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SUMMARY

The problem of computer modeling of geophysical processes in environments whose
properties change in time is considered. The new theoretical substantiation of approaches to
the method of constructing micromechanical geophysical models of a porous medium with a
liquid is proposed. The current state of the multiphase geological environments modeling is
carried out and the necessity of using nonlinear geomechanics approaches is indicated. The
results obtained earlier within the elastic linear and nonlinear behavior of the medium are
generalized to the case of viscoelastic quasilinear behavior. The method of identification of
creep parameters and permeability of multiphase porous medium and forecasting algorithms
is proposed on the basis of developed numerical-analytical modeling of effective geophysical
properties of fluid-saturated rocks. The stress distribution and crack growth rate in structure
with geophysical parameters predicted are investigated by finite elements modeling. Random
microstructure of natural and man-made internal damage state of the environment is
considered. The model is based on the use of the fundamental relations of the nonlinear
geophysics, Laplace-Carson integral transform and using the corresponding numerical
algorithms.
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Introduction

Computer modeling of geophysical processes in environments, the properties of which change over
time, is an urgent task of modern technologies of geophysical monitoring [Shapiro et al., 2002;
Vyzhva et al., 2005]. A theoretical substantiation of approaches to the construction of
micromechanical geophysical models of a porous medium with a liquid is necessary [Vyzhva et al.,
2019, Maslov 2018]. The analysis of the current state of the problem of building computational
nonlinear models of multiphase geological environments [Vyzhva et al., 2005; Maslov et al., 2019]
shows insufficient attention to the application of nonlinear geophysics. After all, in connection with
the development of computational methods of mechanics and mathematics, there are opportunities to
study complex geophysical processes. It should be noted that the formulation of the problem in the
elastic linear and nonlinear geological media was introduced in works [Vyzhva et al., 2005, Maslov et
al., 2018]. At the same time, the analysis of creep deformations, fracture, and, as a result, changes in
permeability parameters requires further attention. At the same time, there is a need to develop
methods for identifying parameters of creep and permeability of a multiphase porous medium and
forecasting algorithms based on the proposed theoretical approaches. The article proposes a new
approach to the numerical and analytical modeling of the effective geophysical properties of fluid-
saturated rock, taking into account its random microstructure. The model is based on the use of
fundamental ratios of the mechanics of nonlinear viscoelastic solid medium, integral Laplace-Carson
(LC) transforms with the use of appropriate numerical algorithms [Shapiro et al., 2002; Schapery
1990].

Object of research. Formulation of the problem

Usually, clay and porosity coefficients serve as criteria for selecting reservoirs [Shapiro et al., 2002;
Kanaun et al.,, 2020]. The assessment of cracking is performed with the help of acoustic logging,
when interpreting which a significant damping of amplitudes and an increase in interval travel time on
cracked areas are noted [Vyzhva et al., 2005, 2019]. This indicates the presence of a viscous
component in the general deformation of the medium and requires the use of a model of viscoelastic
behavior to analyze the physical and mechanical properties of the porous medium. Therefore, it is
promising to use the viscoelastic model of the environment with further analysis of the reaction of a
complex geological structure to disturbances with different frequencies, and with the use of both
acoustic and electromagnetic fields [Shapiro et al., 2002]. The formulation of the problem in the
elastic model does not provide an opportunity to detect exactly the frequency dependence of the
behavior of a porous fluid-saturated medium on the frequency and shape of the exciting pulse. A
comprehensive analysis of the results of studies of acoustic properties under conditions of variable
pressures provides an opportunity to qualitatively determine the features of the structure of the hollow
space of rocks. As a typical structure for further analysis, we will consider a terrigenous rock, which
consists of a clayey viscoelastic matrix interspersed with linear elastic grains of quartz and calcite,
and which contains different-format fissure-pore space. Let us further consider the class of rocks with
a continuous matrix phase, which contains mineral inclusions and pores of various formats [Maslov et
al., 2018]. The mineral matrix is a homogeneous continuum, the physical and mechanical behavior of
which is described by the corresponding viscoelastic model [Maslov, 2008, 2022]. Thus, to a first
approximation, calcareous sandstone in the mesoscopic scale is considered as a matrix-inclusion
system. Clay minerals form the matrix phase, which is supported by grains of calcite and quartz. One
or more phases of the medium can exhibit nonlinear behavior, which is described by hyperelastic
models of the Murnaghan type (compressible rocks) or Mooney-Rivlin (incompressible case) [Maslov
etal 2018]. In [Maslov et al. 2017], the parameters of these models are determined for the terrigenous
rock, which consists of a clayey viscoelastic matrix, in which linearly elastic grains of quartz and
calcite are interspersed. The hydraulic fracture crack propagation modeling [Vyzhva et al., 2019;
Kanaun et al, 2020] in multi-component viscoelastic geological media is main idea of this
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investigation. We use the constitutive equations of quasi-linear viscoelasticity [Maslov ,2019; 2022],
namely

o"()=(g*do))=  gt—1)do(t), g=J(t)/J(0),

6]
= 8—W, W =W(e,x,t).
Oe

Here 6°(t) - modified stresses [Shapery, 1990], J(t) - creep tensor function, e(x,?) - creep

e

c

deformations, X - spatial coordinate, ¢ - time. The energy of elastic deformation per unit volume of
the material can be represented by expansion in the Taylor series in the vicinity of the natural,
unstressed state [ Vyzhva et al., 2005, Maslov, 2022]
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where ¢, (x,7) are the components of the linear strain tensor; C,;, - linear elasticity tensor. The third

order elasticity tensor C,

yumn  Characterizes the nonlinear properties of the geological media. The

symmetric Cauchy stress tensor is the gradient of elastic energy in relation to elastic strains
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The relation (3) can be inverted, as a result we get an expression that is useful especially in the
problems of creep geomechanics, where stresses are given, and nonlinear deformations are the result

of modeling
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strain energy determined by the Legendre transformation of the function W (e). The creep strain
tensor can be additively decomposed [Vyzhva et al., 2019] into a deviator part e,(x,t) and a spherical

part e, (x,t), which we define, respectively

e = %tr(e)l, e, =e— %lr(e)l . (6)
Here 1 is the unit tensor of the second rank, thus

e(x’t) :ed(xat)+em(xat)' (7)

In the linear theory of viscoelasticity, the solution of problems can be significantly simplified by using
the correspondence principle. It is natural to generalize this principle to the problem of quasi-linear

. .. . . e ow . .
viscoelasticity [Shapery, 1990]. The concept of modified elastic stresses 6°(¢) = 6_ is used in the
e

simplified versions of the defining equations of nonlinear viscoelasticity. The function W(e) is an

elastic potential. For the analysis of creep problems within the framework of the quasi-linear
viscoelasticity model, we use a modified correspondence principle, different from the one used in the
linear theory [Maslov, 2019]. The dependence of the current viscoelastic stresses on the corresponding

restored elastic (modified) stresses ¢°(¢) is written in the form

o(x,1) = jo h(t —s)%aa—z(e,x,s)ds (8)
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where h(t), by analogy with the linear theory, is the normalized stress relaxation tensor of the fourth

order, a(¢) is the Cauchy stress tensor, 6°(¢) is the hereditary function of the instantaneous elastic
strain.

Boundary value problem iterative solution

The usual approach to the analysis of a nonlinear problem is to perturb the corresponding linear
problem [Maslov, 2008]. The specified surface forces ¢, are defined as functions of x and ¢ on the
boundary 06€ . Mass forces are also given as functions of x and ¢. Here we assume that the reference
configuration is the natural state of the environment, we can write

7)Y 0, (0) ©

where o,(e) is a homogeneous polynomial of s degree . Homogeneity of the environment is not

introduced here, thus, the variables &, and e¢ may depend on the coordinate x. Substituting
expansion (12) into the equilibrium equation, we obtain a sequence of systems of differential
equations and corresponding boundary conditions. The solution of the second-order nonlinear theory
of elasticity is given by the sequence

u? (x,0) =l (x,0)+ w5y (x,1) (10)

Here u'(x,?) is the solution to the problem of the linear theory of elasticity. We use here the integral
representation of the constitutive equations of fractional viscoelasticity [6, 9], and apply the
correspondence principle [Shapery, 1990] to transform the fractional viscoelastic problem into a
similar quasi-elastic one. To do this, we pass from the ¢+ domain of the time variable to the z domain
of the Laplace transform variable

LC{f (O} = f(2)=2[ f(D)e “at (11)

The problem of local equilibrium of the viscoelastic medium in the LC transformation field of
variables can be formulated. By implementing the computational procedure defined by relations (10),
we obtain

) =AVe+d")(@) . (12)
With 4™, e", A7, e, d"™ calculated in [9]. Solution (12) makes it possible to find macroscopic

physical relations of viscoelasticity of the second and third orders of the type (3).
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Figure 1 The stress distribution and crack growth rate in structure with geophysical parameters
predicted (12) are investigated by finite elements modeling
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Conclusions

In the approximation of small deformations, numerical results of longitudinal wave speed calculation
in a fluid-saturated sample were obtained and compared with laboratory experimental data [Vyzhva et
al., 2019]. Based on the conducted numerical experiments, conclusions were made about the influence
of the time factor and the instantaneous elastic nonlinearity of the environment on the dynamic
characteristics of the behavior of a complex environment. In general, a comparison of the obtained
numerical prediction results and laboratory experimental data [Maslov et al., 2017] allows us to
consider the proposed numerical analytical model reliable. The generalization of the proposed model
for the case of large deformations [Maslov, 2019] in a heterogeneous environment with a preliminary
hydrostatic load can be considered one of the promising directions of further research. This will make
it possible to more reliably assess the prospect of exploration and exploitation of compacted reservoir
rocks [Shapiro et al., 2002; Kanaun et al., 2020; Vyzhva et al., 2019].
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