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Keywords: Carbonate deposits of the Bashkirian Stage in Perm Krai are characterized by a high degree of heterogeneity, which makes it
stepwise regression analysis, difficult to develop oil reserves evenly. Acid treatments are currently one of the most popular methods of regulating
probabilistic-statistical model, development in carbonate reservoirs. However, in conditions of layeredheterogeneous sediments the most permeable part of the
complex probability, acid section is mainly affected, while the low-permeable part of the section remains uninvolved in the development process. In this
treatment, carbonate reservoir, connection, it is an urgent task to predict the degree of impact of acid treatment on individual reservoir layers. The purpose of
skin factor, porosity, permeability, this study was to create mathematical models for predicting the skin factor of the reservoir after acid treatment. As input data
oil saturation. we used skin factor determinations in reservoirs and geologic characteristics of these reservoirs: porosity coefficient,

permeability coefficient, oil saturation coefficient and reservoir thickness. Mathematical modeling methods were used in the
study: stepwise regression analysis, construction of probabilistic-statistical models. According to the results of statistical analysis
it was revealed that reservoirs are divided into two classes, in which the formation of the skin factor value depends on different
characteristics of the reservoir. To determine the class to which the reservoir formation belongs, univariate probabilistic-
statistical models were built and subsequently combined into a single complex model. For each identified class, regression
models were developed to predict the skin factor of the formation after acid treatment. The obtained mathematical models can
be applied in the design of geological and technological measures, as well as to improve the accuracy of hydrodynamic modeling
by taking into account the values of skin factors in the bottomhole zone in the adaptation of the model.

KotiogeBrre ci1oBa: Kap6oHaTHbIe OTJIOXKeHHA OallKUpcKoro sipyca B IlepMCcKOM Kpae XapaKTepu3ylOTCA BBICOKOH CTeleHbI0 HeOJHOPOAHOCTU, 4TO
NOLIAroBhIil perpecCOHHBII 3aTpy/AHsIeT PaBHOMEPHYIO BHIPabOTKy 3amacos HedTH. Ha cerofHsAImHMII AeHb OAHUM M3 CaMBIX MOIYJIAPHBIX METOOB
aHaJIn3, BEPOATHOCTHO- peryJmpoBaHusA pa3paboTKM B KapOOHATHBIX KOJUIEKTOPAX fABJIAAETCA IPOBeJileHNe KUCJIOTHBIX 06paboTok. OHAKO B YCJIOBUAX
CTaTUCTUYeCKasA MOAEJIb, CJIONCTO-HEOAHOPOAHBIX OTJIOXKEHHI BOS}Z[eﬁCTBPI]O roaBepraercsa NpenMylmecTBEHHO HauboJee IpoHHNIaeMasl 4acTb pa3pesa, a
KOMIIJIEKCHAs BEPOATHOCTD, HU3KONPOHMIIaeMasl YacTh pa3pe3a, HaNPOTHB, OCTAETCs He BOBJIEYEHHON B Ipolecc pa3paGOTKU. B cBA3M ¢ 3TUM aKTyasbHOM
KHCJIOTHas o6paboTKa, 3ajjaueil ABJIAETCA NPOrHO3MPOBAHME CTENEHU BO3/IEHCTBUA KHMCJIOTHON 06paboTKM Ha OT/eJIbHble NPOIIACTKH KOJIJIEKTOPOB.
KapﬁOHaTHhIf[ KOJIJIEKTOpP, CKHUH- HEHI)IO HacCTOALIEro HCCIECOO0BaHUA ABJIAJIOCH CO3OaHHME MaTeMaTHUYECKUX MOI{EJ’Ieﬁ AJIA IPOrHO3WPOBaHUA 3HAYEHUN CKUH-
daxTop, HOPUCTOCTH, daxTopa mnpomsacTka Iocje IpOBeJeHHs KUCJIOTHON o6paboTku. B KkadecTBe MCXOAHBIX MAHHBIX OBLIM HCIOJIb30BaHbBI
NPOHUIIAEMOCTb, onpe/jieJieH!s CKMH-(aKTopa B NPOIJIACTKAX U IeoJIornyeckre XapaKTepUCTUKH 3THX MPOINJIACTKOB: KO3(OUIMEHT IIOPUCTOCTH,
He(dTeHACHIEHHOCTb. KO3()PUIMEHT MPOHULAEMOCTH, KO3(P@OUIMeHT HePTeHAChIeHHOCTM W TOJIUMHA IHpoIulacTKa. B  wucciegoBaHun

HCIIOJIb30BAJINCh METOABI MaTEMaTHUIE€CKOro0 MOAEIMPOBaHUA: TIOIIArOBBIN peI‘pECCHDHHhIf[ aHaJn3, IOCTPOeHNE BEPOATHOCTHO-
CTAaTUCTUYECKUX MO}IEJIEP'I. Ilo pesyjbTaTaM CTaTUCTUYECKOT0 aHaJIu3a BbIABJIEHO, YTO IMPOIUIACTKUA KOJIJIEKTOPOB pa3fAesIArnTCAa
Ha [Ba KJjiacca, B KOTOPBIX Q)opMyIponaHne 3Ha4YeHUsA CKI/IH-anKTOPa 3aBHUCHUT OT pa3JIMYHBIX XapaKTepUCTHUK IpOIUIacTKa. I[J'IH
onpenesieHnsa Kjacca, K KOTOpOMY OTHOCUTCA IIPOIIACTOK IIOCTPOE€HBI, OJHOMEPHBIE BEPOATHOCTHO-CTAaTHCTHYECKHE MOOEJIN,
KOTOpHBIe BIIOCJIEeJCTBUM OObeJUHEHH B €QUHYI0 KOMILIEKCHyI0 Mojesb. J[JiA KaX[JOoro BBAEIEHHOro kjacca paspaboTaHbI
perpeccloHHble MOJieJId AJIA NMPOTHO3a CKUH-(aKTopa MpPOIUIACTKA IMOCJIe TPOBeJeHNUA KUCJIOTHOH 06paboTku. ITosrydyeHHble
MaTeMaThuieckrue Moaejii Moryt OBITH IIPUMEHEHBI IPU IIPOEKTUPOBAHNU I'€0JIOI0-T€XHOJIOTNYECKUX Meponpuﬂ'mﬁ, a Takxe OJj1d
TIOBBIIIEHUA TOYHOCTH THAPOAWHaAMUYECKOrO MOAEJMPOBaHHA IIYTEM YyueTa 3HaYeHUI CKI/IH-anKTDPOB II0 IIpoIJlacTKamM B
npu3aboiiHOH 30He NPy ajanTallyd MOJEJIH.
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Introduction

The Bashkir deposits in the Perm region are
characterized by layered and lateral heterogeneity due
to which the development of oil reserves is uneven
[1-4]. In order to regulate development and ensure full
development of reserves, various methods of enhancing
oil recovery and intensifying oil production are used.
One of the most common methods for carbonate
reservoirs is acid treatment. However, in conditions of
layered heterogeneous deposits, the most permeable
part of the section is predominantly affected and the
low-permeability = part remains uninvolved in
development [5-9]. To assess the degree of acid
treatment impact on individual interlayers, the skin
factor being a complex indicator characterizing the
state of the bottomhole formation zone is used. In this
paper a method for predicting the skin factor of
individual interlayers is proposed based on a number of
their characteristics.

Studying the influence of interlayer
characteristics on the skin factor formation

The initial data for the study were the definitions of
the interlayer skin factors in conjunction with the
interlayer characteristics: porosity coefficient K,
permeability coefficient K, oil saturation coefficient
K, interlayer thickness N.

For comprehensive studying the formation of skin
factor S values from the geological characteristics of
interlayers, a set of multidimensional step-by-step
regression equations was built. The formation of this
complex occurred according to the following algorithm:

1. All observations are ranked by the value of the
skin factor S from minimum to maximum.

2. The first regression model is built on the basis of
the first three observations characterized by the lowest
skin factor values.

3. While building subsequent regression models, the
number of observations underlying the models
increases by one observation.

4. The formation of the regression equation complex
is completed when all observations are included in the
last model.

The regression equations were developed using
stepwise regression analysis (SRA) which allows
forming regression equations that include only
statistically significant indicators when predicting the
skin factor S. The methodology and examples of using
stepwise regression analysis to solve various oil field
problems are presented in papers[10-16].

A total of 231 regression equations were constructed.
It was found that the X, indicator was used to construct
198 equations, K, — 98, K, — 121 and N, — 70 equations.
Free terms and angular coefficients for the used
parameters depending on the number of observations
underlying the equations are characterized by a complex
distribution pattern. The obtained dependencies are
visualized on dependence graphs describing the equation
member values on the maximum value of the
observations skin factor on which basis the equations
were formed (Fig. 1).

According to the graph of the change in the free
terms of the equation (see Fig. 1, a), it was established
that within the correlation field at the visual level two

trajectories of change in this parameter are observed
separated by the value § = —4. At § < —4 the values of
the free terms increase from -12 to -4 with a local
decrease to —6.2 and a further stable increase in the
values of the free term to —4. Upon reaching § = —4 the
values of the free term decrease which indicates the
inclusion in the equation of observations where the
process of equation formation differs from previous
observations. Further, at values of S > -3.00, the
trajectory is again characterized by a stable increase in
the values of the free terms from -6 to 0.5, with a
gradual decrease in the intensity of the increase.

The graph of the change in the angular coefficients
at K, (see Fig. 1, D) shows that the angular coefficients
at K, change along a "dome-shaped" trajectory. At
values of § < —4 an increase in the angular coefficient
at K is observed, at values of § > —4 — a decrease. This
indicates that at S < —4 there is an increased influence
of K, on the value of S. At § > —4, the influence of X,
on Sbegins to decrease intensively.

The graph of the change in the angular coefficients
at K, (see Fig. 1, o) shows that with a change in the
values of S, the values of the coefficients at X, change
insignificantly. This indicates that the influence of the
K, values on S over the entire range is significantly
less than X,

The graph of the change in the angular coefficients
at K, (see Fig. 1, d) shows that with a change in the
values of S, the values of the coefficients at X, have
positive values of almost all the constructed models
which mainly change in the range of 0.0-0.02.
According to the graph of the change in the angular
coefficients at N, (Fig. 1, d), it was established that at
S < -4, the parameter N, is included in the equations
in isolated cases, and at S > -4, it is present in almost
all equations.

According to the graph of the change in the values
of the coefficients R? (Fig. 1, €), we see that with an
increase in the values of S, the values of the coefficients
R? change along a trajectory within which two sections
are distinguished. The boundary between these sections
can be drawn at § = —4. At § < -4, with an increase in
the values of S, an intensive decrease in R* occurs along
a complex trajectory. At § > -4, on the contrary,
R? increases along a simpler trajectory. Thus, based on
the results of the stepwise regression analysis, the
original sample was divided into two classes: for § < —4 —
class 1, for § > —4 — class 2.

For a more complete statistical analysis, a
comparison of the distributing the values of the
indicators belonging to different classes was performed
using the Pearson 2 criterion which is calculated using
the following formula [17-19]:

2

° M M

X,ZZN]NQZ L - ) (1)
i=1 M1+M2 Nl NZ

where is the number of indicator values for the 1*
and 2nd classes, respectively; is the number of values
that fall within the specified interval for the 1st and
2nd classes, respectively; e is the number of intervals
for the studied indicators. Comparing the average
values of the selected classes parameters was also made
using Student's #test [20-24] which is calculated using
the formula:
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Fig. 1. Changes in the values of: a - free terms; b - angular coefficients for K;; ¢ - angular coefficients for K ;
d - angular coefficients for K; e — angular coefficients for Nj; f- coefficients R

Table 1

Results of class comparison using Pearson's criterion and Student's #test

Parameter 5 < -4,00 S > -4,00 X2- Pearson's criterion Student's £test
Av.value + SD Av.value + SD p-level of significance plevel of significance

. 44.52973 6.996138

K, unit fr. 0.180 * 0.032 0.105 * 0.024 0.600000 0000000

N 22.10853 4.773860

K, pm 50.1 + 95.5 9.7 + 20.7 0.000016 0.000003

12.62259 3.609743

0, AL S 2.0V 7719

K, % 85.0 + 7.6 80.7 + 9.6 0001816 0.000376

5.904172 2.421855

N m 1.15 + 0.49 1.01 + 0.38 0052251 YSTHIE]
‘ X - X ‘ To construct probability models the optimal values
t,= L2 , (2) of the variation intervals are first determined which are

\/1 N 1[(’11 -1S8? + (1, 1)522] calculated using the Sturgess formula [25, 26]:
n n n+n, -2
1 2 1 2 X X

where X1, X2 are the average values of the indicators for
the 1st and 2nd classes, respectively, and are the
dispersions of the indicators by classes. The difference
betweenthe average values is considered statistically
significant (the hypothesis is confirmed) if the calculated
value of the £criterion is greater than the theoretical one:
t, > t, If t, < t, the hypothesis is rejected; there are no
differences in the average values. The values of ¢, are
determined depending on the amount of data compared
and the significance level (a = 0.05). The results of class
comparison are presented in Table 1.

It is clear from this that within the selected classes,
the distribution densities for all parameters differ
statistically. It was also established that for all
parameters, the differences in average values are
statistically significant.

Construction of probabilistic models
for determining the class of interlayer

After this, to reduce the studied parameters to a
single dimension (probability), linear probability
models belonging to class 1 (S < —4) were constructed.

X = max__ " min s (3)
1+3.322A1gN

where X, is the maximum value of the indicator, X,
is the minimum value of the indicator, & is the number
of observations. In each interval, the frequencies are
determined:

P(lewk)= “, 4

==

where H.X}| W) - frequency in the k-th interval for
classes W, (g = 1 corresponds to the 1-st class, and
g = 2 corresponds to the 2-nd class); /N, is the number
of cases of the A X) indicator in the k-th interval; N, is
the sample size for the 1-st and 2-nd classes. The
distribution of frequencies in the studied classes by the
K, indicator is given in Table 2.

Based on the analysis of the data in Table 2 it was
found that there is a shift in the frequencies of occuring
values by classes when the variation intervals change.
For § < -4 the values are in the range of 0.06-
0.24 fractions of a unit, with a modal interval of 0.10-
0.12 fractions of a unit.
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Table 2
Distribution of frequencies K, by classes

variability X interval, unit fr.

Object class 0.06-0.08 0.08-0.10 0.10-0.12 012014 0.14016 0.160.18 0.180.20 0.20-0.22 0.22-0.24

Class 1 (S < —4.00) 0.010 0.142 0.306 0.234 0.132 0.102 0.051 - 0.020

Class 2 (S > —4.00) 0.148 0.303 0.288 0.185 0.051 0.022 — — —

Table 3
Individual probability models

Parameter Probability equation for class 1 (S < -4) Range of indicators variation Range of probability variation

K, unit fr. AK,) = 0.127+3.2527 K, 0.061-0.237 0.325-0.897
K, pm® AK,) = 0.476+0.0011 K, 0.258-399.0 0.476-0.914
K, % AK) = -0.459+0.0117 K, 47.4-95.5 0.095-0.658
N, m AN = 0.310+0.1751 N, 0.02-3.14 0.313-0.859

For wells with §1 > -4.00 from 0.06 to 0.18 1
fractions of a unit, a decrease in the range of values is 0 .
observed, the mode is in the interval of 0.08-0.10 o
fractions of a unit. All this shows that the S values . e
depend to a large extent on the X value. Then, in each - D'E d,&f

interval the conditional interval probabilities belonging
to class 1 are calculated using the formula:

P(x|W),
P(X,IW), +P(X, W),

P(I/V‘JlX])k = (5)

where P(Wq|Xj)k is a conditional interval probability

belonging to a variable X in the k-th interval to class.

Then the interval probabilities belonging to this
class are compared with the average interval K,
values. Based on these data a probability model
belonging to class 1 is constructed using regression
analysis.

If necessary, the constructed models are adjusted
based on the condition that the average value of
probabilities for class 1 (S < -4) should be greater
than 0.5, and for class 2 (S < -4) less than 0.5.
Detailed information on the construction and use of
individual probability models is presented in papers
[27-36].

Using the above-described method probability
models were obtained for all parameters (Table 3).

Graphically, probability models for all parameters
are presented in Fig. 2.

To take into account the probabilities obtained for
individual models a complex criterion Z,,, which is
determined by the formula [37-42] was developed for
all parameters as a whole:

2 :L, 6)
™ P, +T(1-P,))
where P, is the individual probability of the parameters.

After calculating the complex probability P, of
assignment to the 1st class for all observations,
regression equations were constructed where the
complex probability 2, was chosen as the dependent
variable and the probabilities for individual models
were chosen as independent variables. The order of
forming the complex probability model by steps is
presented in Table 4.

Comparison of the values of the obtained complex
probabilities 2, of the selected classes at each step
is given in Table 5.

7
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Fig. 2. Individual probability models by parameters:
a-K;b-K;c-K;d-N,
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Table 4
Regression equations for different m
Coefficients for characteristics in regression equations, the order
m Free term of regression of inclusing indicators in regression equations is given in brackets R D
AK,) AK,) AK) AN

m= 2 -0.269 1.079046(1) 0.449482(2) 0.993 <0.00000

m= 3 -0.621 1.029376(1) 0.312473(2) 0.892352(3) 0.995 <0.00000

m=4 -0.933 1.014109(1) 0.194175(2) 0.878614(3) 0.773591(4) 0.985 <0.00000
Table 5

Comparison of the values of the obtained complex probabilities 2,

of the selected classes at each step

comp

Classes of allocated wells Criteria Criteria
m Promp X t
where S >-4,00 pu S< -4,00 p p
- 43.32163 7.177429
m=2 0.567 + 0.155 0.456 *= 0.093 0.000000 0.000000
_ 47.68480 7.387939
m=3 0.593 + 0.188 0.447 = 0.159 0.000000 0.000000
— 50.09144 7.626951
m=4 0.601 + 0.190 0.439 + 0.179 0.000000 0.000000

-6

°5>—4,00

7
-5,5 -5,0 -4,5 -4,0 -3,5 -3,0 2,5 -2,0 -1,5 -1,0
55<—4,00

Model S

Fig. 3. Comparing actual and model values of the skin factor

It follows from Table 5 that the difference in the
values of P, for the selected classes increases
consistently with the increase in the number of
parameters in the equation. Thus, it is shown that in
order to predict the values of the skin factor S, each

selected class should be considered separately.

Building Mathematical Models
for Skin Factor Forecasting

Next, for each class, using the step-by-step
regression analysis method, predictive models of the
skin factor S are constructed. The regression equation
for the 1st class has the form:

S, =-4.473-4.256-K,,

7
R =0.348, p=0.0004, 0 =0.3687. )

Only one parameter K, is involved in the equation. The
parameters K,, K, and /V; are not included in the model
due to their low significance for predicting the skin
factor in this group. The regression equation for the
2nd class has the following form:

S,=-0.653-0.005- K, —0.019 K,

8
R = 0.48, p=0.0000, c =0.4494. ®)

At the first step of constructing the model the K
indicator was used, at the second it was K. The values
of the R coefficients describing the strength of
statistical relationships changed as follows: 0.436,

0.480. The X, and N, parameters were not included in
the model due to their low significance for predicting
the skin factor in this group.

The graphical comparing the actual and model
values of the skin factor are shown in Fig. 3.

It can be seen from this that positive correlations
are observed for the selected groups, and the model §
values are located within the selected class boundaries.

Moreover, for comparison with the obtained
models by class, a basic model was constructed based
on the use of all observations, regardless of their
belonging to the groups. The regression equation of
the basic model is as follows:

§=-0.534-20.163 K, —0.352-H -

9
- 0.015- K, R =0.508,<0.0000, 0 =1.258. ©)

To compare the base model and the model with the
allocation of classes of mathematical models, the
average absolute and average relative forecast errors
were calculated [43-45]. The average absolute error
expresses the degree of discrepancy between the actual
and predicted values in absolute values and is
calculated using the formula:

, (10)

Eabs =%Z‘y1_-j}i
=

where y, - fact parameter, y, — predicted parameter,
n - number of observations.

The average relative error expresses the degree of
discrepancy between actual and predicted values as a
calculated percentage using the formula:

an

rel

1. ‘ : A,
E = - —_— . 1 0/
( E ] 00 %

i=1 yf
Table 6

Comparison of models by metrics

Mean absolute Average relative

Model

error, un. error, %
Basic model 1.07 37.99
Model by class 0.33 13.17

The results of calculating these errors for each
model are presented in Table 6.
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From this it was established that the class model has distinguished where the skin factor depends on
higher accuracy compared to the base one. various factors.

2. A probabilistic-statistical model is proposed that

Conclusion allows us to classify the studied foam plastic based on

its characteristics into one of the classes.

1. The statistical analysis showed that in the 3. A mathematical model is constructed for each of
Bashkirian deposits of the oil fields of the Perm the classes allowing us to predict the skin factor after
region two classes of reservoir layers can be acid treatment.
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