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OCOBEHHOCTU BO3/IENCTBUA
INOCJENOBATEJIBHBIX NEPUOANYECKUX
JIBYXOCHBIX IIMKJIMYECKUX HATPY KEHU
HA ITPOYHOCTH U AKYCTUYECKUE CBOMCTBA
N3BECTHAKOB
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AHHOmayus: MNpeacTaBaeHbl pe3ynbTaTbhl SKCNEPUMEHTOB, HaMPaB/EHHbIX Ha OLEHKY BAWAHUA
nocnefoBaTesbHbIX LMKAUYECKUX BO3LEUCTBUIA B OAHOM M ABYX Hamnpas/JeHUAX Ha NPOYHOCTb U
aKyCTMYEeCKMe CBOWCTBA 06pasLoB M3BecTHAKA KacMMOBCKOrO MeCTOpOXKAeHUA. B KayecTse WH-
bopmMaTUBHbBIX NAPAMETPOB UCMOb30BANIUCL CKOPOCTU YNPYTUX NPOAOBbHbIX U NOMNEepPeYHbIX BOJH,
[06POTHOCTD, AMHAMUYECKMIT MOZY/Ib YNPYrOCTM M MPOYHOCTb. Hanbonblune nsmeHeHus nHoop-
MaTUBHbIE MapaMeTPbl UCMNbITbIBAOT NPU Ynce LMKAoB Ao 50—100, a 3aTem NPoUCXoANT UX CTabum-
nv3auma. AHanU3 3aBUCMMOCTEN MPOYHOCTU OT KOIMYECTBa LIMKA0B M NoKa3blBaeT Ha ee CHUXKeHMe
Ha nepBbix 50 LMKAAX HAarpyXeHuin, a npu bonbliem Konnyectse M HabntogaeTca ctabunmsaums.
Mpu 3TOM NpoYHOCTb 06pa3LOB, NOABEPraBLUMXCA BO3AEMNCTBMAM NO ABYM HanpaB/ieHUAM, OKasa-
N1acb Bbllle, YeM Y 06pa3LLOB, HarpyKaembix MO OAHOMY HanpasaeHuto. MoNyYeHHble 3aBUCUMOCTH
aKYCTUYEeCKMX MapamMeTpoB OT KOJIMYEeCTBa LMKA0B M annpoKCUMUPYIOTCA SKCMOHEHLMANbHbIMK
byHKUMAMM BUAaE y = 0, + a,exp(—x/a,). PerncTpauma HarpysKk1 1 NpoAo/bHbIX Aedopmauii obpas-
LLOB NO3BO/IN/IA PACCUMTaTb U3MEHEHNA AnddepeHLManbHOro Moayns Aepopmaumii £ . Xapaktep
U3MEHEHWA KPMBbIX AnddepeHLManbHoro moayns Aepopmanmnii E, npu 04HOOCHOM LIMK/IMYECKOM
Harpy»KeHun oTINYaeTcA NAaBHbIM €ro BO3pacTaHMeM U NocaeayoLmMm HapacTaHUeM C NOCTOSH-
HOM CKOPOCTbIO, B TO BPEM#A KaK CKOPOCTb POCTa £, NP1 MOBTOPHOM Harpyx;eHuu B nepneHanKynsp-
HOM HarnpaB/IeHUN CYLLECTBEHHO HUM}KE, YeM NpU NepBOM. M3meHeHUs Npu NepBoM Harpy>KeHuu
HaxoaAaTca B npegenax 2—10%, a npu ABYXOCHOM ropasgo Hwke — B npeaenax 1,5—2%. Mpwu
MCMO/Ib30BaHUM MOJIYYEHHbIX PE3y/NbTaTOB Ha NPaKTUKe MOXKET ObiTb PEKOMEHA0BAHO UCMO/b30-
BaHWe N0 BO3MOXHOCTU ABYX- UM MHOTOOCHbIX LIMK/IMYECKUX HarpyXKeHWi B cnyyae, Koraa 3aja-
yel ABNSAETCA COXPaHEHUE NPOYHOCTU, U OAHOOCHbBIX HarpyKeHWi, Koraa Heobxoaumo Hambonee
6bicTpOE ee ymeHbLUeHMe.

Knroueeole cnoea: ropHble NOpPoOAbl, YCTaNoCTb, NPOYHOCTb, 3aKOHOMEPHOCTHU, BAUAHWNE, UUKANYE-
CKWW, BO34ENCTBMNE, aKYCTUYECKUI, CBOMCTBA, AedopMaumin.
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Peculiarities of the impact of consecutive periodic biaxial cyclic loading
on the strength and acoustic properties of limestone
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Abstract: This article presents the experimental findings to assess the consecutive series of cyclic
impact in one and two directions of axial compression on the strength and acoustic properties of
limestone samples collected in the Kasimov Field. The velocities of elastic longitudinal and trans-
verse waves, acoustic quality factor (Q-factor), dynamic elasticity modulus, and strength were used
as information-bearing parameters. The information-bearing parameters vary greatly at the range
of 50—100 loading cycles, and then they normalize. Analysis of the strength's dependence on the
number of cycles M indicates its decrease during the first 50 cycles of loading, whereby the strength
normalizes as the M value rises. At that, the strength of samples exposed to impactin both directions
was higher than that of the samples loaded in one direction. The obtained dependences of acoustic
parameters on the number of cycles M are approximated by the exponential functions of y = g, +
+ a,exp(-x/a,). Recording the load and the sample longitudinal deformation helped calculate the
variations of the differential modulus of deformation E,. The behavior of the E_ curve at the uniaxial
cyclic loading is distinguished by its smooth ascendancy and subsequent increment at a constant
speed. The £, growth rate at re-loading in the perpendicular direction is significantly lower than
at the first loading direction. variations during the first loading range from 2 to 10%, and these
variations are lower under biaxial loading, which are 1,5 to 2%. When these findings are applied
in practice, the bi- or multi-axial cyclic loadings may be recommended for use where the goal is to
retain the strength. In turn, the uniaxial loadings may be recommended where the fastest strength
reduction is required.

Key words: Rocks, fatigue, strength, regularities, influence, cyclic, impact, acoustic, properties, de-
formation.
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Introduction

Fatigue cyclic loadings of the rock oc-
cur in a range of transport, construction
and mining facilities, e.g. rock in crush-
ing [4, 2], drilling [3, 4], or explosion op-
erations [5, 6]; rock mass around mine
workings [7], aggregates in the reinforced
concrete and asphalt concrete, crushed
stone in railway beds when exposed to
the moving transport [8, 9]; rock mass to
which mast and wind power plants foun-
dations are fastened under the impact of
wind [10], etc. Therefore, we understand
the concern of researchers who study
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the rock behavior under cyclic loading
which is shown in detail in [11, 12]. Un-
der such impacts, rocks are exposed to
the multi-axial force impacts that weaken
the rock strength. The result of multi-axial
impact may differ from impact occurring
in a single direction. Yet, the multi-axial
fatigue effect both in metals [13] and
rocks [14, 15] is the subject of numer-
ous publications. In practice, the problem
often arises of non-destructive testing
of the rock strength and evaluating its
changes due to multi-axial cyclic loading.
To solve various problems during the rock



investigation, and, in particular, strength
analysis, commonly used techniques in-
clude acoustic methods among which the
measurements of velocities and attenua-
tion of elastic waves [16], as well as the
acoustic emission method [17, 18] are
widespread. In that respect, the critical
task is to study the features of multi-axial
impact on the rock strength and acoustic
properties. The task is specified based
on the practical purpose, when the rock
strength calls for retention in certain cas-
es or needs to be reduced as fast as pos-
sible in other cases.

The authors of this paper conducted
a range of studies to test the fatigue of
different types of rocks exposed to the
cyclic uniaxial compression and tension
[19, 20]. The studies focused on the non-
destructive strength testing per the ob-
tained regression dependences on acous-
tic quality factor (Q-factor). This paper is
the continuation of the works above.

The results described below were ob-
tained in a study aiming comparative
assessment of the impact on the rock
strength and the acoustic properties of
consecutive series of cyclic force in one
and two directions.

Rock samples, experimental

equipment and test methods

For the purpose of the study, the lime-
stone samples were taken from the Kasi-
mov Field (Ryazan region, Russia) sized

Table 1

25x50x50 mm. The samples were tested
in pairs: one sample in the series of M
loads was tested on one axis, another
one — in two consecutive series of M/2
loads in normal directions along long axes.
Designations of samples and test types
are given in Table 1.

The samples were labeled with the fol-
lowing:

* a sample number assigned during
the preparation works;

e anumber of loading directions 1 or 2;

e the total number of loading cycles
M: 50, 75, 100, 125, 150;

e the number of the sub-series 1 or
2, if the loading was applied in two nor-
mal directions, M/2 loadings in each
sub-series. Therefore, a sample tested in
50 loads in one direction was marked as
LM_3_11_1_ 50, as for two directions — it
was marked as LM_3_11_2_50. The data
on the sample tested in two directions
were marked as LM_3_11_2_ 50(1) and
LM_3_11_2 50(2), where in brackets the
number of sub-series was indicated corre-
sponding to the load direction. A total of
10 samples were tested, of which 5 were
loaded in one direction and 5, in two direc-
tions. With the odd total number of cycles
in the series for biaxial test specimens,
the number of cycles in each sub-series
increased to the nearest integer. For ex-
ample, for M = 75 the number of cycles in
the sub-series was 38. Five more samples
were tested at the beginning of the test to

List of samples and data groups for uniaxial and biaxial testing
I'lepequb oépasuos n rpynn AaHHbIX MPU OAHOOCHbIX U ABYXOCHbIX UCIbITAHUAX

No. of cycles Uniaxial Biaxial
First series First series Second series
50 LM_3_11_1_50 LM_3_11_2_50(1) LM_3_11_2_50(2)
75 LM_3_12_1_75 LM_3_12_2_75(1) LM_3_12_2_75(2)
100 LM_3_9_1 100 LM_3_9_2_100(1) LM_3_9_2_100(2)
125 LM_3_7_1_125 LM_3_7_2_125(1) LM_3_7_2_125(2)
150 LM_3_17_1_150 LM_3_15_2_150(1) | LM_3_15_2_150(2)

119




B B
;E 8
= A _
@ A A4
St
»n0
0.5 1 1.5 2
Time, min

Fig. 1. Reference points of load and deformation
curves under cyclic tests for the identification of
the differential elasticity modulus

Puc. 1. PacueTHble TOYKM KPUBbIX HAarpyXeHUs n Ae-
popMaLmii Npr UMKAMYECKMX UCTbITaHUSIX AAST OTpe-
AeNeHUs AMpPepeHLMarbHOro MOAYAS YIpyrocT1

define the average compressive strength
value.

Cyclic loading was applied via the ASIS
universal test equipment (NPP GEOTEK
LLC, Penza). The acoustic emission (AE)
in the frequency band of 20 kHz to 2 MHz
was registered using the AF—15 device
and the QMBox modular measurement
system (Scientific and Production Group
«R-technologies», Moscow). Acoustic Q-fac-
tor measurements were taken using the
customized laboratory equipment [21].
The velocities of longitudinal and trans-
verse elastic waves were measured using
the «Ultrasound» device («Ecogeos Prom»
LLC, Tver) within a frequency of about
100 kHz.

The test method included:

e preliminary measurements of the
acoustic Q-factor and the velocities of lon-
gitudinal and transverse elastic waves of
all sample pairs;

¢ definition of the average compres-
sive strength value for 5 samples of lime-
stone;

¢ tests of sample pairs in series of M =
=50, 75, 100, 125 and 150 cycles under
loading in one direction and series of M/2
cycles in two directions with the maximum
load per cycle equal to 10 MPa (65% of
ultimate strength) and a minimum of
2 MPa (10% of the ultimate strength); in
this case, during a series of cyclic loads,
axial loads and sample deformations were
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recorded, as well as the activity of AE to
be then recalculated in the number of AE
pulses;

e the measurement of the acoustic
Q-factor and the velocities of longitudinal
and transverse elastic waves after each
complete series of cyclic loading;

 definition of the tensile strength af-
ter a series of cyclic loading.

Axial loads and longitudinal deforma-
tions records helped us calculate the dif-
ferential module of deformations on the
straight branch as formulated below:

E, = Og ~Oa,
€~ €,
where, E  is the differential deformations
module; o, 6, €,, €;are the stresses and
relative strains in points A and B, accord-
ingly, as it is seen in Fig. 1.

The single loading cycle time, including
two pauses under the highest and lowest
load, depended on the loading machine
performance and was 40 to 50 seconds.

The elastic wave velocities were meas-
ured along the sample long axes, and
the transverse wave polarization plane
matched the direction of the sample small
axis. The measurement directions were in-
dexed as 1 along the initial loading axis
and as 2 across that axis, respectively.
Measurements of the longitudinal and
transverse elastic wave velocities allowed
us to calculate the dynamic modulus of
elasticity using the formula below:

pCZ(3c2 -4c?)
din = 2 2 !
C, - C;
where, E is the dynamic modulus of
elasticity; p is the density; and Cp, C, are

the velocities of the longitudinal and trans-
verse elastic waves.

Results

The results of the acoustic properties
measurements are shown in Fig. 2—5.
These measurements were taken for each
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Fig. 2. Dependence graphs of the longitudinal wave velocities Cp on the number of cycles M
Puc. 2. [papuku 3aBMCMMOCTEN CKOPOCTEH MPOAOAbHbIX BOAH Cp OT KOAUYeCTBa LUMKAoB M

pair of samples first before the tests, and
then after they were completed, based on
the given number of loading cycles in the
series M. After that, the samples were de-
stroyed to measure their strength.

Fig. 2 shows the measured longitudinal
velocities of ultrasonic waves depending
on the number of loading cycles M. The
first digit of the index indicates the load-
ing direction. The digit 1 means that all M
loading/unloading cycles were in one di-
rection, and the digit 2 means that the first
M/2 loads were in the first direction, and
the second ones — in the normal direction.
The second digit of the index indicates

the direction of the information-bearing
parameter measurement. The digit 1 indi-
cates that the measurements were made
in the direction of the first loading, while
the digit 2 indicated that they were made
in the normal direction.

Fig. 3 shows the measurements of
transverse elastic wave velocities C_,,,
C..»» C.,r C,,- They exhibit a gradual de-
crease as M increases, whereas the load
velocity values in two directions are usual-
ly greater than that of the velocities mea-
sured under impact in one direction.

Fig. 4 shows the similar graphs of chan-
ges in the acoustic Q-factors Q, and Q..
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Fig. 3. The measurements of the velocities of transverse elastic waves C, as per the number of cycles M
Puc. 3. Pesy/\brarbl n3mepeHus CKOpOCTeI71 rornepeyHsbIX yrnpyrmx BOAH CS OT KoOAn4yecTBa LMKAOB M
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Puc. 4. PesynbTatbl M3MEPEHUS aKyCTUYECKUX AOBPOTHOCTEH MPpu 0AHOOCHOM (Q,) 1 ABYXOCHOM (Q.,) HarpyxeHusx

0T KoAnYecTBa LUMKnoB M

Q-factor measurements were taken only
in the single direction of the first loading.
As M increases, they decrease as do the
velocities. At 150 cycles, this decrease is
by 1,8 times for Q, and 1,4 times for Q..
Fig. 5 shows the graphs of strength var-
iations under uniaxial loading. The great-
est strength variations are seen in the
initial segment from the beginning and up
to 50 cycles. Meanwhile, the strength re-
duced by 1,3 times. With a higher M value,
no obvious variations in strength are ob-

25.0

servable. It should also be noted that the
strength under biaxial loading upon expo-
sure was greater than under the uniaxial
loading.

Fig. 6 shows the graphs of variations in
the dynamic modulus of elasticity under
uniaxial and biaxial impacts. They also de-
creased as M went up, while the dynamic
module under biaxial loading remained
greater than under the uniaxial loading.
As M raised the impact of the loads on
the dynamic modules decreased.
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Fig. 5. Measurements of the sample strength under the cyclic loading in one (c ) and two (c,) directions

depending on the number of cycles M

Puc. 5. PesyAbTaTbl M3MEPEHUS MPOYHOCTH 00Pa3LIOB MOCAE LMKAMYECKMX HarpyXeHuii B OAHOM (G.) M B ABYX (G,)
HanpaBAEHUsIX B 3@BUCUMOCTH OT KOAMYECTBa LIMKAOB M
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Fig. 6. Measurements of the sample dynamic modulus of elasticity under the cyclic loading in one
(E,,,) andin two (E_ ) directions depending on the number of M cycles

Puc. 6. Pe3yAbTaTbl U3MEPEHNS AMHaMMUYECKOro MOAYAS yrIpYyrocTy 06pa3LioB MOCAE UMKAMYECKUX HarpyXeHui
B oaHoMm (E . ) u B ABYX (E,, ,) HanpaBAeHusiX B 3aBMCUMOCTU OT KOAUYECTBa LinkaoB M

Fig. 7 shows an example of load vari- LM_3_11_1_50 sample. The number of
ation graph (a) and longitudinal strain ~ AE N, showed a significant increase dur-
variation graph (b) along with the num- ing the first 2—3 cycles, and then the rate
ber of acoustic emission pulses of the of N;increment decreased significantly.

a)izz “H“““l“||||HHH||||H
WA
A

Fig. 7. Dependence graphs of the number of AE Nz pulses (curve 1, Fig. a) and stresses o, (curve 2,
Fig. a), as well as the number of AE N, pulses (curve 1, Fig. b) and longitudinal strain ¢, (curve 3, Fig. b)
of limestone sample LM_3_11_1_50

Puc. 7. [padpmku 3aBUCUMOCTEN YncAa UMIMyAbCOB AD N (kpnBasi 1, puc. a) n HanpskeHun o, (kpueas 2,
puc. a), a TaKxke Yucaa MMnyAbcoB A9 Ny (kpnBasi 1, puc. b) u IPOAOALHbIX AepopMaumii &, (kpnBas 3, puc. b)
obpasua nsBectHska LM_3_11_1_50
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Discussion

Let us analyze the dependences pre-
sented in Fig. 2—7 and first emphasize
the qualitative features, before providing
quantitative assessments.

First of all, Fig. 5 shows obvious de-
creases in the strength from 20 to 15 MPa
under exposure to the first 50 load/un-
load cycles. With the number of cycles M
exceeding 50, stabilization and minor de-
viations of strength from 15 MPa are ob-
served. At that, the strength of the sam-
ples exposed to biaxial impact is higher
than that for samples exposed to loads
on one axis. The velocities of both longitu-
dinal and transverse waves in Fig. 2 and
Fig. 3 show a decrease as the number
of cycles M increases. At the same time,
a significant decrease is seen from the
beginning of the test to M values within
the range of 75 to 100 cycles. Further,
their value is lesser secondary to minor
deviations from mean values. Thus, it can
be noted that the significant impact of
cyclic loading affects it velocities only at
lower M and then significantly weakens.

The acoustic Q-factor shows similar
variation, in particular it decreases, as the
number of cycles M increases. However,
its behavior differs from uniaxial to biaxial
loading. In case of biaxial loading, it shows
asmooth decrease as the absolute velocity

Table 2

goes down. It can be assumed that at M >
> 150 the direction of the variation curve
will be close to horizontal.

The behavior of Q,(M) curve under uni-
axial loading differs from the curve Q,(M).
With a smaller M, the Q-factor reduction of
Q,(M) is minor. The approximating curve
Q,(M) is curved upwards in contrast to the
dependences of other information-bear-
ing parameters. This may have to do with
the formation of cracks towards the load
effect and their weak impact on the qual-
ity factor due to a slight decrease in the
cross sectional area. As they accumulate
to a certain threshold, they impact to a
greater extent to result in the more abrupt
decrease in the curve. When exposed to
a load in two directions, cracks are also
formed in two directions as well, which
reduces the effective cross-sectional area
and has a greater impact on the quality
factor. The Q,(M) curve decreases as early
as under the first cycles of impact.

It is seen from the study that the infor-
mation-bearing parameters are very great-
ly at the number of cycles of up to 50—
100, at which point they stabilize. Such
a parameter, as the number of acoustic
emission pulses, increases considerably
during the first 2—3 cycles, after which it
slowly increases at the relatively low veloc-
ity of 1—3 impulse/cycle and its increase

Approximated dependences of information-bearing parameters on the number of cycles

of fatigue uniaxial loading

Pe3yabTatbl annpoKcumMmaunmn 3aBucUMoOCTeN UHPOPMaTUBHBIX NapaMeTpoB OT KOAMYECTBa LIUKAOB

YCTanOCTHOIo OAHOOCHOI0 Harpy>xeHusa

Parameter |C ., m/s C,m/s E ..,GPa C ,m/s| C ,m/s E ,GPa Q' |c" MPa

a, 3037 1625 12,58 3047 1578 12,82 32,15 14,25
a, 458,0 | 396,1 6,447 461,8 | 442,6 6,277 |-0,7395| 5,768
a, 36,99 54,02 40,41 43,03 93,53 51,32 | -45,28 | 26,84
R? 0,920 0,944 0,970 0,895 0,935 0,953 0,710 0,926
D? 11570 | 5691 0,883 1690 5760 1,218 93,12 2,050
SD 40,65 28,51 0,36 49,14 28,69 0,420 3,650 0,680

* Dependence differs from dependences on other parameters

“* Strength in the first direction
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Table 3

Approximated dependences of information-bearing parameters on the number of cycles

of fatigue biaxial loading

Pe3y/|bTaTbl annpokcumaumn 3aBUCUMOCTEHN MH¢OpMaTMBHbIX napameTpoB OT KOAu4yecTBa LIUKAOB

YCTaAOCTHOIO ABYXOCHOIO Harpy>XeHusi

Parameter C .,m/s|C,m/s|E ., GPaC ,m/s|C ,m/s E .GPal Q  |c" MPa
a, 2929 1666 | 13,07 2718 | 567,9 | 8231 | 2,785 | 15,21
a, 566,0 | 3480 | 5935 | 787,9 | 1455 | 10,92 | 29,49 | 4,794
a, 98,59 | 24,88 | 24,79 | 163,3 | 489,3 | 167,7 | 152,3 | 12,60
R? 0,892 | 0,958 | 0,883 | 0,914 | 0,948 | 0,905 | 0,997 | 0,902
D? 15731 | 4138 | 3,638 | 13836 | 5228 | 2,856 | 0,700 | 2,061
SD 47,41 | 2431 | 0,720 | 4446 | 27,33 | 0,640 | 0,320 | 0,540

** Strength in the first direction

is not recorded. That is, the process of
sample destruction and plastic deforma-
tion accumulation at the given level of
maximum load level is relatively slow, and
the sample deformation mainly occurs in
the elasticity area. Material fatigue, which
results mainly in case of elastic deforma-
tion, is a multi-cycle fatigue [22].

Tables 2 and 3 show the approximation
results of the obtained dependences of in-
formative acoustic parameters on the num-
ber of cycles M by exponential functions of
type y = a, + a,exp(-x/a,). Approximation
accuracy estimates are provided as well. In
these tables R? is the determination coeffi-
cient and D? and SD denote the dispersion
and the standard deviation, respectively.

In these tables, the a, parameter is of
interest, which, in this case, shows the
number of cycles of readings stabilization

Table 4

in exponential dependence. For informa-
tion-bearing parameters obtained under
the biaxial impact, its value is usually
greater than that of the uniaxial impact. It
indicates that the information-bearing pa-
rameter curves corresponding to the biax-
ial loading are plotted higher at the same
initial values than for uniaxial loading. This
is to say, the biaxial impact on their reduc-
tion is lower than uniaxial impact. The ini-
tial values of the information-bearing pa-
rameters at M = O are estimated as the
sum of the coefficients a, + a,.

Recording the sample load and longi-
tudinal deformation helped us calculate
the variations in the differential modulus
of deformation E , shown in Table 4.

Comparison of the data in the Table 4
in columns 3 and 4 that describe the dif-
ferential modulus of deformation of the

Values of the differential deformation modulus E at the first loading cycle
3HaueHnsa AUpPepeHLnanbHOro MoAyAs Aedopmaunii E, npu NnepBoM LMKAE HarpyXeHus

Cycles Deformation modulus, GPa
Direction 1|Direction 2_1|Direction 2_2

1 2 3 4
50 30,8 45,4 45,9
75 53,4 38,3 447
100 52,0 46,8 58,4
125 49,5 35,4 37,0
150 49,5 54,4 54,7
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same sample, but measured in different
directions, allowed us to conclude that the
value, in the case of the second direction
deformation is normally greater than that
of the first direction. Hence, the impact
during the first load resulted in the sam-
ple's compaction and in the increase in its
rigidity and deformation modulus.
Dependences of variations of the dif-
ferential deformation modulus for differ-
ent cases are better compared to each
other, using relative values. Let's note that
the relative deformation modulus below is
= Ed / EdO’
where, E, and E , are the current and
initial deformation modulus values, re-

a) 115

spectively. Fig. 8, a—b show graphs of the
Eparameter's variation on M.

A difference in the curve behavior dur-
ing the second biaxial loading (Fig. 8, c)
draws attention as compared to the uni-
axial loading (Fig. 8, a) and the first biaxi-
al loading (Fig. 8, b). In Fig. 8 a and b, dur-
ing the first series of loads for the curves,
a smooth increase & is observed. During
the second series of loads in Fig. 8, c, the
curves show a sharp growth in the initial
part at the number of cycles less than 5
and the subsequent smaller increase in
the horizontal direction, even followed by
the subsequent decrease in the series
of 125 cycles. A significant jump & at the

b) 1.15

095 50 100 150 095 15 30 45 60 75
M M
C) 1.1
N3
1.08
AN
wn 1.06} 4
1.04 \5
N
1.02 2
N
1
0 15 30 45 60 3,75

Fig. 8. Dependences of the relative differential deformation modulus & for uniaxial (a) and biaxial first (b)
and second (c) series of sample loading on the total number of cycles 50 (1), 75 (2), 100 (3), 125 (4),

150 (5)

Puc. 8. 3aBUCUMOCTH OTHOCHUTEABHOTO AUGOEPEHLIMAAbHOrO MOAYAST AepopMaLmii & AAS CAyHasi OAHOOCHBIX (a)
M ABYXOCHbIX nepBbix (6) M BTOPbIX (B) Cepuii HarpyxeHus ob6pa3uoB npu obiuem kormdectse Lmnkros 50 (1),

75(2), 100 (3), 125 (4), 150 (5)
126



beginning of the second loading series
is seen at the lesser vertex height of the
second loading section compared to the
first one. This has to do with the memory
effect of the first loading cycle in the se-
ries, which increases upon the impact of
the previous series of loading in the per-
pendicular direction.

For an M greater than 5 in the first se-
ries of loads, the increase in the deforma-
tion modulus ranges within 2—10%.

Under the second series of loading for
the number of cycles more than 5, the
change of the deformation modulus is
much less pronounced and does not ex-
ceed 1,5—2,0%. Such a minor change in
the deformation modulus in that case as
shown in Fig. 8, ¢, as compared to that of
Fig. 8, a and b, indicates a greater com-
paction of the limestone and an increase
in its rigidity that occurred during the first
series of loading. This is to say, that un-
der the biaxial loading, a denser struc-
ture is formed, which also has a greater
strength, as is observable in Fig. 5.

The results above show that in case
of the same total number of loads, the
decrease of informative acoustic param-
eters relative to M under the biaxial load-
ing is less than under the uniaxial load-

ing.

Research limitations and results

summary and proposals

for practical application

We can make a general conclusion
based on the findings that the consecutive
biaxial cyclic loading results in a lower level
of material destruction as compared to the
uniaxial loading.

The obtained results are limited by ap-
plication of the multi-cycle fatigue mode
as formed under the maximum load of
65% of the destruction value. Low-cycle
fatigue tests will require further studies.

In assessing the practical application
of the findings, one should take into ac-

count that the production area needs vary
fundamentally from retaining the strength
to ensure stability and non-destruction of
rock around the working to weakening the
strength during the crushing, drilling and
explosion works. For preservation of rock
strength, biaxial loading may be recom-
mended, and where the strength needs to
be reduced — the uniaxial loading is rec-
ommended.

Conclusion

1. As the number of limestone sam-
ple fatigue loading cycles goes up, the in-
formative parameter variations are shown
in the initial decrease and subsequent
stabilization of the strength and velocities
of elastic waves. The number of acoustic
emission pulses upon the significant ini-
tial increase shows an abrupt decrease in
the increment rate. At the specified maxi-
mum load equal to 65% of the strength,
sample deformation occurs in the multi-
cycle fatigue mode, when the elastic com-
ponent is much larger than the plastic
component.

2. Successive biaxial loading results
in the lesser strength loss than uniaxial
loading, which can be attributed to crack
formation in two directions. In that case,
cracks oriented in one direction prevent
crack penetration in the other direction,
which leads to greater strength under the
periodic fatigue loadings.

3. The curve behavior of the differen-
tial deformation modulus E  under the
uniaxial cyclic loading is distinguished by
its smooth increase and subsequent in-
crement at a constant rate. The E growth
rate under loading in the normal direc-
tion is significantly lower than under the
first loading. Here even the sign changes
for the opposite to indicate the significant
material compaction that occurred under
the first loading and the trend to decom-
paction under the second loading in the
normal direction. Meanwhile, E  variations
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under the first loading range between 2
and 10%, while under the biaxial loading
in the normal direction — within 1,5 to 2%.

4. When these findings are applied in
practice, the bi- or multi-axial cyclic load-
ings may be recommended in the case
that strength calls to be preserved. Uniaxi-
al loadings may, in turn, be recommended
where the rock strength needs be reduced
as quickly as possible.

Authors express gratitude to V. lvanov,
P. Dubinin, A. Tyutcheva, A. Luchnikova
and R. Nasibullin for their help in design-
ing the laboratory setup and conducting
experiments.
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