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We present the developed theoretical-empirical technique for predicting of rocks' oil-
and-gas bearing in wells sections according to acoustic logging (AL) and core research
(CR) and its variants by using data of other loggings and also the results of testing them
on wells sections data in the Western oil and gas bearing region of Ukraine (WOGR). The
mathematical apparatus of the created technique is based on a mathematical model of
solid porous rock, empirical relationships between elastic and reservoir characteristics
of rocks and acoustic logging data for specific studied wells. The key parameter in the
calculations is the rock compressibility. Determination of the porosity of rocks and predic-
tion of the type of pore filler (water, oil, gas) is implemented by comparing the results of
calculating the velocities using theoretical and constructed empirical relationships with
the actual data of the AL, by the parameter of compressibility of rocks, by the density of
the pore filler fluid.

Additional versions of the technique have been developed based on correlation de-
pendences and data from other logging methods — gamma-ray logging (GL), electric
logging (EL/SP), offset method and seismic logging (SL). They are used in case of absence
of AL data for the studied wells or for the intervals of their sections, and also for improv-
ing the reliability of prediction the oil and gas content of these sections. The software for
the implementation of the technique was developed in Fortran, C# and Excel software
environments.

The technique was tested on the data of wells of a number of structures of the WOGR
of Ukraine (Lishchyns'ka, Buchats'ka, Ludyns'ka, Zaluzhans'ka, Zarichnyans'ka and
Nyklovyts'ka).The technique ensures reliable prediction of petrophysical characteristics,
porosity and oil-gas-water saturation of rock layers of different thicknesses (including thin
layers — from 0.1—0.2 m) in well sections. For this, in addition to the data of the general
parametric base of the WOGR reservoir rocks, the specially constructed refined empirical
relations for various specific types and subtypes of the WOGR reservoir rocks are used,
they are based on the results of analysis of petrophysical characteristics of those rocks.

Key words: theoretical-empirical predictivetechnique, oil-gas-water-saturation of rock,
wellsection, acoustic logging, core research, reservoir rocks, porosity, compressibility,
empirical relations, Western oil-gas bearing region of Ukraine.

Searching for new hydrocarbon deposits is caused by the exhaustion of shallow and simple
objects. Therefore, predicting the oil and gas content in the well sections is an actual task of
exploration geophysics. It is important to improve the efficiency of such predicting for reli-
able detection of oil and gas fields in complicated geological conditions.

For this, we have developed the theoretical and empirical techniques for predicting the
type of fluid saturation of rocks in well sections using acoustic logging (AL) and core research
(CR). Variants of the techniques are developed [Skakalska, 2014a,b; Skakalska, Nazarevych,
2014, 2015a,b, 20164,b, 2018; Skakalska et al., 2017] using data of other loggings and the cor-
responding correlation relations.
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We present the results of the technique approbation in well sections in the Western
oil and gas region of Ukraine (WOGR). For improving the efficiency of predicting the
oil and gas content of the well sections, we also carry out the detailed studies of cor-
relations of the parameters of compressibility, porosity and pressure for the general
parametric base of the WOGR and for a number of specific types and subtypes of rock
collectors and various fluids — fillers of their pores (water, oil, gas).

In particular, we present the study of multiplicative component of correlation for-
mula of influence the pressure and porosity on the compressibility and velocity of
elastic waves in rock collectors. Based on such refined relations, we developed a
method for identification of the rock type in each layer of the well section according
to the obtained by predictive technique values of compressibility of the solid phase
of the rock.

The basic variant of the theoretical-empirical predictive technique. The mathematical
apparatus of the technique. The developed technique is created as a complex mathematical
apparatus based on an adequate mathematical model of solid porous rocks [Petkevych, Ver-
bytskiy, 1970; Verbytskiy, 1977 Verbytskyy et al., 1985], empirical relations between elastic
and collector characteristics of rocks and acoustic log data of particular explored wells [Ska-
kalska, 2014a,b; Skakalska, Nazarevych, 2014, 2015a,b, 2016a,b, 2018; Skakalska et al., 2017].
The parameter of compressibility of rocks B is basic for the calculation on the technique.

We use such physical-mathematical models. In the model for well section (Fig. 1, b),
the actual rocks are divided into symbolically thin layers according to the step inside
the well depth of the data of the interval time for AL. On the physical and mathematical
model of therock (Fig. 1, ¢), therock in each layer is represented as a nonlinear-elastic,
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micro-inhomogeneous cracked-porous solid geological environment with an arbitrary
number of ellipsoidal inclusions of various sizes and forms, filled with liquid or gas,
whose characteristics, respectively, influence on the propagation of elastic waves in it.

Mathematically, such a rocks model is described by a system of theoretical and empirical
relations. They accumulate: J. Eshelby's research on the description of the average elastic
constants of a solid medium filled with spherical inclusions; the formulas of G. Walsh for the
environment with hollow inclusions; the relationships between the elastic modules of vari-
ously saturated rocks developed for this model by F. Gassmann and their clarifications by
J. Frenkel and M. Biot. Later G. Petkevych, T. Verbyts'kyy and O. Fedoryshyn supplemented
and expanded them for the description of elastic characteristics of any type of the rock with
an arbitrary number and size of porous and cracked inclusions [Petkevych, Verbytskiy, 1970;
Verbytskiy, 1977; Verbytskiy et al., 1985].

The theoretical relations were obtained for the calculation of elastic parameters of each
layer (Fig. 1, a) of the well section [Skakalska, 2014a,b; Skakalska, Nazarevych, 2014, 2015b,
2016a,b, 2018; Skakalska et al., 2017]:
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where p%,, p' p%, p., — bulk density of rocks in a layer (for various pore filler), kg/m?®; v|

— Poisson's ratio of the solid matrix of the rock layer; B%,, B?, B, B/ — compressibility and
wi, ouf, uYy, 1 — shear modulus of the i—1-th and i-th layer of a dry or fluid-saturated rock,
t0 BE L Bray By and pg,,, uf, uy,, By — similar for k-th and k+1-th layers; i — the number

of the studied layer in the section (see Fig. 1, a) for the sequential calculation from the upper
layer to the lower one; k— the number of the studied layer in the section with the successive
calculation from the lower layer to the upper one.

The condition (Eq. (1)) of the equality of transverse elastic waves velocities (regardless of
the type of the fluid — the pore filler) in an unloaded medium —of the first layer rock, on
which the cut split is presented by Eq. (1). Eq. (2) is a recurrent expression and needs the
initial values obtained from Eq. (1).

The formula (Eq. (4)) is derived from the condition of equality of the velocities of longitu-
dinal waves in the loaded dry and saturated by a liquid when the pores are closed (¢=0 %). It
is used to calculate the effective values of compressibility by formula (Eq. (3)) in the rest of
the section layers. Thus, formulas (Eq. (1)) and (Eq. (4)) impose initial (boundary) conditions
for calculating the values of the share modulus and compressibility in the calculation from
the first layer (Eq. (2)), and from the deepest one respectively, (Eq.(3)).

Note that conditions (Eq. (1)) and (Eq. (4)) for the calculation for a particular well may
include correction factors that take into account the difference in the operating pressure in
layers 1 and » at the minimum and the maximum of the studied depths.

The empirical relations in the system of equations of the technique reflect the results of the
statistical analysis of the parametric base (specific experimental data of the core research) of
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the interconnection of various physical properties of real rocks as a multiparameter geological
environment. These properties extrapolate the behaviour of the main investigated parameters
of the rocks of the respective field, field region, taking into account the influence of pressure,
layering, microporosity, the skeletal structure and porous space, clayiness and other factors:

B (0,0) =BoS " (p.0); ®)
where B,=1x 107! Pa™! — the basic value for the rocks compressibility (coefficient for bring-
ing dimensionless data of table 1 (see below) to real values); f* o ( p,d)) — empirical relations

of compressibility B, pressure p and porosity ¢ for variably saturated rocks, determined by
statistical studies.

Table 1. The experimental values of compressibility ﬁexp for different-porous
water-saturated reservoirs of the WOGR with different values of operating pressure p
(according to UkrSGRI)*

1 2 3 4 5 6 7 8
i=p;, MPa
0.1 1.0 2.5 5.0 10.0 20.0 40.0 80.0
j:(PJv %

1 0.40 1.85 1.80 1.80 1.75 1,70 1,70 1,70 1,65

2 2.10 1.75 1.70 1.65 1.60 1.60 1.60 1.60 1.60
3 3.50 2.95 3.05 3.05 3.00 2.95 2.85 1.80 2.75
4 3.60 2.60 2.85 2.90 2.55 2.35 2.05 1.90 1.85
5 3.90 2.70 2.85 2.95 2.50 2.45 2.25 2.05 2.00
6 5.40 3.25 3.05 2.90 2.75 2.50 2.35 2.15 1.95
7 9.00 6.40 5.65 5.15 4.95 4.25 3.85 3.75 2.75
8 12.20 5.85 5.30 5.40 4.75 4.00 3.35 3.00 2.75
9 14.50 5.60 5.30 5.60 4.15 3.60 3.20 3.10 3.05
10 15.40 5.35 5.80 5.75 4.20 3.70 3.35 3.20 3.25
11 17.40 9.40 8.05 7.25 6.30 5.55 4.40 3.85 3.80
12 18.30 9.35 8.45 7.15 6.40 5.20 4.45 4.20 4.15
13 19.10 10.70 10.20 9.50 7.15 575 4.95 4.65 4.60
14 19.40 8.50 8.40 6.35 5.75 5.30 4.40 4.35 4.55
15 22.40 10.00 8.70 7.30 6.40 5.60 4.85 4.50 4.25

Note: * —in the table values Bexp are normalized.

Based on the data of the parametric base and core research for such types/subtypes of
rocks (see below), we obtained the appropriate sets of input parameters and characteristics
for a specified prediction of the oil and gas content in wells in practical application of the
technique for specific intervals of the section with a certain type/subtype of rocks. The ap-
propriate sets of input parameters and characteristics are used for a specified prediction of the
oil-gas content in wells for particular section intervals with a certain type/subtype of rocks.

The type of the pore filler determining. According to the empirical relations (Eq. (5)) the
values of elastic parameters compressibility 3; and share modulus p; for various possible types
of pore fillers are calculated taking into account the theoretical relations (Eq. (1)—(4)). Next,
the corresponding velocities of elastic waves Vsig(w), Vpig(w) are calculated, thus linking the
technique calculations with the data of AL:
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e Mig(W) < e 3/Big(W) + 4“ig(W) (6)
Si p_g(w) 1 U P 3p_g(W) !
where: p*™ — is the density of gas (liquid)-filled rocks of the corresponding layer.

The type of the pore filler is determined by comparing the calculated velocity of longi-
tudinal waves (for different variants of the types of fluids — pore fillers) and the data of AL,
with the definition of the nearest to the experimental velocity. Due to this criterion, the type
of the fluid is predicted, in accordance with the condition of the minimum of functional F:

F= min {R, B B A} i=ln; (7
where:
F= T1g+iu_rl_VlAL'l:1;
piBY 3P
E=( (10, )p" (3/By o+ 41 )= 4usp) |x
[ 1 sov  IS(w ) A (B B 1
wi,o 3 15u v E
x : T w1 + 4pl T .w _V; !
3(1-9, )p!p; 3(1-9; )0/ p;
i=2,n-1: k=n-12;
F=[n-v, | i=n; $=0; p=80MIla; =N(3/B;”+4u?)/3p;,~ V|, i=Ln.
Fy, ..., F4 —modules of deviations of the calculated velocities of longitudinal waves for

variously saturated rocks from the values obtained according to AL for each of the studied
layers (the rest of the notation — see formulas (Eq. (1)—(4)) and in the text).

Using an adequate mathematical model, the prognostic technique along with the deter-
mination of porosity and the prediction of the type of a pore filler gives an opportunity to
obtain a complete description of the elastic and collector characteristics of the rocks in each
section to determine the modulus of compressibility (B), shear (i), Jung (£), volume compres-
sion (K), Poisson coefficients (v), velocity of elastic waves (Vg, Vp), V¢/Vp parameter, density
(p), pressure (p) according to AL.

The parametric base and empirical relations for the WOGR. A parametric base is necessary
for predicting by our theoretical and empirical technique of construction of the necessary
empirical ratios. There are examples of prediction calculations below, with using such bases
(Table 1) obtained from the core research data.

Since it is difficult to obtain the values of rock compressibility, we propose a way of ob-
taining them by the results of the measurements of elastic waves velocities. Consequently,
for a reliable prediction for a particular well with a specific composition of rocks, the data
are calculated by specially derived formulas based on the mathematical model. These data
are calculated by the values of volumetric waves velocities obtained from the core and well
research.

For the explanation of symbols see formulas (Eq. (1)—(4)) and in the text.
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Fig. 2. Compressibility vs. pressure (left bottom) and porosity (right top) for the parametric base of the WOGR
(see Table 1).
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In the absence of the experimental values of V¢ from the data of AL, such values are cal-
culated by theoretical formulas and elastic parameters of rocks using the core research data.
The values of compressibility of dry rocks in each layer are calculated taking into account
the values of compressibility and share modulus of the adjacent layers (by formulas (Eq. (2))
and (Eq. (3))).

To calculate the values of compressibility in each of the conditional layers of a well section,
as indicated above, using the parametric base data, the empirical relations of compressibility
with porosity and pressure are constructed applying the least squares method (LSM). For the
general parametric base of the WOGR (see Table 1), the linear relation of compressibility and
porosity is determined in the first approximation. The effect of pressure is also determined
(Fig. 2).

Here and below in correlation relations pressure p is measured in MPa, porosity ¢ —in %.

B (9) =P, (0.2360+1.567), B"(0) =P, (4.94p""™). (10)

However, since the effect of porosity and pressure on compressibility is complex and in-
terdependent that is multiplicative (see below), then the optimized general empirical relation
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Fig. 3. Compressibility vs. porosity and the porous fluid type, developed from the averaged values of the veloc-
ity of longitudinal waves for collectors the WOGR (left bottom) and calculated from empirical relations for the
parametric base of rocks the WOGR (right top).

of compressibility, porosity and pressure (Eq. (9)) is as follows:
B (p,0) =B, (4+Cp+Dip*) . (11)

For the parametric base of the WOGR, the relation (11) for rocks with a liquid pore filler
(see Table 1) is obtained by LSM

B (0, ¢)=B, (1.587— 2.278p107* +0.301 p_0‘197¢) . (12)

Distinguishing oil and water. The fluid in rock pores significantly influences the nature of
propagation of elastic waves in rocks. The solution to the system of equations of the predic-
tive technique (Eq. (1)—(5)) and the predictive functional (Eq. (7)) possess high sensitivity to
a change of these elastic characteristics (Fig. 3). Therefore, our technique provides a reliable
prediction of the type of a pore filler. This applies not only to the distinction between gas and
liquid. The characteristics of the pore fillers — liquid and gas — varyconsiderably (Fig. 3,
right top). The elastic characteristics of oil and water differ less (Fig. 3, left bottom). However,
they are sufficient for their clear differentiation in conventional rock collectors.

In addition to the basic technique (according to functional (Eq. (7)), the distinction be-
tween oil and water in rock pores of wells is constructed in two variants — by the values of
compressibility of rocks or the density of the pore filler.
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Distinguishing oil and water by compressibility of the fluid as a pore filler. Fig. 3 (left bottom)
shows the results of calculating the compressibility by the formulas used in the technique for
variously saturated rocks.

The calculation was made using the averaged values of the velocity of longitudinal waves
for water-oil and gas-saturated rocks from the WOGR. To have a clear comparative picture of
the behaviour of compressibility of variously saturated rocks, depending on their porosity, the
calculated compressibility values for each type of the pore filler were extrapolated by using
the linear relation and the corresponding graphs were constructed based on these expressions.

Similarly, plots of the compressibility behaviour are obtained depending on the porosity
of rocks with a dry and liquid filler based on empirical relations (12) (Fig. 3, right top). It is
clear that the difference between the compressibility values of variegated samples of rocks in
all cases is expressive and sufficient for a clear diagnosis of the type of the pore filler in the
layers of reservoir rocks under this parameter.

Table 2 demonstrates the differences between the values of compressibility predicted by
the technique for various samples of sandstones and limestones.

Table 2. Comparison of the values of compressibility for saturated by water,
oil or gas samples of sandstones and limestones of the WOGR

The sample of rock
q) =11 %: p=10 Mga; pT=2630 kg/m3 Bwater/ﬁoil Bwater/ﬁgas ﬁoil/Bgas
Clay limestone 1.40 3.23 2.31
Sandstone 1.46 3.68 2.52

Distinguishing oil and water by the density of the fluid as a pore filler. The density of res-
ervoir water is known to be 1000—1150 and even up to 1450 kg/ms, due to impurities of salts;
the density of oil/gas condensate in layer conditions reaches 600—850 kg/m3. This makes it
possible to distinguish between oil and water in the pores of rocks by determining the density
of the fluid — the pore filler. We developed the method of distinguishing the type of the fluid
according to its density based on the mathematical apparatus of the prediction technique.

Arelation is used between the total volume density and the density of the rock mineral,
its porosity and the density of the pore filler. It is expressed by the mean time equation (the
Willy—Gregory—Gardner equation). From it the formula for determining the density of fluid
p" is derived:

p"=[(6=1Dp"+p. ]/, (13)

where ¢ — is a porosity of the i-th layer of the rock in the well, pT, p', p", — are the density
values, respectively, the solid component of the rock, the total bulk density, fluid density in
pores — all for the i-th layer.
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On the other hand, the volume densities for each of the specimen of the rock of the i-th layer
are calculated according to the experimental values of porosity and the values of densities of
a liquid pore filler and a solid component of the rock. Based on them, the empirical relation
of the volume density and porosity is developed to obtain such values of density (p,,) in the
i-th layer. In addition, for calculations by the formula (Eq. (13)), density value p’, is obtained
by taking into account geostatic and hydrostatic pressures.

The results of determining the type of a pore filler by density are illustrated by the example
of the prediction of the fluid type for layers with water in depth intervals 182.4—182.8 m and
195.6—195.8 m in the section of the 3-Buchachska well (Table 3).

To determine the densities of the pore fillers, the volumetric densities of the rocks in these
layers (the third column of Table 3) were used. Densities in the fifth column of Table 3 are
calculated by the equation of the mean time. In accordance with the values of porosity in the
layers, the density of the liquid pore filler was calculated: 968, 963 and 962 kg/m3 (the fourth
column of Table 3). For the average value of porosity (9.34 %), in the layers average value
of the volume density of the rock is 2466 kg/m® and the density of the fluid is 964 kg/m?. It
indicates the pore filler of these rocks with a deviation of 3.6 %.

Table 3. The results of the calculation of the volume density of rocks and the density of
the predicted fluid-water in reservoir conditions for 3-Buchachs'ka well by the theoretical
and empirical technique

Calculation results from the theoretical and empirical technique Deviation of the calculated

for layers with the pores filler — water (pl=1000 kg/m3) value of the liquid density

and the density of the solid phase of the rock (pT=2682 kg/m3) from the experimental one

Layer, m ¢’ % ptrstralum’ kg/m3 pw' kg/m3 Do kg/mS pl_ pwv %

182.4 10.38 2503.5 968 2507.4 3.2
182.6 8.63 2533.6 963 2450.5 3.7
195.6 9.00 2527.2 962 2440.6 3.8
On the average: 3.57

Fig. 4 demonstrates the results of the calculation of the volume density of rocks and the
density of the predicted fluid-water in reservoir conditions obtained for the 3-Buchachska
well from the theoretical and empirical technique.

Testing such a distinction by means of the predictive technique on other real data showed
a deviation of the calculated fluid density from the actual one within the range of 3—8 % (in
average, 5.5—5.6 %).

Variants of the technique by using the data of other logs. For the cases of AL data lack
for specific wells or sections intervals, variants of the theoretical and empirical technique are
developed using the data of other logs and the development of appropriate correlation rela-
tions. These include, in particular, gamma-logging data, electric logging data and wave first
inputs data by the offset method [Skakalska, Nazarevych, 2015a, 2016b].

Reliability of predicting the type of pore-fillers in the sections of wells on these variants
of the technique is confirmed by matching the obtained values of porosity and the type of a
pore filler in the corresponding intervals of sections with the results of industrial geophysics
(see below).

The variant of the technique involving data of gamma-ray logging. Since gamma-logging
does not give data directly related to the velocities of longitudinal waves, the known ratios
were used to determine the clay content ¢ of clay layers and the coefficient of porosity by
AL (¢, ) [Skakalska, Nazarevych, 2016b]:

0o = (48.54A1, +3.092) 100, §ry.cr, = 0o +0.204(9,, —0.07), (14)
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Fig. 5. The general algorithm of the predicting program (left) and fragments of programs for determining the
type of the pores filler: «Predict-OGC-F» (in Fortran — right top) and «Predict-OGC-S» (in C# — right below)
[Skakalska et al., 2017].

as well as the equation of the mean time for porosity
0, =100(AT, - AT, )/(AT, - AT,). (15)

Here AT} — is interval time in the layer; ATy — is interval time by AL; AT, — interval time
in a porous fluid, which allowed us to take into account /g-intensity of gamma radiation in
mR/h. The parameter is reduced to the dimensionless value by a division into unit intensity.
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The correlation relation is derived between the intensity of gamma radiation and the basic
parameters of the technique:
— for porosity

1+ Al
¢AK=0,204(0,039—0,485A2Y)( v Yj; (16)

v

— for velocity of longitudinal waves

VA< = AL [ AT"AL +0,00204(AT' — AT")(0,039-,485AL ) (1+ AL ) | i =T.n (17)

L istudyasta wer M)

3-Buchachs'ka well

Fig. 6. Localization of the investigated wells on the schematic tectonic map of the Western oil-gas bearing region
of Ukraine [Krups'kyy, 2001].
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This variant of the technique is tested on the data of wells 3-Buchachs'ka, 15-Ludyns'ka,

4-North

Zarichnians'ka [Skakalska, Nazarevych, 2016b; Skakalska et al., 2017] (see below).
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Nazarevych, 2015a,b] from the predictive technique (blue — water, yellow — gas)
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Variant of the technique involving data of electric logging (the method of self-polarization

potentials). For the calculations, the expression is used for the relationship of parameter o
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Fig. 8. The logging diagram of all section (on the top) and the interval 2263.9—2320.4 m (below) of the 15-Ludyn-
ska well (on the left) and prediction by the technique using gamma-log data [Kurovets et al., 2012; Skakalska,

Nazarevych, 2015a,b] (on the right).
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Fig. 9.The 1-Lishchyns'ka well. The column «Acoustic log» presents the results of industrial geophysics. In the
column «Predicting by the technique», the colours indicate the type of the pores filler in each layer: gas — yellow,

water — blue. The column «Porocity», «Vg,, «Vp , «V/Vp» shows the change of these parameter values, according
to the prediction by the technique [Skakalska, 2014a,b; Skakalska, Nazarevych, 2015b, 2016b].

with the porosity and clay content in the layer:
(PAL:(pcl(z_aps)' (18)

Further, by the equation of the mean time for porosity, the velocity of longitudinal
waves is determined. With the application of this variant of the technique, prediction for
2-Zarynchans'ka and 23-Orkhovyts'ka wells was successfully performed [Skakalska et al.,
2017].

Program-methodical complexes. For the practical realization of the developed theoretical
and empirical technique for hydrocarbons prediction in well sections and its variants, special
calculation algorithms and the appropriate software packages are developed in Fortran en-
vironments («Predict-OGC-F») and C# («Predict-OGC-C») [Skakalska et al., 2017] (Fig. 5).

The compilation is made of the Tables — databases, in particular, compressibility and share
modulus for variously saturated rocks, including the velocity data of elastic waves in the Excel
environment. In Excel empirical relationships are also developed for the prediction by the
technique, the statistical analysis of the input data and the calculated values of different rock
parameters and visualization of the calculation results (see below) [Skakalska, Nazarevych,
2014—2016; Skakalska et al., 2017].

The results of the approbation of the technique

Calculations were performed for Buchachs'ka, Lishchyns'ka and Ludyns'ka wells in prog-
nostic productive structures and well-known hydrocarbon deposits of the Zaluzhans'ka,
Zarichnyans'ki, Nyklovyts'ki, Orchovyts'ka oil and gas structures ofthe WOGR of Ukraine
(Fig. 6) with characteristic types of rocks in sections (Fig. 7—9) using the predictive technique
[Skakalska, 2014—2016; Skakalska, et al., 2017].

3-Buchachs'ka well. A depth of the 3-Buchachs'ka well is 4.4—2250.8 m. It penetrated
clay-carbonate rocks, densified with marl-limestone varieties. The prediction of elastic param-
eters, the coefficient of porosity, the pore filler (for layers of 0.2 m thickness) in the section of
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Pore filler H, m o % v, Vs VoV, o, Kg/m'
Gas 639,50 17.85 281585 174577 0.61998 23429
641,00 13,88 3010,84 1892,2 : 24113
Gas 646,50 16,5 288191 1795,52 062303 23662
E 650,00 15,66 2923.75 1827.04 2380.6
Gas 654,00 1353 530,74 1832,39 0.62523 2382,5

Indication of gas presence in the reservoir rock

H m " Logging curves Paus %

6403 ‘i

E ~S
E S =S

_6505

Fig. 10. The result of the prediction according to the technique for the interval 641—654 m in the 2-Zarichnians'ka
well section and the corresponding fragment of the logging diagram (below) with the result of industrial tests
(according to UkrSGRI, 2015).

this well in the basic version of the technique and gamma-logging [Skakalska, Nazarevych,
2015a,b] are in a good agreement with the data of industrial geophysics [Kurovets et al., 2012].

Fig. 7 shows a section fragment with a defined, mainly water-filled collector.

15-Ludyns'ka well. A depth of the 15-Ludyns'ka well is 19.3—3230.5 m. It penetrated
sandstones and carbonate-terrigenous rocks. Predicting is madeusing the technique of the
gamma-logging data [Skakalska, Nazarevych, 2015a,b]. Figure 8 demonstrates a fragment of
the results. The result of the industrial geophysics research (pink and grey in Fig. 8) and the
results of the theoretical and empirical technique (green in Fig. 8) coincide (gas is predicted).

1-Lishchyns’ka well. A depth of thel-Lishchyns’ka well is 2020—3540 m. It penetrated Silurian
organogenic Devonian carbon, argillites, siltstones and sandstones. The prediction is made
by the basic variant of the technique (Fig. 9) [Skakalska, 2014a,b; Skakalska, Nazarevych,
2015b, 2016b]. A depth of the interval, the type of the pore filler (gas) and porosity are cor-
rectly calculated — the result of the theoretical and empirical technique coincides with those
of industrial geophysics [Kurovets et al., 2012; Krups'kyy et al., 2014].

2-Zarichnyans'ka well. A depth of the 2-Zarichnyans'ka well is 0—865 m. It penetrated
increased clay alluvial deposits, which are cemented and composed of solid debris (con-
glomerates, gravelites and sandstones). Predicting is performed with the technique of the
offset data and the gamma logging data. The results are consistent with the data of industrial
geophysics (UkrSGRI, 2015) concerning the distribution of elastic wave velocities (Vg, Vp),
density (p), Vs/Vp parameter, the pore filler type and porosity (¢) (Fig. 10, the interval of the
section with gas, 641—654 m).

Statistical studies of petrophysical and reservoir characteristics of WOGR rocks. To im-
prove the reliability of predictive estimates for the theoretical-empirical technique, empirical
relations for a number of specific types and subtypes of reservoir rocks available in the sec-
tions of the corresponding wells were investigated and established in addition to statistical
studies of relations for the general parametric base of the WOGR. For this purpose, the data
were used for the compressibility of varieties of sandstones of WOGR for different depths/
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pressures (the data are given by G. Petkevych), velocities of volumetric waves for sandstones
of deep wells of the Precarpathian region (the data are from T. Verbytskyy) and for limestone
species (the data are from I. Kurovets).

Statistical estimates for basic empirical relations. For the general parametric base of the
WOGR, the results of the regression analysis were used to obtain estimates of standard devia-
tions for coefficients of the formulas (10) between compressibility and porosity, compressibility
and pressure, respectively:

B"(¢) =B, ((0-236+0.105)¢+(1.567+0.170)),

B” (p) =B, (4.924£2.391) p ©OH0% (19)
B,= (1,578 + 0,11811)-(0,003 = 0,00303)-p + (0,302 £ 0,01273)-(p-(0,198 £ 0,00789))-p
|p=1MIIa| ¢p=1% e sum of the first two terms The third lern‘ Amount of terms|p,(p,¢)

By 1,5780D,1181 11,5750 n,onsoou]n,nosns 1,8770  |1,8770|p,(p,¢)cep{0,0000
Max | + f,6961 12,0048 12,0048 B (pg)maxc
Min - 4500 11,7401  |1,7401]  P/(poluin

Ap, = P,2362 02557 10,2557 P (pohaxc—poluin|
= 1 Bdpio) = (1,335 £ 0,40344)+(0,244 + 0,2928)-p + (1,187 + 0,5067)- p—(0,278 + 0,0978)-¢

0= 1 The sum of the first two lerms The third ter Amount of terms|p,(p.¢)

B, 1,33500,40344 i.s';ﬂﬂ 0,2440 | 0,2028 1,18?&0,506? 1,1870 n.z?snln,ug'ia 12,7660 2,7660) B,(p.mlcep] 0,0000
Max + 1,?334] 2,2752| 0,5368 1,6937 13,9689 3.9589I Bdp.oImarc
Min - P9316 0,9804| 0,0488 10,6803 1,6607 [1,6607] B (pp)min

AB,= 8069 1,2049| 0,4880 1,0134 _ 2,3083  |2,3083{p,(p.p}waxc-f(p.g)uin

Fig. 11. Calculation of multiplicative corrections for pressure and porosity for compressibility using empirical
relations (20) and (21).

Similarly (with the estimates of standard deviations for the coefficients), general empirical
relations are derived among pore compressibility, porosity, and pressure for rocks with both
a liquid pore filler and dry:

B (p, 0)=B, ((1.578i0.118)—(0.003i0.00303) p+(0.302£0.013) p*("'”f‘i""’“)q)); (20)
B (p, )=, ((1.335 +0.403)+(0.244£0.293) p+(1.187+0.507) p‘“’”gi""’%)q)) . (21)

The obtained empirical relations (20) and (21) give almost the same compressibility value
of the solid phase of rock at zero porosity (Ap;<0.4 %), which confirms a good agreement
among the empirical expressions of the connection of compressibility, porosity and pressure
for dry and fluid-saturated rocks with the relevant characteristics. These and the above results
justify the use of the derived relationships in the predictive technique.

A multiplicative component of the effect of pressure and porosity on compressibility.
The study of statistical relations between elastic and reservoir parameters of rocks showed a
complex interrelated (multiplicative) effect of porosity and pressure on their compressibility
and elastic wave velocities. Therefore, the empirical relations in the form of (Eq. (11), (12),
(20) and (21)) describe such effect much better than the sum of relations by (Eq. (10) and (19)).
From the analysis of the obtained empirical relations (Eq. (20) and (21)), we see that the ten-
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sor parametric and nonlinear-elastic influence of porosity and pressure (the multiplicative
component of pressure and porosity — the third term in formulas (Eq. (20) and (21))) is much
stronger than the effect of pressure (the linear component, the second term). A pronounced
difference is observed for rocks with a liquid fluid (Eq. (20)), where the compressibility of
pores (due to filling them with a slightly compressible liquid pore filler) is much less. The
multiplicative correction for pressure and porosity in compressibility calculations is deter-
mined from relationships (Eq. (20) and (21)) (Fig. 11).

For example, to determine a correction for porosity for each value of porosity, the value of
compressibility is calculated by the formula (Eq. (20)) (see Table in Fig. 11, the third column
to the right).

At zero porosity, the sum of the first two terms corresponds to compressibility of the solid
phase of the rock sample under study. For other porosities, the difference between these val-
ues will be a correction for the particular value of porosity. The approximation curve obtained
for such differences for a discrete number of porosity values gives an expression by which
the correction value is calculated for each porosity. Determining and reducing the multipli-
cative correction for the both parameters (p and ¢) in predictive calculations, we obtain the
compressibility value of the solid rock matrix and the possibility to determine the rock type
in each layer of the well section using the known data from the previous laboratory studies
without mining and the core studies of the particular well.

Specified empirical relationships for different types and subtypes of reservoirs. For the
refined prediction of the oil and gas potential of section of specific wells with the known
composition of rocks, it is advisable to use specified empirical relations developed especially
for such rocks. To perform this, we obtained such relations according to G. Petkevich data
(Table 4) for porous (Eq. (22)), compacted (Eq. (23)) and dense clay (Eq. (24)) of the WOGR'
sandstones with estimates of the standard deviations of the corresponding coefficients for
the degree of compressibility vs pressure

B (p. ¢)=B, ((2.9391 0.033)—(0.012+0.001) p +(0.272£0.004) p‘(°-251*°'°°2)¢) : (22)
B (p, ¢)=B, ((2.700i 0.059) - (0.003+0.001) p +(0.252£0.007) p*(°'3‘6i°'°°7)¢) : (23)
By (p, 0)=B, ((1.960 +0.073)—(0.008+0.002) p+(0.216+0.016) p*("‘l“i"m)q)). (24)

Table 4. Numerical estimates of the compressibility and porosity of sandstone samples

Paramotor Sandstone type
Porous Compacted Clay dense
o, % 87<¢<23.1 54<¢<139 33<¢<9.1
B=B, 10" Pa! 3.20<B<11,70 2.80<B<7.6 20<p<43
Ad 14.4 8.5 5.8
AB 8.50 4.80 2.30
Mean changes in compression with increasing porosity in sandstone subtypes
AB/A 0.59 0.56 0.40

Since our special studies have shown that the logarithmic dependence of compressibility
on pressure has a better agreement with the real data than power equations, empirical for-
mulas have been constructed in the form of a logarithmic dependences of compressibility on
pressure for varieties of WOGR' sandstones. For example, for porous sandstones, we have:
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Bl (p, ) =B, (2.939+0,033)~(0.012+0.001) p+((0.295+0.002) — (0.053+0.03)In(p) ). (25)

P

The extend of the improvement of the predictive result is estimated for each sandstone
samples. For example, for porous sandstones, experimental compressibility values were se-
lected for samples with the porosity 9.4, 19.6, 23.1 %. For them, compressibility calculations
were performed with power and logarithmic dependences on pressure. Table 5 presents the
obtained average relative deviations from the experimental values of compressibility.

Table 5. The average relative deviations calculated for different approximation depen-
dences of the compressibility values of f on experimental values

The average relative deviations from the

o % experimental ones, % AB(P)=B ,(0)-B,(p) :(Bl?pﬁ)(f[;g fzgi/zﬁl(p)
By (p)=Dp" Pa(p)=K+TIn(p)

9.4 6.75 3.57 3.18 0.47

19.6 11.36 7.14 4,22 0.37

23.1 12.7 8.34 4.36 0.34

We observe a significant improvement of the compressibility calculation for these samples
of porous sandstones (1.89; 1.59 and 1.52 times, respectively).

In general, the compressibility value obtained by logarithmic dependences for the range
of porosity and pressure in the parametric base of various sandstones from the WOGR differs
from the experimental ones by 3.5—8.5 %, which is on average 1.7 times better than by the
dependences used earlier.

Conclusions. This paper presents a new theoretical and empirical technique for predict-
ing the elastic characteristics and the oil, gas or water content of well sections according to
acoustic logging data, as well as its variants by using data from other logs of the studied wells,
by applying the compressibility parameter of rocks as the key parameter. The technique is
effective for predicting elastic and collector characteristics of rocks of well section and for de-
termining the type of the pores filler (oil-gas-water). We propose three ways of differentiation
of the pore fillers: by the functional, by compressibility and by the density of the pore fluid.

The empirical relations are determined among compressibility, porosity and pressure of
multi-saturated collector rocks for a number of specific characteristic types of collectors
(porous, compacted and clay dense sandstones, etc.). The statistical estimates are obtained
for the corresponding coefficients of such dependences. The study and determination of a
multiplicative correction for pressure and porosity allows us to determine the type of rock in
the well section without the core studies. The use of the logarithmic pressure dependence for
this correction (and for empirical dependences in general) increases the accuracy of calcula-
tions by the factor of 1.7 compared with the power approximation used earlier.

For the well sections studied, a technique is developed for the detailed prediction of the
fluid type and the corresponding set of petrophysical and collector rock characteristics. A
positive feature of it is the ability predict effectively thin layers filled with hydrocarbons with
shale crack ability.
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TeopeTuko-aMnupuyecKast METOAMKA IMTPOTHO3UPOBaHUS
YIA€BOAOPOAOB B pa3pe3ax cCKBakKnH. HoBble acIieKTbI

A. CKaKaAbCKa}Il, A. HasapeBqu, B. KocapthZ, 2021

1
Kapnarckoe otperenue Mucturyra reodpusuku uM. C.1. Cy6oornra HAH Ykpaunel,
ABBOB, YKpanHa
2 ABBOBCKMI HAI[MOHAABHELI arpapHBIY YHUBEPCUTET, ABBOB, YKpauHa

ITpepcTraBaeHa pazpaboTaHHAS TEOPETUKO-3IMIMPUYECKAsT METOAUKA IPOTHO3UPOBAHUS He-
(PTEera3oHOCHOCTHU ITIOPOA B pa3pe3ax CKBaKUH II0 AQHHBIM aKyCTHYE€CKOTr'0 KapOTa’ka M KEPHOBBIX
uccaepoBannii (KM) 1 ee BapuaHThI C UCIIOAB30BaHUEM AQHHBLIX APYTUX KapOTa’KHBIX METOAOB,
a Tak’Ke anpodanus ee AAd UCCAEAOBAHUS I'€OAOTHUYECKUX Pas3pe30B CKBAKUH 3allaAHOTO He-
drerazonocuoro perunoHa (3HI'P) Ykpaunsl. MaTeMaTUueCcKuY amnmnapaT CO3AAHHON METOAVUKH
0a3upyeTcss Ha MaTEMATUYECKOM MOAEAU TBEPAOU IMOPUCTOU TOPHOU IIOPOABI, SMIUPUYECKUX
COOTHOIIEHUAX MEKAY VIPYIUMU U KOAMEKTOPCKMUMU XapPaKTEePUCTUKAMU F'OPHBIX IIOPOA U AQH-
HBIX aKyCTHYeCKOrO KapoTa’ka 10 KOHKPETHBIM UCCAEAYEMBIM CKBa’KUHAaM. KAtodeBEIM B pac-
JeTax SIBASIETCS ITapaMeTp CKMMaeMOCTH ITOpPoA. THII 3alIOAHUTEAS TIOP TOPOABL (BOABI, HeTH,
rasa) IPOTHO3UPYETCs ITyTeM CpaBHEHUSsI Pe3yAbTATOB pacdeTa CKOPOCTEN 110 TEOPETUUECKUM U
SMIMPUYECKUM 3aBUCUMOCTAM M (DAKTAUYECKUX AQHHBIX AK, II0 CKUMaeMOCTH UAM I10 IAOTHOCTH
(bAIOMAQ — 3ATIOAHUTEAS IIOP.

PaspaboTaHbl AOITOAHUTEABHBIE BADUAHTHI METOAUKY Ha OCHOBE KOPPEASIIMOHHBIX 3aBUCH-
MOCTEU U AQHHBIX APDYTHX KapPOTa*KHBIX METOAOB — IraMMa-KapoTayka, SAEKTPOKAPOTa’ka, METOAA
odceToB U cericMOKapoTayka. OHU UCIOAB3YIOTCSI B CAydae OTCYTCTBUs AaHHBIX AK AAs mccae-
AYEMBIX CKB&KUH UAM OTAEABHBIX MHTEPBAAOB UX Pa3pPe30B, a TAKKE AAS IIOBBILIICHUS HAAEK-
HOCTU IPOTHO3UPOBAHUA He(PTEra3oHOCHOCTHU 3TUX pa3pe3os. [IporpaMMHoOe obeclieueHne AN
peaam3anuu MEeTOAUKU pa3paboTaHo B cpepax Fortran, C# u Excel.

MeToprKa anpoOMpoBaHa Ha AQHHBIX CKBaJKUH CTPYKTYP 3allapAHOroO He(hTera30HOCHOTO pe-
rMOHA YKpauHsl (AUITUHCKON, Bydankoi, AyAnHCKON, 3aAy>KaHCKOU, 3apUUHAHCKOM, HUuKAOBUII-
KoM). MeToauka oOecrieunBaeT Hape KHOe IIPOTHO3UPOBaHNe TeTPO(PU3NIECKUX XapaKTePUCTUK,
IIOPUCTOCTU U He(PTETa30BOAOHACHIIIEHHOCTHA IIAACTOB IIOPOA PA3AUYHOU TOAIIUHEI (BKAIOYAS
ToHKMe nAacTel — oT 0,1—0,2 M) B pa3pesax CKBa’KUH. AAsSI 3TOTO B AOTIOAHEHNE K AQHHBIM O0OIIel
rnapaMeTpudecKoln 0a3sl IOPOA-KOANEKTOPOB PETHOHA UCIIOAB3YIOTCS CIIEIIUAABHO IIOCTPOEHHELE
II0 pe3yAbTaTaM aHaAM3a NeTPO(PU3UYECKUX XapPaKTEePUCTUK PA3ANYHBIX KOHKPETHBIX TUIIOB U
IIOATHUIIOB HOPOA-KOAAEKTOPOB 3HI'P yTouHeHHEBIe DOMIIMPpUYECKHE COOTHOLIEHUS A HUX.

KAaAroueBble CAOBa: TEOPETHUKO-3MIMPUYECKAss IPOrHO3HAs METOAMKAE; HedTeraso-
BOAOHACHIIIEHHOCTE IIOPOA,; Pa3pe3 CKBAKUHEL, aKyCTUYECKUU KapOTasK; KEPHOBBIE HCCAEAOBA-
HUS; TIOPOAAQ-KOANEKTOP; IOPUCTOCTD; CKUMAEMOCTh; KOPPEASIIMOHHBIE COOTHOIIEHUS; 3allaAHbII
He(Tera3oHOCHBIU PETUOH YKPAWHEL.
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L. SKAKALSKA, A. NAZAREVYCH, V. KOSARCHYN

TeopeTuKo-eMnipnyHa METOANKA MPOTrHO3YBaHHA
BYIT'A€BOAHIB Yy po3pi3ax cBepAAOBHH. HoBi acniekTu

A. CKaKaAbCIxKal, A. Ha3apeBI/1q1, B. Kocapqpmz, 2021

Kapnarckoe Bippirnenus [nctutyTy reodiszuku iM. C.I. Cybotina HAH Ykpainy,
ABBiB, YKpaiHa
2 \BBIBCBHKUI HAI[lOHAABHUI arpapHUU YHIBEpCUTET, ABBIB, YKpalHa

HaBepeHO po3poOAEHY TEOPETUKO-EeMIII PUYHY METOAUKY IPOrHO3YBAHHA HaPTOTa30HOCHOCTIL
IIOPiA Y PO3Pi3ax CBEPAAOBUH 3a AQHUMU aKyCTHYHOI'O KapOTaKy I KEPHOBUX AOCAIAKEHB Ta 1l
BapiaHTH 3 BUKOPUCTAHHSAM AQHUX IHIIUX KAPOTAXKHUX METOAIB, @ TaKOJK alpoOallito il AAST AO-
CAIAJKEHHS T€OAOTIUHUX PO3Pi3iB CBEPAAOBUH 3axXiAHOrO Ha(TOra30HOCHOI'O PErioHny YKpalHMU.
MareMaTUYHUY anapaTr CTBOPEHOI METOAUKHU 0a3yEThCSI Ha MaTeMaTUYHIN MOAEAL TBEPAOL IIOPUC-
TOI I'ipCBKOI IIOPOAY, €MIIIPUYHUX CIIIBBIAHOIIEHHIX MiXK IIPY’KHUMU i KOAeKTOPCBKUMHU XapakK-
TEPUCTUKAMHU TPCHKUX IIOPIA I AQHUX aKyCTUYHOTO KapOTaKy 10 KOHKPETHUX AOCAIAKYBAHUX
CBepANOBHHAX. KATOWOBUM y pO3paxyHKax € napamMeTp CTUCAUBOCTI HOPiA. [TopucTicTs nopia, i
IIPOTHO3YBaHHS TUITY 3alI0BHIOBAYa 0P (BOAW, HA(TH, ra3y) BU3HAUEHO IIIASIXOM ITOPiBHSIHHS pe-
3YABTATIB OOYMCAEHHS IIIBUAKOCTEN 3@ TEOPETUYHUMHU Ta EMITIPUYHUMU 3aA€KHOCTSIME 3 (paKTHU4-
HUMU AaHUMU AK, 3a mapaMeTpoM CTUCAMBOCTI ITOPiA, 3@ I'YCTUHOO (DAIOIAY — 3allOBHIOBAYA IIOP.

Po3pobaeHO AOAAQTKOBI BapiaHTHM METOAUKU Ha OCHOBI KOPEAIIIMHUX 3aAeKHOCTEM 1 AaHUX
IHINTUX KAPOTAKHUX METOAIB — raMMa-KapoTasKy, EAeKTPOKAPOTaxKy, METOAY O(PCETIB i celicMOKa-
POTaxy. Ix BHKOPUCTAHO B pasi BiacyTHOCTI AaHUX AK AN AOCAIAKYBAHUX CBEPAAOBHH YU OKpe-
MUX IHTEPBAAIB 1X pO3Pi3iB, @ TAKOXK AAS MIABUILIEHHSA HAAIMHOCTI IIPOTHO3YBaHHA HA(WTOIra30HOCHOCTL
nux po3pisis. [TporpaMHe 3a0e3neueHHs AAD Peanisallil METOAUKH PO3POOAEHO B CEPEAOBUINAX
Fortran, C# Ta Excel.

MeToAMKY almpoOOBaHO Ha AQHUX CBEPAAOBUH CTPYKTYP 3aXipAHOTo perioHy YKpainm (Ai-
IIMHCBKOI, byuanekoi, AyAUHCBKOI, 3aAy>KaHCBKOI, 3apiuHaHCbKO1l, HUKAOBHUIIBKOT). MeToapuKa
3a0e3neuye HaAliHe NPOTHO3YBAHHA IIETPOPI3UYHUX XapaKTEPUCTUK, IIOPUCTOCTI I HadTOra-
30BOAOHACHUYEHOCTI IIAACTIB ITOPiA Pi3HOI TOBIIMHY (30KpeMa TOHKHMX IAAcTiB — Bip 0,1—0,2 M)
Yy po3pi3ax CBEpAAOBUH. AAd IBOTO K AOIIOBHEHHS AO AQHMX 3araAbHOI IapaMeTpU4HOI 0asu
IIOPIiA-KOAEKTOPIB perioHy BUKOPUCTAHO CIENiaAbHO MOOYAOBAHI 3@ pe3yAbTaTaMU aHaAI3y IIe-
TPO(I3NYHUX XaPAKTEPUCTUK PI3HUX KOHKPETHUX THUIIB I MATHUIIIB ITIOPIA-KOAEKTOPIB YTOUHEHI
€MIIIpUYHI CHiBBIAHONIEHHS AASL HUX.

KAI040Bi CAOBa: TEOPETUKO-EMITIPUYHA IPOIrHO3HA METOAUKA; HA(DTOra30BOAOHACUYEHICTE I10-
pia; pO3pi3 CBEPAAOBUHY; aKYCTUYHUU KAPOTaK; KEPHOBI AOCAIAJKEHHS; IIOPOAA-KOAEKTOD; IIOPHUC-
TiCTh; CTUCAUBICTD; KOPEASIIIMHI CIIIBBIAHOIIIEHHS; 3aXiAHUM HA(PTOTa30HOCHUY PErioH YKpPAalHU.
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