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Abstract: The study of atypical manifestations of rock inelasticity improves understanding of the physical mechan-
isms of seismic wave propagation and attenuation in real environments. In the field experiments, the propagation of
longitudinal wave at frequency of 240-1000 Hz between two shallow boreholes in low speed zone was investi-
gated. The measurements were performed using a piezoelectric pulse emitter and similar receiver tools positioned in
the boreholes. "Stress-time" o(t) digital responses were recorded by the open channel with microsecond temporal
resolution. The unusual short-period variations of amplitude in the form of sharp flattening wave front, stress drop,
or plateau of different width (tens of microseconds) were detected in the wave profile. These low-amplitude varia-
tions in the waveform were regarded as manifestations of hopping intermittent inelasticity. This inelastic process
was assumed to affect the waveform transformation. The contribution of hopping inelasticity depends on the ap-
plied stress magnitude, i.e. in this case, the seismic response amplitude. The mechanism of hopping inelasticity at
small strains may be explained by microplasticity of rocks. The findings obtained represent a new step in under-
standing of physics of seismic and acoustic wave propagation in rocks and can be useful for handling of applied
problems in geophysics and mining.
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P eKTHI NPepPbIBUCTON HEYNIPYTOCTH
IPU PACHPOCTPAHEHUHU CeICMHUYECKOM BOJIHBI B 30HE MAJIbIX CKOPOCTEH

Mamuuackuii J. U.

WuctutyTt Hedrera3zoBoii reojgoruu u reopusnku umenu A. A. Tpopumyka CO PAH,
Hoocuobupck, Poccust; D<IMashinskiiEI@ipgg.sbras.ru

AnHoTanus: V3yueHne HETUITMYHBIX TPOSIBIICHHH HEYNPYTOCTH TOPHBIX MOPOJ] paclIupsieT NOHUMaHue (u3nye-
CKHX MEXaHHW3MOB PacCIpPOCTPAHEHUS M 3aTyXaHHs CEHCMUYECKHX BOJIH B peajbHBIX cpeaax. [loneBrie skcrepu-
MEHTBI BBIIOJHEHBI NPH PACHPOCTPaHEHUU MPOAOJIbHON BosHBI yacToToii 240—1000 ['1 B mpocTpaHCTBE MEXILY
JIBYMS HETJTyOOKMMH CKBa)KMHAMH B 30HE Majbix ckopocteit (3MC). M3MepeHust MpoBOIMIINCH C TOMOIIBIO TbE30-
ANEKTPHYECKOTO HMITYJIbCHOTO M3JTy4aTellsl M aHAIOTHYHBIX TPUEMHHUKOB, pa3MEIleHHbIX B CKBaxKHUHAX. L{udpoBbie
3allMCH CUTHAJIOB B BUJE «HANpsDKeHUE-BpeMs»» o(1) perucTpupoBaUCh OTKPBITHIM KaHAIOM ¢ MHUKPOCEKYHIHBIM
paspeuieHueM Bo BpeMeHH. Ha npocduie BoiHbI 00HApYKeHBI HEOOBIYHBIE KOPOTKONEPHUOIHbIE BapUalluy aMILIH-
TYJBI B BUJIE PE3KOT0 YMEHBIIICHUs KPYTU3HBI (PPOHTA, TAJICHUS HANPSHKSHUS HIIH TUIATO PAa3TMYHON JUTHTEILHOCTH
(mecsTKM MUKPOCEKYHIT). DTH MalloaMIUIUTY/IHbIe Bapyaluyd Ha (OpMe BOJHBI OBUIM PAcICHEHbI KaK MPOSIBICHUS
CKaYK00OPa3HOW MPEpBIBUCTOM HEeynpyrocTu. CrenaHo npearnoiokKeHne, 4YTo STOT HeyNPYTHid POLecC OKa3bIBaeT
BIMSIHHAE Ha TpaHchopMarmio (GopMbl BOIHBL. BKiaj ckaukooOpa3HOl HEYHpPYrocTH 3aBHCHT OT BEHYUHBI MIPH-
KJIa/(bIBAEMOI0 HallpsDKEHMs, T.€. B HAIIEeM ClIyyae OT BEJIMYMHBI aMIUIMTYIbI CEHCMHUYECKOro curHaia. Bozmox-
HBI MEXaHU3M CKauyKOOOPa3HOM HEYyNPYrocTH Ha MaJbIX Je(OpPMaUsIX MOXKET OBITh O0BSICHEH MUKPOILIACTUYHO-
CTBIO TOPHBIX TIopoJ. IlomyueHHbIe pe3ynbTaThl IPEACTABISIOT HOBBIM MIar B MOHUMAaHUK (PM3UKH PaclpocTpaHe-
HUSI CEeHICMUYECKUX M aKyCTHYECKUX BOJH B TOPHBIX MOPOAAX U MOTYT ObITh HOJE3HBIMM AJISL PELECHUS IPHKIIAL-
HBIX 33724 B reo()U3UKE U TOPHOM JIeJIe.
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KaroueBnle ciioBa: CKa‘lK006p3.3Ha$I I[e(i)OpMaLII/I}I, MHUKPOIUIACTUYHOCTL TOPHBIX HOPOA, HEYIIPYTrue cercMuuc-
CKHEC IMapaMeETpbl, aMININTyAHas 3aBUCUMOCTDb CKOpOCTCﬁ BOJIH 1 3aTyXaHU.

baaronapuoctu: Atrop 6maromaput Eroposa I'. B. 3a nmpoBeneHe SKCIEpUMEHTOB | TOJIE3HYIO0 AUCKYCCHIO TTPH

00CyX1eHIH PadOTHI.

Jos uutupoBanusi: Manmuckuii D. Y. D ekt MpephIBUCTON HEYIPYTrOCTH MPH PaclpOCTPAaHEHHH ceiicMuUe-
CKOM BOJIHBI B 30HE MaJIbIX CKOpOCTeid. I opHele nayku u mexnoroeuu. 2019;4(1):31-41. DOI: 10.17073/2500-0632-

2019-1-31-41.

Introduction

The study of the physical manifestation of
seismic waves propagation and attenuation me-
chanisms, despite its long history, is still
a crucial task. To solve this problem, the modern
approach uses new knowledge on rock strain
obtained at the micro-scale level. The classical
viscoelastic model describes dispersion and re-
laxation well [5, 23]. However, this model does
not explain the mechanism, for example, of the
ambiguity of the amplitude dependence of the
wave velocity and attenuation. This suggests the
existence of some disregarded inelasticity me-
chanism.

The study of the dynamic characteristics of
rocks is quite fully described in [2]. The data
were obtained at large and moderate strains,
however, amplitude and other atypical effects are
not considered here. The study of nonlinear ef-
fects in seismic showed the possibility of their
action even at small strains [4, 8]. These works
gave impetus to the further study and search
for the physical causes of these effects.

A review of the amplitude dependence of
wave velocities and attenuation [26] presents ex-
periments performed on rock samples under
harmonic oscillations, and theoretical ideas.
Most data indicate decreasing wave velocity and
increasing attenuation with increasing amplitude
[23, 31, 34]. A few data for rocks show, on the
contrary, increasing wave velocity and decreas-
ing wave attenuation with increasing amplitude

[20, 37]. The possibility of non-standard beha-
vior of wave velocities was substantiated in theo-
retical studies [24, 20; 18]. It is shown here that a
decrease or increase in the modulus of elasticity
occurs in accordance with the positive or nega-

tive nature of the G(a) graph curvature.

There are few field experiments on the
amplitude dependence of wave velocities, which
were carried out in the subsoil layer in shallow
pits or on the shore of a reservoir [37]. The
records show that as the signal amplitude in-
creases, the wave velocity may both increase and
decrease. There is also a residual hysteresis of
the wave velocities that indicates irreversible
strains caused by the seismic wave. Unusual data
on the amplitude dependence were also obtained
in the laboratory experiments [7]. It was found
that in dry and water-saturated sandstone in the
ultrasonic frequency range, the attenuation pa-
rameter is more sensitive to amplitude variations
than the wave velocity.

The data indicate that non-standard effects
are due to defective rocks, demonstrating micro-
heterogeneity, the presence of thin films, micro-
cracks, and the complexity of the phase composi-
tion. The experiments using modern equipment
for recording the wave process and electron mi-
croscopy confirm this [19]. For example, the da-
ta for crystalline olivine show the effect of na-
nometer intergranular contacts on the shear wave
attenuation parameter. These intergranular con-
tacts have abnormal elasticity modulus values
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and cause unusual transformations of the atten-
uation parameter Q’l(oa). Some theoretical ap-
proaches and experimental work have also been
performed in this regard [35; 11; 36].

The aim of the paper is to establish the
manifestations of intermittent inelasticity in
rocks caused by a seismic wave, and to compare
these data with the findings of quasistatic expe-
riments and other recent studies.

The experiment techniques and proce-
dure

The experiments were performed at the
Bystrovsky field test site in the Novosibirsk Re-
gion. The upper part of the sequence (ZMS) is
relatively homogeneous (there are no reflecting
boundaries) and composed of loam several tens
of meters thick. The loam consists of sand, silt
and clay in proportions of about 40 : 15 : 45 %,
respectively. The size of clay particles and sand
grains is from five to tens of micrometers. The
loam to a depth of ~3m is relatively dry,
to ~8.5 m partially water saturated, and then
completely water saturated. The velocity of lon-
gitudinal wave in dry and partially water satu-
rated loams is V, = 240-500 m/s, and in fully
water saturated loam V, =~ 1500 m/s.

The emitting source was located in a pit
about 1 m deep. The first seismic response re-
ceiver was located near the source at a distance
of 0.4-1 m. The second receiver was located in
the borehole at a depth of 1 m and at a distance
of 6 or 14 m from the source. The pulse source
consists of a set of piezoelectric disks. The pre-
dominant frequency of the emitted pulse in the
near receiver is ~1100-3300 Hz, and in the dis-
tant receiver ~120-340 Hz. The emission passes
through an elastic shell with a liquid, contacting
with the borehole wall. The piezoelectric pres-
sure receiver contacts the borehole wall in a sim-
ilar manner that provides good contact with the

medium. Seismic records is the stress as a func-
tion of time, c(t), quantization  time

tquant = 20 ps and tguane = 125 ps. The amplitude
quantization step (Aguant) in the ADC is 78 mV.
The amplitude values in volts were converted to
mechanical stresses using the conversion factor
Keonv = 100 V/Pa. The seismic response receiv-
er has a preamplifier with a gain of K = 100. The
seismic responses in digital form were recorded
on a computer. The amplitude of the input wave-
form (seismic responses) varied discretely from
minimum to maximum: A; — Ay — A3 — As
The amplitude increases as Aj/A;=1.5;
AslA; = 2.0; AJ/A; = 2.5. At a distance of 14 m
from the source, the stress in the medium is ap-
proximately several tens of Pascals, and the
strain range is ~10°-10° These are small
strains being below the conditional elastic limit.

The Findings and Discussion

The analysis of seismic records was carried
out using a digital high-resolution signal (seismic
response) displaying (mapping) on an enlarged
scale. The mapping is obtained by connecting all
the quantization points (tyuant) Of the digital am-
plitude values along the seismic trace by straight
lines (without smoothing). Such a representation
of the signal allows a detailed analysis of the dy-
namic process, i.e. the process of development of
stress (strain) in time. The illustrations are pro-
vided in both analog and digital imageries.

Findings

Fig. 1 shows six simultaneously received
signal records in analog form, recorded at three
amplitude values (A;, Az, A3). Of these, three
seismic traces are records of the first (closest to
the source) receiver installed in the borehole at a
depth of 1 m, and three seismic traces were rec-
orded by the second receiver, located in the other
borehole in 1 m from the source, at a depth
of 6 m.
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Analysis of the records in digital display-
ing shows the following. Due to the impossibility
of placing the entire record in one picture, it is
illustrated in separate parts. Fig. 2 shows the sec-
tions of records of the first pulse semiperiod,
recorded near source a, and the first pulse — se-
miperiod at a depth of 6 m (below the source) b.
Comparison of a and b records shows their qua-
litative difference.

At all amplitudes, the primary signal o.(t)

profile is quite smooth. The profile o (t) has

complications in the form of a plateau 1 of vari-
ous lengths, a local stress drop 2 (marked with a
dashed oval) and areas of sharp changes in the
steepness of the wave 3 front (marked with ar-
rows). Here, the front steepness changes by a
factor of 9 during one tyant. The listed complica-
tions are of significant expansion here.

Fig. 3 shows the sections of the records of
the second (positive) semiperiod of the near

pulse a and the similar distant pulse semiperiod
b, recorded at a depth of 6 m. Comparison of
these records produces the same result as de-
scribed above. The first and repeated records at
the same amplitude A,, recorded by the distant
receiver, are shown in Fig. 4. These pulses in
analog form are presented in Fig. 4, a. A detailed
picture in digital imagery can be seen at three
recording intervals, where section b represents
the record of the first minimum, sections ¢ and d
are fragments of the ascending and descending
pulse fronts, respectively. Here the same non-
standard manifestations take place and the same
peculiarities of the first and repeated recordings
are observed, which are described above.
The stress drop is replaced by the flat region (in
Fig. 4 it is marked by arrows in the rectangle).
There are sections of the pulse front that are free
from non-standard manifestations (Fig. 4, d).

—A; — near
2 i —A, — distance
—A, —near
Str 40 —A, — distance
ain X —As—near
’ l"l “\ —A; —distance
Pa 20 \
|
.

Time, sec

Fig. 1. Seismic response analog records at three values of amplitudes (A;, A,, As) obtained
near the source (pulse emitter) and at a distance from it
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Fig. 2. Sections of the records of the first semiperiod of the pulse closest to the source (a)
and the pulse recorded at a depth of 6 m (b)
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Fig. 3. Sections of the records of the positive semiperiod of the pulse closest to the source (a)

and the analog semiperiod of the pulse recorded at a depth of 6 m (b)
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Fig. 4. The first and repeated records at the same amplitude (A,), recorded by the far receiver tool:
a — the analog pulse record; b — the first minimum; c, d — fragments of the pulse ramp and downgoing front, respectively
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Fig. 5. Stress pulses recorded by the receiver tool closest to the source (a) and the far receiver (b),
located in 1-m borehole at a distance of 14 m from the source

Fig. 5 shows the recordings of the near re-
ceiver a and the distant receiver b, located at dis-
tances of 1 m and 14 m from the source, respec-
tively. The wave profile far from the source is
complicated by the plateau and the areas of stress
drop at all amplitudes. The descending front of
the positive semiperiod demonstrates practically

no complications. Figure 6 shows an example of
the recording of an impulse at a distance of 14 m
from the source, where there is an extended
complication at the ascending wavefront, and no
complications at the descending front. In the
time interval At =t, — ty, at all magnitudes of the
amplitude, decreasing the front steepness is ob-
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served, which has a structured character. Here
the complications are presented in the form of a
plateau and a stress drop of a sawtooth shape.
Beyond this region, the behavior of the stress
profile is relatively monotonic. With increasing
the amplitude, the magnitude of the sawtooth
shape manifestations increases. The beginning of

Stra —A; —distance
in, ——A, —distance
Pa s A; — distance

——A, —distance

the stress drop occurs at point a. The following
drops occur at points b and c. It is observed that
the "micro-front" of the following, after the
points a, b, c, stress increase has the same slope
with respect to the time axis, i.e. the same steep-
ness of the front (the dashed lines are parallel).

o
Str oder
ain

Pa

Time, sec

0,076

—a—A; —distance
>

—0=A, — distance

Az — distance

—a—A, —distance

Time, sec

Fig. 6. Pulse records at four amplitude values recorded at a distance of 14 m from the source at a depth of 1 m

Discussion
The study of o(t) seismic records showed

that the waveform is complicated by the inserts
in the form of the plateau with boundaries
marked by abrupt changes in the stress ampli-
tude. Such an effect is supposedly attributed to
the manifestation of hopping intermittent inelas-
ticity due to rock microplasticity. Numerous data
in solid state physics and materials science also
indicate the mechanism of plasticity and hopping
strain [1; 3; 6; 9; 14; 29; 27; 33]. It has been ex-
perimentally shown that the process of micro-
plasticity is amplitude-dependent in nature [16,
37, 22, 25]. An intermittent change in amplitude
in the form of a seismic pulse is similar to a

stress stop when it reaches a critical value G- On

the curve [28]. The effective slope of the pulse
front is formed with the joint participation of
elasticity and inelasticity of a hopping nature.
This coincides with the data obtained in material
sciences. The sudden appearance of a yield pla-
teau on the o(g)curves, called a sudden “dis-

placement jump®“ when loading and unloading
(“pop-in” and “pop-out event”), was found in
many experiments [12; 21].

Duplication of records, registration of the
signal with accumulation ensures the reliability
of the measurements and removes the involve-
ment of arbitrary noise events. Repeated record-
ing within a single time quantum does not al-
ways coincide with the first recording, as, for
example, shown in Fig. 4. This is acceptable for
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recording with high detailing in complex materi-
al such as a rock. The effect of the same slope of
the local section at the wave front after a local
stress drop (Fig. 6, parallel dashed lines from
points a, b, and B) was predicted in [14]. It is
shown here that the sections of the stress drop in
the o(e) diagram are followed by the sections of

elastic strain that are parallel to each other. Be-
sides, the transition of the plateau to the stress
drop (their mutual replacement), which is shown
in Fig. 4, ¢, is also known. It should be noted that
the ascending front of the pulse at all amplitudes
has complications, while the descending front is
free of them (see Fig. 6). The input pulse is al-
ways also practically “clean”.

The hopping strain and stress plateau were
also found in natural materials, such as silicon
[32], stishovite [30], sapphire, diorite, graphite,
mica, and others [10]. Quartz grains and other
minerals are present both in hard rocks and in
poorly consolidated medium. Using electron mi-
croscopy, it was shown that quartz single crystals
contain inclusions of various chemical composi-
tion of micrometer sizes. When a low-intensity
wave propagates, quartz demonstrates signs of
nonclassical inelasticity, which was recorded in
the  parameters of  amplitude-frequency-
dependent attenuation using electron microscopy
[22]. It is noteworthy that the strain hopping and
plateau were found in such a weak material as
nanoclay [15], as well as in gypsum [13] and
granite. These facts can also be regarded as an
indirect confirmation of the possibility of such
effects in a poorly consolidated medium. A theo-
retical justification of the propagation of seismic
waves involving the microplasticity process was
developed in [36]. It is necessary to consider
other possible mechanisms, such as the acousto-

plastic effect in metals and alloys [28]. In this
work, experimental material was analyzed, and
justifications and approaches for solving the
problem of the mechanism of intermittent (hop-
ping) inelasticity in rocks were proposed.

Conclusion

New data on the physics of seismic wave
propagation in a real medium were obtained in
this study. There are many mechanisms of seis-
mic waves attenuation, however, the mechanism
of intermittent (hopping) strain is not yet in-
cluded in the seismic model. The new knowledge
can be used to develop a rheological model and
theoretical researches. It is likely that the ampli-
tude dependence of wave velocities and attenua-
tion is connected with intermittent inelasticity
and, in particular, with microplasticity. This is
evidenced by the hopping and stress-dependent
nature of the strain process. The cause of wave-
form transformation may be microplasticity.

The problem of the nature of microplastici-
ty in geological materials remains open so far.
The mechanism of inelasticity may be the same
as in solids (the motion of dislocations and other
defects of the microstructure), or completely dif-
ferent. However, the detected manifestations of
seismic microplasticity in the loams are very
similar to the manifestations of microplasticity in
ordinary solids. This issue needs further clarifi-
cation. Microplasticity has respect to the little-
known inelastic processes of propagation of low-
amplitude waves in natural materials. New
knowledge about elastic-inelastic processes is
required not only for the theory development, but
also for obtaining more effective diagnostic fea-
tures for solving various applied problems by
seismic and acoustic methods.
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