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BJINSTHUE CBS3HbIX I'PAHNII PA3EJIA
TOJIOMUT-TUIIC HA AKYCTUUYECKUE CBOVCTBA
U MMOBPEKJIEHHOCTD 'OPHOM ITOPO/IbI
IMPUN TUK/IMYECKHNX N3T'MBHBIX HATPYXEHUSAX
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AnHomauusa: PaccMOTpeHO M3MeHeHMe CKOPOCTel YIIPYTMX BOJH Cp, C,, C, v aKyCcTuecKkoit
mobporHocTy Q 6aJTOK OPOIbI IPK IMKIMYeckoM usrube. O6pasiipl comepskain CBSI3HbIE Tpa-
HUIIbI JOJOMMUT-TUIIC CJIOKHOM TEKCTYphl. V3Mepsiich KOAMYECTBO IMKJIOB HATPYsKeHWUS U
rapaMeTp MOBPEXIEHHOCTH M. DKCIIEPMMEHTHI TPOBOIMIINCH Ha 06pasiax-6amkax mopon Ho-
BOMOCKOBCKOT0 MecToposkaeHus rurica (Tymbckast o6mactb, Poccyst) mpu u3rube 1o Tpexroued-
HOM cxeMe. B BepxHeit uacTu 06pasija HaXOmUJICsI, B OCHOBHOM, CJIOV JOJIOMUTA, KOTOPbIN 06-
Jlama 6ojiee BbICOKOI MPOYHOCTbIO, MEHDBIIIMMM aKyCTUUECKUMM TTOTepsMM 1 6oJiee BbICOKOI
aKyCTUUECKOM TOOPOTHOCTHIO MO CPABHEHUIO C TUTICOM, PACIOIOKEHHBIM MTPEUMYIIeCTBEHHO
B HIKHEN yacTy obpasia. [lepexon Meskay AOTOMUTOM U TUIICOM MMEJT CJIOKHYIO TISITHUCTYIO
TEKCTYPY C uepeioBaHeM 060MX MIUHEPAJIOB. DKCIIEPUMEHT rpoBoaucs cepusivu o 100 umk-
JIOB 3arpysku / pasrpy3ku. CKOpOCTH TIPOAOJIbHBIX U MTOTIEPeUHbIX (BIOJb U TOMepeK Harpas-
JIEHVST Harpy3Ky) YIPYTUX BOJIH, @ TaKKe aKyCTuueckasi JOGPOTHOCTh M3MEPSUIUCD IO MUCITbI-
TaHMS M MEKAY IMKIaMyu. MakcuMaabHasi HarpysKka IMKIa B KakAOM MOC/IeAYIOEeN Cepun
YBEJIMUMBAJIACh IO CPAaBHEHMIO C TIPEIbIAYILIEN Cepyel, YTOObI HATH PESKUM MaJIOIVIKJIOBOM
yeranocti. CKOPOCTH YIIPYTHX BOJH YMEHBIIAINCh, a aKyCTUUYecKast JO6pOTHOCTh BO3pacTasia
TIpY YBEeJIMUEHMM KOJMUECTBA YCTAJIOCTHBIX IIMKIOB. HermocpencTBeHHO Tiepe paspyllieHnemM
no6porHOCTh Q MOKa3asia pe3koe CHIsKeHMe, CBSI3aHHOe C paspylleHreM MaTpuiibl. Momenu-
pOBaHIe MeTOIOM KOHEUHBIX 3JIEMEHTOB MOATBEPANIIO TUIIOTE3Y, UTO YBeIMUeHne q06pOTHO-
CTU CBSI3aHO C OCJIabyieHreM MPOYHOCTY KOHTAKTOB Ha I'PaHMIIaX MEKAY BbICOKOZOGPOTHBIM
JOJIOMUTOM ¥ HU3KOLOOGPOTHBIM rumicoM. [TapameTp MOBPEKIEHHOCTH () OLEHUBAJICS KaK OT-
HolleHne o611ero koyuecTBa cobbituit AE ¢ Havasa sKcriepMMeHTa K 06IIeMy KOJMYEeCTBY
co6biTmii AE nipu paspyiuenun. OnpenesieHa TOUHOCTb PerpeCcCMOHHBIX 3aBUCUMOCTEN OLIeHKM
rmapameTpa MOBPEXIEHHOCTH ( IO aKYCTUYECKUM CBOVICTBAM IIPU UX PasIMUHOM KOJMUECTBE.
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The effects of dolomite-gypsum bonded interfaces on acoustic properties
and damage of rock under cyclic bending loads
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Abstract: The change in the elastic wave velocities Cp, C,, C, and the acoustic quality factor Q
of rock beams under cyclic bending loading are considered in the article. The specimen contained
bonded dolomite-gypsum boundaries of complex structure. The number of loading cycles and
damage parameter o were registered.The experiments were carried out on rock specimens from
the Novomoskovsk gypsum field (Tula region, Russia) with bending by a three-point scheme.
The upper part of the sample was mainly a layer of dolomite, which had higher strength, lower
acoustic loss and higher acoustic quality factor compared to gypsum (which was located mainly
in the lower part of the sample). The interface between dolomite and gypsum had a complex
spotty texture with the alternation of both minerals. The experiment was carried out in a series
of 100 load/unload cycles. The velocities of the longitudinal and transverse elastic waves (along
and across the direction of loading), as well as the acoustic Q factor, were measured before and
between cycles. The maximum load of the cycle in each subsequent series was increased in com-
parison with the previous series to find the mode of low cycle fatigue. The elastic wave velocities
decreased and the acoustic Q factor increased with an increase in the number of fatigue cycles.
Just before destruction, the Q factor showed a sharp decrease associated with the destruction of
the matrix. Modeling by the finite element method confirmed the hypothesis that an increase in
the quality factor is associated with a weakening of contacts at the boundaries between high-
quality dolomite and low-quality gypsum. The damage parameter ® was estimated as the ratio
of the total number of AE event count from the beginning of the experiment to the total number
of AE event count at destruction. The accuracy of the regression dependencies of the damage
parameter ® by the acoustic properties is determined for various amounts.

Key words: rock, bonded boundary, dolomite-gypsum, complex structure, acoustic, elastic
waves, velocity, quality factor.
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Introduction coal bumps [1], failure slopes of quarries

State of the art

Bonded and un-bonded boundaries be-
tween rocks of various types have a sig-
nificant impact on the strength properties
of rocks and massifs. It has been noted in
a number of studies, that knowledge of the
mechanical properties of these boundaries
is necessary for predicting rock bursts and
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and slides [2], roof fall in underground
workings [3], the hydraulic fracturing of
rocks [4], the design of concrete lining in
tunnels [5] and piles to strengthen slopes
[6], ensuring the tightness of underground
storage of gas, oil, radioactive and chemi-
cal wastes [7] and to solve other geotech-
nical problems.



It should be noted that many objects
in rock massifs, and the boundaries be-
tween the rocks, are affected by the cy-
clic loads arising from blasting operations
[8, 9], injections and selection of fluids in
underground storage facilities [10], reser-
voirs during production intensification of
heavy and superheavy oil [11], in areas of
increased seismicity [12], and when traf-
fic is moving along the workings at great
depths [13]. This determines the need to
study the cyclic effects on the strength
properties of rocks, in general, and the
boundaries contained in them, between
rocks of various types.

Among the strength properties and the
factors influencing them, the ultimate ten-
sile strength, damage [14], defects [15]
and cracks [16] are considered.

The tensile strength characterises the
maximum allowable stresses and, for in-
termediate estimates, the damage parame-
ter o [17], introduced by Yu.N. Rabotnov,
and the integrity parameter y [18], in-
troduced by L.M. Kachanov, allow us to
evaluate strength in the range between its
limits and complete absence.

It is not always possible to monitor pa-
rameters ® and y continuously, for exam-
ple, using the acoustic emission method
(AE) [19, 20]. It is advisable to use other
acoustic methods [21] in these cases. The
most widely used informative acoustic
parameters include the velocities of lon-
gitudinal and transverse elastic waves, as
well as the less frequently used acoustic
Q quality factor. This makes it possible to
estimate the damage parameter o from re-
gression dependences, by periodic single
measurements of acoustic properties.

The purpose and objectives

of the study

The main goal of this study was to as-
sess the effect of the bonded boundaries
between gypsum and dolomite on the
changes in acoustic properties at various

degrees of damage, as well as on the rela-
tionship of the damage parameter ® with
elastic wave velocities and acoustic qual-
ity factor Q. The tasks included the devel-
opment of a method for changing the dam-
age of samples due to fatigue and cyclic
bending loads of specimen-beams with a
quantitative assessment of the damage pa-
rameter from the total AE, as well as jus-
tification of the model of physical mecha-
nisms for changing the acoustic quality
factor in such tests. Another task was the
construction of regression dependencies
between parameter ® and the velocities of
elastic waves and acoustic quality factor,
with an assessment of the accuracy of such
dependencies.

Materials and methods

Rock samples

The experiments were carried out on
beam specimens of gypsum-containing
rocks from the Novomoskovsk field in the
Tula region of Russia, while bending in the
three-point scheme. The deposit is mined
underground by a drilling and blasting meth-
od. The samples had the form of beams with
dimensions of 40x 40x200 mm. 12 samples
were tested in total. Of these, five samples
were tested to determine the tensile strength
by bending tests. The testing procedure and
measurements were worked out on four
samples. The main results were obtained on
three samples G-2-04-AE, G-2-18-AE and
G-2-05-AE. The samples had a complex,
two-phase layered structure and included
areas of spotted gypsum and dolomite. The
photograph in Fig. 1(a) shows an example
of their structure on one side of sample
G-2-5-AE. Fig. 1(b) depicts the approxi-
mate location of the minerals. The dolomite
areas are light and the gypsum areas are
shaded, in this diagram. The letter T shows
the position of the electric strain gauge in
the lower part of the beam for detecting
tensile deformations under cyclic loading.
Black triangles mark the points of applica-

29



%//////% Gypsum I:l Dolomite = — = Fracture surface 7 — Strain gauge

Fig. 1. Side view of a beam specimen of rock with the boundaries of dolomite-gypsum (a) and the approximate

location of minerals (b)

Puc. 1. Bug cboky Ha obpaseu-6anky ruricocosep>kaluesi nopoabl (a) U opueHTUPOBOYHOE PacronoxeHue

muHepanos (6)

tion of the bending loads. The dashed line
indicates the position of the fault plane
after the specimen was destroyed.

In the upper part of the sample, there
was a layer of dolomite which had higher
strength, lower acoustic losses and a high-
er acoustic quality factor compared to gyp-
sum, which was mainly seen in the lower
part of the sample. The border interface
between dolomite and gypsum had a com-
plex spotty structure due to the alternation
of both minerals. This feature manifested
itself in the resulting acoustic and defor-
mation dependencies, as analysed below.

Testing: main ideas, methodology

and sequence of operations

The complex method of investigation
included mechanical and acoustic meas-
urements of various informative parame-
ters in the process of cyclic loading of the
rock samples.

Cyclic mechanical fatigue loadings
were carried out in a series of 100 cycles,
to create certain damage in rock samples.
The minimum load in the cycle was 3t0 5%
of the average ultimate bending strength
(UBS). The maximum load in the cycle se-
ries did not change and it increased in the
subsequent series compared to the previous
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one. The initial UBS was determined as be-
ing the average value from the destruction
of five samples. As shown by preliminary
testing, the deformation and fatigue could
be divided into several modes, depending
on the maximum load in the cycle.

The elastic deformation mode (the
first mode) manifests itself in high cycle
fatigue. The plastic deformation mode
manifests itself in low cycle fatigue (the
second mode). The brittle fracture mode
(the third mode) manifests itself by in-
stantly destroying the specimen. The load
of the third mode is greater than the load
of the second mode, which is greater than
the load of the first mode. An increase in
the load in each subsequent series with
AE monitoring was chosen to ensure low-
cycle fatigue. This solution made it pos-
sible to determine the transition to the low
cycle fatigue mode up to the destruction
of the sample and to carry out tests within
the allowable time.

The velocities of the longitudinal (C)
and transverse (C_ and C ) elastic waves
(with polarlsat|on planes in and across the
load direction, accordingly), as well as the
acoustic quality factor Q of the samples,
were measured before commencement of
each test, and between the loading series.



Acoustic quality factor Q physically
characterises the ratio of the total energy
of a system to its losses in one oscillation
period. It was determined by resonant
acoustic spectroscopy [22] during rock
sample excitations with the harmonic sig-
nal of the elastic waves and were calcu-
lated according to: f

- Jo | 1

Q fmax_fmin ( )

where f0 is the resonant frequency. This

frequency is determined by the maximum

amplitude of harmonic signal of the sample

at the measurement. fmax and f_are the

upper and lower band frequencies of the

signal at the 1/~/2 level of the maximum
amplitude value at the resonance.

To assess the destruction of the sample,
the authors chose the damage parameter o,
which varies from 0 to 1 and is generalised.
This parameter characterises a decrease in
the effective value of the cross-sectional
area of the structural element under con-
sideration. It can evaluate the change in
strength of a particular sample or material
in accordance with the ratio

o, (0)=0,(1-0), )

where ¢ (®) and o, are the current and
initial strength values, accordingly.

This makes it possible to estimate the
strength of one sample without effecting
the dispersion of the sample group prop-
erties.

The tests were carried out in the fol-
lowing sequence:

1. Measurements of the elastic wave ve-
locities and acoustic Q factor were made.
The elastic wave velocities were measured
by elastic impulse propagation time. The
acoustic quality factor was measured by
the resonance method.

2. The maximum load of the first series
was set. The sample was loaded in a series
of 100 cycles. The load and vertical dis-
placements of the beam in the middle part,
as well as the readings of the strain gauge
glued to the bottom of the sample, and the
AE event count rate were recorded.

3. If the sample in the series was not
destroyed, the elastic wave velocities and
Q factor were measured again, in accord-
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Fig. 2. Graphs of dependencies on time for the specimen load P (a) and gauge strain ¢, (b), as well as AE event
count rate N, under cyclic bending loads, with a maximum load of 2,40 kN
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Fig. 3. Graphs of dependencies on time of the specimen load P (a) and relative deformations of the strain
gauge ¢, (b) and the event count rate N, under cyclic bending loads, with a maximum load of 2,45 kN
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ance with clause 1. Then, the maximum
load in the cycle was increased and the
tests were carried out at the next series, as
described in the previous paragraph.

4. If the sample was destroyed, the test
was terminated.

Testing and measurement equipment

The laboratory setup consists of me-
chanical and acoustic parts. Mechanical
tests were carried out with an «ASIS»
automated testing system, made by NPO
Geotech Ltd (Russia). The loading and
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deformation of the rock samples was car-
ried out using a computer-controlled step-
ping motor. A more detailed description of
the base part was given in [23]. The three-
point loading scheme complied with the
testing of rock samples during bending.
The acoustic testing subsystem develo-
ped by EcogeosProm LLC (Tver, Russia),
provided measurements of the velocities of
longitudinal and transverse elastic waves.
The acoustic quality factor was also meas-
ured by a resonance method using a setup
developed by the authors. In addition,
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Fig. 4. Graphs of AE event count N_ dependencies versus number of cycles M at various loads at different

scales of the vertical axis (a) and (b)
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a QM-Box system with an AF-15 device
(R-Technology LLC, Moscow, Russia) re-
corded AE pulses in the frequency range
from 20 to 200 kHz during a series of fa-
tigue loading. This subsystem recorded the
full waveform and the AE event count rate
N, which were displayed on the computer
screen during the experiments. It allowed
their progress to be monitored.

Results

Mechanical observations

The test results from the G25AE sam-
ple at maximum load P in a cycle equal to
1,9 kN versus time t are shown below, in
the form of graphs in Figs. 2(a) and (b).

Each loading series consists of 100
loading-unloading cycles, as marked in
Fig. 2(a). The same graph shows the
dependence of the AE event count rate
N,, the maximum value of which is
103 imp./s, and then decreases with each
cycle to 1-2 imp./s. Fig. 2(b) shows the
corresponding changes in the tensile strain
gauge. The upper part of Fig. 2(b) cor-
responds to tension and the lower part to
compression of the strain gauge. In this
form, they repeat the graph of the load
change, which indicates a significant de-
gree of the sample deformation in the elas-
tic region.

Figs. 3(a) and (b) show the load chang.
P and the readings of the strain gauge at
2,45 kN. Here, the sample collapsed dur-
ing the 6th cycle, in contrast to the previ-
ous series.

In Fig. 3(a), the load increases and sta-
bilises up to 12 s. In this graph, N, shows
the increase before this moment, and then
the decrease. There is a subsequent in-
crease and decrease, which is associated
with the stabilisation of the load carried
out by the press control system. The am-
plitude in the first part is larger than the
second part. A similar increase in N, on
the 4th cycle at 180 s shows the inverse
relationship. The value N, in the first part

is less than that in the second part. This in-
dicates the approach of the destruction of
the sample. For the same series, the strain
gauge is compressed, which indicates
a decrease in tensile strain due to crack
growth, as shown in Fig. 1(b).

AE observations

The results of the AE event count N,
registration versus the number of cycles
M for the entire observation period on
an overview scale and are presented in
Fig. 4(a). In addition, the curves obtained
for loads from 1,90 to 2,35 kN are also
shown in Fig. 4(b), for a distinct image on
an extended scale.

The graphs in Fig. 4(a) show a slight
increase in the AE event count on the
steps with loads from 1,90 to 2,35 kN,
compared with the load of 2,40 kN and, in
particular, 2, 5 kN. The graphs in Fig. 4(b)
show that, in the first series, the discrete
nature of the AE is observed, which is ex-
pressed in a stepped, spasmodic course of
curves. The nature of the curve changes at
a load of 2,35 kN demonstrate a smoother
change. It should also be noted that the
curves have a smooth course with a large
number of cycles.

Changes in acoustic properties

Fig. 5 presents the measurements of
acoustic properties, depending on the test
series. The velocity of the longitudinal
waves Cp in Fig. 5(a) initially increases,
with increasing load, and then decreases.
It does not show significant changes at
M =400 and above. The velocities of the
transverse waves C_ and C, in Fig. 5(b)
initially decrease but they do not show
significant changes at M = 400 and above,
similar to Cp.

The graphs showing the Q factor
change are presented in Figs. 5(a) and (b)
for comparison with the velocity graphs.
The Q factor shows an increase up to
M = 600 and then decreases until speci-
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Fig. 5. Changes in velocity of the longitudinal waves Cp and the acoustic quality factor Q (a), as well as the
velocities of the transverse waves C_ and C_,and the quality factor Q (b) depending on the number of load

cycles M
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men failure. Measurements of the acous-
tic properties at M = 600 characterise
the specimen state before its destruction,
since it occurred on the 6th loading cycle
in the next series.

Discussion

Mechanical precursors of destruction

The comparison of load and strain
measurement graphs for the strain gauge
at 2,40 kN (presented in Figs. 2(a) and
(b)) with graphs at lower loads, showed
their complete identity. Therefore, purely
mechanical measurements cannot predict
the destruction of the samples.

The initial part of the curves up to
three cycles (presented in Figs. 3(a) and
(b)) shows that the load and strain graphs
at 2,45 kN do not qualitatively differ
from the graphs obtained on the steps
with a lower maximum load in the cycles.
Simultaneously, an abrupt decrease in the
resistance of the strain gauge was ob-
served in the 4th cycle. This corresponds
with a reduction in the tensile strain and
indicates the germination of a macro crack
during the sample destruction, with its
exit outside the strain gauge in the 6th cy-
cle when the sample was destroyed. Fig. 1
shows the scheme of the crack with a dot-
ted line.
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The conclusion can be drawn that, dur-
ing fatigue cyclic bending loads, the me-
chanical observations cannot reveal the
proximity of fractures in the early stages
of the destruction of the sample material
but can provide information regarding this
immediately before fracture, when this
process is already actively developing.

AE analysis and evaluation

of damage parameter

The registration of AE allowed us to
specify the load at which fatigue low cy-
cle failure occurred. In this case, the load
was 2,45 MPa. The decrease in the AE
event count rate N, occurred in the first
three cycles in this series. It increased in
the next three cycles immediately before
destruction, as shown in Figs. 3(a) and (b).

In addition, it provided an opportunity
to assess the damage parameter after each
series of loads. For this, the total number
of the event count after each i-th series
ZN, and this one after specimen destruc-
tion N, were calculated. In this case, N, =
= 5226 imp. The calculated results are
shown in Table 1.

In Table 1, N is the AE event count at
the i-th series and IN, is the sum of the
AE event count from the begmnmg of the
experiment to the end of the i-th series.



The damage assessment was carried
out using the damage parameter ® intro-
duced by Rabotnov. This parameter char-
acterises the reduction of the effective
cross-sectional area of the sample. The
value ® = 0 characterises the undisturbed
material and ® = 1 when destroyed. In our
case, the damage parameter was estimated

using [24]:
© = ZNEE , (3)

TN,
where . is the current value of the damage
parameter after each i-th series of loads,
IN_ is the current value of the total AE
event count from the beginning of the ex-
periment and N._ is the total AE event count
at destruction, N, = 5226 imp. The damage
values after each series of cyclic loads
on specimen G-2-5-AE are graphically
shown in Fig. 6. The graphs were made
in 100 cycle increments, corresponding to
each series. The dependence obtained is
used below and represents the relationship
between acoustic and damage parameters.
The obtained dependencies between the
number of loading cycles M and the damage
parameter ® allowed us to further calculate
and plot the dependencies of the damage
parameter on the acoustic properties.

Table 1
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Fig. 6. Change in damage parameter ® versus num-
ber of cycles M when testing sample G-2-5-AE
Puc. 6. MameHeHne napameTpa MoBpeXAEHHOCTU ®
B 3aBUCUMOCTU OT KOIMHECTBA UmkaoB M npu ucrbi-
TaHum obpasua G-2-5-AE

Relationships between damage

and acoustic properties

Table 2 presents data for the damage
parameter, maximum load in cycles and
acoustic properties depending on the num-
ber of fatigue loading cycles M from the
beginning of the experiment. These data,
in units relative to the average value de-
pending on the damage, are given for clar-
ity in the graphs below.

The last row of Table 2 contains empty
cells, since it corresponds to destruction,
when the acoustic parameters were not
measured.

Maximum number of event count at each series of cyclic loading

and the forecast of the damage parameter

MakcnumanbHoe KOMYECTBO COObITUI B KaXKAOM Cepun UNKINYECKUX Harpys3ok

U NporHo3 napameTpa NoBpe>XxaeHHOCTU

Series number, i Pmaxi, kN | AE event count Ne Sum of AE event count ENei Damage parameter ®
0 0,00 0,00 0 0,00
1 1,90 110 110 0,021
2 1,95 238 348 0,067
3 2,23 150 498 0,095
4 2,25 249 747 0,143
5 2,30 164 911 0,174
6 2,35 238 1149 0,220
7 2,40 711 1860 0,356
8 2,45 3366 Nf = 5226 1,000
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Table 2

Damage parameter and acoustic properties versus number of cycles

napame'rp noBpe>xaeHHOCTU U aKycTtu4vyeckKkme CBOMCTBA B 3aBUCMMOCTU OT KOJIMYECTBA LIMKJI0B

M [0) P, kN va m/s C,,m/s C, m/s Q Q, L/cycle

0 0,000 0,00 4923 3022 2991 11,0 0,000
100 0,021 1,90 5000 2773 2800 12,0 0,010
200 0,067 1,95 4988 2674 2750 17,6 0,056
300 0,095 2,23 4996 2685 2726 16,7 -0,009
400 0,143 2,25 4939 2500 2786 19,0 0,023
500 0,174 2,30 4952 2491 2718 20,5 0,015
600 0,220 2,35 4943 2490 2762 21,8 0,013
700 0,356 2,40 4951 2487 2800 12,8 -0,090
706 1,000 2,45 - - - - -

Fig. 7(a) shows the graphs of the rela-
tive velocity of the longitudinal waves CID
and the acoustic quality factor Q as a ratio
to their first values C j and Q,, and as a
function of the damage parameter ®. An
increase in both C and Q with increasing
o attracts attention. This can be explained
by the structure of the sample; the upper
part contains a more durable layer of do-
lomite. It has a higher velocity and elastic
modulus, less attenuation of elastic waves
and a higher quality factor Q compared to
gypsum, which is located mainly in the
lower part of the beam. Simultaneously,
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an increase in sample fracture primarily
leads to the separation of gypsum lenses
from the dolomite layer at the borders and
to the preferential propagation of elastic
waves through the dolomite. The overall
result is an increase in both velocities and
quality factor.

The described mechanism was mod-
elled by numerical methods, which con-
firmed its reliability. Fig. 7(a) shows the
graph of the modelled acoustic quality
factor Q ., which increases as  grows.
A similar change in Q and Q_  confirms
the hypothesis of a physical mechanism
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Fig. 7. Dependencies of the relative values of the longitudinal waves velocity Cp, the measured Q and

modelled Q
C,, (b) on the damage parameter »

of the acoustic Q factor (a), as well as the relative velocities of the transverse waves C_ and
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Q.4 @KYCTUHECKOM AOBPOTHOCTU (@), & TaKkxKe OTHOCUTENbHbIX CKOPOCTeH nomnepeyHbix BonH C u

OT napameTpa noBpexxaeHHOCTH
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for the increase in acoustic quality fac-
tor with increasing ®. A description of the
model is presented below.

Failure at the borders between gyp-
sum and dolomite occurs with a further
increase in damage and also their destruc-
tion, which causes a decrease in Q imme-
diately before destruction at ® = 0,356. It
should be noted that the velocity of lon-
gitudinal waves only varies considerably
in the early stages of damage accumula-
tion. It shows no noticeable change im-
mediately before destruction. The relative
changes in C are small and do not exceed
2% of the first value, i.e. they are com-
parable with measurement errors of this
kind, which indicates a low informative
value of this parameter.

Simultaneously, the relative changes in
Q are 5|gn|ﬁcantly larger than that of C
A sharp decrease in the quality factor be-
tween ® = 0,220 and ® = 0,356 is a sign of
the approach of destruction.

Fig. 7(b) shows similar dependencies
of the velocities of transverse elastic waves
C,, and C_, measured in the direction of
polarisation along and across the direc-
tion of loading of the sample, respective-
ly. These informative parameters exhibit
high sensitivity at low values of damage
and weakly reflect the effect of damage at
o > 0,14, as well as for the velocity of lon-
g|tud|nal waves C The relative changes
in the velocities of the transverse waves
are within 20%, which is greater than that
of the longitudinal wave but smaller than
that of Q.

It should be noted that similar depend-
encies of an increase in the Q factor with
an increase in damage, followed by a de-
crease of Q before the series at which the
destruction occurred, were noted for all
three samples. The indicated dependencies
in the region of increasing Q of the sam-
ples are approximated by linear functions:
0Q = 2,74P-1,39; R = 0,64 for G-2-04-AE,
8Q =5,03P-4,40; R = 0,95 for G-2-18-AE,

0Q = 3,68P-2,63; R = 0,93 for G-2-05-AE,
where 8Q = Q(P)/Q, is the relative Q fac-
tor, OP = P/P0 is the relative maximum load,
Q,, P, are the first values of the Q factor
and maximum load in a series of tests, res-
pectively.

The variation in the values of the coef-
ficient of proportionality at P is mainly due
to the difference in the properties of the
samples, as well as to a lesser extent, the
first value of the maximum load to which
the tests began. That is, all three samples
showed the presence of a plot of increase
in acoustic quality factor, which gives rise
to the assumption of the same mechanism
of this phenomenon.

Modelling of changes in acoustic
Q-factor depending on the boundary
damage between dolomite and gypsum

A numerical model was developed in
the COMSOL Multiphysics environment
to test the hypothesis about the effect of
the destruction of the boundaries between
dolomite and gypsum on the increase in
acoustic quality factor.

Fig. 8(a) presents the drawing of the
model and Fig. 8(b) presents its grid dia-
gram. Piezoelectric transducers are locat-
ed above and below, on the top of which a
linear frequency-modulated (LFM) model
electric signal was supplied, and a signal
characterising the resonance properties of
the sample was taken from the bottom.
The mechanical properties of the rocks
were taken from preliminary experiments.

Regression dependencies

for calculating the damage parameter

by acoustic properties and accuracy

estimation

In general, the following can be noted
from the point of view of the reliable as-
sessment of damage and the prediction
of fractures under bending loads of rock
containing gypsum-dolomite borders. The
acoustic quality factor has maximum in-
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Fig. 8. Drawing of the model (a) and its grid diag-
ram (b); light areas in (a) indicate dolomite; dark
areas indicate gypsum

Puc. 8. Yeptexx mogenu (a) n ee pasbuska no cetke (b);
cBeT/ible 06/1acTH — O/IOMUT, TEMHbIE — FUIC

formation content and then the shear wave
velocities follow, while parameter C_ is
more informative than C_. The veloci-
ties of longitudinal waves C are the least
informative for assessing the damage to
rocks during bending.

The correlation R and determination
R? coefficients and root mean square error
(RMSE) are used to estimate the regres-
sion dependencies. The RMSE is a quan-
titative estimate of the absolute accuracy
of the regression dependencies, by which
one or several informative parameters al-
low others to be calculated. In this case,
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various combinations of acoustic parame-
ters using regression dependencies allow
us to estimate the damage of samples of
gypsum-bearing rocks with different accu-
racies, estimated using RMSE. The small-
er it is, the more accurate the dependence.

Let us estimate the error of the regres-
sion dependencies of various combina-
tions of the informative parameters shown
in Table 2 and Fig. 7-9. Calculations
were made using the statistical software
Statistica. Equations of linear multiple
correlation were used for this. The results
of the calculation of the correlation coef-
ficient R, the coefficient of determination
R?, RMSE, as well as the ratios of these
values for the appropriate combination of
acoustic parameters and the velocity of
longltudmal waves RMSE /RMSE_,
presented in Table 3. The values of the re-
gression dependence coefficients are not
included in the table in order not to over-
load the text of the article.

Following from the data in Table 3,
the dependence has the greatest error. The
relative error values of other combina-
tions of informative parameters are given
in the last column on the right. They are
all less than one. An increase in the num-
ber of informative parameters as a whole
leads to a decrease in the RMSE. The best
result is shown by the combination of all
five informative parameters. The best de-
pendence is:
©=14,75611+0,00081-V, 110,00052-C, +

+0,00074 -C,, +0,01072-Q 71,77719-Q,

(4)
where R = 0,979, R? = 0,958 and RMSE =
= 0,0239. The relative error of the predic-
tion for damage ® = 0,356 after a series
of cycles preceding the destruction is § =
= 0,0239/0,356 = 0,067, i.e. less than 7%.
The regression dependencies widely used
in practice are based on the velocity of
longitudinal waves. Their errors are much
higher.



Table 3

Absolute and relative RMSE
A6conoTHas u oTHocutenbHaa RMSE

# Informative Parameters R R? RMSE RMSEi/RMSECD
1 C 0,287 0,083 0,1116 1,000
2 C, 0,799 0,639 0,0700 0,627
3 C, 0,369 0,136 0,1083 0,970
4 Q 0,296 0,088 0,1113 0,997
5 Qd 0,661 0,437 0,0874 0,783
6 c.C, 0,838 0,702 0,0637 0,570
7 C.C, 0,684 0,468 0,0850 0,762
8 C,0 0,394 0,155 0,1071 0,960
9 C,..0Q 0,884 0,782 0,0544 0,488
10 C,0Q 0,374 0,140 0,1081 0,968
11 C, 0, 0,682 0,465 0,0853 0,764
12 C, 0, 0,963 0,927 0,0314 0,281
13 C, Q, 0,817 0,668 0,0672 0,602
14 Q. 0, 0,936 0,877 0,0409 0,366
15 C.C..C, 0,896 0,802 0,0518 0,464
16 c.C,.0Q 0,929 0,863 0,0432 0,387
17 C.C..0Q, 0,975 0,951 0,0257 0,230
18 C.C,0 0,897 0,804 0,0516 0,463
19 C.C,0Q, 0,937 0,878 0,0407 0,365
20 C.C,.C,0 0,931 0,867 0,0425 0,381
21 C.C..C,0, 0,975 0,952 0,0256 0,230
22 C,.C,.00, 0,976 0,953 0,0254 0,227
23 CD, C, Q,0, 0,953 0,908 0,0355 0,317
24 C.C.C, 00, 0,979 0,958 0,0239 0,214

Conclusions

1. The change in the elastic wave ve-
locities C C,,, C,, and the acoustic qual-
ity factor’ Q of rock beams under cycl|c
bending loading are considered in the
article. The specimen contained bonded
dolomite-gypsum boundaries of complex
structure. The number of loading cycles
and damage parameter ® were registered.
The elastic wave velocities decreased and
the acoustic quality factor increased with
an increase in the number of fatigue cy-

cles. Just before destruction, the Q factor
showed a sharp decrease associated with
the destruction of the matrix. Finite ele-
ment modelling confirmed the hypothesis
that an increase in the quality factor is as-
sociated with a weakening of the contact
strength at the boundaries between high-
quality dolomite and low-quality gypsum.

2. Bending tests of the beam samples
provided a figure for the loading of the
sample in the stress state that is representa-
tive of the real one for the roof rocks of un-
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derground mine workings. To reduce the
testing time, the experiments were carried
out in the mode of low cycle fatigue with
predominantly plastic deformation. The
samples were tested in a series of loads of
100 cycles, with an increase in the maxi-
mum load in each subsequent cycle. The
regime of low cycle fatigue manifested
itself in an abrupt change in the readings
of the strain guage placed in the centre of
the lower face of the sample, as well as in
the increase of the AE event count rate N,
before destruction.

3. AE parameters were recorded. The
damage parameter was estimated as ®, =
= ZNei/ Nf, where ®, was the current value
of the damage parameter after each i-th
series of loads, XN was the current value
of the total AE event count from the be-
ginning of the experiment and N, was the
total AE event count at destruction, N_ =
= 5226 imp. This made it possible to as-
sociate the damage parameter ® with the
corresponding acoustic properties, which
were measured before and between load-
ing cycles.

4. The coefficients of the linear regres-
sion equations are obtained, which allow
for the prediction of the damage parame-
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ter o, depending on various combinations
of acoustic properties, such as the veloc-
ity of the longitudinal and two transverse
elastic waves, the acoustic quality factor
and its derivative on the number of load-
ing cycles. The accuracy of the obtained
regression dependencies is estimated. The
minimum error is achieved when using all
informative acoustic parameters.
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OT/IE/IbHBIE CTATbY TOPHOT'O MHOOPMALIMOHHO-AHATUTMYECKOT'O BIOJUIETEHS
(CTIELIMATIBHBII BBIITY CK)

OBOCHOBAHME ¥ PABPABOTKA CXEMBI ITEPEABUXKU CEKLIUII MEXAHU3VPOBAHHOIA
KPEITH B YCJIOBUSIX OTPABOTKM IIJIACTOB C HEYCTOUYMBBIMU KPOBJISIMUA
(2020, Ne 1, CB 3,12 c.)

Typbop NpuHa AnexkcaHaposHa' — couckatens,

Typyk FOpwii Bragummuposud' — A-p TexH. Hayk, npodeccop, e-mail: uraturuk@mail.ru,

LWypbirnH Amutpust Hukonaesuy' — fi-p TEXH. HayK, AOLEHT,

' KOHo-Poccuitckmii rocyfapcTBeHHbIN NonuTexHuueckuin yHusepeutet (HIMN) nmenn M.W. MnaTosa.

OCHOBHOM OYHKLUMEN MEXaHW3MPOBAHHOM Kpenu ABAAETCA MOAAEP)KaHWE U COXPaHeHue Le-
NIOCTHOCTU HEMOCPEACTBEHHOW KPOB/IM MaacTa, TO eCTb NPefoTBpaLLeHNE paccioeHns U 0bpasosa-
HWA BbIBANOB MOPOAbI B TPU3aboMHOM NMPOCTPAHCTBE, a TaKKe B obecrneyeHnn Tpebyemoi ckopoctu
KpenneHus B SKCTPeMasibHbIX cuTyaumax. JaHHas GyHKUMA peltaeTcs nytem Bbibopa apdeKTUBHbIX
CXeM PacCTaHOBKM U MepeaBUKKU CEKLMIN MEXaHU3MPOBaHHOM Kpenu. MpoaHanM3npoBaHbl cylie-
CTBYIOLLME CXEMbI NEPEABUMKKM CEKLUIA MEXAHU3MPOBAHHOMN KpPenu 1 pesynbTaTbl PaboTbl MexaHu-
3MPOBAHHbIX KOMMIEKCOB C PA3/IMYHbIMU CXEMaMU NEPELBUKKN, YCTAHOBEHbI MX OCOBEHHOCTM U
HeJoCTaTKM, KOTopble He N03BO/IAT obecneynTb ONTUMasibHble NapaMeTpbl paboTbl N1aB B YC/10BU-
AX C HEYCTOMUYMBLIMW KpoBAAMU. O6OCHOBaHA HEOHXOAMMOCTb Pa3pPaboTKM KOMOUHMPOBAHHOM cXxe-
Mbl NepPeaBUKKN CEKLMIN MeXaHU3MPOBaHHON Kpenu. OcCOBEHHOCTbI0 KOMBUMHUPOBAHHOW CXEMBI,
B OT/IMYMM OT CYLLECTBYIOLLMUX, ABAAETCA ONeperkatolasn nepeauskka CeKLmMini MexaHn3MpoBaHHOM
Kpenu 3a NPOX0A0M MUCMONHUTENBHOIO OpraHa KombaliHa 1 nocnefyowas 3a4BUKKa He nepeaBu-
HYTbIX. YCTAaHOB/IEHO, YTO YMUCIEHHOCTb 06C/YKMBALOLLLErO MePCOHANa AJ1A NePeBUNKKM CeKLMI Npu
KOMBMHMPOBAHHOW cxeme cnefyeT onpefensTb U3 OTHOLUEHUSA CKOPOCTU ABUMNKEHUSA KoMbaliHa U
CKOpOCTW KpeneHua. NMpumeHeHne KOMBUHMPOBaAHHOM cxembl B ycnosuax O6ocobaeHHOro npea-
npuatus «LllaxToynpasneHune «TpyAa0BCKOE» MO3BOANIO YBENIMUUTL CKOPOCTb KPEMNIeHUs B OYMUCT-
HoMm 3aboe fo Tpex pas. Mpy 3Tom BblIM CHATBI OFPaHUYEHNA Ha CKOPOCTb BbIEMKM MO daKTopy
KpensjieHus 1 NoBblLLEHA YCTOMYMBOCTb HEMOCPEACTBEHHOW KPOBAK NaacTa. BosHuKatowme npu 3a-
LEprKKe NepesBUKKMN CEKLNI OBHAXKEHWA HAaXOANANCH B OMYCTUMbIX NPeAenax A8 HeyCTONUYMBbIX
Kposesib. [prmeHeHne KOMBMHUPOBAHHOM CXeMbI NEPEABUNKKN CEKL I MeXaHU3NPOBAHHOW Kpenu
NO3BO/IN/IO CHU3UTb KOHBEPTEHLMI0 BMELLAOLLMX Nopog, Ha 25—-30% v BbiBasi006pa3oBaHusa B Npu-
3ab60HOM npocTpaHcTBe. Taknum 06pa3om, KOMOMHUPOBAHHAA CXeMa NEPESBUKKN CEKLUI Kpenu
aBnsetcs 6onee 6esonacHom 1 adHeKTUBHON.

KntoyeBsble C/10BA: MEXaHU3MPOBAHHAsA Kperb, CEKLMA KPEMu, O4NCTHOM 3ab0M, CXxeMa NepesBusK-
KU, HEYCTOMYMBaAs KPOB/IA, CKOPOCTb KpensieHus, npnusaboiiHoe NpoCcTpaHCTBO, BbiBa1006pa3oBaHMe.

JUSTIFICATION AND DEVELOPMENT OF A SCHEME FOR MOVING SECTIONS OF MECHANIZED
SUPPORT IN THE CONDITIONS OF MINING LAYERS WITH UNSTABLE ROOFS

L.A. Turbor', Applicant, Yu.V. Turuk', Dr. Sci. (Eng.), Professor, e-mail: uraturuk@mail.ru,
D.N. Shurygin', Dr. Sci. (Eng.), Assistant Professor,
' Platov South-Russian State Polytechnic University (NPI), 346428, Novocherkassk, Russia.

Analyzed the existing scheme of shifting sections of powered roof support and the work of mecha-
nized complexes with different schemes of advancing, set their features and flaws that do not allow for the
optimal parameters of longwalls in areas that have fragile roofs. The necessity of developing a combined
scheme for moving sections of mechanized support is justified. A special feature of the combined scheme,
in contrast to the existing ones, is the advance movement of sections of mechanized support behind the
passage of the executive body of the combine and the subsequent valve of the non-moved ones. It is
established that the number of service personnel for moving sections in the combined scheme should be
determined from the ratio of the speed of movement of the combine and the speed of attachment. The use
of the combined scheme in the conditions of the Separate enterprise «Trudovskoye mine management»
allowed to increase the speed of fastening in the treatment face up to three times. At the same time,
restrictions on the speed of excavation by the attachment factor were removed and the stability of the
immediate roof of the formation was increased. Arising from the delay in the relocation of sections of the
outcrops were in the acceptable range for unstable roofs. The use of a combined scheme for moving sec-
tions of mechanized support allowed to reduce the convergence of host rocks by 25—30% and fallout in the
bottom-hole space. Thus, the combined scheme of moving the support sections is safer and more efficient.

Key words: mechanized lining, lining section, working face, movement pattern, unstable roof, fas-
tening speed, bottom-hole space, dumping.
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