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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, 2016a,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 β 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 the rock (Fig. 1, c), the rock in each layer is represented as a nonlinear-elastic, 

Fig. 1. Model of the well section in predic-
tive technique (b) as a reflection of natural 
structure of the rock strata (a); model of po-
rous rock and its sounding by elastic waves 
of AL (c).
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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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kμ  — 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 (φ=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 n 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:

 ( ) ( )( ) ( )
0, ,g w g wð pfφ φβ = β ; (5)

where β0=1×10−11 Pа−1 — the basic value for the rocks compressibility (coefficient for bring-
ing dimensionless data of table 1 (see below) to real values); ( )( ) ,g w pf φ  — empirical relations 
of compressibility β, pressure p and porosity φ for variably saturated rocks, determined by 
statistical studies.

Ta b l e  1. The experimental values of compressibility βexp 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=pi, МРа 

 j=φj, %
0.1 1.0 2.5 5.0 10.0 20.0 40.0 80.0

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 5.75 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 βexp 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 βi and share modulus μi 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 Vsi

g(w), Vpi
g(w) are calculated, thus linking the 

technique  calculations with the data of AL:
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where: ( )g w
iρ  — 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:
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F1, …, 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 (β), shear (μ), Jung (E), volume compres-
sion (K), Poisson coefficients (ν), velocity of elastic waves (VS, VP), VS/VP parameter, density 
(ρ), 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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In the absence of the experimental values of VS 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 φ — in %.

 ( ) ( )0 0.236 1.567wβ φ = β φ+ , ( ) ( )0.114
0 4.94w ð p−β = β . (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 

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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of compressibility, porosity and pressure (Eq. (5)) is as follows:

 ( ) ( )( )
0,  g w Sp A Cp D pβ φ = β + + φ . (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

 ( ) ( )0.
0, 1.587 2.278 0 0.3014 197 1w ð p p− −β φ = β − + φ . (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.

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).
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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.

Ta b l e  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
φ =11 %; p=10 MPa; ρT =2630 kg/m3 βwater/βoil βwater/βgas βoil/βgas

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/m3, 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.

A relation 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 
ρw is derived:
 ( )1w T

i o′⎡ ⎤ρ = φ − ρ +ρ φ⎣ ⎦ , (13)

where φ — is a porosity of the i-th layer of the rock in the well, ρТ, ρ′о, ρ
w, — 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.

Fig. 4. Changes of average values of 
density for WOGR rocks with increase 
of porosity: 1 — the pores filler – wa-
ter; 2 — oil/gas condensate; 3 — gas.
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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 (ρtr) in the 
i-th layer. In addition, for calculations by the formula (Eq. (13)), density value ρ′о 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/m3 and the density of the fluid is 964 kg/m3. It 
indicates the pore filler of these rocks with a deviation of 3.6 %.

Ta b l e  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
for layers with the pores filler — water (ρl=1000 kg/m3)

and the density of the solid phase of the rock (ρТ=2682 kg/m3)

Deviation of the calculated 
value of the liquid density 
from the experimental one

Layer, m φ, % ρtr
stratum, kg/m3 ρw, kg/m3 ρo, kg/m3` ρl – ρw, %

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 φcl of clay layers and the coefficient of porosity by 
AL (φАL) [Skakalska, Nazarevych, 2016b]:

 ( )48.54 3.092 100cl γφ = ΔΙ + , ( )(A ) A 0.204 – 0.07L GL L cl+φ = φ + φ , (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

 ( ) ( )A A00 – –L L1 l l wT T T Tφ = Δ Δ Δ Δ . (15)

Here ΔТl — is interval time in the layer; ΔТАL — is interval time by АL; ΔТw — interval time 
in a porous fluid, which allowed us to take into account Ig-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
0,204 0,039 0,485ÀÊ I

²
I

γ
γ

γ

⎛ ⎞+ Δ
φ = − Δ ⎜ ⎟⎜ ⎟Δ⎝ ⎠

; (16)

– for velocity of longitudinal waves

 ( )( )( )AK 0,00204 0,039 ,485 1T l T
PV I T I T T I Iγ γ γ γ

⎡ ⎤= Δ Δ Δ + Δ − Δ − Δ + Δ⎣ ⎦ , 1,i n= . (17)

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).

Fig. 7. The fragment of the results of an expanded and refined calculation of values of elastic parameters and the 
type of pore filler in the interval 253.8—266.4 m of 3-Buchachs’ka well section [Kurovets et al., 2012; Skakalska, 
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 αps 

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», «VS», «VP», «VS/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:

 ( )AL 2cl psaϕ = ϕ − . (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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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 the1-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 (VS, VP), 
density (ρ), Vs/VP parameter, the pore filler type and porosity (φ) (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/

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).
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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:

 ( ) ( ) ( )( )0 0.236 0.105 1.567 0.170wβ φ = β ± φ+ ± ,

 ( ) ( ) ( )0.095 0.051
0 4.924 2.391w p p− ±β = β ± . (19)

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:

 ( ) ( ) ( ) ( ) ( )( )0.198 0.008
0, 1.578 0.118 0.003 0.00303 0.302 0.013 w p p p− ±β φ = β ± − ± + ± φ ; (20)

 ( ) ( ) ( ) ( ) ( )( )0.278 0.098
0, 1.335 0.403 0.244 0.293 1.187 0.507 g p p p− ±β φ = β ± + ± + ± φ . (21)

The obtained empirical relations (20) and (21) give almost the same compressibility value 
of the solid phase of rock at zero porosity (ΔβT<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 φ) 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

 ( ) ( ) ( ) ( ) ( )( )0.251 0.002
0, 2.939 0.033 0.012 0.001 0.272 0.004 w

p p p p− ±β φ = β ± − ± + ± φ ; (22)

 ( ) ( ) ( ) ( ) ( )( )0.316 0.007
0, 2.700 0.059 0.003 0.001 0.252 0.007 w

c p p p− ±β φ = β ± − ± + ± φ ; (23)

 ( ) ( ) ( ) ( ) ( )( )0.168 0.106
0, 1.960 0.073 0.008 0.002 0.216 0.016 w

d p p p− ±β φ = β ± − ± + ± φ . (24)

Ta b l e  4. Numerical estimates of the compressibility and porosity of sandstone samples

Parameter
Sandstone type

Porous Compacted Clay dense

φ, % 8.7 ≤ φ ≤ 23.1 5.4 ≤ φ ≤ 13.9 3.3 ≤ φ ≤ 9.1

β = β0·1011, Pa−1 3.20 ≤ β ≤ 11,70 2.80 ≤ β ≤ 7.6 2,0 ≤ β ≤ 4.3

∆φ 14.4 8.5 5.8

∆β 8.50 4.80 2.30

Mean changes in compression with increasing porosity in sandstone subtypes

∆β/∆φ 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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 ( ) ( ) ( ) ( ) ( ) ( )( )0, 2.939 0,033 0.012 0.001 0.295 0.002 0.053 0.03 lnw
p p p pβ φ = β ± − ± + ± − ± φ . (25)

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.

Ta b l e  5. The average relative deviations calculated for different approximation depen-
dences of the compressibility values of β on experimental values

φ, %
The average relative deviations from the 

experimental ones, % ∆β(p)=β1(p)−β2(p) ∆β(p)/β(p)=
=(β1(p)−β2(p))/β1(p)

β1(p)=DpL β2(p)=K+Tln(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 pressu re 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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Теоретико-эмпирическая методика прогнозирования 
углеводородов в разрезах скважин. Новые аспекты

Л. Скакальская1, А. Назаревич1, В. Косарчин2, 2021
1Карпатское отделение Института геофизики им. С.И. Субботина НАН Украины, 

Львов, Украина
2Львовский национальный аграрный университет, Львов, Украина

Представлена разработанная теоретико-эмпирическая методика прогнозирования не-
фтегазоносности пород в разрезах скважин по данным акустического каротажа и керновых 
исследований (КИ) и ее варианты с использованием данных других каротажных методов, 
а также апробация ее для исследования геологических разрезов скважин Западного не-
фтегазоносного региона (ЗНГР) Украины. Математический аппарат созданной методики 
базируется на математической модели твердой пористой горной породы, эмпирических 
соотношениях между упругими и кол лек тор ски ми характеристиками горных пород и дан-
ных акустического каротажа по кон кретным исследуемым скважинам. Ключевым в рас-
четах является пара метр сжимаемости пород. Тип заполнителя пор породы (воды, нефти, 
газа) про гнозируется путем сравнения результатов расчета скоростей по теоретическим и 
эмпирическим зависимостям и фактических данных АК, по сжимаемости или по плотности 
флюида — заполнителя пор.

Разработаны дополнительные варианты методики на основе кор реля ционных зависи-
мостей и данных других каротажных методов — гамма-ка ро тажа, электрокаротажа, метода 
офсетов и сейсмокаротажа. Они исполь зуются в случае отсутствия данных АК для иссле-
дуемых скважин или отдельных интервалов их разрезов, а также для повышения надеж-
ности прогнозирования нефтегазоносности этих разрезов. Программное обес печение для 
реализации методики разработано в средах Fortran, C# и Excel.

Методика апробирована на данных скважин структур Западного неф те га зо нос ного ре-
гиона Украины (Лищинской, Бучацкой, Лудинской, Залужан ской, Заричнянской, Никловиц-
кой). Методика обеспечивает надежное прог но зирование петрофизических характеристик, 
пористости и неф те газо во до насыщенности пластов пород различной толщины (включая 
тонкие пласты — от 0,1—0,2 м) в разрезах скважин. Для этого в дополнение к данным общей 
параметрической базы пород-коллекторов региона используются специально построенные 
по результатам анализа петрофизических характеристик различных конкретных типов и 
подтипов пород-коллекторов ЗНГР уточ ненные эмпирические соотношения для них.

Ключевые слова: теоретико-эмпирическая прогнозная методика; неф те га зо-
водонасыщенность пород; разрез скважины; акустический каротаж; кер но вые исследова-
ния; порода-коллектор; пористость; сжимаемость; кор реля цион ные соотношения; Западный 
нефтегазоносный регион Украины.
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Теоретико-емпірична методика прогнозування 
вуглеводнів у розрізах свердловин. Нові аспекти

Л. Скакальська1, А. Назаревич1, В. Косарчин2, 2021
1Карпатское відділення Інституту геофізики ім. С.І. Суботіна НАН України, 

Львів, Україна
2Львівський національний аграрний університет, Львів, Україна

Наведено розроблену теоретико-емпіричну методику прогнозування нафтогазоносності 
порід у розрізах свердловин за даними акустичного каротажу і кернових досліджень та її 
варіанти з використанням даних інших каротажних методів, а також апробацію її для до-
слідження геологічних розрізів свердловин Західного нафтогазоносного регіону України. 
Математичний апарат створеної методики базується на математичній моделі твердої порис-
тої гірської породи, емпіричних співвідношеннях між пружними і колекторськими харак-
теристиками гірських порід і даних акустичного каротажу по конкретних досліджуваних 
свердловинах. Ключовим у розрахунках є параметр стисливості порід. Пористість порід і 
прогнозування типу заповнювача пор (води, нафти, газу) визначено шляхом порівняння ре-
зультатів обчислення швидкостей за теоретичними та емпіричними залежностями з фактич-
ними даними АК, за параметром стисливості порід, за густиною флюїду — заповнювача пор.

Розроблено додаткові варіанти методики на основі кореляційних залежностей і даних 
інших каротажних методів — гамма-каротажу, електрокаротажу, методу офсетів і сейсмока-
ротажу. Їх використано в разі відсутності даних АК для досліджуваних свердловин чи окре-
мих інтервалів їх розрізів, а також для підвищення надійності прогнозування нафтогазоносності 
цих розрізів. Програмне забезпечення для реалізації методики розроблено в середовищах 
Fortran, С# та Excel.

Методику апробовано на даних свердловин структур Західного регіону України (Лі-
щинської, Бучацької, Лудинської, Залужанської, Зарічнянської, Никловицької). Методика 
забезпечує надійне прогнозування петрофізичних характеристик, пористості і нафтога-
зоводонасиченості пластів порід різної товщини (зокрема тонких пластів — від 0,1—0,2 м) 
у розрізах свердловин. Для цього як доповнення до даних загальної параметричної бази 
порід-колекторів регіону використано спеціально побудовані за результатами аналізу пе-
трофізичних характеристик різних конкретних типів і підтипів порід-колекторів уточнені 
емпіричні співвідношення для них.

Ключові слова: теоретико-емпірична прогнозна методика; нафто газо водо насиченість по-
рід; розріз свердловини; акустичний каротаж; кернові до слід ження; порода-колектор; порис-
тість; стисливість; кореляційні спів від ношення; Західний нафтогазоносний регіон України.


