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Abstract

To address the current challenges in oil industry related to modeling a pore space structure in a 3D core
model and evaluating permeability and porosity (“Digital Core”), it is necessary to obtain representative
characteristics of the void space. A similar characteristic is required to solve geotechnical problems related to
modeling and evaluating the strength properties of heterogeneous rocks. In addition, it is also important for
research on capillary processes in porous media. The paper is devoted to the comparative analysis of the values
of porosity of oil and gas reservoir rocks obtained by gas volumetry and X-ray computer tomography methods.
The aim of this work is to develop statistical models for assessing the discrepancy between the porosity factor
K, determined using computer tomography (CT) data and more reliable laboratory petrophysical data for two
lithological rock types: terrigenous and carbonate. The research objectives include: assessing the impact of
lithology on the K, evaluation using various methods (petrophysics and CT); examining and evaluating the
impact of the reservoir rocks porosity factor range on the convergence of the results from these two methods
for different lithological rock types; building statistical models to adjust the K|, values based on CT results
for different lithological rock types. The solution to these problems is based on a detailed statistical analysis
of the studies of terrigenous and carbonates rocks in oil fields in the Perm region. Porosity measurement
was carried out on a AP-608 automated porosimeter-permeameter and a Nikon XT H 225 X-ray tomography
system. The techniques for measuring the volume of pores in samples using the gas volumetry method, image
binarization, and porosity calculation using the X-ray tomography method are described. The results of the
analysis showed that the studied methods give different values of porosity factors depending on the lithology.
For carbonate rocks, a greater correspondence of the porosity factor estimates obtained by different methods
is characteristic that is due to the structural features of the pore space. Significant differences were found for
terrigenous rocks, which are explained by the limited resolution of X-ray tomography. The analysis resulted
in statistical models for evaluating and correcting K|, data obtained by X-ray tomography for terrigenous and
carbonate rocks in various K|, value ranges. The results of the study can be used for petrophysical substantiation
of the permeability and porosity of reservoir rocks in oil and gas fields.
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AHajormyHasi xapakTepuCTKa TpedyeTcs IJIsT pellieHus 3aJayu TeoMeXaHVKM, CBSI3aHHbIX C MOAEINPOBa-
HMEM U OlIeHKOJ MPOYHOCTHBIX CBOCTB HEOJHOPOAHBIX TOPHBIX Mopoj. Kpome Toro, oHa BaskHa JIJisl MC-
C1eJ0BaHMil KanWJIISIPHBIX IMPOLECCOB B MOPUCTBIX cpenax. CTaThsl MOCBSIeHa CPAaBHUTEIbHOMY aHAIN3Y
3HAUEHUI TOPUCTOCTU TOPOA-KO/UIEKTOPOB He(PTU U rasa, MOJyUYeHHbIX METOJAaMM Ta30BOTIOMETPUU U
PEHTTeHOBCKOJ KOMITbIOTEPHOI ToMorpadumu. 1lesbio paboThI SIBISETCS pa3paboTKa CTaTUCTUUECKUX MO-
Jieneii 17151 OLleHKY pacxoXIeHus onpeneneHus koadouimenta nopucroct K, 1o TaHHBIM KOMITbIOTE€PHOIA
tomorpadum (KT) c 6oee 10CTOBEpPHBIMY AAaHHBIMY JIA00PATOPHON HMeTPOPU3UKM IJISI ABYX JTUTOIOTHYE-
CKMX TUIIOB MOPOJ, — TEPPUTEHHBbIX U KapOOHATHBIX. 3alauy MCCIeIOBaHMs BKIIOYAIOT: OI[€HKY BAUSHUS
JIMTOJIOIMYECKOr0 COCTaBa Mopof Ha oueHKy K, pasHbIMU MeTomamu (netpodusuxa u KT); paccmoTrpeHne
M OLIeHKY BJIMSIHUS IMana3oHa BapbUMPOBaHMS MOPUCTOCTY MOPOJ, KOJIEKTOPOB Ha CXOAMMOCTD pe3y/abTa-
TOB 3TUX JIBYX METOZAOB /ISl pa3HbIX IUTOJOTMYECKUX TUIIOB IIOPO/T; TOCTPOEHME CTATUCTUUECKUX MOJeneit
ILJI1 KOpPeKTUPOBKYU 3HaueHuit K o pesynbratam KT A1 pasHbIX IMTOIOTMYECKUX TUIIOB MOpof,. Penre-
HMe TaHHBIX 3a7aU OCHOBBIBAETCS Ha MPOBEIEHUN AeTaJbHOTO CTATUCTUUECKOTO aHa/IN3a MCC/IeloBaHu
TepPPUTEHHBIX M KApOOHATHBIX MOPO HEeDTSIHBIX MeCTOpOoXKIeHNi [lepMcKoro kpas. VisMmepeHyue mopucTo-
CTY MPOBOAMIOCHh Ha aBTOMAaTU3MPOBAHHOM Mopo3uMeTpe-riepmeameTpe AP-608 u cucrteme peHTreHOB-
ckoit Tomorpadum Nikon XT H 225. OnucaHbl METOOMKYU M3MepeHMs] 06beMOB ITOp 06pa3IioB ra30BOJIIO-
MeTPUUYECKMM MEeTOLOM, GMHapu3aluy 1300pakeHuit 1 pacuera MOPMUCTOCTU IO METOAY PEHTIeHOBCKOIA
ToMorpadun. Pe3ynbTaThl aHa/IM3a MMOKa3aau, UTO M3ydyaeMble METOMbI AAIOT pasauMyaloniecs 3HaYeHUs
K03(bPULIMEHTOB MOPUCTOCTU B 3aBUCUMOCTHU OT JIUTOJIOTUYECKOTO COCTaBa mopo. sl KapOboHaTHBIX 10-
POJl XapaKTepHO O0JIbIliee COOTBETCTBME OLIeHKM KO3GhduIeHTa MOPUCTOCTH, MOJYUEHHbIX Pa3INYHbIMU
MeTOo[laMM, YTO OOYC/IOBJIEHO CTPYKTYPHBIMU OCOOEHHOCTSIMU TIOPOBOTO MPOCTPAHCTBA. B TeppuUreHHBIX
MOpOoJax YCTAHOBJIEHbI 3HAUMTEIbHbIE Pa3/inuus, 06bsICHSIEMbIe OrpaHMUYEHHO! paspeliaolieii crocob-
HOCTBIO PEHTTEHOBCKO TomMorpaduu. ITo uToram aHanam3a IMoJydeHbl CTATUCTUYECKNME MOMEIN JIJI OLeH-
KM M KOPPEKTUPOBKM HAHHBIX K, TIOTyYeHHBIX METOOM DeHTTeHOBCKOJ ToMorpadum sl TeppUreHHbIX
M KapOOHATHBIX MOPOJ, B Pa3/JIMUHBIX IMaria3oHax 3HaueHuit K. Pe3ynbraThl MCCIeqOBaHUS MOTYT GbITh
MCIOJIb30BaHbI MPY METPOPU3NUECKOM OOOCHOBAHUM (QVIIBTPALIMOHHO-€MKOCTHBIX CBOVICTB ITOPO[I-KOJ-
JIEKTOPOB MeCTOPOKAeHMIT HedTH U rasa.

KnioueBble cnoea
TIOPUCTOCTb, KEPH, TEPPUTEHHbIE KOIEKTOPBI, KAPOOHATHBIE KOJUIEKTOPBI, TeTPOdM3MKa, PEHTTEHOBCKAsI TO-
morpadusi, ra30BOMOMeTPUSI, CTATUCTUYECKUIT aHATN3
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Introduction

One of the most important characteristics that al-
low for the estimation of reserves and are taken into
account in the prospecting, exploration, and develop-
ment of oil and gas fields is porosity factor K,,. Despite
the existence of the problem of scaling physical cha-
racteristics between a reservoir and individual sam-
ples [1, 2], the most accessible and reliable methods
of studying are direct laboratory petrophysical testing
of core samples, among which the estimation of a po-
rosity factor is one of the most accurate and reliable.

Over the past two decades, a significant number
of publications with the results of tomographic stu-
dies of a core have appeared. The works of foreign and
domestic researchers provide data for samples of va-
rious sizes and lithology. Thus, the works [3, 4] are
devoted to reviewing the capabilities of the method
in a number of types of geological research, inclu-
ding the study of carbonate reservoir rocks. The
papers [5, 6] are devoted to the study of marine se-
diment cores. Although statistical analysis of the
porosity of terrigenous and carbonate sediments is

carried out in [6], unfortunately, it only applies to
full-size samples, which were the subject of the study.
The papers [7, 8] are also review papers, providing
only general descriptions of the principles of tomog-
raphy and examples of the method's use without sta-
tistical analysis. The paper [9] presents experience
on core porosity research, but due to low resolution,
the authors limit themselves to calculating cavernous
porosity. The authors of [10] compared the results of
porosity measurements obtained by tomography and
gas volumetry with breakage by lithology, but only
14 samples were studied. In addition, for tomogra-
phy, the samples were cut into cylinders with sides of
5-20 mm that significantly affected the results. Thus,
a full statistical comparison of determining the poros-
ity of samples of standard sizes by X-ray tomography
and other methods, taking into account the peculia-
rities of the lithology of the studied reservoirs, has
not been carried out, although some researchers rec-
ognize the need for such a comparison [11].

To address the current challenges in oil industry
related to modeling the pore space structure in a 3D
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core model and evaluating permeability and porosity
(“Digital Core”), it is necessary to obtain a represen-
tative characteristic of a void space. A similar cha-
racteristic is required to solve geotechnical problems
related to modeling and evaluating the strength
properties of heterogeneous rocks. In addition, it is
important for research on capillary processes in po-
rous media.

Laboratory petrophysical studies of core samples
allow to evaluate only a single integral characteristic
of a core sample, comprising the effective porosity
and total porosity of a sample. However, for computer
3D modeling of various processes in a rock core, such
integral values are insufficient that necessitates the
use of non-destructive volumetry methods for resear-
ching core samples, such as X-ray computer tomog-
raphy (CT), which allows for the study of the internal
heterogeneity of core samples in volume. The appli-
cation of CT, despite its modernity and technological
nature, has a number of problems associated with the
method's resolution for evaluating the heterogeneity
of rock in the region of physical small-scale heteroge-
neities (small pores), that is, microporosity.

In order to bring the porosity estimates deter-
mined by different methods to a unified value, the
study included a statistical analysis of the values of
porosity factors obtained from standard laboratory
petrophysical studies of core samples and from the
results of a core CT.

The aim of this work is to develop statistical mo-
dels for assessing the discrepancy between the poro-
sity factor Kp determined using computer tomography
(CT) data and more reliable laboratory petrophysical
data for terrigenous and carbonate rocks. The assess-
ment of this discrepancy will enable the estimation of
the proportion of microporosity in computer 3D core
models based on the CT results. The separate consi-
deration of terrigenous and carbonate rocks is due to
the significant differences in mineralogical compo-
sition, structural-textural features of the sediments,
and pore space structures of these two main litholo-
gical types of sedimentary rocks.

The research objectives include:

— an assessment of the impact of lithology on the
Kp assessment using various methods (petrophysics
and CT);

— an assessment of the influence of the Kp varia-
tion range on the convergence of the results of these
two methods (petrophysics and CT) for different
lithologies;

- building models for adjusting Kp values based
on CT results for different lithologies.

The solution to these problems is based on a de-
tailed statistical analysis.
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Theory

There are two standard methods for determining
porosity factor that are widely used in petrophysics,
which differ in a phase used: determination of poro-
sity by liquid saturation and determination of po-
rosity by gas (gas volumetry). These methods do not
measure the entire pore volume, but only those pores
that are connected to a sample surface and to each
other, which, according to classification [12], consti-
tute effective porosity. The use of liquid or gas allows
them to be filled and the entire volume of these open
and connected pores to be measured with sufficient
accuracy. Of course, there is also a method for measu-
ring total and closed porosity (K, estimation through
mineralogical density), but it is less commonly used
because it requires the destruction of samples [13].

At the same time, in recent years, a relative-
ly new method of studying pore space has become
increasingly widespread in petrophysical research,
computer X-ray tomography. This method allows
the visualization of the pore space inside a sample,
which makes it possible to qualitatively assess the
porosity and establish a relationship between its dis-
tribution and the lithological characteristics of the
sample being studied. However, the main disadvan-
tage of using the X-ray computer tomography me-
thod in a standard petrophysical research complex
is its low resolution. This method can only visualize
pores that are up to a few micrometers in size that
leads to a significant underestimation of the volume
of the pore space, resulting in a porosity factor cal-
culated using the X-ray tomography method being
lower than that measured by standard liquid satura-
tion and gas volumetry methods.

It can be assumed that the degree of closeness
of the porosity factor values calculated using the gas
volumetry-liquid saturation methods and the X-ray
tomography method will depend significantly on the
dominant sizes and quantitative ratios of individual
pore types in a studied core sample: open (effective
porosity) and closed, connected and isolated, large
and small. In the opinion of the authors of this paper,
this will mainly be determined by the samples litho-
logy. Among the types of reservoir rocks studied, the
pore space structure will differ most significantly
between carbonate and terrigenous rocks.

Carbonate reservoirs are known to have an ex-
tremely heterogeneous pore space structure, consis-
ting of intergranular and intragranular pores, cavi-
ties, and fractures. Often in some types of carbonate
reservoirs, for example, in grainstone structural type
of limestones [14], most of the reservoir space can
be represented by large cavities and fractures, which
makes it easily visualizable using X-ray tomography.
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At the same time, the nature of the structure of the
carbonate pore space does not exclude the presence
of a certain proportion of closed pores in a sample,
which may not be detected by gas volumetry and li-
quid saturation methods, which are only capable of
measuring effective (open) porosity. Therefore, it can
be expected that the porosity factors of carbonate
rocks determined by standard methods and by X-ray
tomography may be close in value to each other, but
at the same time be composed of different volumes.

The pore space of terrigenous reservoir rocks is
characterized by greater homogeneity and connec-
tivity due to its predominantly intergranular nature.
Rocks of this composition form granular-type re-
servoirs, closely described by the Slichter model, in
which permeability is determined by porosity and
particle diameter [15]. At the same time, the di-
mensions of individual elements of the void space
in this type of rock are smaller than the resolution
limit of the X-ray tomography method. It should be
noted that, despite the existence of high-resolution
micro- and nanotomography methods, these me-
thods can only be used for separately manufactured
samples of millimeter dimensions, as shown in [16]
that excludes comparison with the determination of
the porosity factor using standard methods carried
out on cylindrical samples with a standard diameter
of 30 or 25 mm.

Thus, this study compares the porosity factors
obtained by different methods on the same stan-
dard-size samples of carbonate and terrigenous rocks.

Research Materials and Techniques

The studied samples of core from the oil fields
of the Perm region were cut from full-size cores into
cylinders with a standard diameter and a height of
30 mm. The samples belonged to two lithologies: ter-
rigenous and carbonate rocks.

The terrigenous samples were mainly represen-
ted by sandstone, silt-rich sandstone composed of
quartz and feldspar-quartz; gray, dark gray, brown,
and brown; fine-grained, medium-fine-grained, and
coarse-grained; of varying degrees of sorting; ortho-
morphic or cemented with clayey, calcite, or ferru-
ginous cement; strong or of medium strength, with
mineral inclusions of mica, ore minerals, and pyrite.

The carbonate samples were represented by lime-
stone, dolomite, and dolomitized limestone light
gray, gray, dark gray; organogenic, detrital, organo-
genic-detrital, lumpy-detrital, lumpy-algal, and algal;
sometimes slightly clayey and clayey; porous, po-
rous-cavernous, and cavernous; strong with frequent
stylolitic joints and cracks sometimes filled with cal-
cite crystals.
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The research involved measuring porosity using
the gas volumetry method (K, %) and X-ray computer
tomography (K, %).

The gas volumetry method was chosen by the
authors for several reasons: firstly, this method is
quite fast (on average, it takes no more than an hour
to measure one sample) and relatively simple, and,
as a result, it is most often used in petrophysical
laboratories; secondly, the use of a chemically
inert gas instead of a liquid allows to reliably exclude
changes in the samples caused, for example, by ac-
cidental violation of the procedure of washing and
drying a sample after the saturation test or chemical
interaction between the liquid and the mineral ma-
trix of a sample.

Porosity measurements were performed on
an AP-608 automated porosimeter-permeameter
(Coretest Systems, USA). The principle of operation
of this unit is based on the method of non-stationary
filtration [17].

The essence of the method lies in measuring
a pore volume using the principle of helium expan-
sion according to Boyle’s law, which states that the
pressure P of any ideal gas multiplied by its volume V
gives a constant value at a constant temperature. In
the context of core analysis, Boyle’s law allows to
determine an unknown volume by the expansion of
a gas with known pressure and temperature values
into an empty space and using the resulting pressure
to calculate the unknown volume. Therefore, kno-
wing P,, P, and V,, it is possible to calculate V:

_BY
|4 P (1)

In a AR-608 porosimeter-permeameter, helium
is pumped in from both ends of a sample. The per-
meability range of samples available for measure-
ment on this unit is from 0.001 mD (rocks with such
permeability are not considered to be reservoirs) to
5000 mD. Accordingly, the porosity measuring range
is from 0.1 to 40%, which also covers the ranges
typical of terrigenous and carbonate reservoirs.

The method of sample preparation and measure-
ment complies with GOST! and involved pre-drying
of samples that were carefully extracted in an al-
cohol-benzene mixture using a drying cabinet. The
drying time and temperature were at least 8 h and
105°C for the carbonate rocks and at least 12 h and
80°C for the terrigenous rocks. After drying, the
samples were cooled in a desiccator, their geometric
characteristics were measured using an electronic

1 GOST 26450.0-85-GOST 26450.2-85. Rocks. Methods
for determining reservoir properties. M.: Standards Publishing
House; 1985. 16 p. (In Russ.)
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caliper, and then the porosity factor was determined
using the AR-608 unit. All measurements were taken
at least five times, and the arithmetic mean was cal-
culated based on the results of all five measurements,
which was the final value for each sample.

The second method analyzed in the paper is
X-ray computer tomography of a core. The method
was developed by A. Cormack and G. Hounsfield [18]
and is based on Radon transformations [19]. The es-
sence of the method lies in creating a series of X-ray
images obtained when X-rays pass through a sam-
ple rotating along a single axis. The resulting X-ray
images are transformed through the inverse trans-
form of the integral of a function of a straight line
perpendicular to a vector that is directed along the
direction of the radiation at a certain distance mea-
sured along it.

In our study, an X-ray inspection system with
a computer tomography function, Nikon XT H 225
(Nikon Metrology, Great Britain) was used for X-ray
tomography. This system consists of a stationary
X-ray source forming a focal spot measuring 3 pm,
a three-position rotating table, and a 2048x1408 pixel
detector with a physical pixel size of 142 pym. The sys-
tem allows studying samples of a standard diameter
of 30 mm with a resolution of up to 20 ym.

Samples were surveyed at a radiation source volt-
ages ranging from 150 to 180 kV, current strengths
ranging from 100 to 150 mA, using a 0.5 mm thick
copper filter, exposure time of 0.5 s, and at least
3000 images. All samples were positioned so that
the resolution of the resulting reconstruction was at
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least 25 ym. Inhomogeneities smaller than 1 voxel
(25 ym) are referred to as microporosity, which, un-
like larger macroporosity, cannot be distinguished
with high accuracy and directly geometrically iden-
tified in a sample. In practice, a number of assump-
tions are made to identify such porosity in samples.
For example, that the micropores are located on the
surface of large pores, or micropores can be loca-
ted in the contact areas of mineral grains, or they
are distributed fairly evenly throughout the volume
of a mineral matrix. However, for all these assump-
tions, it is necessary to estimate the proportion of
this microporosity.

The reconstruction of a 3D image was performed
using proprietary CT Pro 3D software (Nikon Me-
trology, UK), which uses an improved version of one
of the most widely used FDK algorithms [20] for the
reconstruction procedure. The reconstructed images
were processed in the Avizo Fire program (Visualiza-
tion Science Group, France).

The technique for processing the images of the
samples in order to obtain the volume of the pore
space was used as follows. In the initial reconstruc-
tion, a 32-bit black and white three-dimensional im-
age, where the brightest areas correspond to areas of
maximum density (mineral matrix), and the darkest
areas correspond to the void space, a binarization
procedure was performed. The essence of the bina-
rization procedure is that the entire range of gray
shades is divided into two volumes with values of
0 and 1, corresponding to the volumes of pores and
matrix (Fig. 1).

Fig. 1. Distinguishing on a fragment of a black and white image of a rock:
a - reconstructed image of a sample cross-section in shades of gray, proportional to the absorption
of the material (black — does not absorb, white — absorbs); b — distinguishing void space in a black-and-white image of rock
(black - air in pores and around the sample; white — mineral matrix)
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These volumes, in turn, can already be measured
using software tools.

The porosity factor of the sample was calculated
based on tomography data using the standard porosi-
ty calculation formula:

K = Vior 100

P ) ’ 2)
vol

where V, is the volume of the binarized model of

a sample pore space, mm?®; V,, is the volume of the

binarized model of the entire sample space, mmb3.

Findings and Analysis of the Data Obtained

This chapter deals with the statistical analysis of
the porosity factor values obtained by the methods de-
scribed above. Fig. 2 shows a comparison of the porosi-
ty factor values obtained by the gas volumetry method
(K, %) and those obtained by the X-ray tomography
method (K ;, %) for terrigenous and carbonate rocks.

For terrigenous rocks, the average porosity values
for K; and K, are 8.71 and 10.76%, respectively, with
standard deviations of 6.17 and 5.82%.

For carbonate rocks, the average porosity values
for K; and K, are 21.43 and 22.00%, respectively, with
standard deviations of 5.51 and 5.43%.

The analysis of the given correlation fields shows
that the relationships of the values of K, and K for the
studied rocks depend of the values range. For terrige-
nous rocks the values of K, and K, lower than those
for carbonate ones. Comparisons of the average va-
lues of K, and K, for the studied rocks were performed
using Student’s t-test and are presented in Table 1.

35

30} ooo
25¢ goC

[m]
20} O

K,,%
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0 5 10 15 20 25 30 35
K, %

oTerrigenous rocks O Carbonate rocks

Fig. 2. Fields of correlation between K, and K,
for different rocks
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Table 1
Comparison of average values of K, and K,
for different rock types
Mean * standard Criteria

Rock deviation t

K,, % K;, % p
0.866
i + + ==
Terrigenous 10.76+5.82 8.7116.17 0.395
0.431
* * —_—
Carbonate 22.00£5.43 | 21.43+5.51 0.668

It can be seen from here that the average va-
lues of the porosity factors, determined by different
methods, do not statistically differ (the level of sig-
nificance achieved p > 0.05). At the same time, visual
analysis of the fields of correlation between K, and K,
for both terrigenous and carbonate rocks shows that
within the correlation fields, different relationships
are observed depending on the values of K, and K.
Overall, the results of the evaluation of the average
K, and K; are not statistically contradictory to each
other, but require a more detailed examination by the
porosity ranges. At the same time, the average values
obtained by CT method are always lower, despite the
different lithology that indicates the complexity and
some underestimation of K, for microporosity due to
the physical limitations of the CT method.

To determine various relationships between
K, and K;, we subdivided them by lithology and K,
range and arrange the values of K, of the samples in
ascending order, where their number increased by
one (n=3,n=4,n=5,...,n= 733 for carbonate rocks
and n = 13 for terrigenous rocks). The total number
of models considered was determined by the sample
collection amount. For each considered range of va-
lues of K,,, we performed a K, = f(K;) regression ana-
lysis by n values with assessing the paired correla-
tion coefficient r and statistical characteristics of the
regression equation coefficients.

The regression equation is as follows:

K,=b+k-K,, (3)

where K, is porosity factor obtained by the gas vo-
lumetry method, %; K; is porosity factor obtained
by X-ray tomography, %; b is intercept (free term) in
the regression equation; k is slope in the regression
equation.

For carbonate rocks, the regression equation pa-
rameters are given in Table 2.

33 regression equations were built for carbonate
rocks, and the correlation coefficient values r ranged
from 0.892 to 0.975.
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The statistical characteristics of the developed
models were used to build dependencies of the values
of the intercepts of the regression equations and the
slopes for K; on the values of the correlation coeffi-
cients r (Figs. 3-5).

The analysis shows that the relationships between
the studied parameters are of two types: at K, < 24%;
when increasing the range of K, there is a regular de-
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crease in an intercept value; with even greater increase
of K, the value of an intercept changes insignificantly.

The analysis shows that the relationships be-
tween the studied parameters are also of two types:
at K, < 24%, when increasing K, there is a regular in-
crease in the slopes at K;; with even greater increase
of K,, the values of the slopes changes insignificantly,
being in a range of 0.97-0.98.

Table 2
Regression equations for K, dependence on K, (arbonate rocks)

Miales,ss’ | Intercepth | tatintercept | SlopekatKi | tatki | coutfiientr | of significance of rp
10.51-14.35 6.260 2.281 0.515 1.974 0.892 p=0.299
10.51-14.53 5.842 2.889 0.636 3.428 0.924 p=0.076
10.51-15.91 5.842 2.998 0.630 4.754* 0.939 p=0.018
10.51-16.74 4.609 2.666 0.692 5.474* 0.939 p=0.005
10.51-16.74 4.745 3.306* 0.679 6.797* 0.949 p=0.001
10.51-17.98 4.388 3.352* 0.709 8.096* 0.957 p =0.0002
10.51-18.29 4.112 3.369* 0.735 9.242* 0.961 p =0.00004
10.51-18.77 3.773 3.030* 0.765 9.629* 0.959 p<107®
10.51-19.97 3.329 2.675* 0.801 10.329* 0.960 p<10°
10.51-20.10 2.952 2.284* 0.832 10.515* 0.957 p<107
10.51-20.42 2.986 2.550* 0.83 11.864* 0.963 p<1073
10.51-20.53 2.925 2.693* 0.834 13.112*% 0.967 p<107°
10.51-20.96 2.764 1.973 0.855 10.469* 0.945 p<107®
10.51-21.10. 2.629 1.978 0.865 11.325* 0.946 p<107
10.51-21.40 2.705 1.879 0.860 12.262* 0.953 p<107
10.51-21.64 2.705 1.899 0.860 11.979* 0.948 p<1073
10.51-21.72 2.313 1.644 0.895 11.388* 0.940 p<107®
10.51-23.19 1.981 1.419 0.918 11.912* 0.942 p<107®
10.51-23.51 1.787 1.341 0.931 12.815* 0.946 p<107
10.51-23.76 1.614 1.264 0.942 13.705* 0.950 p<107
10.51-23.78 1.456 1.01 0.957 12.402% 0.938 p<1073
10.51-24.71 1.238 1.015 0.968 15.046* 0.954 p<107®
10.51-24.86 1.169 1.008 0.972 16.076* 0.958 p<10°
10.51-25.18 0.989 0.874 0.984 16.894* 0.960 p<107
10.51-25.30 1.076 1.074 0.978 17.877* 0.963 p<107
10.51-25.54 1.437 1.384 0.957 18.349* 0.963 p<1073
10.51-27.02 1.303 1.321 0.964 19.559* 0.966 p<107®
10.51-28.94 1.321 1.387 0.970 20.292* 0.967 p<10°
10.51-29.14 1.385 1.396 0.961 21.476* 0.969 p<107
10.51-30.25 1.585 1.643 0.962 22.080* 0.970 p<1073
10.51-30.27 1.436 1.532 0.961 23.640* 0.973 p<1073
10.51-30.40 1.575 1.541 0.979 24.909* 0.975 p<107®
10.51-31.76 1.419 1.647 0.970 24.639* 0.973 p<107

* — statistically significant values (p < 0.05).
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It can be seen from here that the relationships be-
tween the studied parameters are also of two types:
at K, < 22%, when increasing K, there is an initial
increase in r. At K, < 23%, r decreases. With an even
greater increase in the range of K, the values of the
coefficients increase along a complex trajectory.

The above K, and K I‘, dependency analysis for car-
bonate rocks showed that it seems possible to deter-
mine two boundaries that differentiate the values of
K, into three groups: the first one, when K/, < 16.0%;
the second, at 16.0% < K; < 22.6%; and the third one,
when K, > 22.6%.

The first group is at K, < 16.0%, in which the de-
pendency of K, on Kj is statistically insignificant. At
K, from 16.0 to 22.6%, statistically significant correla-
tions between the studied parameters were observed.
To determine the values of K, from K it is necessary
to make an adjustment using the regression equation
given in Table 4. At K, > 22.6%, it is also necessary
to make an adjustment using the regression equation
given in Table 3.

Thus, the studies conducted showed that the va-
lues of K; obtained by X-ray tomography for car-
bonate rocks, despite the statistical equality of the
mean values, are characterized by different statisti-
cal relationships. At K < 16.0%, there is no signifi-
cant correlation with K. This indicates that different
values of porosity factors are obtained using these
methods. At K, > 16.0%, the values of K, and K, are
statistically interconnected. It should be noted that at
certain intervals of the values, the intercepts values
are statistically significant. This indicates that there
is an adjustment of the values K, by the intercepts of
the regression equations. Therefore, to correctly use
the values of K and K, in carbonate rocks, it is neces-
sary to use the obtained regression equations for the
identified ranges of K,,.

A similar analysis was performed for terrigenous
rocks (Table 4).

11 regression equations were built for terrige-
nous rocks, and r values ranged from 0.806 to 0.937.
The analysis of the intercepts of the regression equa-
tions showed that when K; < 11.75%, the intercepts
changed from negative to positive values. The va-
lues of slope at K, are also characterized by a regular
change from higher values (more than 1) to lower va-
lues (less than 1). Correlation coefficients r trends
are shown in Fig. 6.

The analysis shows that the relationships
between the studied parameters are also of two
types: when K, < 12%, increasing K, causes a chao-
tic change in the values of r; when the K, range in-
creases, there is a regular increase in r values from
0.849 to 0.937.
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Table 3
Regression equations for K, dependence on K, (carbonate rocks)
Range oL Value: intercept atintercept Sopekar | cark | omslation | Adiewbleleel
K;, <16.0% 6.260 2.116 0.514849 1.974 0.892 p=0.299
16.0% < K; <22.6% -0.940 -0.359 1.080430 8.054 0.884 p<10°
K; >22.6% 7.709 3.408 0.766514 8.932 0.942 p<10°
Table 4
Regression equations for K, dependence on K, (terrigenous rocks)
Mibesoh’ | Intercepth | tatintercept| SlopekatX; | tatK, | coumcientt | of significance of rp
0.8-5.6 -10.703 -1.267 7.312 1.579 0.844 p=0.360
0.8-7.1 -9.935 -2.535 6.864 3.528 0.928 p=0.072
0.8-8.7 -6.456 -2.427 5.000 4.324* 0.928 p =0.002
0.8-11.2 -0.248 -0.118 2.091 3.238* 0.850 p=0.032
0.8-11.75 2.166 1.195 1.14 3.053* 0.806 p=0.028
0.8-13.43 2.638 1.698 0.997 3.942% 0.849 p=0.008
0.8-13.60 2.579 1.805 1.004 4.812* 0.876 p=0.0001
0.8-14.88 2.864 2.187* 0.927 5.607* 0.892 p = 0.0005
0.8-15.00 2.887 2.373* 0.92 6.477* 0.907 p=0.0001
0.8-16.8 3.098 2.736* 0.875 7.384* 0.919 p=0.00002
0.8-19.9 3.048 2.923* 0.884 8.943* 0.937 p<103

* — statistically significant values (p < 0.05).
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An analysis of the constructed regression equa-
tions showed that when K; < 7.1%, the dependence
K, on K is statistically insignificant. At K, > 7.1%
a statistically significant regression equation was

obtained:

K,=6.349 + 0.63905K",
at r = 0.964, p = 0.00002.

This indicates that the relationships between K,
and K ; are characterized by the presence of a statisti-

cal relation.

4)

Practical Application
and Areas of Further Research

Thus, the conducted research showed that these
methods do not replace, but complement each other,
as they have different limitations in application. At the
same time, the statistical analysis carried out showed
that the use of both methods gives naturally different,
but statistically related results, which demonstrates
the possibility of their joint application. It is also im-
portant that, when researching samples of different
lithological types of collectors, the methods have dif-
ferent limitations:

1.In the study of carbonate samples, both me-
thods showed statistically significant correlation
coefficients between K, u K; at the values of K, ob-
tained by the gas volumetry method of above 16% that
may be due to larger void sizes.

2. When testing terrigenous samples, porosity
was most accurately determined at porosity factor
values K, more than 7.1% that may be due to poor fil-
ling of intergranular voids with cement or good sor-
ting of the material.

The application of the recommended equations
for the lithologies in different ranges of K, enables an
integral estimation of microporosity as the difference
between the estimation of K, according to the equa-
tion and the values of K obtained based on CT data.
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This is especially true for samples of irregular or
complex shapes, which are not always possible to
fully examine in a petrophysical laboratory. This
integrated assessment of microporosity allows for
a constraint on the total volume of distributable mi-
cropores, which will improve the quality of three-di-
mensional computer models of core and pore space
of reservoir rocks.

The results of the study can be used for petro-
physical substantiation of the permeability and po-
rosity of reservoir rocks in oil and gas fields.

The use of the proposed approach enables im-
proving the quality of 3D models of rock core, which
will ultimately lead to an increase in the accuracy of
various modeling methods related to rock properties,
and will allow for more rational and economically ef-
ficient development of oil and gas fields (or other na-
tural resources).

Further research areas appear to the authors in
the continuation of the tests with an increase in the
number and variety of samples that will enable a re-
finement of the obtained dependencies, as well as in
the consideration of additional standard characteris-
tics of core (values of a residual oil saturation factor,
capillary curves, etc.).

Conclusion
The research carried out convincingly showed
that when using the data on porosity factors ob-
tained by different methods for both carbonate and
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terrigenous rocks, the results obtained should be
comparable.

The results of the assessment of the averages of
K, and K for terrigenous and carbonate rocks are not
statistically contradictory to each other. At the same
time, the average values obtained by the CT method
are always lower, despite the different lithology that
indicates the complexity and some underestimation
of K, for microporosity due to the physical limitations
and other features of the CT method.

The studies carried out showed that the values
of K, obtained by X-ray tomography for carbonate
rocks, when K; < 16.0%, have no statistical relation-
ship with K,. For the values outside this range, the
equations for estimating and adjusting the K, values
were proposed.

An analysis of the constructed regression equa-
tions for terrigenous rocks showed that when
K, < 7.1%, the dependence of K, on K, was statisti-
cally insignificant. For the values outside this range,
the equations for estimating and adjusting the K,
values were proposed.

The application of the recommended equations
for the lithologies by the range of K, allows for an in-
tegral estimation of microporosity as the difference
between the estimate of K, according to the equation
and the values of K, obtained based on CT data. The
proposed approaches make it possible to improve
the quality of 3D models of the pore space structure
of rocks.
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