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Abstract. There are various methods of supporting underground mine workings, each of these methods has a number of
advantages and disadvantages. The most versatile method has proven to be the support that includes a concrete mixture
(shotcrete and gunite — concrete support, reinforced concrete support, etc.). Today, many mines and mining operations use
concrete mixtures to construct various structures in the conditions of underground mining, while mining enterprises often
face the problem of concrete losing its strength characteristics during operation. The purpose of the study is to provide
the most accurate assessment of concrete behavior under various aggressive environmental factors, such as thawing of
the rock mass and the presence of aggressive waters at the support installation site. The paper also discusses possible
methods for increasing strength and resistance to various destructive factors. The research included testing concrete for
frost resistance, conducting electrolysis tests, adding various components to increase the strength of concrete samples,
as well as comparing different concrete grades. The obtained results allowed to provide a more accurate assessment of
the influence of negative factors on the physical and mechanical properties of concrete support, as well as to select an
integrated approach to increasing the stability of support under various conditions of underground environment.
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UccnepoBaHune pu3nKo-mexaHMYeCKUX CBOUCTB
U MeToAbl NOBbLILWEHUA NPOYHOCTU OETOHHOW LHAXTHOU Kpenu
npuv BAIMSSHUU arpeccuBHbIX (pakTOPOB BHELLUHEN cpeabl
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abipkymckull HayuoHanbHbIl uccrnedosamenbckull mexHuyeckul yHusepcumem, Upkymck, Pocculickast ®edepayusi

Pe3tome. CyLLeCTBYIOT pasnnyHble Cnocobbl KpenneHus NoA3eMHbIX FOPHbIX BbIpabOToK, Kaxabl U3 3TUX CnocoboB nmeeT
psia NpenMyLLECTB U HegocTaTkoB. Hambonee yHyBepcarnbHbIM cebst 3apekoMeHa0Baro KpenneHue, B COCTaBe KOTOPOro ume-
eTcs 6eToHHasi cMech (HabpbI3r 1 TOPKPET — GETOHHAs Kpenb, Xene3obeToHHas Kpenb U T. 4.). Ha 4aHHbI MOMEHT MHOXECTBO
PYOHMKOB M LLAXT UCMOMb3YIOT BETOHHYIO CMECh AN COOPYXKEHWNS Pa3NNYHBIX YNPOYHSIOLLMX KOHCTPYKLUMIA B YCIIOBUSAX MOA-
3eMHoM pa3paboTkv MecTopoxaeHus, TpebyoLwmx OYeHb TLaTenbHOro nogxoaa, Npu BCeM 3TOM ropHogobbIBatoLLme npea-
NPUATUS 3a4acTylo CTaNKMBAKOTCA C Takon NpobnemMon, kak notepsi GETOHOM CBOMX NMPOYHOCTHbLIX XapakTepUCTUK B NpoLec-
ce akcnnyataumu. Llensto faHHOro vccnenoBaHus sBnsinack Havbornee TouHas oLeHKa noBeaeHnst 6eToHa Npu pasnuyHbIX
arpeccumBHbIX hakTopax BHELLHEN cpeabl, TakMX Kak pacTenrieHne MaccrBa ropHbIX MOPOZ, Y HanM4me arpeccuBHbIX BOA, B Me-
CTe YCTaHOBKM KpenneHus. Takke B paboTe paccMOTPeHbl BO3MOXHbIE METO/bI MOBbILLEHUSI POYHOCTMW U YCTOWYMBOCTM K TEM
U1 MHBIM paspyLuaroLlmm daktopam. MiccnegoBaHus BKoYanu B cebsi UCMbITaHUsi 6ETOHA Ha MOPO30CTOMKOCTb, @ TakkKe
npoBedeHNe «3NEeKTPONM3HBIX» UCMbITaHWi, JobaBneHne pasnuyHbIX KOMMOHEHTOB ANSA MOBbILLEHWUS NPOYHOCTU BETOHHbIX
06pasLoB, a TaKkke CpaBHEHWE Pa3nuyHbIX Mapok 6eToHa. MonyyYeHHble pesynbTaThl NOMOIMKY AaTb Gonee TOYHYH OLEHKY
BNUSIHWS HETaTUBHbIX (haKTOPOB Ha hM3MKO-MEXaHUYECKNE CBOMCTBA BETOHHOM Kpenu, Aanu BO3MOXHOCTb nofobparts KoM-
MMEKCHbIA NOAXO0Z K NMOBbILLEHNIO YCTONYMBOCTY KPENIIEHNS B Pa3NMYHbIX YCIOBUSIX MOA3EMHON cpeapl.

Knrodeenie cnoea: 6eToH, 6eToHHbIE 06pa3ubl, M400, arpeccuBHas cpefa, pacTtensieHne MaccmBa ropHbiX Nopoa
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Introduction

Ensuring safety during underground mining
operations is one of the most important aspects
in the putting mining enterprises engaged in
the development of mineral deposits by under-
ground mining method into commission. One
of the stages in ensuring the safety of mining
operations in the conditions of underground
mining is the construction of mine supports [1].
In modern practice, the mine support has
proved to be the most versatile, which includes
concrete (shotcrete and gunite — concrete sup-
port, reinforced concrete support, concrete
support), such a support can be used for hor-
izontal, inclined, and vertical workings of vari-
ous cross-sections [2]. Concrete support has a
low cost compared to other types of support, as
well as higher strength characteristics, which
make it the most versatile compared to oth-
er support methods [3]. However, there are a
number of negative factors that have a nega-
tive impact on the strength characteristics of
concrete, and over time completely destroy it.
The most pronounced aggressive factors affect-
ing the destruction of concrete are aggressive
waters containing various chemical elements
[4—6] and temperature fluctuations, especially
in mines located in permafrost conditions [7, 8].
Due to the increasing trend of switching from
rail to self-propelled transport, which is mostly
equipped with diesel engines (the temperature
of the exhaust gas being emitted into the atmo-
sphere from such a unit can reach 400 °C), a
significant temperature drop occurs, which sub-
sequently causes the thawing of the rock mass
[9]. Such negative factors can lead to significant
destruction and damage to materials, equipment
and load-bearing structures, which will prevent
timely work performance in mining, significantly
increase the risk of injury to workers at the work-
place, and also lead to additional costs for the
restoration of these structures [10].

Materials and methods
To study the influence of negative factors of
the mining environment on concrete support, as
well as to identify possible methods to increase
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resistance to negative factors, the following tests
were carried out:

— freeze-thaw resistance of concrete;

— the use of different grades of cement;

— the addition of building fiber to the concrete
composition;

— the effect of corrosion on reinforced con-
crete samples;

— the use of composite mesh in the concrete
composition.

Freeze-thaw resistance of concrete. The test
was carried out in accordance with Russian State
Standard 10060-2012' [11]. To obtain optimal
strength of the concrete sample, it is necessary
to take into account the proportions proposed by
the manufacturer of the cement used. The follow-
ing proportions were used to produce one sam-
ple with dimensions of 100x100%x100 mm [12]:

— cement M400 — 492 g;

—sand — 661 g;

— water — 207 ml.

Subsequently, 12 experimental concrete
samples were made. After pouring (to achieve
maximum strength characteristics), the samples
gained strength at room temperature for 28 days.
Next, freeze-thaw cycles were carried out by
placing them in an environment with a negative
temperature for 2 hours, after which the samples
were placed in water at room temperature for the
same time (Fig. 1). A total of 50 freeze-thaw cy-
cles were carried out.

After 50 freeze-thaw cycles, uniaxial com-
pression strength tests were carried out on an
IP-500M brand testing press. The comparison
results are shown in Fig. 5, a.

The use of various grades of cement. During
the test, cement grades M400 and M600 were
used, then the samples obtained were also
tested for freeze-thaw resistance. To obtain
a concrete sample M600 with dimensions of
100%x100%x100 mm, the proportions proposed by
the manufacturer were used [13]:

— cement M600 — 528 g;

—sand — 456 g;

— water — 265 ml.

Proportions for obtaining concrete samples of
the M400 grade:

' State Standard 10060-2012. Concrete. Methods for determining freeze-thaw resistance. Moscow: Standartinform; 2018, 25 c.
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Fig. 1. Freeze-thaw cycle with concrete samples:
a — concrete samples kept in water at room temperature;
b — concrete samples kept under subzero temperatures
Puc. 1. Qukn mopo3ocmolikocmu ¢ 6emoHHbIMU o6pa3syamu:
a — 6emoHHble 0bpa3suybl Haxodsimcs 8 800e KOMHamHoU memnepamypbl;
b — 6emoHHbIe 0bpa3ybi HaxodsIMCcs 8 ycrosusix ompuyamernbHoU memnepamyphbl

— cement M400 — 492 g;

—sand — 661 g;

— water — 207 ml.

To achieve their maximum strength prop-
erties, the samples gained strength within
28 days. Next, the concrete samples were test-
ed for freeze-thaw resistance in the amount of
50 cycles. The comparison results are shown in
Fig. 5, b.

Adding construction fiber to concrete compo-
sition. Two types of construction fiber were used

for the test: basalt fiber and polypropylene fiber
(Fig. 2).

Basalt fiber consists of short basalt fibers, its
immediate advantage overothertypesofconstruc-
tion fiber is its resistance to aggressive environ-
ments, including extreme temperature drops [14].
Polypropylene fiber, on the contrary, is made in
the form of polypropylene thread fibers, also of
short length. This type of fiber is most resistant
to plastic deformations [15, 16]. During the test,
M400 grade cement was also used, the propor-

Fig. 2. Types of construction fiber:
a — basalt fiber; b — polypropylene fiber
Puc. 2. Budbl cmpoumernbHoli ¢hubpbi:
a — 6basanbmosas ubpa; b — nonunponuneHosas pubpa
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tions of concrete and the construction fiber add-
ed into its composition were taken in accordance
with the manufacturer:

— cement M400 — 492 g;

—sand — 661 g;

— water — 207 ml;

— polypropylene/basalt fiber — 5 g.

The proportions were taken to produce
one unit of a concrete sample with dimensions
of 100x100%x100 mm. As before, the samples
gained strength properties for 28 days and were
tested for uniaxial compressive strength using an
IP-500M test press. The comparison results are
shown in Fig. 5, c.

The effect of corrosion on reinforced concrete
samples. Corrosion is a process that occurs over
a long time, even in the presence of aggressive
conditions. It takes several weeks or months to
detect any changes, and electrolysis tests have
been conducted to accelerate the corrosion pro-
cess [17]. Electrolysis is a physical and mechan-
ical process in which an electric current passing
through an electrolyte causes decomposition of a
substance into its components. In this test, elec-
trolysis helps to increase the rate of the corrosion
process several times.

Electrolysis tests were carried out as follows.
Experimental concrete samples containing steel

| 2026;49(1):18-29

reinforcing mesh were placed in a vessel with a
solution of water and salt (40 g/L ratio). A cop-
per wire is attached to the protruding ends of the
steel, through which electric current flows (the
applied current was 2-3 A, and the applied volt-
age was around 12 V). The second copper wire,
also coming from the current source, is attached
to a metal plate, which is also located in a pre-
pared solution of water and salt. In this design,
the metal plate is the cathode, and the reinforcing
mesh in the concrete sample is the anode. Due to
redox reactions, the reinforcing mesh becomes
covered with a corrosion coating in a short period
of time [18, 19] (Fig. 3).

After a certain time (2 and 4 hours), the
samples were tested for uniaxial compression
strength, the tests were carried out using an IP-
500M brand press.

To control the loss of strength, as well as a
visual comparison of the reinforcing mesh in the
concrete, reference samples of reinforced con-
crete and samples of reinforced concrete for
electrolysis tests were made, a total of 12 piec-
es. Cement of the M400 grade was also used to
make the reinforced concrete sample:

— cement M400 — 492 g;

—sand — 661 g;

— water — 207 ml;

Fig. 3. Electrolysis tests:
a — reinforced concrete samples in NaCl solution; b — voltage and current applied to the samples;
¢ — reinforced concrete samples undergoing corrosion
Puc. 3. 3nekmponu3Hbie ucnbimaHusi:
a — xene3obemoHHble 0bpa3suybl, Haxodsujuecsi 8 pacmeope NaCl; b — HanpsixeHue u mok, nodasaembie Ha 0bpa3ubl;
C — Xesie306emoHHbIe 06pa3ubl, M008ePKEHHbIE KOPPO3UU
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— steel reinforcing mesh — 47 g.

Tables 1 and 2 show the values of dimen-
sions, loads and voltages in reinforced concrete
samples.

The use of composite mesh in concrete. The
use of composite materials as a concrete mixture
for the construction of mine supports is current-
ly not widely used in the mining industry and re-
quires additional research, since the behavior of
composites under high loads and prolonged ex-
posure to rock pressure has not been sufficiently
studied [20]. However, in recent decades, mod-
ern polymer composites, as well as structures
and products made from them, have found wider
application in the construction industry. A stan-
dard composite mesh made of polymer materials
was used to make the samples (Fig. 4).

M400 grade cement, sand and water were
used as components in the following proportions:

— M400 cement — 492 g;

—sand — 661 g;

— water — 207 ml;

— composite mesh — 25 g.

Haykun o 3emne u Heapononb3oBaHue / ISSN 2686-9993 (print), 2686-7931 (online)

For the test, 6 concrete samples were made,
which contain a composite. Composite mesh has
the lowest specific gravity compared to steel re-
inforcing mesh, while it is worth noting that the
composite is not susceptible to corrosion, as
steel is susceptible. The test results are present-
ed in Table 3.

Results and discussion

The study of concrete freeze-thaw resistance.
The pressure value is calculated in accordance
with Russian State Standard 10180-20122. The
reference sample size is 100x100%x100 mm.
The average load on concrete samples of the
M400 grade is 146.3 kN, the average value of
the stress acting on the samples is 13.5 MPa.
The average load on concrete samples of the
M400 brand after frost resistance cycles was
90.28 kN, the average pressure was 8.58 MPa,
while the indicator after freeze-thaw resistance
tests fell by almost 39%.

Comparison of two different grades of
concrete. The reference sample size was

Fig. 4. Composite mesh in concrete composition:
a — type of composite mesh added to the concrete mix; b — composite mesh in the destroyed sample
Puc. 4. Komno3umHasi cemka e cocmaee 6emoHa:
a — sud komrno3umHou cemku, dobaensemoli 8 pacmeop bemoHa; b — Komno3umHasi cemka 8 pa3pyweHHoM obpa3sue

2 State Standard 10180-2012. Concrete. Methods for determining strength from control samples. Moscow: Standartinform;

2013, 31 p.
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Fig. 5. Dependence diagrams of the pressure acting on concrete samples:
a — grade M400 before (1) and after (2) freeze-thaw resistance tests;
b — grades M400 (1) and M600 (2);
¢ — grade M400 with polypropylene (1) and basalt (2) fibers added in the mix
Puc. 5. Mpachuku 3asucumocmu daeneHus, delicmeyrouie2o Ha o6pa3ybl 6emoHa:
a — mapku M400 0o (1) u nocne (2) ucrnbimaHuli Ha MOPO30CMOUKOCMb;
b — mapku M400 (1) u M600 (2);
¢ — mapku M400 ¢ dobasneHuem 8 cocmas nonunponuneHosol (1) u 6azansmoeol (2) pubpsi

100x100%x100 mm. According to the results
of comparing the strength of two grades of
concrete, M600 grade concrete turned out
to be the most durable, the samples of this

WWW.Nznj.ru

grade withstood an average load of 299.5 kN,
while the average stress in the samples is
23.7 MPa, which is 74% higher. Also, M600
grade concrete proved to be the most frost-
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resistant compared to M400 grade concrete.
After carrying out freeze-thaw cycles, the av-
erage load on concrete samples of this grade
was 219.5 kN, and the average pressure was
16.75 MPa, compared with reference samples,
the strength decreased by 27%.

The use of construction fiber in the con-
crete composition. A reference sample size of
100x100x100 mm was taken. According to the
results of the tests, M400 grade concrete us-
ing basalt fiber turned out to be the most du-
rable. These samples were able to withstand
an average load of 313.13 kN, the average
pressure per sample was 29.8 MPa. The basalt
fiber helped to increase the strength by almost
2.5 times compared to the reference concrete
samples, which did not contain any additional
additives.

The effect of corrosion on reinforced con-
crete samples. During the comparison of the
strength of the tested samples, it was found
that the average compressive stress in rein-
forced concrete samples is 26 MPa, which is

Haykun o 3emne u Heapononb3oBaHue / ISSN 2686-9993 (print), 2686-7931 (online)

almost 1.5 times more than the stress in the
reference samples, the average value of which
was 18 MPa. It should be noted that the rein-
forcing mesh did not allow the sample to split
into parts even after its destruction.

Electrolysis tests helped to achieve the for-
mation of corrosion on the surface of the rein-
forcing mesh in a short period of time, while the
samples were divided into two parts: these are
samples that were in solution for 2 and 4 hours.
As a result of compression tests, it was found
that the average strength of samples in solu-
tion for 2 hours decreased by almost 1.3 times
(the average pressure was 19.28 MPa), and
the strength of samples in solution for 4 hours
decreased by 1.5 times (the average pressure
was 17.58 MPa).

The use of composite material in the con-
crete composition. A comparative strength
analysis showed that reinforced concrete
samples demonstrate an average compres-
sive strength of 25.99 MPa, which is 1.85 time
higher than the reference samples (14 MPa),

Table 1. Characteristics of reinforced concrete samples
Ta6bnuua 1. XapaktepucTmkm obpasuLoB xene3obeToHa

Test Length a, Width b, Height h, Scale factor Load F, Pressure o,
number mm mm mm a kN MPa
1 100 100 96 0.96 238.041 22.85
2 100 95 100 0.95 254.406 25.44
3 100 100 95 0.95 341.573 32.45
4 100 100 96 0.96 238.308 22.88
5 97 98 100 0.97 227.741 23.24
6 97 95 100 0.92 291.142 29.07

Table 2. Characteristics of reinforced concrete samples after electrolysis tests
Tabnuua 2. XapaktepucTukmn obpasuoB xene3obeToHa nocrie npoBeAeHUs 3MeKTPOSIU3HbIX UCNbITAHUN

Test Length a, Width b, Height h, Scale factor Load F, Pressure o,

number mm mm mm a kN MPa
2 hours

1 96 99 95 0.99 179.294 18.67

2 99 104 100 0.99 192.683 18.71

3 102 98 100 0.98 204.509 20.46
4 hours

4 101 100 99 0.99 183.413 17.98

5 97 105 103 0.94 188.220 17.37

6 100 100 97 0.97 183.795 17.39
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Table 3. Characteristics of concrete samples with composite mesh
Tabnuua 3. XapakrepucTukm o6pasLoB 6eToHa C KOMMNO3UTHOW CETKOMN

| 2026;49(1):18-29

Test Length a, Width b, Height h, Scale factor Load F, Pressure o,
number mm mm mm a kN MPa
1 100 102 100 0.98 157.411 15.12
2 100 100 98 0.98 151.552 14.85
3 100 101 100 0.99 157.353 15.42
4 95 103 100 0.97 174.101 17.25
5 100 103 97 0.94 154.784 14.12
6 100 100 100 1.00 152.146 15.21
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Fig. 6. Mechanical stress vs components added to the concrete:
1 — M400; 2 — polypropylene fiber and M400; 3 — steel reinforcement and M400;
4 — M600; 5 — basalt fiber and M400; 6 — composite reinforcement and M400
Puc. 6. paghuk 3aeucumocmu HanpsixeHUss om KOMnoHeHmMoe, dobaesnsieMbix 8 cocmae 6emoHa:
1 — M400; 2 — nonunponuneHosas pubpa u M400; 3 — cmanbHas apmamypa u M400;
4 — M600; 5 — 6azanbmosas ¢pubpa u M400; 6 — komnosumHasi apmamypa u M400

in turn, samples with composite mesh are only
0.24 times stronger. The strength of reinforced
concrete samples is 81% higher than compos-
ite ones.

There is a graph of the stress dependence on
the components added to the concrete (Fig. 6).

Based on the graph, it can be concluded
that concrete has the highest performance,
which contains:

— basalt fiber in combination with M400 ce-
ment;

— steel reinforcement combined with M400
cement;

— M600 cement.

Concrete, which contained only M400 ce-
ment, had the lowest value.

WWW.Nznj.ru

Conclusion

Experimentally, it was possible to identify a
number of specific features related to concrete:

1. A constant temperature drop, in other
words, the “thawing of the rock mass” neg-
atively affects the strength properties of the
concrete support, over time the concrete be-
comes more brittle, and also begins to lose
its strength, while the concrete structure re-
mains visually unchanged, as a result, the
support becomes unusable quickly, this cre-
ates a risk of collapse of the ribs and roof of
the workings. To prevent destruction and loss
of strength, a more constant temperature
with the least fluctuations is required. This
problem is especially relevant for mines and
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mining operations that are being developed
in permafrost conditions.

2. M600 grade concrete turned out to be
more resistant to temperature fluctuations com-
pared to M400 grade concrete, while the sam-
ple lost a certain part of its strength properties
as a result, which also indicates its insufficient
freeze-thaw resistance, and M600 grade con-
crete samples have the highest strength com-
pared to M400 grade concrete, but its cost is
many times higher, that is why M600 grade con-
crete is not used for supporting mine workings.

3. The use of additives such as polypropyl-
ene and basalt fiber directly helps to increase
the strength characteristics of concrete, while
basalt fiber in the composition of M400 concrete
has shown itself to be the best, demonstrating
the highest strength indicators compared to all
other methods. At the same time, construction
fiber increases the freeze-thaw resistance of
concrete several times, and no loss of strength
was detected during the test. According to
the manufacturer of basalt fiber, in addition to
freeze-thaw resistance, the fire resistance of
concrete is significantly increased, which is
typical for mines and mining operations that
operate at high temperatures. Also, in addition,
construction fiber has a low cost and minimal
consumption in the production of concrete mix.

4. One of the most negative factors affecting
the strength of the mine support is water, which
contains aggressive elements. During the test, it
was revealed how such factors affect the strength
of reinforced concrete. The reinforcement in the
concrete was completely destroyed in 4 hours,
only some of its parts remained in the sample,
while the strength decreased significantly. Such
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conditions may lead to early wear of the mine
support and its subsequent destruction, which
may entail additional costs. Waters containing
salts are particularly aggressive. In just a few
weeks, they can destroy a metal structure, there-
by disrupting the maintenance of a rock mass.

5. Composite material is currently not used in
the construction of mine support, since the be-
havior of composite materials under conditions
of high loads and prolonged exposure to rock
pressure has not been sufficiently studied, but
at the same time such a material is actively used
in the construction of buildings and structures
on the surface. The composite has the lowest
strength compared to steel reinforcement, but at
the same time it is more resistant to aggressive
elements of the underground environment, the
NaCl solution in no way affected the change in
the strength of concrete samples, since polymer
materials, compared with steel, are not suscep-
tible to corrosion. At the same time, the polymer
material also has the lowest cost.

Thus, the behavior of concrete structures
is constantly changing with changes in various
environmental conditions, as well as with the
addition of various components to increase
strength. Any component added to the con-
crete has various advantages, therefore, the
most in-depth research is required to study
the negative impact on the strength of con-
crete structures in an aggressive environment.
A more detailed study will help us choose the
necessary material that will be able to show
itself in certain conditions in the best way. The
obtained results can contribute to the most
correct study of the strength properties of con-
crete.
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