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Abstract
In rock physics, much attention has been paid to the study of the processes of strain of natural materials
at small strains. Experiments using high-precision measurements have allowed new knowledge at
micro/nano level to be acquired. The microplasticity of solids is studied in materials science, but there is
also data regarding some rocks. The property of microplasticity of natural materials is still little studied.
The study was carried out on rock samples. The effect of strain amplitude and confining pressure on the
velocity and attenuation of P and S waves in dry and water-saturated sandstone has been studied. The
method of reflected waves was used in the frequency range of 0.5-1.4 MHz at four strain amplitudes
(0.5-1.67)-10° Amplitude cycling causes an open and closed hysteresis effect for wave velocity and
attenuation. This has been observed for both dry and water-saturated sandstone. The hysteresis loop
overlaps in both states. The amplitude changes in the velocity of P-wave in dry sandstone is 1.12 %, and the
attenuation of P-wave in dry sandstone is 5.43 %. As for S-wave, its maximum attenuation in dry sandstone
reaches 8.81 %. The behavior of a wave velocity and attenuation can be explained by the combined effect
of viscoelasticity and microplasticity. Elastoplastic transition strongly depends on the details of the
microstructure, its defectiveness, and other parameters. The characteristics of the complications of wave
parameters can be the signs of the internal structure of the subject.
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AHHOTaUuA
B (u3MKe ropHbIX MOpoJ, GOJbIIOE BHUMAHME YAEISIeTCs M3YYeHMIO MPOLeccoB AedOopMMUpPOBAHMS TIPU-
POIHBIX MATEPUAIOB HA MablX AedopManysx. DKCIePUMEHThI TPOBOAATCS C MOMOIIbI0 BBICOKOTOUYHBIX
MU3MEPEeHMIi, KOTOPbIE TI03BOJISIIOT MOYUYMTh HOBbIE 3HAHMA Ha MUKPO/HAHO YPOBHE. MUKPOILIACTUYHOCTD
TBEPIBIX TeJ M3YYaloT B MaTepPUaJOBeIeHNM, HO MMEIOTCS TAK)Ke JaHHbIe, [TOJTyUYeHHbIe 1T HEKOTOPBIX Fop-
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HbIX MOPoJ. CBOICTBO MUKPO-IUIACTUUYHOCTY NIPUPOSHBIX MaTepuaaoB IoKa Majio u3ydyeHo. Mcciegopanme
MIPOBOIMIIOCHh HA 06pa3iax nopoy. MsyueHo BAMsIHYE aMIUTUTYAbI NedopMaluy U BCECTOPOHHETO TaBIeHUS
Ha CKOPOCTb U 3aTyxaHue P- 1 S-BOJIH B CyXOM U BOJOHACBIIIEHHOM IecyaHyKe. VICIonb30Bancs MeTos, OT-
paskeHHBIX BOJIH B Auana3one yactot (0,5-1,4) MI'n ipu uetsipex amruintyaax nedopmaruu (0,5-1,67)-10°°
LIuKIMyeckoe M3MeHeHMe aMIUIUTY/Ibl BbI3bIBAaeT 3((eKT OTKPITOTO U 3aKPhITOTO IUCTEpe3Nca JJisi CKOPO-
CTY BOJIHBI U 3aTyXaHUsl. DTO HABII0aeTCsI KaK JIs CyXOro, TaK ¥ BOJOHACBIIEHHOTO COCTOSTHMS TTeCYaHm-
Ka. B 0601X COCTOSTHUSIX MMEeeT MeCTO IepexJIecT MeT/ieli rucrepesnuca. AMIUIMTYTHOe M3MeHeHVe CKOPOCTH
P-BonHbI B cyxoM IecuaHuke cocrasisieT 1,12 %, a 1151 3aTyxaHust P-Bo/HBI B CyXOM NecuaHuke — 5,43 %. Ha
S-BOJIHE MaKCMMaJIbHOE 3aTyXaHle B CyXOM necuaHuke gocturaet 8,81 %. [loBegeHne CKOPOCTHU U 3aTyXaHUS
BOJIHBI MOKHO OOBSICHUTH COBMECTHBIM JEMCTBMEM ITPOIECCOB BSI3KO-YIPYTOCTY M MUKPO-TIIIACTUYHOCTM.
VIIpyrormiacTUuecKuii epexo]; CMIbHO 3aBUCUT OT JIeTaliell MUKPOCTPYKTYPhI, ee nedeKTHOCTU U PYTUX
rnapaMeTpoB. XapaKTepPUCTUKM OCIOKHEHMII TapaMeTPOB BOJIH MOTYT SBJISIThCSI IPU3HAKaMM BHYTPEHHETO
CTPOEHMSI UCCIelyeMOTO 06beKTa.

KnioueBble cnoBa

(busuka ropHBIX MTOPOJ, AMILIUTYIHO-3aBUCUMbIE€ CKOPOCTb BOJTHBI U 3aTyXaHWe, OTKPBITHIN IMCTePe3nC CKO-
POCTH U 3aTyXaHMsI BOJIHBI, BIMSIHME BOJOHACBILIEHMS HA CKOPOCTh BOJIHBI U 3aTyXaHMe, MUKPOIUIaCTUYecKast
nmedopmanysi, ckaukoo6pa3Hast HeYIpyroCTb, YIIPYTUit MOIYITb
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Introduction and challenges

The current development of earth sciences is
based on new fundamental knowledge in the physics
of rock strain, in order to increase performance of
seismic and acoustic methods in geological surveys
and exploration. New knowledge has been obtained
about the mechanism of natural material strain
under various loads. These are inelastic step-like,
discontinuous strains recorded at micro/nano level.
The property of rock microplasticity, which is rather
exotic in geophysics, can manifest itself even at
small and very small strains. Accounting for this
factor is important in practice, since seismic and
acoustic methods use a range of small strains. The
interest in this effect has emerged as a result of
previous studies. The study of seismic non-linearity
has led to the need for a deep understanding of the
physics of rock strain [1-3]. The possibility of non-
linearity at very small strains was confirmed, thus
extending the applicability of inelastic processes
[4, 5]. Theoretical studies in seismic improve the
classical visco-elastic model of a standard body. The
model well describes dispersion, relaxation, and
related inelastic processes.

Theoretical and experimental studies confirm
the presence of the microplasticity effect [6, 7]. The
influence of strain amplitude on a wave velocity and
attenuation is ambiguous, since in some cases it leads
to an increase in the parameters, while in the others, to
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a decrease. In the same way, the modulus of elasticity
changes, affecting the curvature of the stress-strain
relationship [8, 9]. This non-standard behavior of
rocks is caused by the joint effect of elastic and
microplastic strain [10-11]. This effect is presented as
a “stress plateau” and “stress drop” on a stress—strain
diagram and in an acoustic response record [12, 13].
The property of microplasticity of rocks allows for
irregular short-term “switching on” of the plasticity
process with the simultaneous effect of elastic strain.
There are also theoretical confirmations [14-16]. The
mechanical properties of rocks differ to a greater
extent in their inelastic characteristics. They are more
related to the dynamic parameters of waves than to
the elastic characteristics. The current approach
involves the use of new data which can be used
to resolve geological problems. This is confirmed
by high-precision experimental and theoretical
studies [17, 18].

Research in solid state physics has shown that
a viscoelastic model can be supplemented with an
inelastic element of a discontinuous nature, involved
in the deformation process. An elastic-viscoplastic
model with the participation of a plastic component
represents an amplitude-frequency-dependent dy-
namic modulus. In this model, the general stress ten-
sor is determined by the sum of three components,
elastic, elastic-plastic, and viscoelastic moduli of
amaterial [19-21]. In solid state physics and materials
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science, much attention is paid to the study of step-
like strain [22-24]. There is a sharp transition from
elastic strain to plastic flow. Such a strain jump is ac-
companied by a stress drop and depends in a complex
way on the properties of a material and its loading
conditions [25, 26]. The development of a mechani-
cal model of a geological medium takes into account
the data obtained on discontinuous inelasticity. Some
data for rocks and minerals (sandstone, clay loam,
quartz, silica, muscovite, stishovite, mica, sapphire,
diorite, graphite) are described in [27, 28].

This paper describes a laboratory study of
the effect of strain amplitude and pressure on the
behavior of velocity and attenuation of P-wave and
S-wave in dry and water-saturated sandstone at
room temperature. This study is of great interest for
understanding micro-strain mechanisms in rocks.
The mechanism of microplasticity of rocks is still
poorly understood, but it seems reasonable to say
that it is close to a mechanism known in solid state
physics. Microplastic behavior occurs when mobile
dislocations are activated in the form of an avalanche
phenomenon. The first sign of this process is the
appearance of the “stress plateau” and “stress drop”
effects. The results obtained in this experiment can
be useful not only as a fundamental knowledge,
but also for their application in solving practical
problems. New knowledge about the microplasticity
property of rocks allows the standard viscoelastic
model used in seismic surveys to be improved. This
can be achieved by including a microplastic strain
component into the standard model. A complex
viscoelastic-plastic model can more realistically
describe strain processes in rocks. In the practical
application of the knowledge acquired, for example,
in seismic and acoustics, the amplitude-dependent
effect that affects the velocity and attenuation of
longitudinal and transverse waves in rocks needs
to be taken into account. Accounting for this effect
improves the measurement accuracy and the
interpretation of the obtained data.
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Research techniques and factual material

In the experiment, samples of fine-grained
sandstone from a core taken from a depth of 2,545 m
were used. The density of sandstone is 2.45 g/cm3,
the content of fine-grained sand fraction is 82 % and
that of siltstone is 18 %, the total porosity is 12 %.
The measurements of the velocity and attenuation
of P and S waves depending on the strain amplitude
were carried out at a constant hydrostatic pressure
of 20 MPa. In addition, the behavior of P and S
wave velocities at constant amplitude was studied
depending on the hydrostatic pressure in the range
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from 10 to 50 MPa. The cylindrical specimens used
had the following dimensions: 40 mm in diameter and
16 mm in length. A standard three-layer installation
was used in the experiment [29, 30]. The first and
third layers provided identical wave reflection at the
interfaces. The first layer is the delay line and the third
layer is the acoustic load. A rock sample is located
between these layers. The excitation and reception
of acoustic responses were provided by piezoceramic
sensors at frequency of 1 MHz, which were set to
polarize P and S waves. The attenuation decrement
was calculated as follows [11, 31, 32]:

oV oA

Oil: = 5
< T 8.636nf 8.686m @)
where o is absorption coefficient, dB-m™,
8,686 . | |Rys| Ay, (f)
(o) = AL A-RY(f )|, @

LR Au (D

where L is double length of the sample, m; A,,(f) is
Fourier amplitude of the reflected pulse from the upper
boundary of the sample; A, (f) is Fourier amplitude
of the reflected pulse from the lower boundary of
the sample; R,(f) is coefficient of reflection from
the upper boundary; R,.(f) is coefficient of reflection
from the lower boundary. In our case, the boundaries
are identical and therefore R,,(f) = —R,;(f). Reflection
coefficient

p.V.(H)-p Y (f)
PV (N+p,V, ()

where p, and p, are densities of the rock and beryllium
bronze, kg-m™3, respectively; V (f) and V,(f) are the
wave velocities, m-s™!; Vis the phase velocity, m-s™;
fis frequency, Hz.

When measuring a wave velocity and attenuation,
the strain amplitude changed in a closed cycle. First,
the amplitude increased from the minimum to the
maximum value (upward course), then decreased
through the same values (downward course). The full
course: g, = 0,5x10° > ¢, 1,0x10°® - g, = 1,3x10°°
—¢g,~ 1,67x10° > g, 1,3x10° > ¢, = 1,0x10° -
g, = 0,5x10°°. The increase and subsequent decrease
in the amplitude are marked with arrows in all
Figures. The pulse recording was carried out with the
accumulation of signals (responses). This provided
improved noise immunity.

R(f)= (3)

Research Findings
Figs. 1 and 2 show the dependence of P and S
wave velocities on the strain amplitude in dry and
water-saturated (50 %) sandstone at a constant
pressure of 20 MPa. In Fig. 1, in dry sandstone, on
the ascending and descending courses of the strain



MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJ1I0N'MA
2023;8(1):22-29

amplitude, P-wave velocity increases by 1.12 %.
In water-saturated sandstone, the change in wave
velocity under the same conditions is 0.28 %. The
velocity diagrams represent open hysteresis loops
(marked with brackets). The open hysteresis of dry
and water-saturated sandstone is 1.41 and 0.28 %,
respectively. The change in S-wave velocity under
the same measurement conditions did not exceed
0.35 %. The open part of the hysteresis loop for dry
and water-saturated sandstone is 0.54 and 0.35 %,
respectively.

Fig. 3 shows the attenuation of P-wave as
a function of the strain amplitude in dry and water-
saturated sandstone at constant pressure. In dry
sandstone, when the amplitude changes from the
minimum to the maximum value, the attenuation
of the wave increases in a non-linear way by 5.43 %.
When the amplitude returns to the minimum value,
the attenuation decreases to the initial value. As
a result, the attenuation hysteresis loop is closed.
In water-saturated sandstone, an increase in
amplitude has little effect on attenuation. On the
reverse course of the amplitude, the attenuation
decreases by 4.93 %. This leads to the appearance
of an open hysteresis loop. The water-saturated
sandstone attenuation curve is above that
for dry sandstone.

Fig. 4 shows the attenuation of S-wave as
a function of the strain amplitude in dry and
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Fig. 1. P-wave velocity versus strain amplitude
in dry and water-saturated sandstone
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water-saturated sandstone at constant pressure.
The curves for dry and water-saturated sandstone
are significantly spaced apart. The value of wave
attenuation in dry sandstone is much less than
in water-saturated sandstone. In both cases,
as the amplitude increases, the attenuation
decreases. In dry and water-saturated sandstone,
the attenuation reduction is 8.81 % and 2.71 %,
respectively. Both hysteresis loops are open. The
value of the open hysteresis loop in both cases
does not exceed 0.8 %.

Fig. 5 shows P-wave velocity as a function of
confining pressure in dry and water-saturated
sandstone at constant strain amplitude. With
an increase in the confining pressure from the
minimum to the maximum value both in dry and
water-saturated sandstone, the wave velocity
increases in a non-linear way by 15.06 and 26.35 %,
respectively. In both cases, an open hysteresis loop
is observed: for dry sandstone, 9.77 %, and for
water-saturated one, 15.93 %. Fig. 6 shows S-wave
velocity as a function of confining pressure in dry
and water-saturated sandstone at a constant strain
amplitude. Here, the increase in the wave velocity
proceeds in the same way as in the case of P-wave,
and amounts to 12.42 % for dry sandstone, and
15.81 % for water-saturated sandstone. The open
hysteresis for dry sandstone is 0.67 %, and water-
saturated is 3.45 %.
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Fig. 2. S-wave velocity versus strain amplitude
in dry and water-saturated sandstone
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Findings Discussion
The conducted study shows the complex effect
of strain amplitude, pressure, and sandstone state
on the behavior of the velocity and attenuation of
P and S waves. Wave attenuation is more sensitive
to amplitude deviation and sandstone wetness
than wave velocity. The behavior of the velocity
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Fig. 3. Attenuation of P-wave depending on strain
amplitude in dry and water-saturated sandstone
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of a longitudinal wave differs significantly from
that of a transverse one. The measurements of
P-wave velocity show that the change in the state
of sandstone affects the shape of the hysteresis and
the magnitude of its opening. The open part of the
hysteresis for a longitudinal wave is 1.41 % in dry
sandstone and 0.28 % in water-saturated one, i.e.
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there is a great difference between them. S-wave
velocity in both dry and water-saturated sandstone
responds weakly to amplitude deviation.

The greatest change in the attenuation of
a longitudinal wave due to the strain amplitude
was obtained in dry sandstone (5.43 %), the same
as that of a transverse wave at the same sandstone
state (8.81 %). The change in the attenuation of
a transverse wave in water-saturated sandstone due
to the amplitude reaches 2.71 %. For a longitudinal
wave, an open hysteresis was recorded in the water-
saturated sandstone (4.5 %), while it is not manifested
in the dry one. For a transverse wave, both in dry and
water-saturated sandstone, the manifestation of open
hysteresis is insignificant. A change in the confining
pressure in a closed regime for both longitudinal
and transverse waves leads to a non-linear increase
in the velocity and the appearance of an open
hysteresis loop. It should be noted that the velocities
of longitudinal and transverse waves at both states of
sandstone respond to the changes in the value of the
confining pressure.

Conclusion

An analysis of the new data obtained in
the experiment shows the complex nature of
the behavior of the velocity and attenuation of
longitudinal and transverse waves depending on
the strain amplitude and wetness of the sandstone.
Changing the strain amplitude and confining
pressure within a closed cycle (i.e. its increase and
adequate decrease) leads to a significant change
in the dynamic characteristics of the recorded
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response. This transformation takes place for wave
velocity and attenuation. The strain amplitude
affects the open and closed type hysteresis both
for a wave velocity and attenuation. In both dry
and water-saturated sandstone, an open hysteresis
loop is observed in most cases. There are cases of
the manifestation of a closed hysteresis loop and
also the effect of overlapping hysteresis loops.
The greatest change in wave velocity due to strain
amplitude was obtained for a longitudinal wave in
dry sandstone. However, the attenuation parameter
exceeds the achievements of the wave velocity.
The highest result for the amplitude-dependent
attenuation was obtained in dry sandstone with
the propagation of a longitudinal wave, 5.43 %, and
with the propagation of a transverse wave, 8.81 %.

In our study, the signs of the manifestation of
microplasticity include the following: open and
closed hysteresis found in amplitude-dependent
velocity and attenuation in dry and water-saturated
sandstone; non-linear nature and overlap of the
ascending and descending amplitude courses.
Their divergence may be caused by the effect of
microplasticity. The complex and peculiar behavior
of both hysteresis loops suggests the possibility
of contribution of a non-standard mechanism
in the sandstone strain. The diverse behavior of
wave velocity and attenuation at rock strain can
be caused by the combined effect of viscoelasticity
and microplasticity processes. The qualitative and
quantitative characteristics of the complications of
dynamic parameters can be the signs of the internal
structure of the subject.
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