эффективности применения технологии радиального бурения. По мнению авторов, наиболее оптимальным для
прогноза эффективности технологических мероприятий является использование статистических методов, что 
позволяет учитывать комплексное влияние геолого-технологических параметров. В ходе исследования с помощью 
t-критерия Стьюдента выявлены основные геолого-технологические параметры, оказывающие влияние на 
эффективность радиального бурения.  
На основе выявленных параметров методом линейного дискриминантного анализа построена прогнозная модель
оценки прироста дебита нефти в первый год после мероприятия. На скважинах обучающей и тестовой выборки
проведена оценка погрешности прогноза прироста дебита нефти в первый год после мероприятия. Сопоставлены
погрешности прогнозных расчетов с погрешностью прогноза при исследовании гидродинамической модели. 
Результатом исследований является разработанная методика определения общей дополнительной добычи от 
применения технологии радиального бурения.
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Introduction 
 

In the structure of the remaining oil in place in 
the Perm Region, Tournaisian and Fammenian 
carbonate deposits account for their major part 
of 44 % (222.7 out of 506.2 million tons of oil). 
In the platform part of the Perm Region, these 
deposits are developed at 130 production zones 
with over 80 % of the deposits located solely 
in the Tournaisian strata. Hereinafter, all the 
Tournaisian and Fammenian deposits in the studied 
territory are referred to as the “T-formation”. 
The permeability values used for estimation of 
the oil reserves in the T-formation range from 3 
to 676 mD, while formation oil viscosity varies 
from 0.8 to 87mPa·s. 
 

Characteristics of tournaisian reservoirs 
of the Perm Region oilfields 

 
In the platform part of the Perm Region, the 

T-formation reservoirs are mainly represented 
by organogenic and detrital, fine detrital and 
lumpy algal limestones. The core material from the 
oil-saturated part of the geological section has 
been studied, in particular, using X-ray 
tomography to visualize the structure of the rock 
porous space [1-3]. In carbonate reservoirs, the 
X-ray tomography is used as a method of 
visualizing the cavernosity and fracturing of 
rocks in high definition [4-7]. The core material 
analysis combined with hydrodynamic well testing 
done with the method described in papers [8, 9] 
has shown that the Tournaisian reservoirs in the 
platform part of the Perm Region mainly belong 
to the porous (granular) type. The presence 
of fractures is generally untypical of these 
production zones.  

Core analysis has shown that the open porosity 
(Kp) of the Tournaisian reservoirs falls within a broad 
range (from 8 to 19 %) with the average value of 
12 %. Low-porosity reservoirs (Kp < 12 %) belong 
mainly to the granular type (fig. 1, a), while in more 
porous ones the void space also includes dissolved 
cavities (see. fig. 1, b). 

The reservoirs of the Tournaisian deposits are 
characterized by high heterogeneity of the geological 
section, low thickness and, as a rule, not very high 
well productivity. The field experience shows that at 
all the stages of oilfield development the 
permeability of the bottomhole area deteriorates due 

to the sealing of rocks, increasing water saturation 
followed by the reduction of phase permeability for 
oil, salting and paraffin buildup [10]. In such 
conditions, the most cost-efficient well intervention 
techniques for carbonate reservoirs are acid treatment 
and radial drilling [11].  
 

   
а 

   
b 

Fig. 1. Void space structure of the Tournaisian reservoirs 
of porous (a) and cavernous and porous (b) types based 

on core X-ray tomography 
 

Acid treatment is one of the most common well 
interventions used on carbonate reservoirs to 
recover and improve the fluid flow in the 
bottomhole area, increasing productivity of the 
production wells and injectivity profile of the 
injection wells [12]. The radial drilling technology 
means, in this case, drilling horizontal radial 
channels of a smaller diameter with a jet nozzle. 
The channel length does not exceed 100 m, while 
their number usually ranges from 2 to 4. The radial 
drilling technology is considered not only to 
improve the productivity of the wells but also to 
engage the previously undrained reserves into the 
production, materially expanding the displacement 
process [13, 14]. 
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Comparing the efficiency of acid treatment 
and radial drilling technologies 

 
In the course of study, the technological 

efficiency of acid treatment and radial drilling 
in respect of the Tournaisian formations of the 
Perm Region was compared. The results of 
employing acid treatment to the carbonate 
formations in the Perm Region are provided in 
paper [15], while the summary of international 
experience is provided in papers [16–20]. In 
foreign literature, acid treatment efficiency studies 
focus more on the composition of rocks, e.g. 
carbonate content, clay particles content, cement 
type and port space structure [18-20].  

Table 1 presents the results of comparing the 
efficiency of acid treatment and radial drilling for the 
Tournaisian formations of the Perm Region fields. 
The number of wells covered by the analysis: acid 
treatment – 148 wells, radial drilling – 115 wells.  

The comparison was carried out using 
Student’s t-test. Table 1 shows the average values 
of the efficiency indicators (for acid treatment and 
radial drilling, respectively), the t-score values and 
the achievable level of p. In respect of the 
considered indicators of the Tournaisian 
formations, the efficiency of the radial drilling 
technology is statistically significant (p < 0.05) 
and exceeds that of the acid treatment.  

Thus, the technological effect of the radial 
drilling varies in a broad range and mostly depends 
on the geotechnical conditions of the method 
implementation. At the same time, by this moment 
there are no formalized efficiency criteria for the 
radial drilling technology [21].  

There is a number of purely technical aspects 
that complicate the implementation of radial 
drilling technology. First of all, the problems were 
caused by significant hydrodynamic loads on jet 
nozzles (up to 100 MPa) arising from high-speed 
jets (up to 400 m/sec) of flush fluid. That creates a 
large area of penetration of the emulsion filtrate 
with non-stationary rheological characteristics [22] 
in the area of destruction. The second important 
technical issue is the impossibility to exercise 
prompt control over the trajectory of the channels 
due to low bending stiffness of the assembly and 
different densities of the jet-broken rocks. In 
exceptional cases, this can result in the 
preformation by the channels of the water 
formations, which is absolutely inadmissible. All 

of the above points to the necessity of careful 
selection of the wells based primarily of their 
geological and physical characteristics. 
 

Table 1 
 

Comparison of the efficiency 
of the radial drilling methods and acid 

treatment for the Tournaisian formations 
of the Perm Region 

 

Parameter 

Acid 
treatment, 
average 
value 

Radial 
Drilling, 
average 
value 

t p 

Time of operation 
with operational 
benefit, days 

883.7 1144.1 –1.94 0.05 

Average daily 
incremental 
production, 
tons per day 

2.3 3.3 –4.02
Less than 

0.01 

Accumulated 
incremental oil 
production, tons 

2781.7 4473.2 –2.63
Less than 

0.01 

 
Developing statistical models for projecting 

the efficiency of radial drilling for the Tournaisian 
formations of the Perm Region 

 
Due to their fracturing, the Tournaisian 

formations feature significant incremental 
production during the first year after intervention. 
However, the fractures tend to collapse in the 
production process due to the pressure drop, 
resulting in a sharp decline of the effect [23–26]. 
Both Russian and foreign literature pays much 
attention to the impact of fracturing on the field 
development efficiency [27-30]. 

In paper [31], a forecast crossplot was developed 
based on the statistical analysis of technological 
effect’s dynamics in respect of the radial drilling. For 
this crossplot (Fig. 2), the wells were divided into 
classes based on incremental production for tracking 
the effect decline for each well group. Thus, knowing 
the value of incremental production for the first year, 
the decline of production with time can be forecasted 
by means of extrapolation. 

When used at the stage of selecting candidate 
wells for the radial drilling technology, this crossplot 
requires the assessment of the amount of incremental 
oil production in the first year after the well 
intervention (∆qn), which is decisive for the 
production dynamics over time. 
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Fig 2. Crossplot of evaluation of the technological 
effect of the radial drilling technology 

on the Tournaisian formations [31] 
 

At the moment, the primary method for 
assessing the effectiveness of well interventions 
for oil and gas producing companies of the Perm 
Region, including radial drilling, is the geological 
and hydrodynamic modelling [32-33]. At the same 
time, it is quite hard to develop a fluid flow model 
of the carbonate reservoirs that would 
accommodate the impact of the fracturing 
component on the fluid flow, which materially 
impairs the models’ reliability [34-36]. 

As applicable to the radial drilling technology, 
the efficiency of geological and hydrodynamic 
modelling continues to decline as radial channels 
of 100 m will be represented by one or two cells in 
the model. This being said, even this cell of the 
model can be characterized only in subjective and 
quantitative terms by the channel connectivity with 
the formation (φ) and a screen factor (S). In 
practice, the φ-value is based on the necessary 
production of fluid after the well intervention, and 
the skin-factor is introduced based on the well 
tests, though they do not provide reliable results 
for all the wells. Therefore, the total error 
magnitude of this approach is quite high.  

A possible alternative to forecasting the 
efficiency of well interventions can be the use of 
displacement characteristics when the technological 
parameters are extrapolated with account of possible 
incremental production. However, in this case, at 
least the impact of geological and technical 
parameters of the given wells is not taken into 

account, which will obviously reduce the efficiency 
of well interventions for them.  

Given the above, in the opinion of the authors, 
the statistical methods are more suitable for the 
evaluation of the radial drilling efficiency. They 
are applied to the production formations treated 
with the radial drilling technology to identify the 
geological and technical indicators making the 
greatest impact on the well intervention efficiency. 
Such an approach is suitable for express efficiency 
analysis of the technology, while the forecasting 
model makes it possible to rank the wells by the 
priority of radial drilling use [37–40]. The papers 
[41, 42] describe the methodology and provide 
successful examples of the statistical modelling 
results as applicable to the forecast of various well 
interventions. 

The incremental oil production during the first 
year after the radial drilling (∆qn) is ultimately 
determined by a set of indicators of well 
interventions. The method chosen to evaluate the 
statistical impact of the indicators of the well 
intervention efficiency is linear discriminative 
analysis (LDA). The methodological aspects of 
evaluating the technological effect of well 
interventions using LDA method are discussed in 
paper [42].  

For the LDA implementation, the wells that had 
not undergone acid treatment before radial drilling 
(for 15 years). The statistical analysis based on 
Student’s t-test has shown a significant difference in 
the efficiency of the radial drilling without prior acid 
treatment and after it both in respect of incremental 
oil production (t-test = 2.03; p = 0.04), and average 
daily growth (t-test = 2.37; p = 0.02). For the 
Tournaisian formations, the acid treatment performed 
within 1-15 years prior to the radial drilling, reduce 
the ∆qn value by 0.8 tons per day on average. As 
preliminary acid treatment takes away a part of the 
potential increments production, such wells were 
excluded from the statistical analysis. 

Moreover, wells that underwent radial drilling 
in the new perforation interval were also excluded 
from the analysis scope, since in this case the 
increment is achieved primarily by involving new 
reservoir pay zones. As a result, the analysis 
covered 41 wells treated with the radial drilling 
technology in the current perforation interval. At 
the same time, the analyzed wells were also 
classified by the efficiency of the radial drilling 
results based on the cutoff value (∆qn).  
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With account of the geological and technical 
characteristics and the calculated increment range, 
the cutoff efficiency value was set to 5.5 tons per 
day. As a result, 12 wells were classified as having 
less effective well interventions (∆qn < 5.5 tons per 
day), and 27 wells were identified to have more 
effective well interventions (∆qn > 5.5 tons per day). 
The LDA method foresees finding linear 
combinations of the attributes that define the two 
classes best.  

As a result of LDA, the parameters that have the 
highest impact on ∆qn were identified and the 
following Linear Discriminant Functions (LDF) was 
obtained: 
 

sand est

chan intl

0,22· 10,3·  0,06·

 0,0063·µ  0,176·  0,0056·χ  0,76·

 0,0013· 3,41 at 0,60,

n

n

Z q K K

h

S R

= − + − −
− + ρ + − +

+ − =
 

 
where qn is oil production before the intervention; 
Ksand is net-to-gross ratio; μn is oil viscosity; ρchan is 
channel density; χ is piezoconductivity; hintl is the oil-
saturated layer thickness; S is skin factor. 

In general, the LDA method correctly identifies 
25 out of 27 formations (93%) with an increment 
below 5.5 tons per day and 9 out of 14 (64%) with 
the increment above 5.5 tons per day. 

In this LDF, the highest impact on the 
classification results was rendered by the net-to-gross 
ratio Ksand (the standardized rate is Rst = 0.90), 
piezoconductivity χ (Rst = 0.66) and oil production 
before the intervention qn (Rst = –0.46), and 
to a lesser extent, by the sand-to-shale ratio 
Kshale, oil viscosity µ, channel density ƍchan, 
skin factor S, and specific thickness of the oil-
saturated layer hintl. 

The higher is the Z value in this LDF, the higher 
is the probability of a successful well intervention 
(∆qn > 5.5 tons per day). To proceed to the 
probabilistic estimate, the dependence of the 
probability of classification as a more effective well 
intervention P(Z) on the estimates characteristic Z 
(Fig. 3) shall be used. 

After the probability for the training wells 
samples has been calculated, it shall be compared 
with the actual oil production growth. Fig. 4 shows 
the dependence of ∆qn on the probabilistic estimate 
P(Z), which can be approximated with the 
following linear function: 
 

Δqn = 6,2·P(Z) + 3,216 with r = 0,99. 

 
Fig. 3. Probability of the oil production increment 

in the first year based on the estimated LDF 
 

 
 

Fig. 4. Dependence of the average daily oil production 
in the first year after radial drilling on the probability 

to be classified as a more successful intervention 
 

Based on the dependency ∆qn = f(P(Z)), the 
average daily growth for the first year after the radial 
drilling can be forecasted. To verify the method 
reliability, the values of ∆qn were calculated for the 
training sample, and then, in comparison to the actual 
values, the estimated errors were determined.  

Fig. 5, а presents the graph of minimal 
disparities for the LDA method compared to those 
of the calculations based on hydrodynamic models. 
The comparison was carried out for the training 
sample wells. When the LDA-based methodology 
is used, the forecast disparities range from –5.6 
(overstatement of ∆qn) to +4.9 tons per day 
(understatement of ∆qn). At that, over a half of the 
wells (68% – 28 wells) got into the error interval 
from –2 to 2 tons per day. The class with a 
disparity of over 4 tons per day comprised 4 wells.  
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а 

 
b 

Fig. 5. Forecasted value errors compared 
with the actual data for the training (a) 
and validation (b) samples. T formation  

 
The error distribution range of the standard 

currently used methodology (see Fig. 5, а) is 
materially broader, ranging from –10 to +28 tons per 
day, while the number of forecasts with the minimal 
error (from –2 to 2 tons per day) is significantly less 
than 18 wells (44 %). There were 7 wells (17% of the 
total number of wells) falling in the disparity interval 
of over 4 tons per day. 

To control the forecast results, an additional 
estimate of the errors for the validation sampling 
was performed, which included the calculation of 
∆qn values for the wells not involved in the 
development of a statistical model. Those were the 
wells than underwent the acid treatment prior to 
the radial drilling. Considering the adjustment 
explained above (0.8 tons per day), the actual data 
were compared to the forecasted values for the 
wells of the validation sampling. The disparities in 
the actual and forecasted values of ∆qn, estimated 
according to the LDA method the hydrodynamic 

model calculations for the validation sample are 
provided in Fig. 5, b.  

According to the method proposed above, the 
maximum number of disparities between the actual 
and forecasted ∆qn values(27 wells) fall in the range 
from –2 to 2 tons per day, while the maximum error 
ranges from –6 to +4 tons per day. The class with the 
disparity of over 2 tons per day included 15 wells 
with only 2 of them falling in the range of disparities 
exceeding 4 tons per day (see Fig. 5, b). The results 
of the comparison of the estimations based on the 
LDA statistical method for the T-formation should be 
admitted to be very good.  

When compared to the actual results of the 
hydrodynamic modelling-based standard forecast 
method, the disparity range significantly expands 
(from –20 to +8 tons per day), with an evident 
tendency to overstate the projected production for 
the previously acid-treated wells. The minimal 
disparity interval (from –2 to +2 tons per day) 
includes 20 wells, which is much worse than fo the 
LDA-based forecast. The disparities exceeding 
4 tons per day relate to 10 wells (compared to 2 
wells found with the LDA method), with the three 
well interventions of which showing the disparity 
over 6 tons per day (see Fig. 5, b). 

Thus, the comparison of disparities for the 
LDA-based and standard methods performed on 
the Tournaisian reservoirs of the platform part of 
the Perm Region shows a significantly higher 
efficiency of the former. The statistical approach 
significantly improves the accuracy of the oil 
production growth forecast for the first year after 
the radial drilling. The developed forecasted 
statistical models assessing the efficiency of the 
radial drilling technology were provided to an oil-
producing company. 
 

Conclusion 
 

1. The paper provides a characteristic of the 
Tournaisian deposits of the platform part of the Perm 
Region. The reservoirs are characterized by high 
heterogeneity of the geological section, low thickness 
and, as a rule, relatively low well productivity.  

2. The efficiency of the acid treatment and radial 
drilling methods for the Tournaisian formations of 
the Perm Region fields was compared. The efficiency 
of the radial drilling technology was found to be 
significantly higher than that of the acid treatment, 
which is statistically confirmed. 
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3. A graph showing the dynamics of the effect 
decline depending on the radial drilling technology 
for the Tournaisian formations of the Perm Region 
was developed. 

4. The advantages and disadvantages of radial 
drilling technology have been analyzed. Among the 
key advantages of the technology are the relatively 
low cost of the intervention and generally 
satisfactory growth of oil production. The key 
drawbacks include the impossibility to control the 
channel trajectory during drilling and unstable effect 
due to the lack of formalized applicability criteria. 

5. The radial drilling technology efficiency 
forecasting methods were analysed with the selection 
of the LDA-based statistical method being 
substantiated. The main geotechnical parameters 
influencing the increment of oil production during 
the first year after the radial drilling were identified. 

6. A forecast model for the evaluation of the 
incremental oil production for the first year after the 
radial drilling was developed. The developed method 
was tested on the wells of the training and validation 
samples. The forecasts of the radial drilling 
efficiency based on the statistical approach were 
concluded to be more accurate as compared to the 
standard method. 
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