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The approach to the study of the seismically active zone as an open system that isin a
state of self-organized criticality is becoming increasingly used in modern research. The
models used in this approach should reflect the most characteristic features of such me-
dia: discreteness, nonequilibrium, nonlinear and nonlocal nature of interactions. In this
paper, the medium is modeled by a granular massif with ribbed grains. Three different
massifs are used in the research. Within one massif, all grains are identical, while grains
from different massifs differ in shape (cubic or irregular ribbed) and characteristic size.

A number of experiments of shear deformation of such granular massifs were carried
out in order to study the influence of the shape and size of grains on the statistical charac-
teristics of the process. The influence of the stress state on the deformation properties
of these media was also studied. The experiments proved the qualitative similarity of the
behavior of different granular media. Obtained experimentally force jumps, represen-
ting the reaction of the granular medium to shear deformation, obey the distributions in
the form of power dependencies. However, the magnitudes of the forces arising in the
massifs depend on the grain shape and size as well as the stress state in the massifs. The
experiments with shear deformation of the granular media under the external action of
small impulse stresses have shown that such action causes a smoother, devoid of sharp
jumps, deformation. External perturbations shift the distribution of the force jumps towards
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smaller values, leaving their exponents unchanged.
The analysis of experimental results using nonadditive statistical mechanics confirmed
the presence of long-range correlations in the massif of ribbed granules during its shear

deformation.
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index.

Introduction. One of the most important
properties of the lithosphere is discreteness
observed in a wide range of scales: from gra-
ins in rocks of millimeter size to the largest
structural elements of the Earth's crust —tec-
tonic plates up to thousands of kilometers
[Alexeevskaya et al., 1977; Sadovskiy et al.,
1982, 1987]. The discrete structure of geome-
dia determines their special dynamic beha-
vior, different from the behavior of homoge-
neous media [Sadovskiy et al., 1987; Nikola-
evskiy, 1996; Kocharyan, Spivak, 2003]. A stri-
king example of such special behavior is the
irregular release of energy in the form of earth-
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quakes in seismically active zones under the-
ir loading due to the regular displacement of
tectonic plates [Sadovskiy et al., 1987; Sadov-
skiy, 1989; Keilis-Borok, Soloviev, 2003; Mea-
de, Hager, 2005]. It is known that the media
in seismically active areas are significantly
fragmented by numerous faults and cracks
[Ben-Zion, Sammis, 2003; Billi, Storti, 2004;
Meade, Hager, 2005; McCaffrey, 2005; Love-
less, Meade, 2011].

In a number of works it was found that the
shear deformation of such discrete media as
granular ones is statistically similar to seismic
processes in natural media. In particular, the
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experiments [Behringer et al., 1999; Howell
etal., 1999; Hayman et al., 2011; Geller et al.,
2015; Mykulyak et al., 2019b] and the simu-
lations [Zhao et al., 2006; Indraratna et al.,
2014; Mykulyak et al., 2019a] have shown
that the displacement of granular media oc-
curs intermittently and is accompanied by the
radiation of stochastic acoustic disturbances.
It turned out, these disturbances obey the sta-
tistical laws inherent in earthquakes, namely
Gutenberg Richter's law, Omori's law and also
the universal law for distribution of interevent
times between avalanches [Geller et al., 2015;
Lherminier et al., 2019; Mykulyak et al., 2019b;
Kumar et al., 2020].

The authors of [Meade, Hager, 2005; Love-
less, Meade, 2011; Meroz, Meade, 2017] studi-
ed in detail the movement of tectonic structu-
ral elements in California, in the area between
two tectonic plates: the Pacific and the North
American. This area is divided by a network
of faults into a large number of tectonic ele-
ments, which as a result of the movement of
tectonic plates are also involved in the move-
ment. These studies have shown that the be-
havior of this region is similar to the shear de-
formation of the granular medium.

In our previous paper [Mykulyak et al.,
2019b] we studied the statistical properties
of shear deformation of granular medium ex-
perimentally. Since among the fragments of
natural rock the mainly ribbed-shaped pieces
are common, the cubic grains as structural ele-
ments for the massif were chosen. We found
out that deformation process is intermittent
and accompanied by the radiation of acoustic
perturbation obeying the Gutenberg Richter
law and the generalized Omori law for tempo-
ral decay of aftershocks. We also investigated
the effect of small perturbations on shear de-
formation. The experiments have shown that
acting on the medium with small perturbati-
ons when the force of tension of a certain thre-
shold value can be achieved, it is possible to
attain smoother deformation.

Continuing the research [Mykulyak et al.,
2019b], we investigate the influence of grain
shape and size on the statistical properties of
the shear process. Here we consider two types
of grains: cubic grains and grains formed by
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crushed stone with an irregular but ribbed
shape. We study the effect of compression on
the statistical characteristics of grain massifs
of these two types, as well as the effect of small
perturbations.

Experimental installation for the study
of shear deformation of ribbed grains mas-
sif. The study of shear deformation process of
granular media is carried out using the expe-
rimental installation (Fig. 1, a) developed in
[Mykulyak et al., 2019b; Mykulyak, 2019]. Its
main element is the box consisting of two
parts: the lower fixed and the upper sliding
(Fig. 1). Both parts are made from plexiglass.
Each box's part has the following internal si-
zes: the length along shear direction is 0.3 m,
the height is 0.07 m, and the width is 0.2 m.

50y,

o

Fig. 1. The sketch of experimental setup (a). Desig-
nations: I —box consisting of two parts, 2— piston,
3—1load, 4 — traction mechanism, 5 — force sensor,
6 — rope, 7— grains, 8§ — impulse generator. Three
types of grain massifs (from left to right) (b): ribbed
grains with sizes 5—7 mm, ribbed grains with sizes
10—15mm (crushed stone), cubic grains (plexiglass).
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The front and back wall thickness is 0.1 m.
The contact surfaces between the lower and
upper boxes were preliminary ground. To pro-
vide the horizontal sliding of the upper part,
the guide plates were installed on the lower
part. In turn, the slider part of the device is
equipped with the limiters prohibiting the
movement in the vertical direction. The piston
(2) that can move freely in a vertical direction
is located on the granular massif. The piston
weight is 2.75 kg. The movement of the slider
block isimplemented using a traction mecha-
nism (4). This device consists of a gear motor
NMRYV 090/040, which is connected to the ro-
pe shaft. One end of the rope (6) is attached
to the shaft, whereas the other one to the for-
ce sensor (5), which is rigidly mounted on the
leading edge of the upper box. The force sen-
sor measures the granular massif reaction on
the shear deformation.

The study of external perturbations influ-
ence on the granular medium shear is carried
out forimpulse actions. The perturbations are
generated by an impulse generator (§) moun-
ted on the upper surface of the piston (2). Sta-
ticloading on the granular massif is performed
by means of the weights (3) located on the pi-
ston. We consider three types of massif (Fig. 1,
b). The first one consists of cubic grains 10 mm
in size. The second massif contains the ribbed
grains of irregular shape with sizes in the ran-
ge of 5—7 mm. The third massif differs from
the second one by the grain size only, i. e. they
are 10—15 mm.

Cubic grains are made of plexiglass and ir-
regular grains are screenings of crushed stone
of the corresponding fractions.

The reaction of granular media on she-
ar deformations. In the first series of experi-
ments, we consider the effect of static load on
the process of shear deformation of the granu-
lar media. In all of them, the displacement of
the upper part of the box is carried out at a
speed of 10 cm per minute. The force sensor
registers the force response of the medium
to the shift. This reaction depending on time
is shown in Fig. 2, a for the granular medium
with cubic grains pressed by the load P = 30
N. This dependence is a set of chaotic oscilla-
tions. To analyze these oscillations, the jumps
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Fig. 2. Temporal dependencies of the traction force
f (t) during the shear deformation of cubes massif
(a) and the corresponding sequence of the force
jumps Af (t) (b).

from the minimum to the maximum values
were calculated, and then the distributions
of the amplitudes of these jumps were built.
Fig. 3 presents the distributions of the force
jumps for massif of cubic grains in the absence
of load and for two values of loads in log-log
coordinates. The figure shows that these dis-
tributions are parallel to each other and shift
towards greater forces with increasing the lo-
ads, which is natural. These distributions are
power, and this is typical for processes that
take place in a mode of self-organized criti-
cality [Pruessner, 2012].

The distributions of the force jumps for mas-
sif of ribbed grains of irregular shape with si-
zes in the range of 5—7 mm and in the size
range of 10—15 mm for three loading regimes
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Fig. 3. Distribution of the force jumps Af at three
types of static loading. Massif is formed by cubic
grains.

are presented in Fig. 4. In both cases the dis-
tributions of the force jumps are power fun-
ctions. The distributions are parallel to each
other and shift towards greater forces with in-
creasing the loads, which is natural. In both
cases, the distribution of force jumps is almost
parallel and there is a shift with increasing
compression of the granular medium.

The next series of experiments is devot-
ed to the study of the effect of external impul-
se perturbations on the shear deformation of
granular media. The impulse generator (8) is
used to send the signal with the frequency o=

An/n

=2 Hzinto the medium. The amplitude of the
impulse is f M =44 N, lasted for T = 1 ms. The
effect of pulsed perturbations on the shear
was studied for the massif of cubic granules
and for the crushed stone massif with a size of
5—7mm. The distributions of the force jumps
are presented in Fig. 5 for two loads. Here, for
comparison, the distributions of force jumps
without the influence of pulse perturbations
are also given. The analysis of these graphs
shows that the action of pulsed perturbations
leads to the shift of the distributions towards
smaller values and, consequently, to smaller
values of jumps, i. e. to a smoother shear de-
formation.

Analysis of these distributions shows that
the perturbations affect the shear deforma-
tion, reducing the jumps, and thus making it
smoother. This is true for all distributions. This
effect is manifested in the shift of distribution
functions in the direction of reducing the in-
tensity of force jumps. The slopes of these dis-
tributions do not depend on the action of per-
turbations. This is clearly seen in Fig. 6, a,
which shows the exponent for different granu-
lar media and different deformation conditi-
ons. In addition, the graph shows a tendency
that the medium with larger granules corre-
sponds to larger B values, i. e. in the case of
larger granule sizes, the distribution of jumps
is more nonuniform. The results of the experi-

Af
b

Fig. 4. Distribution of the force jumps Af at three types of static loading. Massif is formed by grains
of irregular shape with sizes in the range of 5—7 mm (a) and in the range of 10—15 mm (b).
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Fig. 5. Distribution of the force jumps Af at loads P =0 (a) and P = 30 N (b) for shear with (empty sym-
bols) and without perturbations (filled symbols). The distribution of the cubic grain massif is denoted
by square symbols, and the distribution for the massif formed by irregularly shaped grains with dimen-
sions within 5—7 mm is indicated by circular symbols.

ments also indicate that the shape and size of
the grains affect the deformation properties.
The distribution graphs for three discrete ar-
rays shown in Fig. 6, b confirm this. These
distributions are similar, but the distributions
for arrays with larger irregular granules are
shifted toward more intense jumps, and the
distributions for an array with cubic granules
are further shifted in this direction.
Examination of shear deformation com-
pexity via non-intensive statistical mecha-
nics. The nature of the observed experimen-
tal data can be investigated by using the ge-
neralized entropy conception [ Vallianatos et
al., 2012, 2014, 2018; Michas et al., 2013; Valli-
anatos etal., 2016 a, b; Agioutantis et al., 2016;
Saltas et al., 2018]. This extension of thermo-
dynamics and statistical physics introduced
by Tsallis [2004] deals with the nonergodic sy-
stems and leads to the nonextensive thermo-
dynamics and statistical mechanics. Instead of
classical entropy, the quantity St is defined as

%
Fig. 6. Dependences of exponent f on the load P for
shear with (empty symbols) and without perturba-
tions (filled symbols) (a). The numbers ! and 2 corre-
spond to the massif of cubic grains; 3, 5— the massif
of 5—7 mm irregular grains; 4 — the massif of 10—
15mmirregular grains. Distributions of the force jumps
Afatload P =60 N for different media shear (b).
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Q
1-2 pf
S, = =t
q-1
where ( is the Tsallis (or entropy) index,
Q

Z p; = 1. If a system consists of two sta-

geR,

i=1

tistically independent subsystems A and B,
Tsallis entropy, St is defined according to the
following expression

Sy (AB) =S¢ (A) + 57 (B) +

1-¢

B

+ St (A) S1 (B),

where Kk is Boltzmann's constant. The last

term reflects the nonadditivity due to long-

range interactions in the physical system un-

der consideration. Note that the limitq — 1

corresponds to the Boltzmann—Gibbs entro-
Q

py St — Z p; In p; and the deviation of q
i=1

from 1 points to the appearance of long-range

correlations. It has been shown that at q < 1

the physical system behavior depends on ra-

re events, whereas at > 1 the frequent events

have more weight [Boghosian, 1996].

To estimate the index ¢, the approach pro-
posed in [Ramirez-Reyes et al., 2016] is used.
According to this method, the maximum en-
tropy principal on the base of St is applied.
The auxiliary function known as redundancy
R is defined as

St
Rr=1- max '
St
1-Q'~ ¢
where Sgwax: ————— is the maximum of

the function Sy, which is reached on the equi-
probable microstates p; =1/Q.

In this way, we construct the functions Sy (q)
and Rt (q) using the sequences of force jumps
AT (t). Fig. 7 presents these functions built for
the experiment with shear deformation of the
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Fig. 7. Determination of entropy index ¢. The func-
tions Rt (q) (upper curve) and St () (lower curve).
The extremum abscissa is q = 0.73.

cubic massif without the load. Each of these
functions possesses single extremum depicted
with the filled circles. The numerical estima-
tion of extremum coordinates gives = 0.73<
< 1. This means that the process described by
the distribution of force jumps Af possesses
longrange correlations and the system dyna-
mics is defined by the mutual influence of a
large number of rare events.

Fig. 8 presents the summary graph for all
experiments of the dependence of Tsallis in-
dex on the load P. The analysis shows that
this index does not depend on the value of P.
However, there is an influence of the shape
and size of the grains on Tsallis index. For cu-
bic grains, the index is the largest. It also has
a larger value for larger irreqgular grains.
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Fig. 8. Dependences of exponent of Tsallis index q
on the load P. The notations coincide with Fig. 6.
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Concluding remarks. The results of the
experiments demonstrate the complexity of
dynamic behavior of the granular media for-
med by the ribbed grains. This complexity is
similar to the complexity that isinherent in the
natural media. Therefore, modeling these pro-
cesses in the laboratory is of great importance
for revealing statistical properties of natural
critical phenomena, including earthquakes.

Experiments with shear deformation of
massifs with ribbed grains have shown that
the quality of the behavior of such a medium
does not depend on the shape and size of the
grains. The shape and size affect only the mag-
nitudes of intergranular forces: for grains with
smoother surfaces, which in experiments are
pieces of crushed stone, the jumps in force are
smaller compared to the medium formed by
grains of regular shape — cubes. Also jumps
of forces at reduction of the sizes of grains at
identical forms decrease.

Based on nonintensive statistical mecha-
nics, the analysis of the response of the granu-
lar medium to shear deformation shown that
the Tsallis index for the force jump sequences
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EKcriepuMeHTaAbHE AOCAIAJKEHHSI 3CYBHOTO
AepOopMyBaHHS CEPEeAOBUIId, YTBOPEHOIr0 MaCBOM
peOopuCTUX TPaHyA

C.B. Mukyask, B.O. IloaskoBcbku, C.1. CKypariBcpkui, 2021

IncturyT reodisuku im. C.I. Cy66oTtina HAH Ykpainu, KuiB, YKpaiHa

ITipxip AO BUBUEHHS CEMCMOAKTHUBHOI 30HU SIK BIAKPUTOI CUCTEMY, 110 NepeOyBac B
CTaHi cCaMOOpPTraHi30BaHOI KPUTUYHOCTI, HAOyBa€ yce MINPIIOro 3aCTOCYBAHHS y CydaCHUX
MOCAIAKEeHHSIX. MOA€eAi, 1110 BUKOPUCTOBYIOTH 3@ TAaKOTO IIAXOAY, MalOTh BiAOOparkaTh
HaWXapaKTepPHIIIl prCcHU ITOAIOHUX CEPEAOBUIIL: AUCKPETHICTh, HEPiBHOBasKHICTh, HEAIHi M-
HUM Ta HEAOKAABHUN XapaKTep B3aeMOAiN. PO3TrASHYTO cepepOBUIIIe, IKe 3MOAEABOBAHO
IpaHyABOBAHNMM MaCHUBOM 3 'paHyAaMu peOpucToi GopMu. AOCAIAKEHO TPU Pi3HI MaCUBH.
B Merkax OAHOTO MaCHUBY yCi 'pPaHYAU OAHAKOBI, TOAl IK TPAHYAU 3 PI3HUX MACHUBIB Pi3-
HATHCA 32 POopMOIO (KyOiuHa ab0 HellpaBUABHA peOPUCTa) Ta XapaKTePHUMHU PO3MipaMu.
BukoHaAHO psAA €eKCIIEPUMEHTIB 3CYBHOIO Ae(DOPMYBaHHA TaKUX 'PAHYABOBAHUX MAaCUBIB
3 METOIO BUBYEHHS BIIAUBY (DOPMU Ta PO3MIipiB I'PAHyA Ha CTATUCTUYHI XapaKTEPUCTUKHU
nponecy. BuB4eHO BIIAUMB HANIPY’KEHOT'O CTaHy Ha AepopMallifiHi BAQCTUBOCTI BKa3aHUX
cepepoBUlll. EKCIIEpUMEHTAABHO AOBEAEHO SIKICHY IHOAIOHICTH MOBEAIHKM Pi3HUX I'pa-
HYABOBaHUX cepepoBull]l. OTpUMaHi eKCllepUMeHTaAbHO CTPUOKHU CHA, SKi € peakllieto
I'PaHyABOBAHOT'O CEPEAOBHUINA Ha Ae(DOPMallito 3CYBY, PO3IOAiAEHI 3a CTeIleHEeBUM 3aKO0-
HoM. OAHAK BEAMYMHU CHUA, IIT0 BUHHUKAIOTh Y MAaCUBaX, 3aAe’KaTh Bip (hopMu, po3Mipis
IPaHyA i HAalIpy>KeHOTO CTaHy B MacuBax. EKcIlepUMeHTHU 3i 3CyBHUM AeOPMYBaHHIM
IPaHyABOBAHUX CEePEAOBHII] 3@ 30BHIITHBOIL All MAAWX IMITYABCHUX HANIPY’KeHb ITIOKA3aAH,
110 TaKa Aisl 3yMOBAIO€E OiABIII ITAaBHE, T030aBA€HE Pi3KUX CTPUOKIB pepopMyBaHHS. 30-
BHIIITHI 30ypeHHS 3MillYIOTh PO3IOAIAY CTPHUOKIB CUA Yy OiK MEHIIINX 3HaYeHb, 3aANIIAI0YN
He3MiHHUMU IX TOKa3HUKU CTeleH4.

AHani3 eKCclIepUMeHTAaABHUX PE3YABTATIB 3 BUKOPUCTAHHAM HEAAUTUBHOI CTaTUCTUYHOL
MEeXaHIKHU MIATBEPAJKYE HAaABHICTb AAAEKOAIMHUX KOPEAAIIiM y MACUBI peOPUCTUX I'PAHYA
Y pasi 1oro 3cyBHOIrO Ae()OPMYBaHHS.

KAro4oBi caroBa: TpaHyABOBaHe CepPEAOBHUIIE, 3CyBHe AePOPMYBAHHS, CTEIIeHEBUU
CTQTUCTUYHMM PO3MOAiA, iHAeKC Llaanica.

JKcnepuMeHTaAbHO€E NCCAEAOBAHE CABUTOBOTO
AeopMupoBaHuS CPeAbl, 00pa30BaHHON MaCCHUBOM
peOpPUCTHIX TPAHYA

C.B. Mukyask, B.A. Iloaragkosckuri, C.H. CKypaTtoBcKuii, 2021

WucturyT reodpusuku uM. C.M. Cyc6orura HAH Ykpaunsr, Kues, Ykpausa

ITopxOA K M3YyUEHUIO CeMMCMOAKTUBHOM 30HBI KAK OTKPBITOM CUCTEMBL, HAXOAAIIEUCS
B COCTOSIHUM CAaMOOPraHU30BaHHOU KPUTUYHOCTHU, BCe OOAee IIUPOKO MPUMEHSEeTCS B
COBpPEMEHHBIX MCCAEAOBAHUIX. MOAEAN, UCIIOAB3YeMble B AQHHOM IIOAXOAE, AOAKHBI
OoTpa’kaTb HauOOAee XapaKTePHBIE YePThI TAKUX CPEA; AUCKPETHOCTh, HEPABHOBECHOCTE,
HEAMHEUHBIU U HEAOKAABHBIN XapaKTep B3auMOAEUCTBUM. PaccMOTpeHa Cpeapa, MOAEAU-
pyeMas rpaHyAMPOBAHHBIM MaCCUBOM C IpaHyAaMu pebpucroit popmel. MccaepoBaHbr
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TPYM pa3HBIX MaccuBa. B mpeaperax oAHOTO MaccHBa BCe TPAHYABI OAMHAKOBEI, TOTAQ KaK
I'PAHYABL M3 Pa3HbIX MaCCUBOB pa3AndaroTcs opMoi (KyOudecKas MAM HellpaBUAbHAs
pebpucTasi) ¥ XapaKTepPHBIMU pa3MepaMu. BLITOAHEHBI SKCIIEPUMEHTHI CABUTOBOTO Ae-
(I)OpMI/IpOBaHI/IF{ TaKUX I‘paHYAI/IpOBaHHLIX MACCHBOB C IIEABIO I/IBY‘{QHI/IH BAUAHUA (I)OpMBI
Y pa3MepoB I'PAHYA Ha CTaTUCTUUECKHUEe XapaKTEePUCTUKHY IIporecca. V3yuyeHo BAUsSHNE
HAIPs>KEeHHOI'O COCTOSHUS Ha AepOopMallMOHHbIEe CBOMCTBA YKAa3aHHBIX Cpep,. DKCIepu-
MEHTaAbHO AOKa3aHO KaueCTBEHHOE CXOACTBO ITIOBEASHUS Pa3ANYHbBIX I'PaHyANPOBaHHBIX
cpea. [ToryueHHBIe 9KCITIEPUMEHTAABHO CKAYKHU CHA, KOTOPBIE IIPEACTaBASIOT COO0M peak-
IIMIO TPAHYAMPOBAHHOM CPEABI Ha Ae(pOpMaIiio CABUTA, PACIIPEAEAEHEI IT0 CTEIIEHHOMY
3aKoHY. OAHAKO BEAUUUHBI CUA, BO3HUKAIOIINUX B MAaCCUBAX, 3aBUCAT OT (POPMBI, pa3MepoB
I'PaHYA ¥ HAIIPSIPKEHHOT'O COCTOSIHUS B MaCCHUBaxX. DKCIIEPUMEHTHI CO CABUTOBBIM AeDop-
MHUPOBAHUEM I‘paHY/\I/IpOBaHHBIX Ccpep IIpy1 BHEITHeEM BOBAefICTBHH MAABIX I/IMHYABCHLIX
Haps>KeHUM MOKa3aAU, UTO TAaKOE ACUCTBUE BhI3bIBAeT OOAEe IIAABHOE, AMIIIEHHOE PE3KUX
CKauKOB Ae(popMupOBaHue. BHelllHre BO3MYIIEHNUA CMEIIAl0T PaclipepeAeHe CKaYKOB
CHUA B CTOPOHY MEHBIINX 3HaUeHUH 6e3 U3MeHeHUs UX IIoKa3aTeAell CTelleH .

AHaAI/IS OKCIIepUMEHTAABHBIX peSYJ\LTaTOB C UCIIOAB30OBaHUEM HeaMHTHBHOﬁ CTa-
TUCTUYECKOU MEXAHUKHU ITOATBEPIKAAQET HAAWUNE AAABHEAECUCTBYIOIINX KOPPEASIINU B
MaccuBe peOPUCTBIX 'PAHYA IIPUA €r0 CABUTOBOM Ae(POPMHUPOBAHUM.

KAaroueBble cAOBa: I'paHyANPOBAHHAS CPeAd, CABUTOBLIE AepOpMaIiy, CTeIIeHHOe CTa-
TUCTHYECKOe paclipepereHme, nHAeKC Llaaauca.
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