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reservoir rock, core, porosity, rock subsequent distortion of the economic assessment and prospects of an oil or gas field. . -

density, permeability, aleurolite In order to improve the predictive reliability of reservoir hydrodynamic models, a core material study for the Tula facilities of
> Ay > four fields at the Babkinskaya anticline was carried out.

sandstone, geological model,

The ratios of porosity (K,), rock density (p) and permeability (K,,) values for sandstones and aleurolites were analyzed. Using a

hydro.dynamlc.mpdel, regression statistical core sampling based on porosity, density and penneamity parameters, a separation by sedimentation processes was

equations, statistical analysis, carried out for all considered lithological differences. For aleurolite and sandstone, we can speak about the differentiation of

reservoir porosity and permeability, characteristics during formation of reservoir properties. X . X . e

correlation fields, dispersion, t- The values of parameters K,, p and K,,,,, determined from laboratory core studies, were combined into a single statistical sample

criterion. for the gosmblhty of deve Oﬁmg a methodology that would be aimed at describing K., using integrated laboratory studies,
) namely by adding rock p to the analysis.

As a result of the statistical analysis, it was found that permeability in intervals with low reservoir properties was controlled with
the same degree by both porosity and rock density for all lithological differences. At the same time, the presence of highly
permeable reservoirs for sandstones and unavailability of them for aleurolite was noted. For all lithological differences,
relationships were established between permeability coefficient not only with porosity, but also with rock density. The
methodology for constructing statistical models to calculate permeability from the values of porosity and rock density was
implemented separately for the fields of the eastern and western sample parts of the Babkinskaya anticline.

The described a roac¥1 to taking into account the influence of rock density on permeability made it possible to determine the
differentiated influence of lithotypes on the filtration characteristics of the reservoir.

When modeling a reservoir, it is necessary to transfer from linearity to nonlinearity and take into account that the problem of
permeability distribution in the reservoir being solved is somewhat more complicated: in different areas, sometimes permeability
is not controlled by porosity in principle, but somewhere only this parameter prevails.

The methodical approach is recommended for 3D modeling. Revealing the relationships between the parameters was more
important when developing a methodology for the model matching in the interwell space. A reliable permeability evaluation for
the majority of wells will significantly improve efficiency of hydrodynamic modeling. At the same time, it is necessary to
comprehensively take into account the identified relationships between the petrophysical characteristics of production facilities.
The use of the approach based on the analysis of petrophysical characteristics allows obtaining a more reliable and less
subjective hydrodynamic model of the reservoir.

GEOLOGY, EXPLORATION AND PROSPECTING OF OIL AND GAS FIELDS

Kmoueavle ciosa: HcxonHble AaHHBle MPU CO3MAHUM KaK TIeoJIOTMYeCKUX, TaK M TMAPOAMHAMHUYECKUX MofeJell IlacTa MOTyT INpPHBECTH K
KOJIJIEKTOP, KePH, IOPUCTOCTH, IIOrPENIHOCTU pe3yJIbTaTOB MOJAEJIMPOBAaHUA U MOCJIEAYIOIEMY NCKaXXE€HUI0 SKOHOMHUYECKOU OL€HKU U NEPCIEKTUB He(I)THHOI‘O
WJIN Ta30BOI0 MECTOPOXAEHUA.

C 1esbi0 TOBBINIEHUA IIPOTHOCTHYECKON HaAEKHOCTH THAPOJMHAMHYECKMX Mofeslell IjlacTa MpoBeJeHO uccilefjloBaHHe
KEepPHOBOT'0 MaTepuajla TyJIbCKOT0 06beKTa YeThIpeX MecTOPOX/ieHNi BaOKMHCKON CeIJIOBUHBI.

TJIOTHOCTH ITOPOAHI,
TIPOHUI[AEMOCTb, AJIEBPOJIUT,

necyaHUK, reojoruieckas MoaeJb, TIpoBoAMIICA aHAIM3 COOTHOIIEHUA 3HaueHwii nopuctoctu (K,), mwiotHoctu nopogst (p) v mporumaemoctd (K,) [ NECYAHUKOB U
TUAPOMHAMIYECKasa MOAEIb, as1eBpo/IMTOB. C MOMOLIBIO CTATMCTHYECKO!N BBIOOPKK 00paslioB KepHA Ha OCHOBE NOKasaTesiell MOPUCTOCTH, TUIOTHOCTH M MPOHMILIAEMOCTH
YpaBHEHVsI PErpeccuH, NPOBEZIEHO pasfieJieHre 110 MPOLECcaM OCAJKOHAKOIUIEHNs JUIA BCEX pacCMaTpHBAeMbIX JIMTOJIOTMYECKHX pasHOCTeil. [liA ajeBposivTa 1
CTATHCTUYECKUI aHAINS, IECYAHMKA MOXHO FOBOPUTH O A depeHIMaIII XapAaKTEPHUCTHIK B IpoLiecce (hOPMIPOBAHIIS KOJUIEKTOPCKUX CBOVCTB.

(UITBTPALHIOHHO-eMKOCTHbIE 3naueHus mapametpos K, p u K,, onpejieieHHble IO JAGOPATOPHBIM HCCJIEOBAHUAM KepHa, OOBEMHEHB B €UHYIO

CTaTUCTUYECKYIO BBIGOPKY /1A BO3MOXHOCTH pa3pabOTKU METOJMKH, KoTopas Gy/ieT HanpasJieHa Ha onucanue K, ipu nmomonu
o KOMILJIEKCHOI'O MCITIOJIb30BAHUA HaGOPaTOpHHX I/ICCJ'[e}Z[OBaHHIU/I, a UMEHHO HD63BJI€HI/IEM B aHa/IU3 p IIOPOABI.

Aaucnepcus, t-KpUTepyu. B pesysbTaTe CTAaTHCTUYECKOTO aHAJM3a YCTAHOBJIEHO, YTO MPOHHUIIAEMOCTh B HHTEpBaJlaX C HU3KUMU KOJJIEKTOPCKUMU
CBOICTBAMU KOHTpPOJIMpYyeTCAa C OHHHaKOBOﬁ CTENEeHbI0 3HAYMMOCTU KakK MNOPHUCTOCTBIO, TaK U IUIOTHOCTBIO MOPOA AJIA BCEX
JIMTOJIOTUYECKUX pa3H0c’reﬁ. B 1O Xe BpeMs OTMeEYaeTCsa HaJIM4ve€ BBICOKOIIPOHHIAEMBIX KOJUJIEKTOPOB [JIs MECYaHUKOB U
NPaKTUYeCKU OTCYTCTBME HX IJIA ajeBposuTa. J{Jisi BCeX JINTOJIOTMYECKUX DPA3HOCTEH YCTAHOBJIEHBI CBA3M KodbduiyeHTa
IIPOHUIIAEMOCT! HE€ TOJIBKO C IIOPUCTOCTBIO, HO M C HX IUJIOTHOCTBIO. PaapaﬁoTKa METOAUKH IIOCTPOE€HUA CTAaTUCTUYECKUX
Mo;:[eneﬁ AJIA BBIYMCJIEHUS NPOHUI@EMOCTU IO 3HAYEHHsAM NOPHCTOCTH W IUIOTHOCTHU IIOPOA peain3oBaHa pasfesIbHO I
MeCTOPOXAEeHN!1 BEIOOPKY BOCTOYHOW U 3amagHON dacTeil BaOKUHCKOI ceIJTOBUHBL.

OnuceBaeMbIil NOAXOJ y4eTa BJIMAHUA IJIOTHOCTH IOPOJ| Ha IPOHUIIAEMOCTb NO3BOJIMJI ONpeleuTh JubdepeHIIpOBaHHOE
BJIMsIHAE JIMTOTUIIOB Ha Cl)I/IJ'IpraL[I/IOHHbIe XapaKTepUCTHUKHU IIacTa.

IIpy MOAEJMPOBAHUK KOJIJIEKTOpA HEOOXOAMMO MEepeiTH OT JIMHEHHOCTH K HEJIMHEHHOCTH W IPHHATh BO BHUMAaHHE, YTO
pelmaemMas 3ajada pachpejieJieHUs IPOHUIIAEMOCTH B 3aJIeXH HECKOJIBKO CJIOXKHee: Ha pa3JIMYHBIX y4acTKaxX IOpoi
NIPOHHIIAaeMOCTh He KOHTPOJIUPYeTCs IOPUCTOCTHIO B IPUHIIHIIE, a Te-To peobafaeT TOJIbKO 3TOT IapaMeTp.

MeToAnYeCKHil OAX0/ PEKOMEHAYETCs HCIIOJIb30BaTh MPH TPEXMEPHOM MOJIeJIMPOBAHKN. BhIsBIIEHNE CBs3ell MeXIy napaMeTpaMi
HanboJlee 3HAUYMMO NP pa3paboTKe METOAMKHM HACTPOMKU MOJEJN B MEXCKBaXHHHOM IIPOCTPAHCTBe. Pa3paGoTKa JOCTOBEPHOIT
OLIEHKM MPOHULIAEMOCTH [JiAd MOAABJIAKLIEro OOBIIMHCTBA CKBAaXWH IO3BOJIUT 3HAYMUTEJIbHO IOBBICUTH 3(1)q)eKTl/IBHOCTb
IUAPOANHAMUYECKOTO MOAEJIHpOBaHusA. IIpd 3TOM HeOOXOAUMO KOMIUIEKCHO —YYMUTHIBATh BBISBJIEHHBIE CBSI3U  MEXIY
neTpodU3NYECKUMH XapaKTEePUCTUKAMK SKCIUIyaTallOHHBIX 00beKTOB. McCrosp30BaHue NMOAXOAA [0 aHAIN3y NeTPOGHU3NYecKHX
XapaKTepHCTHUK MO3BOJIUT IOJIy4UTh 60Jlee JOCTOBEPHYIO U MeHee CyObeKTHBHYIO THAPOAMHAMIYECKYI0 MOAeJIb IlacTa.
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Introduction

The construction of geological and hydrodynamic
models (HDM) is associated with a high degree of
uncertainty of initial information, especially when it comes
to reservoir distribution of parameters in the interwell
space. A geological model containing a reliable estimation
of initial reservoir porosity and permeability properties
(RPP) is a basis of quality hydrodynamic models.
According to many specialists, the main factor of the
quality matching of HDM lies in a reliable estimation of
permeability values (Ke,) [1-3].

A hydrodynamic model is to accurately describe
filtration, physical and chemical processes, which are
characteristic for a real reservoir [4-8]. To get a reliable
prediction at the design stage and during construction of
hydrodynamic models of deposits developed at early stages,
it is necessary to have a deep analysis of the initial data.

So far, according to the regulations [9], the modeling
of permeability is up to a model’s author. In real practice,
K,em is taken from hydrodynamic studies of wells (HSW)
or from data about the petrophysical function on porosity
(K,): Kperm = f (K;) [10]. Both methods have negative and
positive features. The use of HSW allows permeability
evaluation oriented on the real extraction, however, the
model itself, in general, turns out to be quite uniform due
to both insufficiency of number of determined HSW and
estimation of the extraction interval (perforation) without
differentiation of K, values for sublayers. The main
problem of using petrophysical dependences K,.,,, = f (K,)
is their weak correlation. In general, if we use both
approaches, the convergence of comparing the real and
project indicators of the extraction does not always comply
with necessary requirements. Many authors in their
researches write about a need to increase quality of
determining filtration parameters of facilities [11-14].

By considering the aforementioned, we analyzed the
laboratory core data of the pay zone of the Tula reservoir
for a number of deposits of one of major tectonic units of
Perm Kray, i.e. the Babkinskaya anticline (BA). Also, we
studied the influence of both porosity and rock density (p)
on permeability.

Research and Analysis of Permeability Coefficient
Based on Petrophysical Parameters of Rocks

The main commercial oil content of the Babkinskaya
anticline deposits is related to Visean (Clv) terrigenous
deposits of the Carboniferous system. Visean deposits
consist of interlaminated sandstones and aleurolites. In the
section of the terrigenous strata of BA of most oil fields,
there are two main reservoirs: in the Bobrikovsky horizon
(Bh) and in the Tula horizon (Th).

As part of the work performed, four deposits were
identified within the tectonic block. For the Visean
terrigenous formation of Th of all four oil fields of the
Babkinskaya anticline, the analysis of laboratory core data
was carried out (492 samples, 81 wells), of which 155
samples are aleurolite and 337 samples are sandstone.

Taking into account the remoteness of one, the largest of
the sample fields (west of BA) relative to three others (east
of BA), the distribution of the parameters K, and K., for
the studied lithological differences is considered separately.

For the formations represented by aleurolite in the
western part of the field, there are two peaks in the ranges
of 0.1-0.12 and 0.18-0.2, for the eastern part of the fields
in the sample, a close to uniform distribution is typical. In
case of sandstone for the deposit in the west of the BA, a
uniform distribution of K| is observed, while the presence
of two modes in the ranges of 0.1-0.12 and 0.16-0.18 is
observed in three deposits of the eastern part (Table 1).

This observation indicates the heterogeneity of
geological conditions and the complexity of the formation
process within the lithological differences. Based on the
results, it can be assumed that there is a difference in the
formation of the void space between the western and
eastern parts of the BA reservoirs of the same age.

Similarly, for the objects under consideration, the
distribution of K,,.,,, was constructed (Table 2).

Based on the distribution density of K, and K, for
sandstones and aleurolites, the ratio of frequencies up to
10 % (K,) and 0.110-10*>um? (K,,,) is insignificant, which
indicates similar sedimentation processes for all considered
reservoir rocks in this interval. When considering the
density distribution K., of more than 0.110-10*um?* for
aleurolite and sandstone, we can indicate the confirmation
of differentiation during formation of reservoir properties
of these deposits.

The permeability value formation both for lithological
differences and in general depends on many factors [15-19]; in
our case, we will consider the K, and p of the rock. In this case,
the considered connections will be not linear, but complex.

Statistical Estimation

For two lithological differences (aleurolite and
sandstone), a single interval has been identified according
to the value of the permeability coefficient (K,
0.000026-0.500 um?, where a larger amount of joint data
(Kperm» K, and p) is presented. Based on the available data,
a statistical analysis of the values of the geological and
physical characteristics of the Tula reservoir rocks was
carried out (Tables 3-4) [20-30].

The obtained t-criterion values indicate the presence of
statistically significant differences between aleurolite and
sandstone in all parameters for the group of fields in the
eastern part of the BA and K, of the field in the western
part. In addition, the greatest difference belongs to
parameter K,..,, then K, and p. The statistically significant
values of the t-criterion for parameter p for aleurolite and
sandstone allow using p as an additional characteristic in
estimating K., of reservoir rocks.

When assessing permeability through the petrophysical
relationship K., = f(K,), there are often objective
problems associated with a not enough relationship
between these parameters. With an exponential
dependence, it is not possible to substantiate different
ratios between K, and K, in different ranges of K, values.
When considering the standard set of reservoir properties
(K, Kperm), @ detailed account of the structure of the void
space does not always take place, which depends on the
mineralogical and lithological composition of deposits, the
way of packing particles, diagenetic and catagenetic
conditions (leading to compaction and decompaction of
rocks). Therefore, to improve the quality of predictive
models of reservoir properties, it is necessary to use
additional characteristics that take into account the
composition and properties of the rock [31-35].

For a more detailed study of the permeable part of the
reservoir rocks, let us add p of the rock to the study. The
need is caused by the previously described differences
between the parameters of aleurolite and sandstone.
Features of the described lithological differences in the
lithological structure lead to different mutual correlations
between K, p and K.
Building 3D Models, Analysis
of Petrophysical Relations

Research and analysis of the joint influence of K, and p
will allow us to clarify the method for predicting K, and
the distribution of the indicator values in the deposit area.

HEAPOMNOJIb3OBAHUE
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(V)
(o)
—
Table 1 =
Comparing frequencies of K, for aleurolite and sandstone :
Interval K. fr.unit Frequency (aleurolite), fr.unit Frequency (sandstone), fr.unit g
P West of BA East of BA West of BA East of BA
0.00-0.02 0 0 0 0 (@]
0.02-0.04 0 0.03 0.01 0.02 =
0.04-0.06 0.03 0.06 0.05 0.01 <
0.06-0.08 0 0.06 0.02 0.03 =
0.08-0.10 0.13 0.1 0.09 0.09 @)
0.10-0.12 0.25 0.16 0.09 0.13 i
0.12-0.14 0.13 0.2 9 0.09 (@)
0.14-0.16 0.06 0.15 0.17 0.23
0.16-0.18 0.09 0.15 0.17 0.28 g
0.18-0.20 0.16 0.08 0.2 0.11 —
0.20-0.22 0.09 0.02 0.06 0.01 5
0.22-0.24 0.06 0 0.05 0 |
0.24-0.26 0 0 0.01 0 &
0.26-0.28 0 0 0.01 0 1®)
o
Table 2 CDL
Comparing frequencies of K., for aleurolite and sandstone =
Interval K... fr.unit Frequency (aleurolite), fr.unit Frequency (sandstone), fr.unit <
P West of BA East of BA West of BA East of BA =2
0.000-0.010 0.59 0.54 0.25 0.22 (@)
0.010-0.110 0.38 0.39 0.31 0.32 o
0.110-0.210 0.03 0.03 0.25 0.16 é
0.210-0.310 0 0.02 0.13 0.17
0.310-0.410 0 0.01 0.03 0.06 9
0.410-0.510 0 0 0.04 0.07 o
x
L
Table 3 >
Comparing mean values according to t-criterion of rocks of reservoir rocks of Th deposit in the west of BA 8
Mean values of indicators { — criterion 6
Aleurolite Sandstone —_—— |
Indicator n=32 n=176 Level of importance U]
Mean values + CO Mean values + CO t,
min — max min — max D1
K frunit 0.15 * 0.05 0.16 * 0.05 0.737887
» 0.05-0.22 0.03-0.26 0.461423
Bulk density of the rock, 2.29 + 0.12 2.27 + 0.15 -0.626928
p, g/cm® 2.15-2.68 2.03-2.6 0.531878
K ) 0.026 * 0.042 0.116 * 0.122 3.899526
perm MY 0.000007-0.193 0.00006-0.495 0.000134
Table 4
Comparing mean values using t-criterion of reservoir rocks of Th in the east of BA
Mean values of indicators { — criterion
Aleurolite Sandstone —
Indicator n =123 n =161 Level of importance
Mean values + CO Mean values + CO ti,
min — max min — max Do
K frunit 0.12 *+ 0.04 0.14 + 0.04 3.559429
p T 0.03-0.21 0.02-0.21 0.000436
Bulk density of the rock, 2.30 + 0.13 2.26 + 0.13 2.777854
p, g/cm® 2.02-2.64 1.9-2.91 0.005840
K ) 0.031 * 0.057 0.114 * 0.137 8.579863
perm> MY 0.000005-0.312 0.0001-0.494 0.000000

Moreover, when using parameter p of rocks, when
predicting K., we take into account additional structural
features of the void space of rocks of the same age.

In order to find more significant relationships between
the petrophysical characteristics of the Th formation, we
analyzed 388 values (taking into account p data of the
rock) of determining sandstone core samples, with 246
samples of sandstone and 142 samples of aleurolite. The
values of parameters K,, p and K, determined from
laboratory studies of the core, are combined into a single
statistical sample.

Fig. 1-2 show the correlation fields in general for all
deposits between K., and K,,, K., and p, K, and p.

The analysis of the correlation fields between the K,
and K, values for aleurolite and sandstone shows that
statistically significant linear relationships are present
between the parameters in both cases, which is further

used as the main approach in modeling reservoir
properties for hydrodynamic models [34-39].

The interval relationship between sandstone and
aleurolite is also confirmed in the correlation fields, that
is, the presence of weak reservoirs in the left zone (or non-
reservoir rocks). It is worth noting the presence of highly
permeable reservoirs for sandstones and their minority for
aleurolite. Differentiation of the interval distribution of
K,m and K, parameters for aleurolite and sandstone
indicates different conditions of their formations. The
ratio of K., and K, shows that the influence of K, on the
formation of permeability in different intervals is
accompanied by a difference in geological conditions.

The influence of K, on K, for aleurolites and
sandstones is characterized by a high degree of nonlinearity;
in addition, the form of these nonlinearities differs at
different ranges of parameter variations.

HEAPOMOJIb3OBAHUE
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Fig. 2. The correlation fields of parameters of the

Formation of a relation between K;, and p for aleurolite
and sandstone is represented by two components that
characterize the process of compaction and decompaction:
one of them is significant correlationally , the second one
is from points that fall out of the general relationship.
When K, is less than 20-22 %, a decrease in the indicator
is observed with an increase in density, which is possibly
associated with the presence of denser minerals in the pore
space or with the rearrangement of crystal lattices into
denser ones with a decrease in pore volume. Thus, a close,
directly proportional relationship is noted, an increase in
bulk density leads to an increase in K,

To predict the values of K, multidimensional
regression equations were constructed, and a step-by-step
regression analysis was carried out [40, 41]. Fig. 2 shows
the correlation fields of the parameters of the regression
equations.

In the obtained models for predicting the K., of
sandstone and aleurolite, positive coefficients at K,
indicate a directly proportional dependence of K, on K,
while it is possible to distinguish the multidirectional
behavior of the permeability values at different intervals,
which indicates a differentiated influence of K, parameter
in these parts. At the same time, for sandstone, the

Slope ratio for porosity, K, Permiability, mD

regression equation: a) for sandstone, b) for aleurolite

threshold value of the dependence is 150 mD, for
aleurolite it is 100 mD. The correlation dependence on p
for both sandstone and aleurolite has a linear trend. This
indicates that the formation of K., value in the
combination of K, and p is of a differentiated nature, and p
index is able to increase the filtration characteristic of
rocks. Differences of multidimensional models for
predicting K., for sandstone and aleurolite is associated
with the nature of their formation processes.

This is an important factor in the formation of K., as
it changes the classical (based on the Geological and
Mining Information System) logarithmic dependence of
K on K. In this case, when distributing K, in the
three-dimensional space of oil and gas deposit, it is
possible to use a refined interpolation of the indicator.

The change of the correlation coefficient R for
sandstone and aleurolite is characterized by a significant
difference depending on the considered range of K.
change, which indicates a selective influence of the
parameters on each other over the entire range of values.

It should be noted that up to permeability value of
150 mD, the influence as per parameter p for sandstone
and aleurolite is comparable; if it is above 150 mD, the
dependence is stronger for sandstone than for aleurolite
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(Fig. 3, a). That is, until a certain point, sandstones and
aleurolites behave in the same way, then other kinds of
sedimentation processes begin, and there is a mismatch in
the degree of influence on the filtration properties. The
dependence of permeability at the slope of porosity is
shown in Fig. 3, b.

For porosity, the influence for aleurolite and sandstone
at different intervals of permeability has a differentiated
nature. While the maximum degree of mismatch stays
within the permeability value of 150 mD.

The influence of porosity and density of rocks on
permeability is different and is formed differently at
different intervals of permeability, given that permeability
is a function of density and porosity, it is possible to
determine when they work together, and when separately.
When it comes to prospects of further modeling of
permeability, in addition to porosity and density, one
should also take into account the lithological component
of the reservoir rock, judging by the graphs, sandstone is
characterized by a greater dispersion.

Obviously, the construction of a predictive dependence
of permeability estimate for the objectives set is not so
important for low permeability values as there are no oil
reserves in them. Wells with high permeability (over
500 mD) are important in estimating reservoir properties
for describing processes such as premature flooding, water
breakthroughs, or high values of fluid and oil flow rates in
single wells [42]. For the studied area, their share in
porous reservoirs is less than 3 % [43].

Conclusions

Finding relationships between parameters K., K, and
p of the rock is of particular importance when developing
a methodology for model matching in the interwell space.
It also follows from the study results that taking into
account the lithological component will allow
differentiating the distribution of parameters, thereby
clarifying the reservoir properties for a reservoir. When
modeling a reservoir, it is necessary to switch from
linearity to nonlinearity and take into account that the
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Fig. 3. The relation for sandstones and aleurolite: a) slope ratio
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permeability is not controlled by porosity, in principle,
and in some areas only this parameter prevails. A reliable
estimation taking into account the relationship between
reservoir properties and the range of the most probable

problem of permeability distribution in a reservoir being
solved is more complicated. In different areas, sometimes

changes in K, values, will significantly increase
efficiency of both geological and hydrodynamic modeling.
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