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Po3pobaeHO MeTOA BU3HAUEHHSI HOPMAAbHUX KOMIIOHEHTIB TeH30pa Hallpy>KeHb B Ae-
(popMOBaHUX I'€OAOTIYHIX CEPEAOBHUIIAX Ha OCHOBI 6a3 AQHUX Ire0(Pi3NIHNUX AOCAIAKEHD
TANOOKHUX CBEPAAOBHH. Te-0peTHYHOI0 OCHOBOIO METOAY € aKyCTHUUHI CIIIBBIAHOIIIEHHS He-
KAQCHYHOTO AiHeapu30BaHOTO IIIAXOAY HEAIHIMHOI eracTopAMHaMIKU. OTpHUMaHO aHaAITUYHI
(OpMyAHN PO3PaxyHKy HAIIPY>KeHb B TEOAOTIYHOMY CEPEAOBMUII y BUIIaAKaX MaAUX i Be-
AMKUX AePOPMYyBaHb. BUKOPUCTAHO AaHI reO(i3UYHUX AOCAIAKEHb CBEPAAOBUH, PO3Ta-
moBaHux B [liBAeHHOKacHificbkkoMy 6aceliHi. CKAaA€HO TOHKOIIIapyBaTi OAHOBUMi-pHI
MOAEAL cepepOBHINA 3@ MIBUAKOCTSIMU IIOIINPEHHS MO3A0BXKHIX I MOIEepeuHUX XBUAD,
LIIABHOCTIO Ta AITOAOTI€IO MOPiA. TOBIMHA KOJKHOTO IIapy MOAEAEU CTAHOBUTH KiABKA
CAHTUMETPIB, IKMU AOPIB-HIOE KPOKY CIIOCTEPEsKEHb 3a PO3Pi30M CBEPAAOBUHU. AAS Bpa-
XyBaHHS BIAMBY 3MiHU TePMOOAPUUYHUX YMOB I'€OAOTIUHOTO CEPEAOBHUINA Ha aKyCTHUYHI
BAAQCTUBOCTI ITOPIA A@HI KOJKHOI MOAEAI, 110 BIAHOCSATBCS AO OAHIET 1 Ti€l 5K AITOAOTII ITOPIA,
PO3UAEHOBAaHI Ha KAACTEPH 3 3aCTOCYBAHHAM IITYYHUX HEUPOHHUX MepesK. 3a MOAEASIMHI
AASI KOJKHOI AITOAOTII TIOPIA 1 KAaCTepa AQHUX PO3PAaXOBAaHO 3HAYEHHS MOAYAIB IIPY>KHOCTI
2-ro i 3-ro HOPSAKIB i HOpMAABHUX KOMIIOHEHT TeH30pa HallpyKeHHs. BUsgBAeHO, 1110 IIpY-
>KHI MOAYAL 3-T0 TOPSAKY HabaraTo UyTAUBIIIL A0 MiHAWBOCTI IPY’KHUX BAACTUBOCTEN
CEepeAOBUINA, Hi’XK MOAYAL 2-To mopsaaKy. OTpuUMaHi YMCeAbHI pe3yAbTaTH 3a BCiMa KAa-
CTepaMu KOJKHOI AITOAOTII ITO-pip ycepepHeHi. [Tpu 11bOMY KIABKICTB I1apiB CEpEAOBUILA
110 KOKHOMY KAACTepy AQHUX BUKOPHCTAHO SIK Baru. A IIpU OCepeAHeHi pe3yAbTaTiB 3a
BCciMa IIOpPOAAMHU, K Baru BUKOPUCTAHO KiABKICTB IIapiB cepepOBHIa 3@ KOJKHOIO I0-
poAOI0. BBUEHO 3aA€KHOCTI MiK YMCEABHUMM 3HAaUYeHHSIMU HOPMAaAbHUX KOMIIOHEHT
TeH30pa Hallpy>KeHHs, 1110 CIPUYNHEH] Te0OCTaTUYHUM TUCKOM, i aHaAOTIYHUMM BeAMYMHA-
MM, BUKAMKQHUMU reOANHAMIYHUMHU 3MiHaMU BiAIIOBIAHOT'O KOMIIOHEHTA TeH30pa Hallpy-
>KeHHs1. BUgB-AeHO, 1110 Hallpy’KeHHs, 3yMOBA€HI Te0CTaTUUYHUM THUCKOM, iCTOTHO HUIKYi,
Hi>K HalIpy>KeHHs1, 3yMOB-A€HI reOAHaMiYHMMU 3MiHaMu. OTpUMaHi aKyCTHYHI (hopMyAn
MAIOTh 3MOTY BU3HAQUUTU HANIPY’KEHHS B 'eOAOTIUHOMY CepPeAOBHII OYAL-SIKOTO periony
3 ypaxXyBaHHSM BIAUBY CydaCHUX I'eOAMHAMIUHUX IIPOIleCiB.

KAro4oBi cAoBa: aKyCTUYHI CIIIBBIAHOIIIEHHS, HATIPY KEHHS, MOAYAB IIPY>KHOCTI, IIPY>KHL
XBUAL, reoi3nuHe AOCAIAKEHHS CBEPAAOBUH, KAACTEP AQHUX.
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Introduction. The non-classically linear-
ized approach (NLA) of nonlinear elastody-
namics [Abasov et al., 2000; Alexandrov et al.,
2001; Vyzhva et al., 2005; Guliyev et al., 2011,
2016; Guliyev, 2018b] has found wide use in
researches of various problems of modern
geodynamics and seismic exploration. The
basis of this approach is the study of the prop-
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agation of elastic waves in the pre-stressed
media [Biot, 1965; Guliyev, Dzhabbarov, 1998;
Guz, 2004; Akbarov, 2015; Guliyev et al., 2018;
Guliyev, 2018a]. The use of the NLA allows
bringing complex nonlinear problems of dy-
namics to well-studied linear problems by
non-classical linearization (linearization is not
carried out in a small neighborhood of the un-
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deformed state and in a small neighborhood
of the current state in contrast to the classi-
cal theory of elasticity and linear waves). In
this case, all nonlinearities are included in the
coefficients of the equation of motion in dis-
turbances as known functions or parameters.

The use of the NLA in tasks of processing
and interpretation of results of well-logging
operations (WLO) [Guliyev et al., 2016] and
seismic explorations [Guliyev et al., 2011] al-
low obtaining new quantitative results for the
kinematic and dynamic parameters of elastic
waves [Guliyev, Dzhabbarov, 1998], finding
out the reason to obtain large and negative
values of Poisson's ratio [Guliyev, 2000] in
studies of problems of seismic explorations.
It is shown [Guz, 2004] that experimentally
observed effects in compressible concerning
rigid materials in the theory are well described
in case of involving elastic potentials of the
Murnaghan type and using «true» velocities.
Therefore, the use of the NLA in problems of
geophysics, seismology, in particular seismic
exploration requires a preliminary determi-
nation of elasticity moduli of the third order
along with the linear physical and mechani-
cal properties of the geological medium that
characterize nonlinear deformation. The ex-
perimental results of these rocks are almost
absent for rocks of the sedimentary series
[Bayuk et al., 1988]. Exceptions make up re-
sults [Bakulin, Protoseniya, 1982; Yin, Rasolo-
fosaon, 1994, Alexandrov et al., 2001; Guliyev
et al., 2016]. A theoretical method based on
database of wells is proposed for their deter-
mination to fill this gap [Guliyev et al., 2016].

The influence of initial stress on the nature
of the propagation of elastic waves in rocks
and sands has been experimentally studied
[Li, Tao, 2015; Teachavorasinskun, Pongvi-
thayapan, 2016]. Another interesting variant
of study of effects of initial stress is suggested
[Tromp et al., 2019]. The main linear and non-
linear physico-mechanical properties of the
geological medium, the kinematic parameters
of elastic waves, and the main components
of the stress tensor are analytically related
to each other in acousto-elastic correlations
in the NLA. The values of the principal com-
ponents of the stress tensor are determined
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considering different options of the theory of
initial deformation using these correlations
and database created [Guliyev et al., 2016]
in this manuscript.

The proposed approach fundamentally dif-
fers from the existing approaches of determi-
nation of paleostress based on focal mecha-
nisms of earthquakes [Balakina et al., 1972;
Reinecker et al., 2005; Aghayeva, Babayey,
2008]. It is known that the type of stress state
is approximately determined using the prin-
ciples [Gintov, 2005; Anderson, 2007] on type
of fracture in this approach. At the same time,
the stress-strain state is characterized by the
orientation of the main axes of normal stress.
This approach is more acceptable if there are
large fractures in the studied region. Never-
theless, the resulting deformation modes are
conditional. These methods are good when
there are data on the signs of the first arriv-
als of pressure waves for a large number of
seismic stations for earthquakes with a magni-
tude of M>4. The advanced CASMO method
is also used on the project of construction the
World Stress Map [Reinecker et al., 2005;
Miiller et al., 2005]. At the same time, events
are grouped using the so-called Composite
Focal Mechanism (CFM) and single focal
mechanism (SFM) [Heidbach et al., 2004].

Acoustic correlations obtained [Guz, 2004]
in linear approximation (concerning acting
stress) for compressible rigid isotropic bodies
with an elastic potential of the Murnaghan
type have been successfully applied in devel-
oping the basis of a non-destructive ultrason-
ic method to determine uniaxial and biaxial
stress in solid bodies [Guz et al., 1974; Guz,
2004]. The method is based on laws of the
propagation of elastic waves in compressible
concerning rigid materials with initial stress
applied to infinite bodies and intended for
materials such as metals and alloys and for
determining stress when its value is less than
the durability limit.

This method is developed to determine
quantitative values of basic components of
stress tensor at the point of the geological
medium, i.e. in local zones, which have the
highest values in oil field geology during
drilling and operation of wells.
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All modern geodynamic changes related
to neotectonics, seismicity, the action of mud
volcanoes, the fragmentation of separate
blocks, the drilling of deposits, the intensity
of hydrocarbon extraction, water injection
and other tectonic impacts without exception
arereflected in the velocities of elastic waves.
Therefore, they are also taken into account
while determining stress along with the influ-
ence of general tectonic processes.

Database. Thin-layered one-dimensional
models (1D) are used on velocities of pressure
and shear waves, density of rocks of data on
lithological dismemberment of the geological
medium while calculating the elasticity mod-
uli as source data. The models are constructed
according to data of well-logging operations
of various types of two wells located in the
South Caspian basin [Babayev, Gadzhiev,
2000]. Wells are highly oil and gas bearing.
The depth interval of explorations on wells
1 and 2 is 600—3800 m and 2500—5800 m
accordingly. Geophysical measurements in
each well are made with a step of 10 cm. This
step is taken as the thickness of each layer of
the medium. Layers with anomalous values of
physical parameters arising due to technical
reasons have not been used in the calculations
while measuring well logging. The lithologi-
cal section of the first well mainly consists of
5 types of sedimentary rocks. Codes of lithol-
ogy of rocks are indicated: 1 — anhydride; 2
— green and gray argillite, shale, clay, com-
pacted clay; 3 — brown argillite; 4 — sand,;
5 — siltstone, silt [Guliyev et al., 2016]. The
lithological section on the second well con-
sists of 4 types of rocks: 1 — clay, argillite,
schist; 5 — silt, siltstone; 7 — gypsum anhy-
dride; 9 — sand, sandstone.

The distance between the wells is several
tens of km. The same stratigraphic boundary
opened by these wells differs approximately
2200 m on depth. Therefore, the rocks of the
same layers of the medium along these wells
are in different temperature and pressure con-
ditions. Therefore, the petrophysical proper-
ties of the same rocks along the wellbore dif-
fer significantly.

Further, some petrophysical features of
rocks of the studied medium are considered

TI'eogpusuueckutl xyprnar Ne 6, T. 41, 2019

according to well logging data 1. The correla-
tions between seismic velocities and density
of rocks have been constructed (Fig. 1). Ve-
locities of pressure (V) and shear (V) waves
vary on the same types of rocks at constant
value of density in a wide range.

The value of velocity, as well as its disper-
sion also increases due to increase of density.
There are no univocal correlations between
velocity and density.

The numerical values of V¢ and Vg with
variations increase due to increase of geo-
static pressure (Fig. 2). It follows from the
figure that values of velocities differ accord-
ing to lithologies of rocks. It can be seen on
the graph as a band of values of velocities at
close values of pressure. Here, the dispersion
of values of velocities on the pressure wave
is greater than on the shear wave. It is due to
the oil and gas content of rocks of separate
layers of the medium. Thus, unlike the pres-
sure wave, the velocity of shear wave almost
doesn't depend on fluid saturation of rocks
[Garotta, 2000].

Graphs show that correlations between the
values of V', Vgand density differ significantly
according to lithology of rocks and vary for
rocks of the same lithology depending on the
pressure in the medium. It should be noted
that layers of the medium belonging to the
same lithology actually differ in composition
of rocks. Data are divided into clusters to con-
sider these factors while calculating elastic
properties of rocks of the same lithology. It
allowed determining layers of the medium be-
longing to one and the same lithology which
have similar laws on change of pethrophysi-
cal properties depending on the change of
pressure.

Data on layers of the medium related to the
same rocks are divided into 10 clusters using
neural networks in this manuscript [Poulton,
2002; Chashkov, Valery, 2011]. Optimal values
of parameters of clusterization have been de-
termined by testing.

The values of Poisson's ratio, elasticity
moduli of the 3rd order a, b and c are calcu-
lated using well logging data according to the
method [Guliyev et al., 2016]. The nature of
the distribution of values of moduli differs in
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well 1 and 2 significantly. The large disper-
sion of values of elasticity moduli along the
wellbore mainly characterizes thin layering
and strong contrast of elastic properties of the
medium (Fig. 3, a and 4, a). Comparison of
dispersions of values of velocities, Poisson's
ratio and moduli a, b and c show that elasticity
moduli of the third order are much more sen-
sible to variability of properties of the medium
than moduli of the second order.

Values of moduli a and b have positive and
negative values with high dispersion. Depths
with positive values prevail in the module a
(Fig. 3, b), and negative values in the module
b (Fig. 3, ¢). Similar nature of change of mod-
uli values is observed on well 2 (Fig. 4, q, b).
Values of moduli c are constant within each
data cluster (Figs. 3, c and 4, c). Values c vary
on clusters and rocks. Its value generally in-
creases in depth. Such a nature of the elastic-
ity moduli is observed according to the data
of both wells.

Analysis of the used initial data on density
of rocks, velocities of propagation of pressure
and shear waves, Posson's ratio, elasticity
moduli and a, b and c show that they have
high quality. These data reliably characterize
acoustic and elastic properties of the studied
complexly constructed geological medium
and are used to determine stress state further.

Basic calculation formulae. The basic ki-
nematic parameters of propagating elastic
waves in deformed media satisfy the follow-
ing acoustoelastic correlations [Guz, 2004]:

_ 0 0 0

b =a,,6,, +a,,6,, +a,;65;,
_ 0 0 0

b, = a,6,, +a,,6,, +a,,63;, (1
_ 0 0 0

b; = a;,6, +a3,0,, + a3,05; .

Based on these correlations of the NLA to
calculate the basic components of the stress
tensor we find:

ol 4l
oAl T 4l
A
Gé’ﬁ%,lflolio )

Where the following symbols are taken:
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a, dp 4y b a, a;
Ay=|ay ay ay|, 4=|b a, ay;|,
ay 4y Ay b, ay, a;
a, b a;
4, =|ay b, ay|,

4,=|a, ay, b . 3)

Specific structures of elastic potentials
should be set and forms of elastic oscillations
(«true» or «natural» velocities) should be se-
lected [Guz, 2004] to carry out the calcula-
tions. The algebraic expressions have been
obtained while using the «true» velocities,
the theory of large initial deformations and
the elastic potential of the Murnaghan type
for the elements a; and b; (=1, 2, 3; j=1, 2, 3)
determinants [Guz, 2004]:

a, =2(A+p)(2A+4p+2b+c)+
+2(a+b)u+3Ku,

a,=2(a+b)u—r(2h+4p+2b+c)

a,=2(a+b)pu—1(2r+4p+2b+c)

a, =(k+u)[l+%J+b+3Ko,

a, :(k+2u)(1+4£)+b,

n
ay, =—27»(1+£J+b,
4p
a, =(x+u)(1+%]+b+31<0,
a32=b—2k(1+£),
4p

as, =(k+u)(1+4£]+b,

n

b =3K,u(A+2 %—1
1 Ou( + H) C2 1

10
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b, =3K,u| =211,
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Fig. 1. Dependencies of velocities of pressure and shear
waves on density of rocks of various lithology. Well 1.

Fig. 2. Correlations of velocity of pressure and shear
waves on geostatic pressure on rocks of different lithol-
ogy. Well 1. Colors lithologies are shown in Fig. 1.

Fig. 3. Distribution of values of Poisson's ratio depending on the depth of different rocks of the medium according
to well 1 logging data. Colors lithologies are shown in Fig. 1.
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Fig. 4. Distribution of values of Poisson's ratio depending on the depth of different rocks of the medium according
to well 2 logging data.

Fig. 5. Correlations between normal components of  Fig. 6. Correlations between normal components of
stress tensor on well 1. stress tensor on well 2.
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b, =3K Cas 1 4
3 oM Cfo ' ( )
where K, A, p — elasticity moduli of the sec-
ond order; a, b, c — elasticity moduli of the
third order in the deformed (P#0) medium,;
Cr1r Cipor €3 — velocities of pressure SH and
SVtypes of shear waves accordingly propa-
gating along the axis /x1, sx2 and sx3 in the
deformed medium (P=0); C,, — pressure ve-
locity, C; — velocities of SH and SV types of
shear waves in the undeformed (P#0) medium,
accordingly.

Directions of axes in the medium are: /x1
(Z-vertical), Ix2 (X-horizontal), [x3 (Y-horizon-
tal).

The elements are determined according
to the following correlations in case of the
second version of the theory of small initial
deformations [Guz, 2004]:

a, =2(A+p)(A+2p+2b+c)+
+2(a+b)u+3K,pn
a, =2(a+b)pu—r(A+2u+2b+c),
2(a+b)p—A(A+2u+2b+c),

ay

2(7\,+},L)%(7L+2u)+b+31(0 N E)

aZZ:—X+£(X+2p)+b,

4

a,, =—k—£+b

uw
(k + Zu) C
4p

a,, =—k—@+b

u
C(?»+2u)+

4p

!

a;, =2(h+p)+ +b+3K,,

!

b.

ay, =—h+

It's possible to obtain calculation formulae
similar to (4) and (5) while using «natural»
velocities based on the acoustoelastic correla-
tions [Guz, 2004].

Numerical results and discussion. The
data given in Fig. 5 and Fig. 6. are separately
averaged to obtain values of elasticity moduli
on the entire well. At the same time, the num-
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ber of medium layers for each data cluster is
used as weights using the same lithology of
rocks. The number of medium layers for each
rock is used as weights while averaging the
results for all rocks. The obtained values of
elasticity moduli on the entire well are given
in Table 1 and Tab. 2. The numerators contain
the results related to the first version of the
theory of small and the theory of large initial
deformation. Forms of elastic oscillations are
modeled considering «true» velocities. The
results obtained within the second version
of the theory of small initial deformation are
given in denominators in Tab. 1.

The results of the calculation of normal
components of stress tensor are given in Table
2. The last columns contain the results of cal-
culating the Lode-Nadai coefficient [Gintov,
2005; Gzovsky, 1975].

Simple analytical expressions are obtained
to calculate the principal components of the
stress tensor in the geological medium using
the Lagrangian method of describing its non-
linear deformation.

The results given in Table 2 show that the
calculated values of the normal components
of the stress tensor don't differ qualitatively
within the various versions of the theories of
initial deformation. In this case, all the nor-
mal components of the stress tensor are com-
pressive. The values of the stress within the
second version of the theory of small initial
strains are larger than similar values to the
theory of large initial deformation.

The studied medium has a complex geolog-
ical structure and a thermobaric state. There
is a high-amplitude anticline structure and
thick layers with anomalous high plastic pres-
sure. The rocks of separate layers are saturat-
ed with oil and gas [Babayev, Gadzhiev, 20006].

A comparative analysis is carried out to de-
termine the reliability of the obtained results.
The correlations between the stress compo-
nents are studied. The results of this manu-
script (points on the graph) and the results of
the standard calculation of stress components
(continuum line) caused only by geostatic
pressure are used [Gintov, 2005].

The correlation between G?, and ng is
shown according to well data in Fig. 5. The
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Tablel.Numerical values of elasticity moduli

‘Well number| p, GPa A, GPa a, GPa b, GPa ¢, GPa
| 4,249 11,509 372,609 -188,713 14,945

4,249 11,509 307,770 —144,122 -39,890

9 6,532 14,847 401,953 -266,311 21,655

6,532 14,849 333,011 —206,465 -57,033

Table 2. The numerical values of the normal components of the stress tensor
in case of using the elastic potential of the Murnaghan type

Well 0 0 0 Lode-Nadai
number 0y, GPa 0y, GPa 03, GPa coefficient
1 -0,05655 —0,03597 —0,0359% —1,000000
-0,06603 —0,03597 -0,03597 —1,000000
9 —0,11123 —0,07026 —0,07026 —1,000003
-0,12677 —0,08905 -0,08905 —1,000000

graphs of correlations are constructed on
each lithology of rocks for the cases of the
first version of the theory of small and large
initial (T'1) and the second vaersion of the the-
ory of small initial (T2) deformation. It follows
from the graph that as the values o}, and G5,
increase, their dispersion also increases. It is
explained by the fact that the rocks lying in
the deep layers are in more complex stress
states. The (middle) values o, and G3, aver-
aged on 5 types of lithology of rocks are given.

The continuum line approximates the nu-
merical data of correlations between 0?1 and
oy, well. It means that the proposed method
allows obtaining reliable results.

The highest values of stress components
caused by geostatic pressure (—0,0486 and
—0,0813 GPa) are significantly lower than the
calculated values on o}, and 63, (-0,0656 and
—0,0984 GPa) (see Fig. 5). It shows that there
are other causes of stress occurrence in ad-
dition to forces of geostatic pressure in the
geological medium.

Similar results have also been obtained
on data of well 2 (see Fig. 6). The rocks of
the same stratigraphic complex are in signifi-
cantly higher temperature and pressure con-
ditions than in well 1. Therefore, the values
G?l and ng differ even more from geostatic
pressure according to well data. As intensive
geodynamic processes of a local and regional
character take place in the studied sedimen-
tary cover of 25—30 km capacity. Diapiric and
anticlinal structures have been developed.
The occurred dynamic processes appear in
the form of frequent earthquakes and erup-
tions of mud volcanoes.

Thus, the proposed method allows reliably
determining normal components of stress
state in the geological medium considering
modern geodynamic variability.
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Determination of stress in the geological medium on
the basis of well data using acoustoelastic correlations

H. H. Guliyev, K. B. Aghayev, G. A. Sultanova, 2019

Amethod has been developed to determine normal components of the stress tensor in
deformed geological media on the basis of geophysical deep well logging. The theoretical
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basis of the method is the acoustic correlations of the non-classical linearized approach of
nonlinear elastodynamics. Analytical formulae are obtained to calculate the stress in the
geological medium in cases of small and large deformations. Geophysical well logging data
located in the South Caspian basin have been used. Thin-layered one-dimensional models
of the medium have been compiled on velocities of pressure and shear waves, density and
lithology of rocks. The thickness of each layer of the model is several centimeters, which
is equal to the observations in the well. The data of each model related to the same rock
lithology is divided into clusters using artificial neural networks to consider the influence
of changes of thermobaric conditions of the geological medium on acoustic properties of
rocks. Values of elasticity moduli of the second and third orders and components of normal
stress tensor have been calculated according to models for each lithology of rocks and
a cluster of data. It has been revealed that elasticity moduli of the third order are much
more sensitive to the variability of elastic properties of the medium than moduli of the
second order. The obtained numerical results on all clusters of each lithology of rocks are
averaged. At the same time, the number of medium layers on each data cluster has been
used as weights. The number of medium layers in each rock has been used as weights
while averaging the results for all the rocks. The correlations between numerical values
of normal components of stress tensor caused by geostatic pressure and similar values
caused by geodynamic changes of stress tensor have been studied. It has been revealed
that values of stress bulk caused by geostatic pressure are significantly lower than stress
caused by geodynamic changes. The obtained acoustic formulae allow determining val-
ues of stress in the geological medium of any region considering the influence of modern
geodynamic processes.

Key words: acoustic correlations, stress, elasticity moduli, geophysical well logging,

data cluster.
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