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Abstract: [Objective] The work is devoted to the study of irreversible deformation of artificial samples subjected to a set
of standard experiments, with an aim to study their mechanical properties. The principal idea of the study is related to the
preparation of an artificial material with an established constitutive behavior model. The existence of such a well-described
material provides future opportunities to conduct controllable experiments on various mechanical processes in rock-like
material for further development and validation of theoretical models used in rock mechanics. [Methods] A set of artificial
samples was prepared for careful assessment through a number of loading tests. Experimental work was carried out to
determine the rheological properties under conditions of triaxial compression tests and uniaxial tension. Triaxial loading
tests are completed for 9 samples with varying radial stress levels (0—5 MPa). The samples are loaded up to the yield point
with control of radial and volumetric strain. The experimental results, which contain the obtained interrelationships
between axial and radial stresses and strains, are analyzed using the Drucker-Prager yield surface. Material hardening is
taken into account through the non-associated plastic flow law with the cap model. Numerical modeling of sample loading
is performed through the finite difference method. Mathematical model parameters are adjusted to minimize the
discrepancy between numerical modeling results and experimental data. The design of a series of experimental studies
necessary to determine all the parameters of the model has been studied. [Results] It is shown that the formulated
mathematical model allows to reliably reproduce the inelastic behavior of the studied material, and it can be used to solve a
set of applied problems in continuum mechanics, the problem of numerical simulation of hydraulic fracture growth in an
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elastoplastic medium in particular. It was found that for the entire range of applied lateral loads (0 — 5 MPa), the elastic
limit varied from 2 to 4 MPa, after which the material began to behave plastically. It was also determined that at lateral
loads = 3 MPa, compaction began to appear in the material beyond the yield point. Judging by the dependence of
volumetric strains under a lateral load equal to 1.4 MPa, compaction should begin to appear even at lateral loads lower than
3 MPa. [Conclusion] Taking the plastic behavior of the material into account is necessary when moving on to modeling
the hydraulic fracturing process in such a material, and the resultant plasticity parameters for the model material can be
used for numerical modeling of elastoplastic deformation of the rock under consideration, including processes such as
hydraulic fracture growth in a poroelastoplastic medium. [Significance] The suggested procedure to interpret results of
experimental studies can be used for further numerical modeling of mechanical processes in rock masses with inelastic
strain accumulation. This opportunity can increase the reliability of geomechanical models used for the optimization of
hydrocarbon fields development.

Keywords: plastic deformation; internal friction; shear strength; triaxial compression; “Brazilian” test; loading diagrams
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strain  localization(Schwab et al., 2017). When

0 Introduction developing such reservoirs, the activation of natural

fractures is observed when pressure fields in the
The mechanical behavior of rocks is governed by

their properties, the stress-strain state and external factors
that cause changes to this state. Solving many applied
problems requires modeling that can predict how
geological media will behave under variable external
loads.

When considering hydrocarbon deposits, we can note
an increase in the number of unconventional reservoirs.
The reservoir properties are determined by systems of

tensile and shear fractures, which result from irreversible

environment change(Jin et al., 2023) or during operations
to intensify the flow, for example, during hydraulic
fracturing (Wang et al.,, 2023). Classical poroelastic
models do not always allow adequate modeling of the
mechanical behavior of rock masses during development
(Weng et al., 2013). This is confirmed by the results of
laboratory and field studies( Fu et al., 2022), highlighting
the need to develop methods of modeling mechanical

behavior of rocks, and to verify the results using
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independent methods.

It is necessary to describe the behavior of the
medium under load to solve problems of rock deformation.
Geological media (soils and rocks) are media with a
pronounced heterogeneous structure. Their behavior
depends on stress state ( Yang et al., 2012) and history of
changes (Sathar et al., 2012). Elastic (Sun et al., 2017)
and strength properties (Chen et al., 2023) depend on the
internal structure of rocks. Depending on the loading
conditions, as well as the structure of the material,
deformation beyond the elasticity limit can vary and is
accompanied by softening and hardening(Bésuelle et al.,
2000; Sun et al., 2017; He et al., 2019). At low pressure,
rocks are usually brittle, that is, grains and bonds between
them are easily destroyed during inelastic deformation.
With increasing pressure, they often behave like
elastoplastic bodies and are destroyed in a viscous manner,
with an accumulation of irreversible strain (Wong and
Baud, 2012). Nowadays, various studies are devoted to
the establishment of theoretical models capable of
adequately describing inelastic deformation. There are
several key directions in current published findings: brittle-
ductile transition, describing the nature of post-failure
2023);

micromechanical aspects of failure processes with special

processes of rock samples(Liu et al,
attention to changes in the inner structure of the rock due
to inelastic strain accumulation(Sun et al., 2020; Tang et
al.,, 2024; Wang et al., 2024). Certain studies consider
inelastic strain accumulation in terms of damage
accumulation with gradual reduction of current elasticity
moduli: anisotropic models are currently being
2022).

simulations of the mentioned processes are currently

developed( Lyakhovsky et al., Numerical
performed with varying theoretical models and numerical

procedures: some are dedicated to dilatancy and
corresponding changes of the internal rock structure
(Rong et al., 2013; Tan et al., 2015), some are more
focused on compaction and seismic = waves
propagation( Omlin et al., 2018; Yarushina et al., 2020)
with particular interest to strain rate dependent models
(Cassiani et al., 2017). Apart from solving typical
geomechanical reservoir problems (wellbore stability,

hydraulic fracture design, etc.), the construction of a

constitutive model is also applied for the characterization
of rock masses using seismic data: a recent study ( Yang et
al., 2024) proposed a method to evaluate rock porosity — a
crucial factor for hydrocarbon reservoir development —
based on triaxial loading tests results. At the same time, it
is reported that a proper choice of the inelastic plastic flow
law considerably effects the solutions of geomechanical
reservoir problems (Amour et al., 2023), proving the
importance of constructing and validating such models.

While compaction and dilation of rock samples in
triaxial loading tests are often taken into account within
theoretical models, both factors are considered in the
models simultaneously. Seldom models( Hajiabadi and
Nick, 2020) have been constructed for both dilatancy and
compaction with a number of limitations related to the
nature of rock stress state and properties (Zhang et al.,
2024). While certain studies were proposed as a basis to
use such constitutive models for crack propagation in
fractured sandstones (Jiao et al., 2024) and coals (Ma et
al.,, 2024), hydraulic fracturing design still requires a
proper formulation of theoretical models and their
validation using experimental data.

Hydraulic fracturing is one of the main methods for
oil recovery enhancement. With the increasing
development of unconventional reservoirs, characterized
not only by low permeability, but also by inelastic
behavior, there is a growing need to study hydraulic
fracturing in such fields. At the same time, the fragility and
plasticity of the rock have significant impact on the growth
of hydraulic fractures, which must be taken into account
when modeling (Van Dam et al, 2002). Basically,
behavior beyond the elasticity limit is considered only in
the vicinity of the fracture tip (Garagash, 2019). The
associated plastic flow law is often used when describing
such processes. But the application of the associated flow
law does not provide quantitative agreement with the
observed data, since the value of volumetric plastic
deformation turns out to be greatly overestimated due to
the fact that the dilatancy and internal friction coefficients
remain interconnected (Vermeer and De Borst, 1984;
Nikolaevskii, 1971). In addition, the description of the
process of irreversible deformation accumulation requires

taking hardening and softening into account.
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It is necessary to conduct laboratory experiments of
triaxial or true triaxial loading and analyze deformation
diagrams of the rock in detail to determine the parameters
of such models. The functionality of the formulated
mathematical model can be confirmed only by means of
numerical simulation with a comparison of the results
obtained with experimental data.

This paper discusses the results of a series of
experiments on triaxial loading of cylindrical samples
using the technical facilities of the collective use center of
the Institute of Earth Physics of the Russian Academy of
Sciences ( Veselovskiy et al., 2022) . Previously, work on
establishing the parameters of the elastic-plastic behavior
model was carried out for certain classes of rocks
(Stefanov et al., 2011; Garagash et al., 2018).

The results of studies on the mechanical properties of
artificial materials were used to determine the parameters
of the mathematical deformation model necessary to
perform numerical modeling. The modeling results are
used to discuss the design of a series of experiments
required for the proper construction of mathematical

models for the inelastic deformation of rock-like materials.

1 Experimental data

The selection and adaptation of the mathematical
model, as well as the determination of its parameters, are
based on experimental data on the behavior of the medium
under external loading. A series of experiments was
carried out to study the mechanical behavior of samples
made of artificial material, which is a mixture of gypsum
and cement at a ratio of 9:1. The use of an artificial
material is due to the need of conducting series of
experiments with samples of the same properties. It is a
well-known problem in the field of reservoir geomechanics
that the mechanical properties of rocks are very volatile,
and it is almost impossible to find a pair of real samples
with similar properties that affect fracture growth,
primarily, defects in the inner structure of the rock. In turn,
the preparation of artificial samples makes it possible to
obtain material with properties of slight variability,
of high

reproducibility. The choice of gypsum and cement and the

providing that experimental results are

particular ratio was based on the criteria of similarity
theory. The detailed explanations of the ratio choice were
given in a separate paper (Trimonova et al., 2017).
Mixture composition was selected based on the need to
replicate the growth of a radial crack propagating in a
homogeneous rock mass at field conditions through a
controllable test at laboratory conditions. Given the size of
the experimental setup for physical modeling of hydraulic
fracture growth, the mechanical parameters of the real
rocks from hydrocarbon reservoirs located in Western
Siberia, and the parameters of gypsum and cement in use,
application of the set of dimensionless parameters (De
Pater et al., 1994) made it possible to determine the
optimal mixture properties used for the study.

To comprehensively study the properties of the
material, two types of studies were performed: triaxial
compression of cylindrical samples and determination of
uniaxial tensile strength using the “ Brazilian”  test
method. These detailed studies of the material made it
possible to establish constitutive relationships and set up
and verify a mathematical model that can be used to
simulate the mechanical behavior of the material.

As part of the first series of experimental studies,
cylindrical samples with diameters of 60 mm and heights
of 120 mm were examined. According to triaxial loading
testing standards, cylindrical specimens with a height-to-
diameter ratio of 2:1 are preferable for rock mechanics
problems (Omar and Sadrekarimi, 2015). The laboratory
equipment used for the current study provides quality
measurements for specimens with diameters between 30
mm and 100 mm (Veselovskiy et al., 2022) and
corresponding heights. In addition, the chosen sample
diameter of 60 mm makes it possible to obtain a sufficient
number of samples from a single series of multiple tests to
increase the accuracy of the experimental results.

The study of scale effects is beyond the scope of this
paper. To examine the physical mechanisms of fracture is
a separate topic that requires special studies using nonlocal
mathematical models. The results of corresponding studies
on similar materials (Williams et al., 2020) make it
possible to assume that the obtained model parameters can
be used to describe the mechanical behavior of the

artificial material.
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An elastoplastic model with a Drucker-Prager yield
surface was chosen to interpret the experimental results.
To carry out calculations for numerical modeling of
deformation processes using the specified model, along
with the dimensions of the sample and its density, it is
necessary to know the following parameters: volumetric
compression and shear moduli, initial cohesion, hardening
coefficient, internal friction coefficient, dilatancy
coefficient, and magnitude of shear plastic deformation at
the peak strength. These parameters were determined using
standard triaxial tests.

Experimental work to study the properties of the
samples was carried out using the GCTS RTR4500
servohydraulic testing facility, belonging to a shared-use
center of the Institute of Earth Physics of the Russian
Academy of Sciences (Veselovskiy et al., 2022). This
setup makes it possible to study samples under conditions
of pseudo- and true triaxial compression. Conduction of
the experiments involved the following steps:

0. Preparation of the samples. A typical procedure
for the sample preparation has been completed before the
experiments. Geometrical properties of the cylindrical
samples were measured with high precision, the surfaces
of the faces were polished and adjusted to maintain a
parallelism error of the faces at a level not exceeding 0.02
mm. At the same time, the experimental equipment was
calibrated using standard aluminum samples with known
properties. The standard samples were subjected to triaxial
loading, and measuring equipment was calibrated to
maintain a relative discrepancy of less than 0.01% between
the tabular elastic moduli in the elastic loading zone and
the corresponding ratios of changes in measured stresses
and strains (Lamé constants were chosen for calibration).
The triaxial loading equipment and measurement system
are described in detail in ( Veselovskiy et al., 2022): a pair
of linear variable differential transformers (LVDT) is used
to control the quality of axial strain measurements:
absolute difference between axial strain measurements
should not exceed 0.001% for successful experiments
('Yimsiri and Soga, 2002) . Radial strain is measured using

a local radial strain measurement system with an LVDT

positioned at the center of the sample. Volumetric strain,

which is an important factor in subsequent analysis, is
measured based on radial and axial strain, taking into
account the effect of “ barrel shape” for a parabolic
profile of the deformed sample (Escribano et al., 2019).
The described measurement system implies that a number
of factors potentially leads to errors in strain
measurements, including: seating, alignment, bedding
errors, and compliance of the loading system. These
problems are solved during the described calibration
procedure for the equipment.

1. The sample, isolated from the penetration of
external substances into it, is placed in the test chamber.
After this, the chamber is filled with technical fluid.

2. The pressure of the fluid around the sample is
increased to a certain specified value. Further, during the
experiment, the fluid pressure is maintained at a constant
level. This confining pressure uniformly applies a load to
the side surface of the sample, corresponding to the radial
stress g,.

Simultaneously with the increase in compressive
pressure, an axial load equal to the fluid pressure is
applied.

3. An additional axial load is applied at top and
bottom of the sample according to the specified
experimental program. Axial load was varied in a way to
maintain the rate of change of axial deformation at a
constant level (107 s™).

4. Loading is stopped and the sample is unloaded
upon the completion of the loading program or when the
sample is destroyed. When the stresses in the sample reach
critical values, a failure occurs, resulting in a sharp
decrease in stress while maintaining a constant rate of axial
strain growth. After the stresses drop, at a moment
determined by the technical operator, unloading of the
sample begins: the axial load also decreases while
maintaining a constant axial strain change rate.

5. After complete axial unloading, the fluid pressure
around the sample is removed, the fluid leaves the
chamber, and the destroyed sample is taken from the
installation.

During the research, the values of the axial and radial

strains of the sample are continuously recorded. Axial

strain is defined as the relative change in the distance
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between the support plates through which an axial load is
transmitted to the sample.

Figure 1 shows typical load-time diagrams (Fig. 1a),
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as well as stress-strain curves (Fig. 1b). The figure shows
that the elasticity limit and strength for the samples under

consideration were quite low.
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Fig. 1 Typical experimental results

(a) Dependence of stress and strain on time; (b) Dependence of axial stress on axial, radial, and volumetric strains

A series of experiments was carried out to study the
effect of confining pressure on the properties of the

material (Table 1). Table 1 shows the values of the

maximum axial stress and volumetric strain achieved. In

general, peak axial stress increases with radial stress.

z1 REWAREH
Table I Confining conditions in a series of experiments
Test set
es. 'se 1 2 3 4 5 6 7 8 9
conditions

Radial stress/MPa 0.1 0.1 0.1 0.1 0.7 1.0 1.4 3.0 5.0
Peak axial stress/MPa 4.4 4.5 4.6 5.5 6.1 5.9 6.4 6.3 5.4
Volumetric strain after complete unloading/% -1.0 -0.9 2.2 -1.3 -0.1 -0.3 0.0 0.5 1.7

In experiments 1, 2, 3, 4, the lowest technically
permissible radial stress was set. This makes it possible to
study the behavior of a sample under conditions as close as
possible to uniaxial compression. The obtained results are
given in Fig. 2. Fig. 2a shows the obtained dependences of
axial stress on axial deformation for all tests; Fig. 2bshows
the dependence of the same parameter on volumetric
strain. Fig. 2b also contains the level of radial stress
maintained for each test in accordance with Table 1.

At the initial stages of loading, an increase in
volumetric strain is observed, corresponding to elastic
compression in all experiments. For the experiments 1, 2,
3, 4, it then begins to decrease significantly and enters the

region of negative values (compressive strains are taken as

positive, and the tensile strains are taken as negative
hereafter), i.e., the volume of the samples increases. After
unloading the sample, the accumulated strain remains, i.e.,
it has a non-elastic (pseudo-plastic) nature. It has to be
mentioned that while the elastic and pre-failure zones of
the loading curves are similar in the four experiments with
low radial stress, the behavior of the samples after
achieving critical axial stress differs considerably. After its
peak, the stress level decreases gradually, but at different
rates for the samples subjected to identical loads. This
results in variation in the accumulated inelastic strain
unloading (~0.60%

experiment 1, ~0.75% for experiment 2, and 1.00% for

observed after complete for

experiment 3). Experiment 4 is not in line with the
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(a) axial stress dependence on axial strain; (b) axial stress dependence on volumetric strain

previous tests as its peak stress level is significantly
higher. We assume that these effects result from internal
inhomogeneity of the prepared samples. Despite the
careful sample preparation procedure, it is a complicated
task to construct a homogeneous mixture with a lack of
inner defects that have a high impact on strength. This
series of experiments has been performed under the same
conditions in order to evaluate discrepancies in loading
curves associated with the sample preparation procedure.
The observed level of discrepancy can be related to errors
in the obtained data that must be accounted for in future
analysis. The values of volumetric strain after unloading
are given in Table Ifor each experiment. An increase in
radial stress leads to a decrease in accumulated tensile
strain. For the experiments with a maintained radial stress
of 0.1 MPa, the accumulated strain is about 1%, but for the
experiments 5, 6, and 7, where the radial stress is
comparable to 1 MPa, the accumulated volumetric strain is
reduced to fractions of a percent. The volumetric strain
graphs for experiments at higher values of lateral
compression have a fundamentally different form
(experiments 8 and 9 with radial stresses of 3 and 5 MPa,
respectively). The volumetric deformation curve deviates
from the line of elasticity to the right. Volumetric
deformations are positive throughout the loading process.
This means that compaction is observed. Experiment 7, in

which the radial stress was maintained at a level of 1.4

MPa, is closest to the boundary between two inelastic

deformation modes (the volumetric strain accumulated by

the sample after unloading turns out to be close to zero).
Thus, the

demonstrated two modes of plastic deformation in the

completed series of experiments
samples, depending on the radial stress ( Stefanov, 2023).
At low values of radial stress (0.1 MPa), a dilatant
deformation mode is realized, accompanied by an increase
in the volume of the sample during plastic deformation. As
the radial stress increases and exceeds 1.3 MPa, a
compaction mode appears, accompanied by compression
of the sample during the entire deformation period. The
results of laboratory studies indicate that to fully describe
the mechanical behavior of the material under load, a
mathematical model is required that takes into account

both deformation mechanisms.

2 Theoretical model

Assuming that strain rates consist of elastic and

plastic parts, the stresses are determined by the ratio:
Gy =A(1=17)6,+2u (&;—¢]), (D
where: g;; are stress tensor components, the dot above
means the time derivative; 4, u — Lamé parameters; / is the
first invariant of the strain tensor deviator, J; is the
Kronecker symbol. Note that in the given relationships, the

rates of change of stresses and strains can be replaced by
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their increments.

Taking into account the obtained data, the
mathematical model should describe the deformation
process in two modes: dilatancy and compaction.
Accordingly, it should consist of two parts. For the first
part, we will take the Drucker-Prager model as a base
model (Drucker and Prager, 1952; Stefanov et al., 2011;
Stefanov and Zharasbaeva, 2022; Stefanov, 2023), and

write the plasticity criterion in the form:
fi=hL—-al,-Y, (2
where I, is the intensity of tangential stresses (the
second invariant of the stress tensor), I; is the pressure (the
first invariant of the stress tensor), @ and Y are coefficients
associated with the angle of internal friction and cohesion.
The increment of the inelastic or plastic part of the
strain tensor, which is calculated when the stress state of
the yield surface is reached, is determined by the flow

equation:

der = 108

Y 00‘,»»’

3>

where g (al-j, ef_’,) is the plastic potential, along the
normal to which irreversible strain develops, o;; are the
components of the stress tensor, and &, are the
components of the plastic deformation tensor. According
to flow theory, plastic deformation develops along the
normal to the plastic potential surface. It is written as
follows:

g§=hL-pl, @Y
where [ is the dilatancy coefficient, which
determines the relationship between volumetric and shear
strains.

During plastic deformation, the properties of the rock
change. Therefore, hardening and subsequent degradation
of the properties take place. In addition, the relationship
between the shear and volumetric parts of the strain
changes. Therefore, to describe the behavior of rocks
beyond the elastic limit, it is necessary that the model
parameters depend on the accumulated irreversible
deformation. For this purpose, we will use the relations
and Prager, 1952;
Zharasbaeva, 2022; Stefanov, 2023). Equation for the

cohesion that describes hardening and softening during

from (Drucker Stefanov and

deformation is written as: ¥ = Yy(1 + h4(Y") — D(Y")), h —
hardening coefficient, A(Y") = 2v’/y", DY) = (Y"I¥')’, ¥ —
intensity of shear plastic strain, e}, =&f,—1/3¢(0;, v —
critical strain, after which degradation of the material
predominates.

The first part of the yield surface, described by
equation (2), corresponds to shear deformation, which is
usually accompanied by dilatancy. According to
experiments 8, 9 from Table 1, at radial loads exceeding
1.4 MPa, compaction is observed in the behavior of the
samples. Therefore, the equation of the yield surface at
pressures above the threshold value o, at which
compaction of the material begins, will take an elliptical

form:

I _ 2 12
:( 1 20'0) +biz_1:O,when11>005 &Y
a

where a =0, —-0y,b =Y +a0, are semi-axes of the

f

ellipse.

During the compaction process, changes occur in the
elliptical part of the yield surface. It can shift along the
pressure axis and expand. In the model, this is described
2011):

0o (e”) = 0p(e* /(" +&7))", where & =¢* is the initial

using the relation (Stefanov et al,
porosity, &” is the volumetric deformation, m is a
parameter.

An important point in describing the irreversible
deformation of rocks is taking into account the dependence
of the dilatancy coefficient on the stress state and the
accumulated volumetric deformation. At a pressure below
the threshold value oy, irreversible deformation develops
in the dilatancy mode, and above it compaction.
Accordingly, the dilatancy coefficient not only changes
depending on the pressure, but also has a different sign in
these regions. To describe this dependence, we use an
expression( Stefanov et al., 2011), which ensures the
necessary continuity and smoothness of the plastic

potential function:

]

L -a)\"
—< ! 0)) ,When0'0<11<0'1.
01— 0o)

—I\"
ﬁo(ao 1) ,When[l < 0y,

Blo,e") = 6)

A detailed description of the mathematical model
used in the work is presented in( Stefanov et al., 2011).

Now the main task is to determine all the parameters
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of the model for its use in calculations. Data from
experiments performed on triaxial loading were analyzed

to do that.

3 Analysis of experimental data and

determination of parameters

Elastic moduli were determined in a standard manner
from the slope of the loading curves. To determine the
model parameters based on the data from the completed
experiments, we used the procedure outlined in ( Stefanov
etal.,, 2011). The points of elasticity limit (2) and ultimate
strength (3) were determined on the curve of stress versus
axial strain (Fig. 3) for each experiment. Point (1) on the
graph corresponds to the values when the nonlinearity of
the initial loading stage becomes insignificant( Grueschow

and Rudnicki, 2005; Stefanov, 2018).

4 Loading
12 curve
£ = = = = Elastic
% 8 3 unloading
g
= / Linear
& 2 ,’ elasticity
< 4 | ’
) O  Critical
’ points
4 /
2 O >
0 0.002 0.004 0.006 0.008
Axial strain

B3 ZARBYRBENLY G HEEX R T A
Fig.3 An example of the dependence of stress on strain obtained

during a laboratory experiment

For each experiment, the dependence of the intensity

of tangential stresses /,:

L=(0,~0,)/V3 @)
on pressure /;:
I, =(0,+20,)/3 (8)
was analyzed to define yield surface parameters.
As noted above, compaction is observed for loading
at high values of confining stress. Therefore, only a
fraction of the experiments is used to determine the
parameters of the linear plasticity criterion (2) using the
least squares method. All experiments, apart from the last

pair (which are characterized by clear compaction — Fig.

2), were studied with respect to the elasticity limit.
Elasticity limit was chosen based on the maximum
volumetric strain during the loading which is in line with
common approaches (Bieniawski, 1967). Given the
possible errors discussed earlier, the error for the definition
of stress state parameters for the elasticity limit was
defined as follows. All stress states with volumetric strain
exceeding 95% of their maximum value were considered
to be within the error bar for the elasticity limit. Equations
(7) and (8) were therefore used to plot the relationship
between the first and second invariants of the stress tensor

at the elasticity limit (Fig. 4).

»

A

& L,/MPa

0 >
0 2 4 6 8 I,/MPa

M 4 Drucker-Prager & it T % # #y il &

Fig. 4 Determination of Drucker-Prager yield surface parameters

It is worth noting that error bars are not symmetric
for one dot corresponding to experiment 7, where the
sample demonstrated a failure soon after the elasticity limit
(Fig. 2). A linear approximation was constructed (dotted
line) using the least squares method: the use of the linear
yield surface defined by Equation 2 proves to be valid
based on the plotted error bars. The resultant yield surface
parameters are: internal friction angle coefficient @ = 0.46,
initial cohesion Y, = 1.03 MPa.

In turn, the critical points obtained during
experiments 8 and 9 should determine the parameters a, b
and ¢, from expression (5). Due to the small amount of
experimental data, a matching condition is additionally
used: the yield function must be continuously
differentiable; therefore, at the matching point with
coordinates (I,", 1,"), the following equations must be
satisfied:

2 5 —00)2b2

R —(al,+ V) )

a
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b=aa(a(IZ(M)> . (10)
(12—0'0)2

These equations meet the requirements of continuity
of the yield function f and its differential. Equations (9)
and (10) establish unambiguous correspondences between
the parameters of functions (2) and (5).

While parameters « and Y are determined according
to the data of experiments 1 — 6, o, requires the use of the
data of experiments 8 and 9. The values (/,", ,) were
taken equal to the critical values obtained for experiment
7, in which the volumetric deformation returned to zero.

Note that there is a certain data spread, which may be
associated with the ambiguity in determining the elasticity
limit.

Neglecting the change in the internal friction angle
during the deformation of the samples, during the
transition from the elastic to the plastic state, and also
taking into account that the final yield surface was
determined more accurately, the initial yield surface was
drawn parallel to it.

From the constructed yield surfaces, the following
were determined: internal friction coefficient a =0.51,
initial cohesion Y, = 0.95 MPa, final cohesion Y = 2.22,
hardening coefficient, respectively, equal to 1.34; as well
as model parameters (5) in the compaction region: for the
initial state a = 1.84 MPa, b = 2.50 MPa, o, = 3.32 MPa;
for the final state @ = 2.88 MPa, b = 4.33 MPa, g, = 4.62
MPa.

The dependence of the increments of the first
invariant of the plastic deformation tensor AV = (g, + 2¢,)/3
on the intensity of shear plastic deformations
y=2(e,—¢)/ V3 was plotted (Fig. 5) to determine the
dilatancy coefficient. To calculate the average value of the
dilatancy coefficient, the increments were determined as
the difference in the values of plastic deformations at
points 2 and 3 (Fig. 3). The value of the dilatancy
coefficient averaged over a series of experiments was
taken equal to 0.09.
tensile

4 Determination of uniaxial

strength

One of the key characteristics of the model material

= 000035 4
Q
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& 0.00015 >
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Shear plastic strain increment
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S5 mMBERENEEREEN X R
Fig. 5 Dependence of the increment of the first invariant of the

plastic deformation tensor on the increment of the intensity of shear

plastic deformations for a series of experiments

that determines the process of occurrence and development
of hydraulic fractures is uniaxial tensile strength. While the
aforementioned mathematical model was successfully
utilized to describe the sample behavior in compressive
stress state, tensile strength is also an important parameter
for constitutive modeling. Therefore, an additional series
of laboratory tests was carried out to determine the
uniaxial tensile strength using the “Brazilian” method. A
view of the laboratory setup is shown in the figure (Fig. 6).

In this series of experiments, described in detail in

o6 “EVEEZET R E B E R

Fig. 6 Destroyed sample after testing using the “Brazilian” method
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(Novikova et al., 2023), samples from a model material
were used. The diameter and length of the samples were 40
mm and 42 mm, respectively. During testing using a hand
press, the sample was placed between parallel steel plates.
The uniaxial tensile strength UTS for such experiments
was calculated using the formula o, = KP/S, where K = 2/n
when loaded with plates, P is the breaking force, and S is
the product of the length of the sample and its diameter.
The test results using the “Brazilian” method are shown
in Table 2.

2 ‘BRABHZE MAER
Table 2 Results of the “’Brazilian” test

Sample Breaking force Uniaxial tensile
number P/kN strength UTS/MPa

1 1.7 0.6

2 2.6 1.0

3 2.0 0.8

4 2.1 0.8

5 1.8 0.7

6 2.3 0.9

From the measurements taken, the average tensile
strength was determined as 0.8 MPa. Note that this value
turned out to be very close to the values of the cohesion

coefficient.

5 Validation of the model based on three-
dimensional numerical simulation

The next stage in constructing a material behavior
model is the clarification of its parameters. It is necessary
not only to check the adequacy of the model to describe
the deformation process, but it is also required to clarify
the parameters due to the ambiguity of their definition and
the spread of the experimental data. Note that this task is
not trivial; as a result of modeling, it is necessary to
reproduce the behavior of samples in a series of
experiments, taking into account changes in their
properties during deformation and dependence on
compressive conditions. For each experiment, it is
necessary to obtain a correspondence between two curves:
the dependence of the axial load on the axial and radial (or

volumetric) strain.

Numerical modeling of the behavior of rock samples
was carried out under the conditions corresponding to the
experimental data. A 3D numerical modeling
program( Stefanov and Bakeev, 2015) based on the finite-
difference method for solving a system of equations for the
dynamics of an elastoplastic medium( Wilkins, 1999) was
used. The loading was carried out very slowly and
smoothly so that the dynamic effects did not have a
noticeable influence on the solution. The application of the
explicit scheme turns out to be very efficient in terms of
computational resources and is also easy to implement
using the parallelization algorithms that are required to
solve 3D problems. The main details related to the
approach used in 2D and 3D formulations are given in
(Stefanov et al., 2011; Stefanov and Bakeev, 2015).

Initial and boundary conditions were chosen to
reproduce experimental setup conditions: a sample,
modeled as a deformable cylindrical body was subjected to
constant radial stress and gradually increasing axial stress.
At the initial loading stage, a uniform pressure distribution
equal to radial stress was stated as an initial condition.
After that, while keeping the load on the lateral faces
constant, the axial displacement of the top and bottom
faces was gradually changed to simulate the kinematic
compression of the core specimens. Axial and radial
displacements, as well as averaged stresses on the end
faces of the specimen, were recorded as output parameters,
similar to the recording of measurements during the
experiments. Localization of plastic strains could be the
only reason for instability in the numerical scheme.
However, the current formulation of the problem does not
allow for localization, which would enable us to address
numerical instability specifically.

Calculations carried out using parameters that were
determined from experimental data (Table 3; Calculation
1) have shown a rather noticeable discrepancy between the
obtained loading diagrams and the experimental results
(Fig. 7; Calculation 1). This discrepancy is due to
averaging the parameters over a series of experiments, as
well as a certain ambiguity in their determination.
Moreover, the discrepancy between different experiments
corresponding to different lateral compression pressure

differs significantly and increases with this pressure. This
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indicates an underestimated value of the internal friction

coefficient and, as a result, errors in calculating the initial

cohesion and hardening coefficients. Therefore, a series of

R3 HEMBENT

Table 3  Specific material properties

calculations was necessary with refinement of the

parameters (Table 3; Calculation 2) until satisfactory

compliance was achieved (Fig. 7; Calculation 2).

Calculation  Density/ ~ Shear modulus/  Compression Initial cohesion/ Hardening Dilation Critical ~ Internal friction MPa K
Oy
number (g/cm’) MPa modulus/MPa MPa coefficient  coefficient strain coefficient >
1 1.66 1276 2586 1.028 1.34 0.09 0.0029 0.46
2 1.66 1517 1980 0.775 1.48 0.09 0.0028 0.68 5.5 0.5
Radial stress —0.1 MPa Radial stress —0.7 MPa
6 4 7]
54 6
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=4 =
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< < 24
1 i
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O e 2 O e 2
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2 4
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Fig. 7 Axial stress dependence on axial strain (red line), radial strain (green line), and volumetric strain (blue line) with different radial stresses.

solid lines—experimental data; dashed lines—calculation with data No. 1; dotted lines—calculation with data No. 2
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As a result, it was possible to find the necessary
values of the model parameters that make it possible to
describe all features of the behavior of the considered rock
samples in the entire range of loading conditions with
satisfactory accuracy. Within the framework of the model,
a series of experiments with different lateral compression
pressures were properly reproduced.

The primary requirement for numerical modeling
results was the proper reproduction of the experimental
data for the major part of the loading process. Moreover,
all components of strain had to be in quantitative
agreement with experiments: it is not enough to
reconstruct only the ‘axial stress vs. axial strain’ curve,
which could have been done without the need to introduce
a non-associated plastic flow law. Axial stress dependency
on volumetric strain appears to be a crucial factor in
evaluating the capability of the theoretical model to
reproduce test results.

The comparison can be seen in Fig. 6, where the
dotted and dashed lines (numerical modeling results)
overlap with experimentally obtained curves for the major
part of the loading. Relative error in the elastic zone
generally does not exceed 5% for the volumetric strain.
After the inelastic strains start to accumulate, the
discrepancy increases. Depending on the simulation
parameters (scenario 1 or 2 from Table 3), the error may
become significant, proving the need to adjust model
parameters — turn from calculation scenario 1 to scenario
2. Lower levels of residual stress correspond to a smaller
numerical

discrepancy  between

modeling  and

B8 fE M A B A X o

Fig. 8 Modeling mesh

experimental data: non-adjusted model parameters prove
to be incapable of reproducing compaction under the given
condition; yield stress level tends to be underestimated for
the unadjusted model. The major disagreement between
obtained results starts after peak stress: as plastic flow law
is used for numerical modeling, the rupture process, which
takes place after failure, cannot be totally adequately
described. Softening of the sample and the following
unloading require a separate modeling procedure with the
proper parameters introduced. Within the scope of the
current study, we abstain from considering the post-rupture
process, limiting the model solely to the pre-failure
process. The adjusted model provided numerical results
with the highest discrepancy at a level of approximately
10% for residual stress of 3 MPa, which is within the
acceptable range for typical reservoir geomechanics
problems, where the primary uncertainty factor is an
estimation of in-situ stresses from geophysical data.

The deformation of the specimens was modeled on
the adapted computational mesh shown in Fig. 8. For the
numerical method used, such a grid is suitable and also
very simple to generate. The calculations were performed
on a grid containing 96x50x50 non-structured wedge cells.
This number is sufficient to describe the deformation of
the specimens at all stages of deformation. This was
confirmed by many previously performed calculations of
the deformation process (Stefanov and Zharasbaeva,
2022; Stefanov, 2023) . In this work, only the stable stage
of deformation was considered, so that the process

proceeds with hardening. At this stage, the behavior of the
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specimen can be modeled on a less detailed mesh. The
established modeling procedure was not changed, and
therefore, the calculations were performed with excessive
accuracy.

Two elastic moduli, compression modulus K, and
shear modulus x4, alongwith ten plasticity parameters, are
used to model the process within the elastic-plastic model
outlined. Plasticity parameters include: initial cohesion 7¥;
hardening coefficient #; dilatancy coefficient f; critical
strain y; internal friction coefficient a; parameters of Cap
0o, 0y; parameter of Cap expansion m; porosity &
parameter of dilatancy—pressure relation #.

When compaction was added to the model, the
calculated curves of the dependence of axial stress on
volumetric strain for new experiments (8, 9) turned to the
right, whereas the direction for the first experiments did
not change (Fig. 7).

The model based on the combined Drucker-
Prager/Cap model was used to simulate the deformation
processes of the samples. This model allows describing the
deformation processes of rocks of various porosities,
taking into account dilatancy and compaction. It has been
successfully used to simulate the behavior of rock samples
in order to develop variants of parameter dependencies, as
well as calibration for describing deformation processes in
the rocks for 2D and 3D problems. Obviously, in each
specific case, it may be necessary to apply additional
dependencies that describe the changes of model
parameters during deformation, for example, hardening,
internal friction, and dilatancy parameters. It is for this
purpose that the model is calibrated using experimental
data. We do not claim that the model is universal, but with
its help we managed to describe many deformation
processes for rocks of different types and under different
conditions: core tests ( Stefanov et al., 2011; Stefanov and
Zharasbaeva, 2022), well surrounding rock masses
(Garavand et al., 2020), tectonic processes in the upper
layers of the Earth's crust ( Stefanov and Bakeev, 2015),
and others.

The obtained results make it possible to claim that
the suggested method is capable of modeling the inelastic
behavior of the studied samples. Nevertheless, there are

still certain limitations on both the model and the obtained

parameters. Firstly, it is clear that the obtained model
parameters listed in the tables and discussed in these
sections can only be used for the particular material in use.
Application of the same model to other materials requires a
series of triaxial loading experiments with a wide range of
radial stress levels. The two-step calibration procedure
described here should be conducted in a similar way.
Moreover, careful analysis of experimental errors should
be conducted to conclude whether the model itself is
capable of describing the material behavior. For example,
if the 1, vs I, plot (Fig. 4) of elasticity limits suggests a
nonlinear relationship, the Drucker-Prager yield surface
may be incapable to adequately describe the inelastic
deformation of the material, and external complication of
the yield surface is required. The final limitation is clearly
the neglect of the intermediate principal stress effect on
inelastic behavior. A number of recent studies consider this
effect using true triaxial loading tests, as described in
comprehensive reviews( Mahetaji and Brahma, 2024). On
the one hand, such tests provide valuable information on
the mechanical behavior of rock samples subjected to
considerably varying stresses. On the other hand, both the
conduction of such tests and the analysis of experimental
results imply a number of problems that are not yet
completely solved. If the intermediate principal stress
effect on the inelastic deformation of a rock mass can be
neglected, and the mathematical equations are capable of
reproducing critical points of loading — elasticity limit and
peak stress — then the suggested model can properly
predict quasi-static deformation.

To further analyze the mechanical behavior of an
elastic-plastic medium, the parameters from calculation 2
were used, which were as close to the experimental data as
possible and took the process of material compaction into
account. An additional value for the uniaxial tensile
strength of the material is required to apply the model to
solve practical rock mechanics problems. A description of

the definition of these material properties is given below.

6 Conclusions

An analysis of the test results for triaxial

compression of samples of a model environment was
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carried out. The experimental stress-strain curves were
compared with the calculated curves obtained for a
plasticity model with a non-associated flow law taking the
hardening of the medium into account. The main
conclusions are as followings:

(1) It was found that for the entire range of applied
lateral loads, the elastic limit varied from 2 to 4 MPa, after
which the material began to behave plastically.

(2) 1t was also determined that at lateral loads = 3
MPa, compaction began to appear in the material beyond
the yield point.

(3) Judging by the dependence of volumetric strains
under a lateral load equal to 1.4 MPa, compaction should
begin to appear even at lower lateral loads than 3 MPa.

(4) In addition, the uniaxial tensile strength of the
material is also necessary for modeling the process of
hydraulic fracturing, so this parameter was determined as
well.

(5) Taking the plastic behavior of the material into
account is necessary when moving on to modeling the
hydraulic fracturing process in such a material, and the
resultant plasticity parameters for the model material can
be wused for numerical modeling of elastoplastic
deformation of the rock under consideration, including the
processes fracture

of  hydraulic growth in a

poroelastoplastic medium.
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