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 Assessing the hydrodynamic state of bottomhole zones is a key task to be solved when conducting and interpreting hydrodynamic
well studies. The most widely used indicator of the condition of bottomhole zones in practice is the skin factor. However, its 
definition for the conditions of complex carbonate reservoirs is often accompanied by difficulties. Under conditions of incomplete
pressure recovery, typical for the conditions under consideration, the value of the skin factor often takes on an unreliable value, in
some cases leading to an incorrect interpretation of the state of the bottomhole zone, regardless of the approaches used to
interpretation. Using actual data as an example, the article demonstrates that a reduction in the pressure recovery curve leads to false 
negative skin factor values both when implementing the tangent graph-analytical method and when processing in accordance with 
Bourdais's theory. In such conditions, it is recommended to use fundamentally different indicators of the state of the bottomhole 
zones, for example, a dimensionless diagnostic feature determined when implementing the method of deterministic moments of
pressure. However, the lack of experience in the widespread practical application of this method necessitates an assessment of its 
reliability. For this purpose, this article uses an effective tool of mathematical statistics – multiple regression analysis, which, in this 
case, was reduced to the construction of multidimensional models of well flow rates. The geological and technological indicators of 
well operation were used as independent variables, including parameters characterizing the bottomhole formation zone (skin factor 
determined in the KAPPA Workstation software product (Saphir module), skin factor calculated using the tangent method, as well as 
a dimensionless diagnostic feature). According to the theory of regression analysis, the parameter that is included in the constructed 
model at the earliest possible step is reliable. The procedure for constructing and analyzing multidimensional statistical models 
performed in this work demonstrated the reliability of a dimensionless diagnostic feature in assessing the state of bottomhole zones 
of productive formations represented by complex carbonate reservoirs.
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 Оценка гидродинамического состояния призабойных зон является ключевой задачей, решаемой при проведении и
интерпретации гидродинамических исследований скважин. Наиболее распространенным на практике показателем состояния
призабойных зон является скин-фактор. Однако его определение для условий сложнопостроенных карбонатных коллекторов
зачастую сопровождается затруднениями. В условиях неполного восстановления давления, характерного для рассматриваемых
условий, величина скин-фактора нередко принимает недостоверное значение, в некоторых случаях приводящее к некорректной 
трактовке состояния призабойной зоны, независимо от используемых подходов к интерпретации. На примере фактических
данных продемонстрировано, что сокращение кривой восстановление давления приводит к ложноотрицательным значениям 
скин-фактора как при реализации графоаналитического метода касательной, так и при обработке в соответствии с теорией
Бурдэ. В таких условиях рекомендуется использовать принципиально другие показатели состояния призабойных зон, например, 
безразмерный диагностический признак, определяемый при реализации метода детерминированных моментов давления.
Однако отсутствие опыта широкого практического применения данного метода обусловливает необходимость оценки его
достоверности. С этой целью в данном исследовании использован эффективный инструмент математической статистики –
множественный регрессионный анализ, который в данном случае сводился к построению многомерных моделей дебитов
скважин. В качестве независимых переменных использовались геолого-технологические показатели эксплуатации скважин, в 
том числе параметры, характеризующие призабойную зону пласта (скин-фактор, определенный в ПК Saphir, скин-фактор, 
вычисленный методом касательной, а также безразмерный диагностический признак). В соответствии с теорией регрессионного 
анализа достоверным является тот параметр, который включается в построенную модель на максимально раннем шаге.
Выполненная в настоящей работе процедура построения и анализа многомерных статистических моделей продемонстрировала 
достоверность безразмерного диагностического признака при оценке состояния призабойных зон продуктивных пластов,
представленных сложнопостроенными карбонатными коллекторами. 
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Introduction 
 

The hydrodynamic state of the near-wellbore 
(bottomhole) zones of productive formations (BZP) is a 
criterion that largely determines successful oil recovery 
within the well drainage zone. As a result, the impact 
on the bottomhole zone is the main element of the well 
productivity management system [1–3]. Accordingly, a 
reliable assessing the state of this formation part is the 
most important task of oil field engineering which is 
solved in practice by interpreting pressure recovery 
curves (PRC). In work [4] the authors emphasize the 
importance of having the results of interpreting well 
hydrodynamic studies including the skin factor value 
while modeling processes in three-dimensional models 
of complex oil deposits. In the overwhelming majority 
of cases the skin factor is used as a criterion describing 
the state of the bottomhole zones [5]. In work [6] the 
authors present the results of studies on numerical 
modeling the skin factor value in order to study the 
efficiency of the applied technologies for primary and 
secondary opening of a gas formation. The authors of 
work [7] call the skin factor a parameter characterizing 
the reservoir properties of the bottomhole zones. 
However, they point out the difficulty of determining 
the permeability of the bottomhole zone based on the 
known skin factor value. In work [8] the authors show 
data that determining the skin factor value is one of the 
main tasks of hydrodynamic well studies and present 
the results of studies on the development of algorithms 
for its determination in multi-wellbore conditions. The 
work [9] is devoted to the problems of interpreting 
negative skin factor values. The author points out the 
complexity of the very concept of "skin factor" and the 
large number of processes that determine its value. 

The author of work [10] points out a more complex 
shape of the pressure recovery curves of wells in 
carbonate reservoirs of the fractured-pore type. 
A similar conclusion about the pronounced influence of 
a complex type of porosity, namely the presence of 
cracks, on the shapes of pressure recovery curves and 
the results of their interpretation, was obtained by the 
authors in papers [11–14]. In the article [15] the 
authors point out one of the main problems of 
hydrodynamic well testing – the non-uniqueness of 
solutions that accompanies the manual interpretation of 
pressure recovery curves. 

A large number of uncertainties also accompanies 
the practical implementation of the algorithm for 
diagnosing fractures taking into account the data of 
hydrodynamic well testing which the authors of the 
algorithm point out in the article [16]. 

The problem of assessing the state of the BZP based 
on the data of well testing in carbonate reservoirs is 
aggravated by the complexity of the structure of their 
void space [17]. As a rule, the process of pressure 
recovery continues for a longer period of time and the 
shape of the graphs of the pressure recovery curve 
(PRC) differs from the standards. A frequent situation is 
while during well testing in carbonate reservoirs the 
pressure is not restored to the reservoir value which is 
accompanied by an underestimation of the resulting 
values of the determined filtration parameters 
(permeability, skin factor) [18, 19]. As an example, 
Figure 1 and Table 1 show a comparison of two 
pressure build-up curves and the results of their 
 

 
а 

 
b 

 
Fig. 1. Graphs of the pressure recovery curve: 

a – fully recovered curve; b – truncated 
 

Table 1 
 

Comparison of the results of interpretation of the full 
and abbreviated PRC by the tangent method 

 

PRC graphs (Fig. 1) Fully recovered curve Truncated 
curve

Time of studying, min 7459 1770
Rate of recovering, % 99.7 96.7
Permeability of the remote 
formation zone, �m2 0.044 0.018 
Skin-factor b/r 3.1 –2.3
 
interpretation: in the first case, a fully reconstructed 
curve was processed, in the second case, a specially 
truncated one. The presented graphs were processed 
using the tangent method, one of the common methods 
for processing well study materials [20]. 

It follows from the data presented in Table 1 that a 
reduction in the duration of the study and a decrease in 
the degree of pressure recovery by only 3% leads to a 
significant underestimation of the parameters being 
determined. Thus, the skin factor value takes a false 
negative value which indicates its pronounced 
sensitivity to the duration of the well shutdown for the 
study and the degree of pressure recovery [21]. 

Interpretation of the full and shortened pressure 
recovery curves, performed in modern software 
products based on the analysis of the pressure 
derivative graph in bilogarithmic coordinates, also 
often leads to different results which is demonstrated 
using the same data as an example (Fig. 2, Table 2). 

Processing of shortened pressure recovery curves in 
the KAPPA Workstation software (Saphir module) leads 
to an even greater number of uncertainties. Exclusion 
of the last section on the graph from the analysis causes 
difficulties in choosing interpretation models which is 
the basis of this approach to processing hydrodynamic 
research materials. Thus, while processing reduced 
data, visually identical combination of the calculated 
and actual pressure build-up is achieved using different 
interpretation models, which, in turn, lead to obtaining 
very different results, especially in the value of the skin 
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а 

 
b 

 
c 

 
Fig. 2. Interpretation of the full and truncated pressure 
recovery curves: a – original curve; b – truncated curve 

(model 1); c – truncated curve (model 2) 
 

Table 2 
 

Comparing the results of interpretating the full 
and abbreviated PRC in the KAPPA Workstation 

software (Saphir module) 
 

PRC graph original 
curve 

truncated curve 
(model 1) 

truncated curve 
(model 2))

Studying duration, 
min 7459 1770 1770 
Pressure recovery 
rate, % 99.7 96.7 96.7 
Permeability of the 
remote zone of the 
formation, μm2 

0.052 0.019 0.065 

Skin factor 4.6 –3.1 12.3
 

Table 3 
 

Definition of a dimensionless diagnostic feature 
 

PRC characteristic Original 
curve 

Truncated 
curve

Studying duration, min 7459 1770
Pressure recovery rate, % 99.7 96.7
Dimensionless diagnostic feature, d 2.82 2.64
 
factor. That is, reducing the duration of the study, 
leading to the exclusion of the final informative 
sections on the pressure build-up graph, contributes to 
significant uncertainties in the choice of interpretation 
models and errors in determining the resulting 
parameters, especially the value of the skin factor. 

In this regard, it is advisable to use fundamentally 
different criteria characterizing the hydrodynamic 
state of the near-wellbore formation zones, for 
example, the dimensionless diagnostic feature d 
determined while processing pressure recovery curves 

using the method of deterministic pressure moments. 
In accordance with the algorithms [22] of the method, 
the state of the near-wellbore zone is considered 
to be deteriorated if the value of the dimensionless 
diagnostic feature d > 2.5. 

In works [23, 24] it is shown that even while 
processing under-recovered pressure build-up curves, 
the value of d is determined quite stably. This 
conclusion is demonstrated using the example of the 
results of data processing used earlier in this article for 
a comparative analysis of skin factors. It should be 
noted that, in contrast to the tangent method and the 
algorithms of the KAPPA Workstation software (Saphir 
module), the method of deterministic moments does 
not allow directly assessing the permeability of a 
remote formation zone, in connection with which only 
the values of the dimensionless diagnostic feature d 
characterizing the state of the near-wellbore zone 
(Table 3) are accepted for analysis. As follows from the 
data presented in Table 3 the values of d determined 
during processing of the full and shortened pressure 
build-up curves correspond to the same range 
characterizing the state of the BZP as deteriorated. 
Thus, with regard to the data under consideration, it 
can be concluded that a significant reduction in the 
duration of well testing will not lead to errors in 
assessing the state of the BZP if the method of 
deterministic moments of pressure is used as the 
appropriate tool. 

It should be noted that the algorithm of the 
deterministic moments method does not imply the use 
of a large number of initial data: to determine the 
numerical value of the parameter d, no additional 
information is required, except for the direct data of 
well measurements (time and pressure). At the same 
time, while determining the value of the skin factor, it 
is also necessary to use a large number of geological 
and technological parameters, such as well flow rate, 
thickness of the working part of the formation (forming 
the pressure build-up curve), oil viscosity, etc., which 
increases the likelihood of obtaining unreliable 
estimates of the BZP state. The disadvantage of the 
method of deterministic pressure moments should be 
considered its low testing and an insignificant number 
of studies devoted to assessing the reliability of its 
results. It should also be noted that the algorithm for 
applying the method is quite labor-intensive; its mass 
application requires special software implementation. 

Taking into account the above, this study is devoted 
to assessing the reliability of applying the method of 
deterministic pressure moments in assessing the 
hydrodynamic state of the BZP in carbonate reservoirs. 
At the same time, it is advisable to solve the problem in 
comparison with proven approaches to assessing the 
state of near-wellbore zones based on determining the 
skin factor value using the tangent method in the 
KAPPA Workstation software (Saphir module). 
 

Methods and methologies 
 

To achieve the main objective of the study, 
multiple regression analysis which is a mathematical 
tool that has been repeatedly tested in verifying 
different geological and production data is used 
[25–30]. The study consists of constructing a series of 
multivariate statistical models where the well flow 

Log-Log plot: dp and dp'  [MPa] vs dt [min]

Log-Log plot: dp and dp'  [MPa] vs dt [min]

Log-Log plot: dp and dp'  [MPa] vs dt [min]
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rate acts as the predicted parameter (dependent 
feature), and the independent features are a set of 
geological and technological indicators including the 
verified parameters that probably form the predicted 
value. A conclusion on the reliability of the verified 
parameter is obtained based on the fact of its 
inclusion in the multivariate statistical model at the 
earliest possible step. This verification principle is 
discussed in detail in papers [31, 32]. 

Within the framework of this study, three 
multivariate statistical models were constructed using 
such BZP characteristics as the skin factor determined 
during the PRC processing in the Kappa Workstation 
software (Saphir module) – SS; the skin factor 
determined during the PRC processing using the 
tangent graph-analytical method – SMK, as well as using 
the dimensionless diagnostic feature d. In addition to 
the specified parameters, the following set of indicators 
was also used as initial data: 

• formation thickness h (m); 
• formation pressure Pb (MPa); 
• bottomhole pressure Pbh (MPa); 
• water cut W (%); 
• permeability coefficient k (mD); 
• gas factor G (m3/t). 
The specified parameters were selected based on 

the assumption of their probable influence on the well 
flow rate in combination with the characteristics of 
the bottomhole formation zone, as well as the 
availability of their quantities verified values for the 
period corresponding to the date of well shutdown for 
research. 

The initial data were adopted based on the results of 
hydrodynamic studies of wells at one of the fields in the 
north of the Perm Territory (an oil deposit in complex 
carbonates of the Tournaisian-Famennian age), and the 
amount of data corresponds to the volume of research 
performed at the site and is n = 83. 

The first multidimensional model was built using 
geological and field indicators and the SS value; the 
second one is the same with the value of SMK, when 
constructing the third model, the indicator d is used. 
For each model, the ranges of applicability are given 
and statistical estimates are calculated, on which basis 
their predictive abilities are compared. For a numerical 
assessment of the contribution of each indicator to the 
resulting performance of the model, the current value 
of the determination coefficient is calculated at each 
step of its formation. It is proposed to consider the 
indicator of the state of the BZP used in the model with 
the highest statistical estimates as reliable. With equal 
estimates the most reliable is the indicator that is 
included in the model at an early step. 
 

Results 
 

A series of multivariate statistical models of liquid 
flow rates constructed for the purpose of comparative 
assessing the reliability of parameters characterizing 
bottomhole zones is given below. 

The model constructed using geological and 
technological indicators and the parameter SS has 
the form: 
 

Ql
М1 = 3.218Рbh + 0.028k + 

 + 0.218W – 6.724h + 2.487.  (1) 

Table 4 
 

Ranges of applying the model (1) 
 

Parameter Range of application Parameter Range of application
Рbh, МPа 1.92–18.05 W, % 11.0–60.0
k, mD 0.631–2883.5 h, м 2.8–31

 
Table 5 

 
Ranges of applying the model (2) 

 
Parameter Range of application Parameter Range of application
Рbh, МPа 1.92–18.05 В, % 11.0–60.0
k, mD 0.631–2883.5 SМК –7.39… +38.8

 
Table 6 

 
Ranges of applying the model (3) 

 
Parameter Range of application Parameter Range of application
Рbh, МPа 1.92–18.05 W, % 11.0–60.0
k, mD 0.631–2883.5 h, m 2.8–31 d, b/r 1.77–4.0

 
The statistical estimates of the model have the 

following values: determination coefficient R = 0.802, 
significance level p < 0.0001, standard calculation 
error 14.8 m3/day. Model (1) was formed in the 
sequence given in the regression equation. The values 
of the R coefficients describing the strength of 
statistical relationships changed as follows: 0.745; 
0.784; 0.796; 0.802. Model (1) is characterized by the 
applicability limits presented in Table 4. 

The constructed model using geological and 
technological indicators and the SMK parameter has the 
following form: 
 

Ql
М2 = 6.005Рbh + 0.016k + 

 + 0.012В – 0.684SМК + 8.597, (2) 
 
where R = 0.805, p < 0.0001, standard error – 
16.6 m3/day.  

The model was formed in the sequence given in the 
regression equation. The values of the R coefficients 
describing the strength of statistical relationships changed 
as follows: 0.722; 0.777, 0.794; 0.805. The ranges of 
indicator values when model (1) can be applied are 
presented in Table 5. 

The model constructed using geological and 
technological indicators and the parameter d has the form: 
 

Ql
М3 = 1.745Рbh + 0.076k + 20.438d + 

 + 0.101W – 1.612h + 1.761, (3) 
 
where R = 0.882, p < 0.0001, standard error – 
6.6 m3/day.  

The model was formed in the sequence given in the 
regression equation. The values of the R coefficients 
describing the strength of statistical relationships 
changed as follows: 0.714, 0.820; 0.840; 0.858; 0.882. 
This formula can be used with the values of the 
indicators given in Table 6. 

High statistical estimates of model (3), as well as 
the fact that the d indicator is included in its 
composition at the third step, allow us to conclude that 
it can be used to assess the state of the BZP in the 
considered conditions of complex carbonate reservoirs. 
An additional study of the constructed statistical 
models was carried out by analyzing the correlation 
fields that compare the actual and calculated flow rates 
using models (1)–(3) (Fig. 3). 



PERM JOURNAL OF PETROLEUM AND MINING ENGINEERING 

НЕДРОПОЛЬЗОВАНИЕ 208 

 
 

Fig. 3. Correlation fields between actual 
and calculated flow rates 

 
Descussion 

 
The main objective of the present research is a 

comparative assessing the reliable characteristics of the 
near-wellbore zones of productive formations 
represented by low-permeability complex carbonate 
reservoirs. The considered conditions are characterized 
by a long duration of the pressure recovery process 
during well testing [33–37]. As a result, it is not 
uncommon for the pressure at the well bottom to 
unfully recover till the reservoir value during testing. 
The example of one well demonstrates the validity of 
the conclusion noted in the scientific literature that the 
processing of under-recovered pressure build-ups leads 
to significant errors in determining the filtration 
characteristics of drainage zones including the 
bottomhole formation zone. It should be noted that 
errors in determining the skin factor during the 
processing of under-recovered pressure build-ups are 
characteristic of both the widespread tangent graph-
analytical method and the modern approach which 
consists of analyzing the pressure derivative graph in 
bilogarithmic coordinates [38–42]. To interpret 
pressure buildup curves of wells operating in low-
permeability carbonate reservoirs, alternative methods 
should be used to obtain numerical characteristics of 
the near-wellbore zones, such as the method of 
deterministic pressure moments [43–45]. In addition to 
the possibility of using the method for processing 
under-recovered pressure buildup curves, the method of 
deterministic moments has a number of additional 
advantages, such as the absence of any other geological 
and technological indicators (well flow rate, formation 
thickness, oil viscosity, etc.) in the list of initial data. 
However, recommendations for the practical 
application of the method should be based on a 
detailed study of its reliability in individual geological 
and physical conditions. In this study, an approach that 
has been successfully tested for solving similar 
problems in petroleum engineering, namely, multiple 
regression analysis, was used for this purpose. All 
pressure buildup curves of the producing wells were 
interpreted using the tangent method with skin factor 
determination in the Saphir software package, as well 
as the method of deterministic pressure moments 
including obtaining characteristics of the near-wellbore 
zone state. The results of the interpretation are 
supplemented by a set of geological and technological 
indicators and used as independent variables in the 
construction of multivariate statistical models. The 

predicted parameter is the well flow rate for liquid, 
since the selected independent variables probably affect 
its value. 

As a result, multivariate statistical models of the 
flow rate were built for three options. 

The first option used the results of the pressure build-
up interpretation in the KAPPA Workstation software 
(Saphir module), the second is the tangent method, the 
third one is the method of deterministic pressure 
moments. A number of important conclusions were 
obtained during the analysis of the constructed models. 

Firstly, all the constructed models are characterized 
by high statistical estimates which allows us to 
recommend them for use not only for the purpose of 
verifying geological and technological indicators but 
also directly for forecasting tasks. 

Secondly, the inclusion of bottomhole pressure in 
each model at the first step indicates a pronounced 
influence of this indicator on the fluid flow rate and the 
importance of its control while monitoring well 
operation. 

The multivariate statistical model (1) built using the 
results of the pressure build-up interpretation in the 
KAPPA Workstation software (Saphir module) is 
characterized by high estimates but none of its steps 
includes the skin factor value. Accordingly, for the 
conditions of the field under consideration this 
parameter does not control the fluid inflow to the wells. 
It is advisable to study the reasons for this phenomenon 
in a separate study. 

The skin factor determined by the tangent method, 
together with a set of other parameters, affects the 
formation of well flow rates, as evidenced by the fact 
that it is included in the model at the fourth step. 
However, it should be noted that the flow rate is 
indirectly involved in determining the skin factor while 
processing the pressure build-up curve using the 
tangent method so the parameters are not completely 
independent and the inclusion of the skin factor in the 
statistical model can also be explained by this fact. 

The dimensionless diagnostic feature d is 
determined without the participation of the well flow 
rate and any other additional parameters so it is a 
completely independent feature of statistical modeling. 
Accordingly, its inclusion in the third step in the model 
(3) indicates the presence of a relationship between the 
parameters and emphasizes the feasibility of using the 
indicator to assess the state of the bottomhole zones of 
low-permeability carbonate reservoirs. 

It should also be noted that all the constructed 
statistical models are characterized by high statistical 
estimates. This conclusion is confirmed by the analysis 
of correlation fields where the points are grouped quite 
closely and uniformly throughout the range under 
consideration. As a result, the constructed models are 
recommended to be used not only while solving the 
verification problem, as in this article but also for direct 
prediction of fluid inflow into the well. 

In general, the approach used to assess the reliable 
characteristics of the bottomhole formation zone allows 
us to take into account their influence on filtration 
processes in combination with other factors which 
makes it possible to reasonably recommend it for 
replication to solve similar problems when it is 
impossible to verify a parameter by comparing it with 
an actually determined (measured) value. 
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Conclusion 
 

In conditions of low-permeability carbonate 
reservoirs, well testing data are often characterized by 
an insufficient degree of bottomhole pressure recovery 
to the reservoir value. 

In conditions of incomplete pressure recovery, 
the assessing the state of the bottomhole zone 
by the skin factor value is often characterized by 
insufficient reliability. In such conditions, it is advisable 
to use other interpretation methods, for example, 
deterministic pressure moments, which is reduced to 
determining the dimensionless diagnostic feature d. 

The insufficient prevalence of the deterministic 
pressure moments method in the practice of well 
testing interpretation determines the need to conduct 
studies to assess its reliability for the individual 
conditions of individual fields. 

The approach used in this paper based on the 
use of multiple regression analysis demonstrated 
the reliability of the deterministic pressure 
moments method for assessing the state of 
bottomhole zones of productive formations for the 
geological and physical conditions of the 
Tournaisian-Famennian deposit of one of the fields in 
the north of the Perm Territory. 
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