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METHODS OF HARDENING THE LAYING
ARRAY AND ACOUSTIC CONTROL OFITS
STABILITY DURING UNDERGROUND MINING

Abstract. Underground excavation produces voids that must be backfilled to provide ground support. Backfilling is widely used in the underground mining industry;
however, in many mines, backfill strength design is not properly considered, and detailed laboratory studies are lacking. This paper investigates backfill strength mobiliza-
tion over time using acoustic emission (AE) monitoring. Cylindrical samples with binder contents of 5%, 10%, 15%, and 20% were cured for 1, 3, 7, 14, and 28 days, then
tested under unconfined compression with AE monitoring. Uniaxial compressive strength (UCS) increased with curing time for all binder contents, e.g., from 0.06081 MPa
(1 day) to 0.3814 MPa (28 days), about 6.5 times higher. UCS growth rates were similar (~45%) regardless of cement content.
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7KepacThl KeH OpBIHIAPbIH UTepy Ke3iH/ie TOJAThIPMA CijleMiH HBIFAUTY d1icTepi KoHe OHBIH TYPAKTBHLIBIFBIH aKYyC-

THKAJIBIK 0aKbLIay

Angarna. XKep actel Kazdanapbinga 60c¢ jxepiep naiiza 6omapl, onap Kepre Kojjay KopceTy YIIiH KaiTa TONTHIPhLTYbl KepeK. TONTHIpY KepacThl Tay-KeH OHEepKo-
cibiH/ie KeHiHeH KOJIIaHbUIa/Ibl; IETCHMEH, KOITEreH Iaxranap/ia TONAThIPY OCpIKTIriHIH KOHCTPYKIHMSICH AYPBIC KAPACThIPhIIIMAFaH )KOHE erKel-Ter kel 3epTXaHallbIK
3eprreyinep xericneiini. by Makanana akycTukaibik sMuccus (AE) MOHUTOPUHIIH KOIJaHA OTBIPBII, YAKBIT ©TE KeJIe TONTHIPFBIIITAP/bIH OSPIKTIriH XKYMBUIIBIPY 3€pT-
teneni. Kypambinga 5%, 10%, 15% xone 20% GailaHbICTBIPFBIITAPBI Oap MUIMHAPIIK yirinep 1, 3, 7, 14 xoHe 28 kyH 0oiibl ernenai, conan keifin AE OakpuiaybiMeH
HIEKCi3 KBICY JKaFaifbIHia ceiHanbl. Bip ockri keicy Oepiktiri (UCS) OaiinaHbICTRIPFBINITHIH OapIIbIK Ma3MYHBIH OHJICY YaKbITBIMEH Oipre octi, Mbicaisl, 0,06081 Mma-1an
(1 xyn) 0,3814 Mna-ra (28 kyH) aeiiin, Oy mamamen 6,5 ece sxorapbl. UCS ecy KapKbIHbI IEMEHT KypaMbIHa KapamactaH ykcac 6oiasl (~45%).

Tyiinoi co30ep: may-Ken ceticMUKACHL, HCAPLIKUAKMAPObLH MAPAiybl, MUKPOCEUCMUKANLIK OAKLLLAY HCYUECT, HCepacnivl May-KeH HCYMbLCMApsl, aKYCMUKATbIK SMUC-
cus, 6ip 0Cbmi KbiCy CbIHARYL.

MeToab! YIPOYHEHHUS 3aKJIAJ0YHOI0 MACCHBA U AKYCTHYECKH KOHTPOJIb €ro yCTOHYHBOCTH NPH MOA3EMHOH pa3pa-

00TKe MeCTOPOKAEHUI

Aunotauus. [Ipu npoBeJeHNH MOA3EMHBIX BBIPAOOTOK 00pa3yOTCsl IIyCTOTHI, KOTOPBIE HEOOXOMMMO 3aChINaTh ISl 00CCIICICHHUSI OIIOPBI TPYHTA. 3aChINKa IIHPOKO
HCIIONB3YEeTCsl B TOPHOAOOBIBAIOIIEH TIPOMBIIIICHHOCTH MOJ3EMHBIM CIIOCOO0M; OHAKO Ha MHOTMX IIaXTaX PAacyeT IMPOYHOCTH 3aCBHIIKH HE MPOBOJUTCS JOIDKHBIM 00-
pasoM, a mojapoOHbIe Jad0paTOPHbIE UCCIEA0BAHMS OTCYTCTBYIOT. B JaHHOM cTaThe MCCIeayeTcs IOBBIILIEHHE HPOYHOCTH 3aCHIIKM C TEYEHUEM BPEMEHH C IIOMOIIBIO
MOHUTOPHUHTA aKycTuueckoi smuccnn (AD). Iummuuapuueckne o0pasiipl ¢ copeprkanueM cassyromiero 5%, 10%, 15% u 20% orBepxaanu B teuenue 1, 3, 7, 14 u 28 nueit,
3aTeM MCIIBITHIBAIIN [IPH HEOTPAHUICHHOM CkaThH ¢ KoHTposteM AD. IIpounocts Ha opHOoocHOE cxkatie (UCS) yBenmnInBaeTcs cO BPEMEHEM OTBEPIKICHHUS ISl BCEX KOM-
MOHEHTOB CBA3yromero, Hanpumep, ¢ 0,06081 MITa (1 nens) no 0,3814 MIla (28 amueit), uto nmpumMepHo B 6,5 pa3 Beime. Temnsl pocta [ICK 6buti oxunakoBbME (~45%)
HE3aBHCHMO OT COJCPIKAHMs LIEMEHTA.

Knrouesvie cnosa: celicmuunocme 20pnvix pabom, pacnpocmpanerue mpeujut, CUucmema MUKpoCeucMu4ecko2o MOHUMOopUuHea, no03emMHble 20pHble pabomul, aKycmu-

YecKasi IMUCCUS, UCNbIMAHUE HA 0OHOOCHOe Cocamue.

Introduction

Study on backfill strength mobilization enhance the safety
conditions of workplace, since instability of mine will lead to
adverse consequences. Therefore, it is important to evaluate
the backfill strength properly. Outcomes of this thesis work
will give suggestions for the mix-design of backfill in under-
ground mines, which can be realized and used by mine engi-
neers. The improvement of mine productivity will be obtained,
since the results provide optimal backfill strength, which will
reduce possible breakdowns. Backfill cost can be reduced by
using pertinent backfill mix-design and therefore mine profits
will be improved. In addition, the results of this thesis will
demonstrate the importance of curing, because most mines
that use backfill do not pay full attention on curing. Conse-
quently, this research topic is relevant for the underground
mining industry [1].

Methodology

A clear laboratory research plan was established to study
the backfill strength mobilization. Two different experimental
tests were performed, which are uniaxial compression tests and
acoustic emission tests. In order to perform the above-men-
tioned tests several operations were carried out, such as ma-
terial preparation, sample production, equipment set-up and
testing process [2].

The main objective of the uniaxial compression tests was
to examine the strength and deformation behaviour of pre-pre-
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pared cylindrical backfill specimens. In addition, for the
strength mobilization, the effects of binder content and cure
time on the strength of backfill were examined. Total 20 cy-
lindrical backfill samples were generated with different binder
content and cure time. Sand, Portland cement and water were
used for preparing cylindrical backfill specimens. Four differ-
ent mix-design were employed with various cement contents,
which are 5%, 10%, 15% and 20%. Moreover, molded cylin-
drical backfill samples were cured with at different times, such
as | day, 3 days, 7 days, 14 days and 28 days.

First of all, the necessary materials were prepared for mak-
ing cylindrical backfill samples, as it was mentioned before,
Portland cement CEM II / A-K (SH — I ) 32.5H provided by
Zhambyl Cement Plant, silty sand provided by local dealer and
tap water were used.

Type II cement with mineral additives, such as slag and
limestone, was chosen as binder for producing the cylindrical
backfill specimens. According to GOST 10178-85, the miner-
alogical composition of Portland cement CEM II / A-K (SH —
I) 32.5H used in this study is shown in Table 1. The required
amount of cement for the production of cylindrical backfill
specimens was poured into the box using a scoop.

Silty sand was dried before use in order to clean the sand
from unnecessary additives, as well as provide the required
moisture for sieve analysis. The sand was sprinkled on a poly-
propylene bag and dried naturally at room temperature condi-
tions in two days.
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Table 1
Mineralogical composition of Portland cement
Kecme 1
Ilopmnanoyemenmminy MUHEPATOUATBIK KYPAMbL
Tabnuua 1
Munepanozuueckuii cocmae nopmianoyemMenma
Mineral Content, %
Tricalcium silicate or alite (C3S) 62
Dicalcium silicate or belite (C2S) 20
Tricalcium aluminate (C3A) 5
Tetracalcium aluminoferrite (C4AF) 13

Sieve analysis was applied to determine the grain size dis-
tribution of the silty sand, especially to remove the particles
larger than 250 pm. Sieve analysis was carried out by vibra-
tory sieve shaker AS 200 basic. The measuring range of the
vibratory sieve shaker AS 200 basic is between 20 pm and 25
mm and the maximum mass of sieve stack is 4 kg. 1.305 kg
of sand was sieved for 5 minutes in the vibratory sieve shaker.

The six sieve stacks were used to remove the oversize frag-
ments leaving sand, silt, clay and gravel was removed by sieving.

The necessary amount of fine and medium sand for the pro-
duction of cylindrical backfill samples was poured into the pan
using a scoop. The calculation of particles passing can be seen
in Table 2. In addition, the particle size distribution curve on
the silty sand was produced and can be seen in Figure 1.

Table 2
Sieve analysis on silty sand
Kecme 2
Jaitnvr Kymoazel enekmepoi manoay
Tabnuua 2
Cumoeoil ananu3 unucmozo necka
Sieve i -
SOll Accumul.a % Mass o .
Num-| Size | Retained |tive Retain- .. % Passing
. Retaining

ber | (mm) (g ing (g)

#4 4 6 6 0,459911084 |99,54008892
#10 2 12 18 1,379733252(98,62026675
#20 1 6 24 1,839644335|98,16035566
#40 0,5 7,6 31,6 2,422198375(97,57780163
#60 | 0,25 772 803,6 61,5974245 | 38,4025755
#200 | 0,125 402 1205,6 |92,41146712|7,588532884
Pan 99 1304,6

After material preparation, the next stage of the laborato-
ry resarch is sample production. The preparation of the cy-
lindrical backfill specimens were carried out by mixing sand,
cement and tap water. A total 25 cylindrical backfill samples
were required to conduct uniaxial compression test with dif-
ferent cement content and different curing time. The required
amount of sand, cement and tap water was calculated by
ASTM C-109C standard. According to ASTM C-109C, water
to cement ratio is 0.485, while sand to cement ratio is 2.75.
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Figure 1. Particle size distribution of the silty sand.
Cypert 1. JIaiiipl KYMHBIH 06/IIeKTep MOIIIEPiHiH
Tapajysbl.

Puc. 1. I'panysiomeTprvecKkuii coCTaB HINCTOIO MeCKa.

The materials were mixed by Benchtop Laboratory Mixer.
The capacity of Benchtop Laboratory Mixer is 4.7L and it has
1/6 hp motor for mixing, which is enough for our study [3].

Preparation of slurry consisted of two stages, such as dry
mixing and wet mixing. Dry mixing was performed by blend-
ing sand and cement in specified ratio for 3 minutes. After that,
the specified amount of tap water was poured into the mixer
to perform the wet mixing for 3 minutes. Before pouring the
slurry into the cylindrical mold, they were cleaned and greased
with lubricating oil on the internal parts to alleviate samples
demolding. Ultimately, the slurry was poured into the cylindri-
cal mold, which is demonstrated in Figure 2. Compaction was
not applied during the preparation of backfill specimens to be
close to real strength of in-situ backfill [4].
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Figure 2. Casting of backfill UCS samples.
Cyper 2. UCS ToaTsIpy YJrijepiH Kylo.
Puc. 2. OTiuBka o6pasnos UCS o0paTHOIi 3aCBINKH.

The cylindrical backfill samples were extruded after 8 hours
and were put in the box for curing. The curing boxes were
marked with cement content and day of pouring the samples.
The curing of cylindrical backfill samples was held in normal
conditions, such as at room temperature 200-250 °C and rela-
tive humidity 854+5%.

The dimensions of the backfill specimens were as follows:
diameter 37 mm and height 76 mm. The geometry of backfill
samples is appropriate to conduct the uniaxial compression test
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referred to ISRM standard. The standard requires height-to-di-
ameter ratio equals between 2 and 2.5. All backfill samples
were polished and ground by the GCTS RSG-200 Specimen
Grinder. Sample polishing was performed to obtain smooth
faces in order to diminish planetary error, which should be less
1 mm in accordance with ISRM standard. After sample grind-
ing and polishing, the smoothness of surface was checked by
absolute digimatic indicator. Finally, all backfill samples are
ready to be examined by uniaxial compression test and acous-
tic emission monitoring [5].

For determination of uniaxial compressive strength of
backfill specimens, GCTS PLT-2W Point Load Testing Device
was utilized. The PLT test frame is modified to perform UCS
test by replacing the point Load Pointed platens with the reg-
ular UCS test platens in accordance with the ISRM suggested
methods for UCS tests. The maximum load capacity of this
equipment is 100 kN. The data is collected automatically and
is revealed the average strength by software connected to this
equipment. This device can gauge specimen size automatical-
ly, which is convenient for experiments.

For this study, platens with diameter 43 mm and thickness
18 mm were used. The platens were fixed the of PLT equip-
ment. The specimen was placed between the top and bottom
platens. After all calibration processes, the load was applied
by the hydraulic pump until the sample failed. The data was
generated by embedded software to iPod and the results sent
by e-mail to the tester.

SAEU3H 8-channel Integrated Acoustic Emission System
was used for backfill strength monitoring study. SAEU3H
8-channel Integrated Acoustic Emission System is an acoustic
emission monitoring system that is developed to evaluate and
treat acoustic emission data in laboratory conditions. It is able
to give measurement of acoustic emission parameters, such
as threshold arrival time, ring counts, amplitude, rise counts,
rise time and relative energy. Operating bandwidth of this AE
system is between 30 Hz to 200 kHz and the maximum signal
range is 100 dB.

Therefore, the signals coming to the sensor with or near
magnitude to the resonance frequency would have a higher AE
amplitude than the signals coming with large magnitude differ-
ence of the resonant frequency. The broad band of this sensor
is 60 kHz-400 kHz, which permits to embrace most pertinent
frequencies, which makes it the prevalent sensor. Electromag-
netic isolation of shell and object under experiment happens
due to ceramic material of the contact surface. The interfer-
ence efficiently is mitigated by rustproof steel shell with in-
tegral protective structure. The 150 kHz resonance frequen-
cy was chosen in order to make a reduction of low frequency
background obstacles. However, the high frequencies induce
high levels of attenuation [6].

AE sensors transmit the voltage signals which are very
weak. Inevitable reduction of strength takes place due to low
voltage signals, as transferred through long distance. There-
fore, the use of a preamplifier was necessary in order to make
an amplification of weak waves from the sensor by 40 dB, then
preamplifier will transmit signals to acquisition equipment
through cable. For this research preamplifier model SAEPA2
was chosen, which is embedded with filter. Band pass filter
was applied not to comprise too low and high frequency sig-
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nals in the output signal. Frequency filter range was estab-
lished to 20-120 kHz. Several wave modes could be covered
within this frequency bandwith. Simplification of the eventual
output and alleviation of the recognization of wave modes are
achieved by this filtering.

Backfill strength monitoring with time was performed by
acoustic emission system and Cyber-plus compression equip-
ment, since the calibration of GCTS PLT-2W Point Load Test-
ing Device was broken. Contingency plan was applied [7],
therefore Cyber-plus evolution compression equipment was
borrowed from Civil Engineering school in order to obtain
data properly.

Firstly, platens with diameter 120 mm were established in
pressure cell to meet the height of sample. Since all backfill
samples were grinded and polished, next stage was mounting
sensors on the backfill sample surface. For this study, SR150M
AE sensors were used. They were mounted by hot-glue gun.
Backfill sample with mounted sensors was placed in a pressure
cell.

After backfill sample placement in a pressure cell, acous-
tic emission monitoring system was establihsed. Sensors were
connected to SAEPA2 preamplifiers, while preamplifiers were
connected to acoustic emission system via coaxial cables. Fi-
nally, the acoustic emission system was attached to data acqui-
sition equipment via USB port.

After equipment and backfill sample set-up, both equipment
were calibrated and sample settings were established in both
equipment. The load was applied at 0.05 kN/s rate automati-
cally by the compression equipment until the sample failed, at
the same time acoustic emission system started to monitor AE
parameters. Starting load of 0.05 kN was established and load
was stopped manually. The data were generated by SAE AE
software and Cyber-plus evolution compression equipment.

Results

Total 20 cylindrical backfill samples were examined under
uniaxial compression in this laboratory tests. The cylindrical
backfill samples were designated by the cement content and
curing time for convenient data processing. The study shows
that the uniaxial compressive strength increases with increas-
ing curing time. For example, uniaxial compressive strength
of backfill sample cured 1 day is 0.06081 MPa, while uniaxial
compressive strength of backfill sample cured 28 day is 0.3814
MPa, which is almost 6.5 times higher.

Overall results reveal low UCS strength for backfill sam-
ples in comparison with other studies. There are several rea-
sons for low UCS strength of backfill samples, such as lack of
compaction during sample preparation, lack of tailing materi-
als and curing method.

According to the laboratory experiment results, the relation
curves between the uniaxial compressive strength and curing
time were generated for cylindrical backfill samples with dif-
ferent cement content. It can be seen from Figure 3, cylindrical
backfill samples with 15% cement content show larger uniax-
ial compressive strength than backfill samples with 15% less
cement content. The uniaxial compressive strength growth rate
was almost the same for all backfill samples despite cement
content. The uniaxial compressive strength growth rate for
backfill samples were nearly 45%.
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oo Peak AE vs. peak stress
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Figure 3. Backfill strength and curing time relationship. Figure 4. Peak AE counts vs. peak stress.
Cypert 3. ToaTsipyabIH 0epiKTiri MeH emaemry Cypet 4. AE HbIHBI CTpecCTiH HIBIHBIHA KapChI
YaKbITBIHBIH aPaKATHIHACHI. ecenreJiei.
Puc. 3. CooTHOLICHHE POYHOCTH 3aCHINKH H BpEMEHH Puc. 4. KonmuuecTBo NHKOBBIX AD B 3aBHCUMOCTH OT
OTBEpIKIEHHSI. MHKOBOTO HANIPSI’KEHMSI.
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Figure 5. Variations of AE counts with time of 5% cemented backfill samples: (a) — 3 day curing; (b) — 7 days curing;
(c) — 14 days curing.
Cypet 5. 5% neMeHTTeJIreH TOJTHIPY YiariiepiHin yakbITbiMeH AE kepceTkimTepinin e3repyi: (a) — 3 KyHaik enjey;
(b) — 7 kynaik enzey; (¢) —14 kynaik oHjey.
Puc. 5. U3menenne kojandecTsa AD B 3aBUCHMOCTH OT BpeMEHH OTBep:KIeHHs 00pa3LoB ¢ S%-0li leMeHTHPOBAHHOM
3aChINKOIi: (a) — oTBep kIeHNe B TeueHue 3 qHeii; (b) — oTBep:kIeHue B TeueHue 7 qHeil; (C) — oTBepakIeHne B TeueHue 14 nnei.
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Discussion of the results

Total 15 cylindrical backfill samples with different ce-
ment content were tested under acoustic emission monitor-
ing with the uniaxial compression in this laboratory tests.
1 day curing backfill samples were not examined since the
sensors could not be mounted due to the wet surface of
backfill samples. In addition, 5% backfill sample was not
examined because curing time was missed according to un-
seen circumstances.

The maximum magnitude of AE counts is a peak count,
which was registered during uniaxial compression test. The
average peak counts were calculated for 5%, 10%, 15% and
20% backfill samples were calculated, and they are 2454, 3141,
3147 and 3249 respectively. Also, peak AE counts versus peak
stress graph was produced, which can be seen in Figure 4.

(@) Variations of AE counts with time
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According to [8], the acoustic signals are followed by mi-
crofractures formation and distribution, therefore indirect re-
flection of the fracture condition can be seen by AE counts.
The small value of the AE counts show, the fewer number
of brittle fractures. Therefore, backfill samples with 5% and
10% cement content have less crack number than backfill
samples with 15% and 20% cement content. The most crack
number was registered for backfill samples 20% cement con-
tent, since the average value of AE peak counts is 3249.

The variations of AE counts with time for various cemented
backfill samples with different curing time are revealed in Figures
5-6. It can be seen from the Figures 5—6 that the peak AE count
coincides with the peak stress point almost for all backfill samples.

Overall, acoustic emission monitoring test results show
reliable accurate values. However, different systematic

(b) Variations of AE counts with time
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(d) Variations of AE counts with time
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Figure 6. Variations of AE counts with time of 10% cemented backfill samples: (a) — 3 day curing; (b) — 7 days curing;
(c) — 14 days curing; (d) — 28 days curing.
Cyper 6. 10% nemeHTTeJIreH KaiTa TOJTHIPY YarinepiHiH yakbITbiMeH AE kepceTkimTepinin e3repyi: (a) — 3 KyHaik
oenjey; (b) — 7 kyHnaik enaey; (¢) — 14 kynaik enjey; (d) — 28 kynaik enjey.
Puc. 6. U3menenne konnuecTsa AD B 3aBHCHMOCTH OT BPeMeHHU O0TBepskaAeHus 00pa3uos ¢ 10%-0ii neMeHTHPOBAHHOM
3aCBINKOM: (a) — OTBepik/AeHHe B TeueHue 3 AHeil; (b) — oTBep:kIeHNe B TeueHHe 7 IHell; (¢) — 0TBepak/AeHUe B TeueHue 14
nHeii; (d) — orBepik/aeHue B TeueHue 28 qHeii.
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and random errors occurred while testing backfill samples.
Human errors probably occurred during sample prepara-
tion. It should be noted the imperfection of acoustic emis-
sion equipment [9]. In addition, AE test results were af-
fected by environment noise. Different imperfections can
be seen of obtained AE test results from the graphs [10].
For example, the sensor was not worked properly during
testing of 5% backfill sample between 0 and 15 s, which
can be seen from Figure 5c. During the testing 10% back-
fill sample, acoustic emission monitoring test and uniaxial
compression strength test were not started simultaneously,
the UCS test was started earlier, which is shown in Figure

6 (c).

Conclusion
The laboratory study showed that the uniaxial compressive
strength of cemented backfill samples increases with curing

time, reaching values more than six times higher after 28 days
compared to 1 day, though overall UCS remained lower than
reported in other studies due to limitations in compaction, cur-
ing, and material composition. Acoustic emission monitoring
confirmed that peak AE activity coincides with peak stress,
reflecting fracture development, with higher cement contents
(15-20%) exhibiting greater AE counts and thus more brittle
cracking than lower contents. Despite some measurement errors
and equipment imperfections, the results highlight the strong in-
fluence of curing time and cement content on backfill strength
and demonstrate the potential of AE monitoring as a reliable
method for assessing fracture processes in cemented backfill.
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