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Abstract

In the area of solid state physics and materials science, new knowledge has been attained in recent years about
micro-nano-plasticity using high-precision measurements at low stresses and strain. Rock microplasticity
is currently poorly understood, but in the future it may prove useful in resolving problems of a fundamental
and applied nature. This study examines the effect of cyclically varying pulse amplitude and wave velocity
on the attenuation parameters of longitudinal wave (P-wave) in sandstone. Laboratory measurements were
performed on rock specimens using the reflected wave method in the frequency range of 0.5-1.4 MHz at
five values of strain amplitude ~ (0.5-2.0)107°. Trial simulations were performed, in order to establish the
effect of amplitude-dependent wave velocity on the parameters of wave attenuation in the sandstone. Wave
attenuation behavior under combined action of the amplitude-dependent factor and wave velocity deviation
is complex. The change in strain amplitude shifts the attenuation peak 1/Q,(f) in the attenuation-frequency
coordinates. The maximum change in peak attenuation value due to the amplitude factor and wave velocity
deviation reaches 3-4 %. An open wave attenuation hysteresis loop was identified as a consequence of the
closed amplitude cycle A1(+) --- A1(+) --- A1(-), where Al(+) = A1(-). Open attenuation hysteresis occurs
both in the cases of constant and variable wave velocities. The length of the open part of the attenuation
hysteresis loop relative to the peak value of the attenuation is as follows: for constant wave speed, 62.63 %,
in the mode of increasing wave speed, 91.58 %; and, in the mode of decreasing wave speed, 47.01 %. The
effect of open hysteresis of wave attenuation in sandstone can be explained by the action of microplastic
deformation detected in the experiments.
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AHHOTauuA

B (l)I/I3I/IKe TBEpAOTIo Teyla M MaTepuajoBeJeHN C UCITI0/Ib30BaHMEM BbICOKOTOUYHLIX I/ISMepeHI/Iﬁ Ha MaJibIX
HaIIpSOKEHUSIX U ,Z[e(l)OpMaLU/IHX 6bIJ’II/I IMMOJTy4YeHbl HOBbI€ 3HAHMA O MMKPO-HAHOIVIACTUYHOCTN. B Hacros-
ree BpemMsa CBOJICTBO MMKPOIVIACTUYHOCTHM TOPHBIX IMOPOA Ma/JI0 M3y4€HO, HO B IMEPCIIEKTMBE OHO MOXET
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OBITDH MOJIE3HO JJIS1 pelieHus 3aaad PyHaaMeHTaaAbHOTrO U MPUKIAAHOTO XapakTepa. B aTom ucciemoBaHmum
M3YUYEeHO BJIMSIHME UKINYECKM U3MEeHsIeMOJ aMIIUTYIbl MMITY/IbCA M CKOPOCTU BOJIHBI HA IapaMeTphl 3a-
TyXaHUSI MTPOJIOTBHOI BOJHBI B TlecuaHuke. JlTabopaTopHbie M3MepeHNUs BhITTOJIHEHbI Ha 06pa31ax MmoPObI
MeTOJIOM OTPakeHHBIX BOJIH B Auana3one yactot 0,5-1,4 Ml Ha msITH 3HAYEHUSIX aMIUTUTYIbI Tedopma-
uuu ~ (0,5-2,0)10°. [IpoBegeHO MPOO6HOE MOAEIMPOBAHNE, KOTOPOE TaeT BO3SMOXKHOCTh YCTAHOBUTD BIIMSI-
HMe aMIUIMTYAHO-3aBUCUMMOM CKOPOCTY BOIHBI Ha ITapaMeTphl 3aTyXaHys BOJIHbI B ITecuaHuke. [loBefgeHmne
3aTyXaHMs BOJTHBI ITPY COBMECTHOM JeICTBUM aMIUIUTYIHOTO (pakTopa 1 IeBUalyuu CKOPOCTY BOTHbBI MMeeT
CJIOKHBIN XapakTep. FI3MeHeHMe aMIUIUTY/bI eopMaLuM CIBUTaeT MK 3aTyxaHus 1/Q,(f) B KoopauHaTax
«3aTyxaHue—4yacTtoTta». MakcumaabHOe M3MeHeHMe BeIMUYMHBI 3aTyXaHUsl B MMKe 3a CUET aMIUIUTYLHOTO
(akTopa u meBMAIMY CKOPOCTY BOJHBI JOCTUTAET 3—-4 %. OTKpbITas (He3aMKHYTasl) MeTIS TUCTepesca 3a-
TyXaHMsI BOJTHBI OOHAPYKeHa IOC/Ie TeCTBUS 3aMKHYTOTO aMIUIMTYIHOTO IMKaa Al(+) --- A5(+) --- A1(-),
rae Al(+) = A1(-). OTKpPBITBIV TUCTEepe3UC 3aTyXaHUs MMeeT MeCTO Kak B ¢Jiyuae MOCTOSIHHOI, Tak U mepe-
MEHHOI CKOPOCTU BOJIHBL. [IPOTSIKEHHOCTD OTKPBITO YacTu MEeTIN TUCTepe3uca 3aTyXaHUsI 10 OTHOILIEHUIO
K MakCMMaJIbHOM BeJIMYMHEe 3aTyXaHMsI COCTABJISIeT: /IS IOCTOSIHHOM CKOPOCTY BOJIHBI 62,63 %, B pexxume
YBeIMYEHUSI CKOPOCTU BOJHBI — 91,58 % 1 B peskuMe yMeHbIIeHUs] CKOPOCTU BOmHbI — 47,01 %. dddexr
HEe3aMKHYTOTO rMCTepe31ca 3aTyXaHusl BOJTHBI B TeCYaHMKE MOXKeT ObITh OObSICHEH JeliCTBUeM OOHAPYKeH-

HOJ1 B X0[le 9KCITIePUMEHTA MUKPOILIACTUYECKO TedhopMaIm.

KnioueBble cnoBa

(u3suka ropHbIX TOPOJI, AMIUIUTYIHO-3aBYCUMAast CKOPOCTb BOJTHBI, OTKPBITHIN TUCTEPE3NC 3aTyXaHNsI BOITHBI,
MMKpOTIIacTMYeckas negopmMariiysi, CkaukoobpasHast HeyIpyrocThb, yIIPyruit MOIY/b, HaHOAeopMaus

BnarogapHocTu

A BeIpaskaio 6imarogapHocTs b.B. ITamikoBy u I.B. EropoBy 3a IpoBeieHMe KCIIEPMMEHTOB 1 JajibHeliliee

06CYKIeHMe TTOTyYeHHBIX Pe3yIbTaTOB.

Ansa ymTupoBaHms
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Introduction and challenges

Fundamental new knowledge in physics of rock
deformation can be used to improve the geological ef-
ficiency of seismic and acoustic survey methods. This
requires an in-depth study of the deformation mech-
anism under conditions of elastic wave propagation
and attenuation at the micro/nanoscale. The property
of rock microplasticity, albeit exotic in geophysics, can
manifest itself even at low strain. Seismic and acous-
tic methods use a range of low and very low dynam-
ic strains. Dynamic processes at large and moderate
strains are well understood. New knowledge about
non-linearity has lead to a enhanced interest in the
field of low strains in seismics [1-6].

A model has been proposed of mesoscopic elastici-
ty to explain the mechanism of rock non-linearity. New
tools, such as non-linear resonant ultrasound spec-
troscopy, are being used to reveal the complex behavior
of rocks and other materials.

There is experimental evidence that visco-elas-
tic-plastic models provide the most realistic rep-
resentation of complex deformation in rocks when
compared to traditional models. This is a significant
advance in extending the range of applicability of the
knowledge on inelastic processes and the prospect of
practical application of the new knowledge [7, 8].

Theoretical and experimental studies in seismics
and other fields of solid state physics and materials
science have led to an improvement in the classical
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visco-elastic model of the standard linear body which
describes well the dispersion, relaxation, and related
inelastic processes [9-12]. The experimental findings
were compared with wave velocity and attenuation
predictions obtained using the Bio (jet flow) model
and other models. However, these models do not take
into account the effect of amplitude dependence of
wave velocities and attenuation which were discovered
in recent studies [13, 14]. Laboratory experiments on
solid sediment samples extracted from great depths
confirm the presence of amplitude effect. The behavior
of dynamic parameters of seismic and acoustic waves
during propagation in various media is complex and
has been little studied so far.

With a change in the magnitude of the signal
amplitude, both increases and decreases in the wave
velocity and attenuation are observed. Decrease or
increase in the elastic modulus took place in accord-
ance with the stress-strain ratio slope of curve. Such
non-standard behavior of various solids, including
rock material, is caused by the joint action of elastic
and microplastic deformation [15-19]. In the static
stress mode, the strain amplitude effect is represent-
ed as a “stress-plateau” and “stress-descend” on the
stress-strain diagram. In the dynamic mode (wave
propagation), the influence of the amplitude effect
can be seen in the waveform as short-term stress-pla-
teaus and stress-descend. The microplasticity of rocks
allows such an irregular short-term "inclusion" of the
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plasticity process with the simultaneous effect of elas-
tic deformation which has been confirmed in theory
[20, 21]. This paper presents the study results on the
amplitude-dependent hysteresis of longitudinal wave
attenuation in sandstone.

Research techniques and factual material

A specimen of fine-grained sandstone was pre-
pared from a core taken from a depth of 2532 m. The
sandstone density was 2.42 g/cm3, the content of fine-
grained sand fraction was 85 %, the siltstone frac-
tion was 15 %, and the total porosity was 13 %. The
experiment was conducted at a hydrostatic pressure
of 20 MPa at room temperature. The cylindrical sam-
ples had the following dimensions: 40 mm in diam-
eter; and 16 mm long. A standard three-layer mod-
el system (installation) was used in the experiment
[22, 23]. The first and third layers provided identical
wave reflection at the interfaces. The first layer acted
as a delay line, and the third layer acted as an acous-
tic load. The rock sample was located in between these
layers. Excitation and reception of acoustic signals
was provided by piezoceramic sensors at frequency of
~ 1 MHz, which were polarized to longitudinal wave.
The attenuation decrement 1/Q, was calculated us-
ing standard relations [24, 25]. The wave attenuation
decrement was measured in a closed amplitude cy-
cle on the ascending and descending course, where
Apin =A1 > Ay > ... > As = Apax — -« = AL = Apine
In the Figures, the increase in amplitude is labeled (+)
and its decrease is labeled (-). The pulse amplitude
relative strain values were as follows: ¢; = 0.5 x 107¢,
g ~ 1.0 x 10% & =~ 1.3 x 10 ¢ ~ 1.7 x 10°°
and g5 = 2.0 x 107° The longitudinal wave veloci-
ty in the solid sandstone was 4,330 m/sec. Increased
noise immunity was provided by recording with signal
accumulation.

Research Findings

The frequency dependence of P-wave attenuation
for ascending and descending amplitude courses are
shown in Figures 1 and 2 respectively. The wave atten-
uation at all amplitudes resembles a relaxation peak.
As the signal amplitude increases, the attenuation de-
creases, and the peak shifts toward low frequencies,
see Fig. 1. The nonlinear shift of the attenuation peak
is shown by red arrows. On the descending amplitude
course, the peak attenuation magnitude increases
slightly, but does not return to the initial value (red
arrows in Fig. 2). The amplitude dependence of lon-
gitudinal wave attenuation in sandstone at ascending
and descending courses of strain amplitude is shown
in Fig. 3. It represents a comparative picture of wave
attenuation behavior for the three wave velocity cas-
es. In all the cases, depending on the strain amplitude,
the wave attenuation has the form of an open-type
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hysteresis loop. The first case took place in our exper-
iment where the wave speed for all amplitudes was
constant, 4,330 m/c. The other cases were the prod-
ucts of simple simulation. The second case showed a
linear increase in the wave velocity at each amplitude:
Al(+) = 4,350, 4,360, 4,370, 4,380, A5(+) = 4,390 m/s;
and then reverse descending through the same veloci-
ty values, where(A1(-) = A1(+)). The third case showed
a linear wave velocity descending from A1(-) to A5(-)
(4,300, 4,290, 4,280, 4,270, 4,260 m/s) and the corre-
sponding reverse return. The wave velocity magni-
tude change was linear and did not exceed the value
of 0.92 %. At maximum signal amplitude, the wave at-
tenuation decrease was as follows: for constant wave
velocity, 2.83 %; for increasing wave velocity, 1.93 %;
and for decreasing wave velocity, 3.77 %. At constant
wave velocity, the share of the open part of the atten-
uation hysteresis loop is 62.63 %, at increasing wave
velocity, 91.58 %, and at decreasing velocity, 47.01 %.
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Fig. 2. Frequency dependence of P-wave attenuation
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A large-scale image of fragments of the waveform
at amplitudes A1(+), A1(-) and A2(+), A2(-) is shown in
Fig. 4. This is the section of the wave front where the
manifestations of non-standard behavior in the form of
microplasticity can be seen. The Figure demonstrates
the amplitude plateaus extending from one to several
time quanta (tquantum), the amplitude local drop, and
the effect of amplitude microhysteresis. The maximum
of the wave front at amplitudes A1(+), A1(-) and A2(+),
A2(-) coincide exactly in time at 31.3425 ps (red arrows

elSSN 2500-0632
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in Figure 4). The lowest points on the wave front for
the same two pairs of amplitudes are observed at the
same time value of 31.765 us (red dashed line in Fig. 4).
At the pulse front there are local amplitude hysteresis
loops of several quanta of time. Fragments of the wave-
form at amplitudes A3(+), A3(-), and A4(+), A4(-) are
shown in Fig. 5. The signs of microplasticity described
above are also present here. The peak and valley in
the last phase of the pulse (31.3425 and 31.765 pus) are
present at the same time as in the previous case.
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Fig. 3. Relationship between P-wave attenuation in sandstone and strain amplitude
at the ascending and descending courses
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Discussion of Findings

The findings show that the effect of strain am-
plitude and wave velocity deviation on wave atten-
uation parameters in sandstone is unusual in cha-
racter. When the amplitude value changes along the
closed loop, the wave attenuation curve 1/Q,eq(A,-)
takes the form of open amplitude-dependent hyster-
esis. This requires an explanation of the deformation
mechanism within the framework of rock deforma-
tion physics and solid-state physics. The open hys-
teresis for acoustic P-wave propagation indicates
possible mechanism of non-standard inelasticity in
sandstone. The most likely explanation for this effect
is the mechanism of rock microplasticity. Microplas-
tic strain depends in a complex way on the deforma-
tion leve 1 (the magnitude of the applied mechanical
stress). The attenuation and velocity of the wave de-
pend in a complex way on the level of dynamic defor-
mation in the sandstone. A small change (from 0.23
to 0.9 %) in the longitudinal wave velocity in the am-
plitude cycle causes a greater change of 3 % in the
attenuation. Novel studies conducted on rock speci-
mens using high-precision laser Doppler interfero-
metry showed that the change in wave velocity at the
expense of amplitude reached 5 % [26, 27].

Conclusion

The experimental data analysis and the trial sim-
ulations showed the complex behavior of the wave
attenuation depending on the magnitude of the am-
plitude and deviation of the wave velocity. In the fre-
quency range of 0.5-1.4 MHz, wave attenuation takes
the form of a relaxation peak. Changing the amplitude
magnitude in a closed loop (ascending = descending)
leads to shifting the attenuation peak in the “attenua-
tion — frequency” coordinates. The maximum change
in the peak attenuation value due to the amplitude
factor (in the strain range of (0.5-2.0)10°) reaches
3 %. The combined effect of the amplitude factor and
a small deviation of the wave velocity (in the range
from 0.23 to 0.93 %) results in increased attenuation
in the peak up to ~ 4 %. The open wave attenuation
hysteresis loop detected in the experiment takes place
both at constant wave velocity and at variable (ampli-
tude-dependent) wave velocity. The relative magni-
tude of the open hysteresis depends significantly on
the magnitude of the strain amplitude and the wave
velocity deviation. The manifestations of microplasti-
city recorded in the experiment can be regarded as the
cause of the open wave attenuation hysteresis effect
in sandstone.
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