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Abstract

The relevance of the subject is determined by the need to solve the problem of ensuring the safety and prevent
failure of facilities containing an interface between rock and concrete. These include mine shafts, hydroelectric
dams in mountainous areas, reinforced concrete tunnel supports and others that are subjected to both static
loads from overlying rocks and soils and dynamic loads from explosions and earthquakes. We perfomed
laboratory tests according to the International Society for Rock Mechanics (ISRM) methodology on specimens
with interfaces between gypsum stone and sand-cement mortar. The fracture toughness coefficient K. of the
interfaces in the specimens was investigated. The cylindrical specimens were 40 mm in diameter and 150 mm
long with a V-shaped notch in the middle part. The specimens bending strain measured using a three-point
pattern allowed the K. to be determined based on the maximum force at 5-6 cycles. The average K. value
for interface between rock and concrete proved much lower than that for rock and even for specimens made
entirely of concrete. For the specimens without concrete, the average value was 1.327 MPaxVm, and for fully
concrete specimens, 0.858 MPaxvm. The average value K, for the specimens with concrete was 0.323 MPaxVm,
which was 4 times lower than that for the specimens without concrete and 2.5 times lower than that for
the concrete specimens. The formation of a calibrated fracture during testing results in a relative increase
in the internal mechanical loss factor Q!, determined by the resonance method, by up to 30%. This allows
estimating K. fracture toughness coefficients of rock-concrete interfaces using Q'. The obtained results can
be used in actual practice in the design, operation, and organization of nondestructive testing and monitoring
of industrial mining facilities that include these interfaces.
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TOHHeJIell U Apyrue, UCTIBIThIBAIOIIME BO3MEMCTBMS KaK CTAaTMUYECKMX HArpy30K OT BbIlIe/eskaliux Mopoj
M TPYHTOB, TaK ¥ AMHaMMUUYECKIe BO3IECTBYS OT B3PhIBOB U 3eMJIeTpsiceHMit. JITabopaTOpHbIe SKCIIEPUMEHTHI
MIPOBOM/INCH IO MeTOoAKe MekayHapogHOTO 06InecTBa 1o MexaHuke ropHbix rmopog (ISRM) Ha o6pasiax
C TPaHUIAMM MEXIY TUIICOBBIM KaMHEM M TMeCYaHO-I[eMEeHTHBIM pacTBOpoM. McciemnoBaiicst KoaphuUuyeHT
TPeIIMHOCTONKOCTY K. TpaHmIl paszena B obpasuax. LyummHapudeckye obpasusl uMmenu gyamerp 40 Mm
v gyiiHy 150 MM ¢ V-06pa3HbIM BbIpE30M B cpefHeii uactu. leopMupoBaHye 06pa3ioB Ipy U3rKube 1o Tpex-
TOYEYHOJ CxeMe II03BOIMIIO ONpeenTh K. MCXOAs M3 MaKCMMaabHOTO yCcunus Ipu 5-6 nukiax. CpenHee
3HaueHue K. Mexxmy mopopmoit u 6eTOHOM OKa3aJoCh HAMHOTO HM3Ke, YeM JJIsS TOPHOI TIOPOABI U axke IJIst
06pa3LoB TOMHOCTBIO 13 6eToHa. JIIst 06pa3loB 6e3 6eTOHA cpelHee 3HaueHMe cocTaBuio 1,327 MITaxvm,
a 1714 TIOJTHOCTBIO 6eTOHHBIX 06pasios 0,858 MIlaxVm. CpegHee 3HaUeHue K oyt 06pas1oB ¢ 6eTOHOM CO-
crasuno 0,323 MITaxVM, uTo B 4 pasa MeHbllle, 4eM /171 06pa3LoB 6e3 6eTOHa, 1 B 2,5 pa3a MeHbllle, 4eM fId
6eTOHHBIX 00pa3ioB. O6pa3oBaHMe KaJMOPOBAHHOI TPEIIMHBI IIPU MUCIIBITAHUM IIPUBOIUT K OTHOCUTETb-
HOMY YBeJIMYEHUIO KO3 uIMeHTa BHYTPEHHUX MeXaHUUeCKMX MoTepb Q') omnpeaensieMoro pe3oHaHCHbIM
MeTOoZOM, 10 30 %. TO N03BOJSIEeT OLLeHUTh KO3 UIMEeHThI TPEIIMHOCTOMKOCTY K) - rpaHul] pa3jierna ropHas
ropopa — 6eToH ¢ ucrnonb3oBanuem Q~'. ITosyueHHbIe pe3yabTaThl MOTYT GbITh MCIIOb30BaHbl HAa IIPAKTUKE
IIpY TIPOEKTUPOBAHUM, IKCILTyaTalMM, a TaKKe OpraHu3aluy Hepas3pyllaollero KOHTPOJs M MOHUTOPUHTA
MTPOMBIIIUIEHHBIX 00BEKTOB TOPHOTO ITPOM3BOACTBA, BKIIOYAIOIIVX JaHHbIE TPAHUIIBI pa3iesa.
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TOpHbIE ITOPOabI, 6€TOH, I'nIiC, KpeMeHb, r'paHMIIa, CBOﬁCTBa, TPEMMHOCTOﬁKOCTb, aKyCTHUKa, UCcjieaoBaHme, 3KC-
TIepUMEHT, aKYCTUYECKIE U3MePEeHNsI, YIIPyTMe BOTHBI, CKOPOCTD, ITIOTEPH, IIPOrHO3MpPOBaHMe, fedopMarys
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Introduction

In current mining activities, the study subject is
often the interface between rock and concrete taking
place in many surface and underground structures
such as mine shafts, hydroelectric dams in moun-
tainous areas, reinforced concrete tunnel support
and other similar facilities. One of the tasks in the
construction and operation of such structures is to
ensure their safety and prevent failure under the
effect of both static loads from overlying rocks and
soils and dynamic impacts. The sources of dynamic
impacts are seismic waves from explosions [1] and
earthquakes [2, 3]. The subject under consideration
is an integral part of the solution of the above prob-
lem and requires experimental studies (testing) of
the strength properties of the interface between rock
and concrete.

The theoretical justification of the studies de-
scribed below is based on the fundamental works of
A. Griffiths [4]. Within this theory stress intensity fac-
tor K is considered [5]. Under tension, the stress in-
tensity factor of the first strain mode K, = s+/nl, where
o is the effective stress, [ is fracture length. The abi-
lity of a material to maintain its integrity is evaluated
by the corresponding fracture toughness coefficient

(FT) K, determined based on experimental data. It
characterizes the maximum length of a fracture at
which no fracture germination occurs. The condition
of absence of fracture growth and subsequent failure
is described by the expression K; < K.

Knowing the effective stresses o, as well as FT in
combination with the parameters of fractured rock
masses and concrete supports will allow ensuring
their safety in the design, construction, and operation
of mining facilities under the conditions of static and
dynamic loads.

FT is applicable to both separate materials such
as metals, concrete, composites, and the interfaces
between them. Many researchers have studied FT
for metals and alloys [6, 7], including heterogene-
ous ones [8]. For composite materials, FT was inves-
tigated in [9, 10]. FT is also used in the evaluation
of strength properties of concrete [11], including for
special types of concrete such as fibre concrete [12].
FT was used for novel materials used for manufac-
turing articles at printers [13]. Far fewer publications
are devoted to rock FT studies [14], especially con-
crete-rock interfaces [15].

Typically, experimental research techniques
use three- or four-point bending loading schemes
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for specimens and rectangular beams [16, 17], half-
disks [18], disk specimens [19], and cubes with
a notch [20]. For rocks, the FT determination meth-
odology recommended by the International Society of
Rock Mechanics (ISRM) is used [21]. FT of interfaces
between different rocks or minerals is also of interest
in assessing the stability of rock masses. In [22, 23], the
methodology and results of determining the fracture
toughness coefficient with respect to the interfaces be-
tween different rock types was described, and the FT
ranges for some their combinations were determined.

The purpose as well as the novelty of this paper
consists in evaluating FT of the first strain mode K.
of the interfaces between different rock types and
concrete. In addition, the acoustic properties of rock
specimens were determined, and their relationship
with K. was evaluated. These properties included
longitudinal and transverse elastic wave velocities, as
well as internal mechanical loss factor Q! [24, 25] to
evaluate the feasibility of predicting KIC based on the
data of acoustic measurements.

The tasks addressed included:

— justification of the testing technique for deter-
mining FT of rock-concrete interfaces;

- determination of elastic wave propagation ve-
locities by ultrasonic pulse scanning before and after
a test to assess the effect of a forming fracture on the
velocities;

— determination of loss factor Q! and its chang-
es during the formation of a reference fracture by the
resonance method;

— ISRM bending testing of specimens to deter-
mine the K. of rock-concrete interfaces;
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- processing and comparative analysis of the
obtained results with determining the ranges of FT
values for the interfaces between rocks of different
types, as well as between rocks and concrete;

— practical conclusions on the obtained FT values
of the interfaces between rocks of different types and
concrete to be taken into account in the design and
operation of structural elements of mining systems at
mining enterprises.

1. Research Materials and Techniques

For testing, cylinder specimens 40 mm in diame-
ter and 150 mm long were produced, consisting of two
equal parts: rocks from the Novomoskovsk gypsum
deposit (Novomoskovsk, Tula region, Russia) [22, 23]
and sand-cement mortar. A series of 19 such speci-
mens was prepared and aged for four months until
the mortar was fully cured (Fig. 1, a). In addition, four
specimens were made entirely of sand-cement mor-
tar (Fig. 1, b). V-shaped notches were cut in the speci-
mens for the ISRM testing described below.

The test specimens were labeled according to the
original 150 mm long gypsum specimens, half of which
were used to make concrete coated specimens C. They
were labeled as:

— GGC gypsum stone;

— gypsum stone and GKC flintstone interfaces;

— KKC flintstone;

- gypsum-flintstone interface with veins of carbo-
naceous GUKC clays.

For example, GKC3-1 meant a specimen with an
interface between concrete and half of the number 1
specimen made of gypsum and flintstone GK-3.

Fig. 1. Specimens with gypsum stone — cement stone interfaces (a) and cement stone specimens with notches (b)

v
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|

a

Fig. 2. Schematic of a three-point test on a notched
specimen (a) and cross-section of a notched specimen (b)

Notch

Tests on 150 mm long cylindrical specimens with
notches were carried out according to the three-point
scheme shown in Fig. 2, a. The notch was V-shaped,
Fig. 2, b, and the angle 6 was 90°.

In the calculations, formula (1) from [21] was used
to determine the fracture toughness coefficient:

A P

K __ Z"min~ max

IcC D1.5

2
A - 1.835+7.15a, L9835 % .i’
D D D

where K, is fracture toughness coefficient, MPaxVm;
P, is maximum bending force, KN; D is diameter of
a chevron bending of specimen, cm; q, is distance be-
tween the chevron indents and specimen surface, cm;
S is distance between the support points, cm.

During the tests, an installation based on the
ASIS complex (NPO Geotech LLC, Penza, Russia) was
used. The specimens were tested using a three-point
bending pattern. In addition to the system that set
the cyclic motion of the frame, a second system was
used to record the deflection force and magnitude.
Two linear displacement transducers (LVDTs) with
a measurement range of 10 mm recorded deflection
directly on a specimen. These transducers were con-
nected to the 18-bit ADC of the QMBox measuring
system (R-Technology, Moscow, Russia).

The installation for determining internal mechan-
ical losses included a JDS 2900 series signal generator
with a DPA 1698 power amplifier, a GDS-71022 oscil-
lograph with an external preamplifier, and a specimen
holder. Piezoelectric transducers 1.2 mm thick were
glued to the ends of a specimen to measure the acous-
tic losses using the resonance method.

Longitudinal P- and transverse S-wave velocities
were measured using an ultrasonic instru-ment (Eco-
geos Prom LLC, Tver, Russia). The velocities were de-
termined based on the time taken by elastic pulses to
travel through the specimens.

Cycle tests involved maximum frame displace-
ments of 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40 mm.
The minimum displacement was 0.05 mm. The dis-
placement speed was 0.2 mm/min.

)

)
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Acoustic tests along the long axis of the speci-
mens included the measurement of propagation ve-
locities of longitudinal V, and transverse V; elastic
waves in a rock using standard techniques. Internal
mechanical losses were estimated based on the loss
factor (or inverse Q-factor) Q-'. These estimates were
carried out in addition to the mechanical tests two
times, before and after a specimen was tested.

Experimental Q! measurements were performed
through frequency scanning of the resonance charac-
teristics of a specimen. The signal from the SFG-2110
harmonic oscillator was applied to an exciting piezoce-
ramic plate 20.0 mm in diameter and 1.5 mm thick,
which was mounted at one end of a specimen. From
a second similar piezoelectric plate at the opposite
end of the specimen, the signal was fed to a pream-
plifier with a bandwidth of 20-500 kHz and then to
GDS-71022 digital oscillograph. The Q! factor was cal-
culated using the following formula:

o' -4, @

fo
where Af is frequency bandwidth at 1/V2 of the maxi-
mum of the resonance curve; f; is resonance frequency.

2. Testing results

2.1. K, coefficient measurement results
for rock-concrete specimens
Figs. 3-6 show, for example, the curves of the
time dependencies of a specimen load P and deflec-
tion y, as well as the load P dependence of deflection
y. The complete set of plots for all 19 specimens with
rock-concrete contacts and four concrete specimens
are available in the data.mendeley.com repository [26].

2.2. Concrete specimens testing results

Fig. 6 shows similar test results for concrete spe-

cimens as an example.
2.3. Acoustic properties of specimens
with rock-concrete interface

Tables 1 and 2 summarize the results of measu-
ring K, using formula (1) and the acoustic properties
of rock-concrete specimens and concrete specimens
before and after testing. The following designations
are used in the tables:

P .. is maximum load during cyclic loading of
a specimen;

K, is fracturing toughness coefficient of the first
mode of strain;

V, is velocity of longitudinal wave propagation;

V. is velocity of transverse wave propagation;

f, is specimen resonance frequency;

Q-!is internal mechanical loss factor.

In Table 1, dashes indicate specimens broken up
during testing.
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Fig. 3. Curves of time dependencies of load and deflection (a) and load dependence of deflection (b)
under cyclic loading of specimen and GKC3-2
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Fig. 6. Curves of time dependencies of load and deflection (a) and load dependence of deflection (b)
under cyclic loading of specimen C1
Table 1
Properties of specimens with rock-concrete interface
Sneci K, Before test After test
pecimen | Pous N | Mpaxvin | v, mys | Vomys | f,Hz | Q'x10° | Vomss | Vomss | fyHz | Qx10°
GGC2-1 216.30 0.395 4,019 2,538 22,848 5.26 3,942 2,515 8,992 15.63
GGC2-2 188.42 0.344 4,032 2,649 10,765 4.10 4,012 2,706 10,270 5.18
GGC3-1 154.66 0.282 3,831 2,418 10,205 3.43 - - - -
GGC3-2 67.07 0.122 3,774 2,515 9,110 4.39 - - - -
GKC1-1 229.03 0.418 4,125 2,953 10,402 6.06 4,044 2,917 10,102 4.27
GKC1-2 210.92 0.385 3,876 2,535 9,190 4.13 3,684 2,005 47,750 3.61
GKC2-2 292.63 0.534 4,136 2,665 11,374 4.67 4072 2,923 9,002 10.53
GKC3-1 262.79 0.480 3,831 2,502 9,925 2.72 3,684 1,857 48910 4.29
GKC3-2 107.68 0.197 3,852 2,484 9,117 3.40 - - - -
GKC5-1 100.35 0.183 3,780 2,500 9,360 5.65 3,549 1,919 50,900 2.77
GKC5-2 192.29 0.351 3,975 2,881 11,000 4.00 - - - -
KKC2-1 238.32 0.435 3,937 3,337 9,620 6.67 - - - -
KKC2-2 165.91 0.303 3,854 2,550 8,967 4.57 3,937 2,582 49,000 5.21
KKC3-1 139.00 0.254 3,872 2,841 10,402 6.33 3,633 2,477 - -
KKC3-2 121.38 0.222 4,068 2,673 10,617 5.18 3,942 2,695 - -
KKC5-1 167.38 0.306 4,010 2,574 11,240 4.18 3,989 2,929 10,342 7.75
KKC5-2 292.63 0.534 4,212 2,870 10,823 5.56 4,201 3,236 16,738 5.81
GUKC1-1 81.26 0.148 3,443 2,373 7,030 9.81 - - - -
GUKC1-2 159.55 0.291 3,900 2,675 9,061 3.97 - - - -
Average 178.29 0.323 3,922 2,660 10,581 4.95 3,890 2,563 26,200 6.51
Table 2
Properties of concrete specimens
o Ky, Before test After test
pecimen | Puoo N Mpaxvin | v, mys | Vomss | f,Hz | Q'x10° | Vomss | Vomss | fyHz | Qix10°
C1 492.3 0.899 3,571 2,540 22.6 7.29 3,120 2,100 - -
Cc2 429.6 0.784 3,392 2,402 19.3 5.70 3242 1,920 - -
C3 503.0 0.918 3,297 2,430 21.2 5.90 3,170 1616 - -
C4 456.1 0.832 3,414 2,495 22.8 6.34 3,327 1,849 - -
Average 470.2 0.858 3,418 2,466 21.5 6.31 3,215 1,808 - -

10


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2025;10(1):5-14

Table 3
K, fracture toughness coefficients of rocks and contacts
between them without concrete [22, 23]

Specimen P..N K¢, MPaxVm
GG-1 639 0.832
GG-2 985 0.995
GG-3 988 1.089
GG-4 817 0.901
UG-1 833 0.919
GUK-1 825 0.950
GUK-2 1,100 1.161
GUK-3 1,194 1.317
GK-3 1,147 1.495
GK-5 1,225 1.351
KK-1 - -
KK-2 2,039 2.447
KK-3 - -
KK-4 2,232 2.461

After testing, no clear resonance could be ob-
tained in the specimens due to the increased losses
in the concrete that is indicated by dashes in Table 2.

For comparison, Table 3 presents the data from
previous tests on specimens of rocks and their inter-
faces without concrete.

3. Findings Discussion

Let us analyze the shapes of the curves in
Fig. 3-6, obtained when testing specimens in the
conditions of specified cyclic bending strains with
increasing maximum displacements in each subse-
quent cycle.

The peculiarities of plastic strain of the specimens
deserve attention. They consisted in the increase of
residual plastic strains after each strain cycle and
manifested themselves in the form of a characteris-
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tic loop-shaped pattern of curves P(y) with a shift to
the right of each subsequent loop. The plots clearly
show an area of extreme strain where the maximum
load decreased with increasing number of cycles.
Coefficient K. was calculated based on the highest
maximum value P, . For clarity, all the results of the
K, testing are presented in the diagram in Fig. 7.

The analysis of K. values given in Tables 1 and 3,
as well as in Fig. 7, allows drawing the following con-
clusions.

Without concrete, the interfaces have relatively
high KIC values, especially KKs, for which the K. is
greater than 2. The presence of flintstone is generally
characterized by high K. values even in the presence
of thin carbonaceous interlayers. The absence of flint-
stone, such as in the case of GG, is characterized by
reduced K. values. For pure concrete, K. has values
close to those for the GG interfaces. For rock-concrete
interfaces, K. values are extremely low. This can be
explained by weak adhesion when forming the contact
between them. The difference is especially evident
when comparing the averages. The average K. value
for the specimens without concrete is 1.327 MPaxVm,
the average value for concrete is 0.858 MPaxVm, and
for the specimens with concrete it was 0.323 MPaxVm,
which is 4 times less than that for the specimens with-
out concrete and 2.5 times less than that for the con-
crete specimens.

As follows from the data of summary Table 1, in
most cases, the appearance of a fracture in a specimen
middle part in bending tests leads to a decrease in both
velocity V, and velocity V.. The changes were consi-
dered to be significant if they were beyond £2% of
the original pre-test value. The proportion of speci-
mens whose velocity V, appeared unchanged, amoun-
ted to 42%, and that whose velocity V, remained un-
changable, 40%. At the same time, half of the speci-
mens showed a decrease in V,, while V, showed both
decrease and increase in equal proportions. F, u Q!
showed a change in all cases.

GG —o
GUK | — o

GK *—e

KK | .o
GKc: ——————9o
GGC —e

KKC | — o
GUKC ——o

C— *—e

T T T T T T T T T T T
0 0.2 04 06 08 1.0 14 16 18 20 22 24 26

K., MPaxVm

Fig. 7. Ranges of variation of K coefficient for rocks, rock-concrete interfaces, and concrete (encircled)
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Table 4

The relationship between the velocities of elastic waves V,, V, loss factor Q! in different combinations and K.
in different combinations and

Indicator v, V, Q! V,, Vs v, Q! v, Q! V,, V;, Q!
R 0.674 0.447 0.190 0.685 0.675 0.533 0.685
RMS 0.093 0.306 0.124 0.099 0.096 0.110 0.098

Quantification of the changes in the mean va-
lues of V, and V, shows insignificant decreases, they
amounted to 0.992 and 0.964 of the initial values.
However, such small changes may not be a sufficiently
reliable result. At the same time, the average value of
Q! (loss factor) for a fracture formation due to a test
showed an increase of 1.32 times that can be used to
assess the condition of the interface between a rock
and concrete when organizing nondestructive testing
or monitoring of actual facilities.

Establishing the feasibility of predicting K;. based
on the acoustic properties of facilities is one of the
important related objectives. In this case, such an as-
sessment is made on the basis of the correlation co-
efficient R and root-mean-square deviation (RMS).
The correlation coefficients of different combinations
of acoustic properties with K. of the specimens with
rock-concrete interfaces were calculated using Statis-
tica software. The results are presented in Table 4.

As follows from these data, the highest interde-
pendence of K. and V, is observed. When multiva-
riate statistics is used, other properties allow the cor-
relation coefficient to increase slightly. At the same
time, even in this case at R = 0.685, although inter-
dependence exists, it cannot be considered as very
strong. Root-mean-square deviation RMS characte-
rizes the accuracy of such a forecast. In this case, the
root-mean-square deviation was 0.098 MPaxVm. The
average value of K. was 0.323 MPaxVm. The relative
accuracy was about 30%.

Conclusion
The relevance of the experimental study of
a rock-concrete interface fracture toughness coeffi-
cient K;. was shown, which can be used in practice in
mining industry in the design, construction, and op-
eration of surface and underground structures, such
as shafts and permanent mine workings, hydroelec-

tric dams, road and railroad tunnels, as well as other
both underground and aboveground facilities having
rock-concrete interface.

The current study investigated the fracture
toughness of rock interfaces involving gypsum stone
and concrete. For the rock-concrete interfaces, the
values of the fracturing toughness coefficient of the
first strain mode K, are extremely low. This can be ex-
plained by weak adhesion when forming the contact
between them. The difference is especially evident
when comparing the averages. The average K. value
for the specimens without concrete is 1.327 MPaxVm,
the average value for concrete is 0.858 MPaxVm, and
that for specimens with concrete is 0.323 MPaxVm,
which is 4 times less than that of the specimens with-
out concrete and 2.5 times less than that of the con-
crete specimens.

Evaluation of the effect of an arising fracture on
average values of longitudinal V, and transverse V
elastic wave velocities shows negligible reductions,
which are 0.992 and 0.964 of the initial (pre-test)
values, respectively. At the same time, the loss factor
Q! at the formation of a tensile fracture due to tes-
ting shows an increase of 1.32 times, which can be ac-
cepted as statistically significant.

An evaluation of the feasibility to predict K. co-
efficient based on the acoustic properties showed that
the highest correlation was observed with V, velocity.
When multivariate statistics is used, other properties
allow the correlation coefficient R to increase slightly.
At the same time, even in this case at R = 0.685, the
correlation cannot be qualified as strong, although
the relationship exists. The relative accuracy in this
case is 30%.

The obtained results can be used in the design,
operation, as well as organization of nondestructive
testing and monitoring of industrial facilities of mi-
ning enterprises.
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Abstract

In a number of cases during construction and operation of engineering facilities, development of mineral
deposits it is necessary to improve the properties of sandy soils by strengthening them with polymer compounds.
Analysis of current research shows that the effect of flow rate and method of treatment with polyurethanes on
the acquired properties of loose rocks is poorly understood. The paper presents the results of laboratory research
of chemical strengthening of sandy soil with polyurethane compounds. Geomaterials typically produced by
strengthening loose rock with highly elastic polymers have low strength properties and are stable under only
minor loads. To improve the strength, a two-binder sandy soil treatment process is proposed, which includes
sequential mixing of the soil with a two-component highly elastic slow-reacting compound and a small volume
of a fast-curing one-component resin. The aim of the work is to experimentally investigate the dependence of
strain and strength properties of sandy soil on the method of mixing with polyurethane compounds and the
polymer volume flow rate. A standard one-component method of mixing samples with highly elastic resin at the
resin-to-sand volume ratio from 0.05 to 0.4 and a two-component method including additional treatment with
fast-curing one-component resin in the volume of 5% of the strengthened soil were experimentally tested. The
effect of polyurethane resins on rock properties was evaluated by triaxial compression strength tests. Electron
scanning microscopy was used to determine the content and distribution of cured polymers in the loose rock
structure. It was found that the addition of a fast-curing polyurethane compound in the two-component mixing
method leads to the formation of aggregates of cured polymer, binding mineral grains without continuous
filling of intergranular voids. The presence of such aggregates improves the strength characteristics of sand up
to 5 times that is 1.3-3 times more than at the standard one-component mixing with highly elastic resin at a
resin-to-rock to be strengthened volume ratio up to 0.3. It was found that under triaxial compression conditions,
the geomaterial obtained by the two-component mixing method withstands higher axial stresses. In case the
volume ratio of resin to rock is more than 0.3, the strength of the produced geomaterial does not depend on
the addition of the fast-curing compound. The study findings practical significance consists in increasing the
strength of a sandy soil due to its low-volume strengthening with highly elastic polyurethanes.

Keywords
soil, sand, properties, strength, strengthening, technology, treatment, polyurethane, resin, geomaterial,
testing, triaxial compression, failure, strain
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crioco6a 06paboTKY MOMMypeTaHaMy Ha IPUOOGPeTEHHbIE CBOVICTBA PHIXJIBIX IOPOJ, c1abo u3ydyeHo. B pabo-
Te MpeCTaBIeHbl Pe3yabTaThl TA60PATOPHBIX MCCIENOBAHNI XMMUUECKOTO 3aKPEIIEHNs] TIeCYaHOTO IPYH-
Ta MOMYPETAHOBBIMM COCTaBaMMu. eomMmaTepuasbl, OObIYHO TIOITyYaeMble MPU APMUPOBAHUM PBIXJIBIX TIOPOL
BBICOKO3/TACTUYHBIMY TIOMMMEpPAMM, UMEIOT HU3KME MPOYHOCTHBIE CBOVICTBA M CTaGMIIbHBI JINIIb ITPY HE3HA-
YUTENbHBIX HATpy3KaxX. /sl MOBBIMIEHYS] IPOYHOCTY MPEIJIOKEHA TEXHOIOIMS ABYXPACTBOPHON 06paboTKM
TeCYaHOro IPYHTA, BK/IIOUAIONIAs ITOC/IeIOBATE/IbHOE CMEeIIeHMEe TTOPOABI C ABYXKOMITOHEHTHBIM BbICOKO3JIa-
CTUYHBIM MeJ[/IEHHO PearnpymoluM COCTaBOM U MaJIbiM 06beMOM GbICTPOTBEP/IEIOIIEN i OHOKOMITOHEHTHOIA
cMorbl. 1lenb paboThl — IKCIIEPUMEHTAIBHOE MCC/IeNOBaHMe 3aBUCUMOCTU JedOpMalIOHHO-TIPOYHOCTHBIX
CBOJCTB TIECYAHOTrO TPYHTA OT CIIOCO6A CMEIeHMs C MOMMYPETAHOBbIMYU COCTaBaMM ¥ 0GbEMHOrO pacxona
MoMMepa. DKCIIePUMEHTATbHO IIPOTECTMPOBAHbI CTAHJAPTHBIN OJHOPACTBOPHbIN CITOCO6 cMelIeHus 06pas-
IIOB C BBICOKO3JIACTUYHOI CMOJIO B COOTHOIIeHUM 06beMOB ¢ neckom ot 0,05 mo 0,4 u ABYXpacTBOPHBIIL,
BKJTIOUAIOIINIA TOTIOTHUTEIbHYIO 00paboTKy OBICTPOTBEPAEIONIEN OMHOKOMITOHEHTHOI CMOJION B 00beMe 5 %
OT YKPEIUISIEMOT0 IPYHTa. BiusHMe MonypeTaHOBbIX CMOJI Ha CBOJMCTBA IMOPObI OLIEHMBAJIY 10 pe3y/IbTaTaM
MIPOYHOCTHBIX UCIIBITAHMIT METOOM TPEXOCHOTO CKaTus. [IJist oTipe/ie/ieHusI COMePXKaHms U pacIpeaeneHust
OTBEPKIEHHBIX NIOMMEDPOB B CTPYKTYPE PHIXJION MOPOIbI UCIIOIb30BAJICS METOZ, 3/IEKTPOHHO-CKAaHMPYIOIIEi
MMKPOCKOTMK. YCTAaHOBJIEHO, UTO T06aB/ieHNe OBICTPOTBEPAEIONIEro MOIMYPETAHOBOTO COCTaBa B IByXpac-
TBOPHOM CII0CO0€e CMeNIeHVs] TPUBOAUT K GOPMUPOBAHNIO arperaToB OTBEPXKIEHHOTO MOIMMEpPA, CBSA3bIBA-
IOIIYX MUHEepaibHble 3epHa 0e3 CIUIOIIHOIO 3aIllOJIHEHUST MEX3ePHOBBIX MyCTOT. Hajimume TakmMx arperaToB
TTOBBINIAET TPOYHOCTHBIE XaPAKTEPVUCTUKM MTeCKa 10 5 pas, uto B 1,3—3 pasa Gosblile, yeM IIpU CTAHIAPTHOM
OIHOPACTBOPHOM CMEINIEHUM C BbICOKOIIACTUYHOM CMOJIOI B 06beMHOM COOTHOIIEHUY C YKPEILIsIeMOii IMo-
popoit 1o 0,3. YCTaHOB/IEHO, UTO B YCJIOBMSIX TPEXOCHOTO CKATMSI TeoMaTepuall, MoJydeHHbli Py JByXpac-
TBOPHOM CITOCOGe CMeIIeHMs], BhIIePKUBaeT 60jiee 3HAUUTENbHbBIE OCeBbIe AedopMaluu. B ciryuae 06beMHO-
T'O COOTHOILIEHUS CMOJIbI U TOPOAbI 6ostee 0,3 MPOYHOCTH MTOTYYaeMOT0 reoMaTepuaia He 3aBUCUT OT T0OABKU
OBICTPOAEICTBYIONIEro coctaBa. [IpakTHueckast 3HaUMMOCTb ITOTYUYE€HHBIX PE3Y/IbTATOB COCTOUT B MTOBBIIIEHUN
MIPOYHOCTH [T€CYAHOTO TPYHTA MPU €r0 MaJ006eMHOM YKPEILJIEHMM BbICOKO3IACTUYHBIMY ITOJIMYyPEeTaHAMMA.
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Introduction

The design, construction, and operation of engi-
neering facilities, drifting and the sinking for miner-
al deposit development depend on the properties of
soils and the surrounding loose rocks. The most prob-
lematic soils include sandy soils with loose structure,
high hydraulic conductivity, and poor grading. These
features contribute to the intensive manifestation of
various negative physical processes, such as lique-
faction, subsidence, and soil erosion. In complicated
geotechnical conditions, strengthening with polymer
compounds, chemical reagents interacting with each
other and/or with groundwater is used to improve
the properties of loose rocks [1-3]. Such methods
are widely used in tunnel construction, underground
space development, design of footings and founda-
tions of structures! [4]. Various methods of injection

ISP 22.13330.2016. Footings of Buildings and Structures.
Updated version of SNiP 2.02.01-83. URL: https://lentisiz.
ru/wp-content/uploads/2019/01/11_SP-22.133330.2016-
Osnovaniya-zdanij-i-sooruzhenij.pdf
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strengthening, mixing and tamping with cements,
polymer resins are used [5—7]. Technical requirements
and regulatory documents, GOST R 59706-2022, have
been developed for a number of technologies, such as
soil consolidation with cement and sodium silicate
based mortars used in construction, reconstruction,
and repair of engineering facilities

The advantage of polymer resins is their ability
to diffuse into rocks and strengthen them during the
polymerization process. This increases the stability
of loose soils by binding the individual particles into
a single matrix. One type of such compounds is polyu-
rethane resins, which are used not only to strengthen
loose rocks, but also to reduce their permeability and
prevent fluid filtration [8-10]. Depending on a ge-
otechnical problem to be solved, one-component or
two-component polyurethane systems are used. In
one-component systems, polymerization occurs by
interaction with stratal water. As a rule, such a com-
pound intensively foams, its volume increases seve-
ral times. An additional advantage is relatively simple
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pumping equipment for injection into rocks, while the
disadvantages are limited storage time, difficulty in
controlling the duration of polymerization, high sen-
sitivity to water saturation of rocks and atmospheric
moisture.

In two-component polyurethane systems, foamed
polyurethane formation occurs as a result of interac-
tion between isocyanate (component B) and polyester
compound (component A), a mixture of polyfunctio-
nal hydroxyl-containing polyols with a foaming agent
and a catalyst [11, 12]. Curing of such resins strong-
ly depends on the uniformity of mixing and distribu-
tion of reagent molecules in the volume of the fin-
ished compound. The heterogeneity of the mixture
impairs the interaction of substances, especially for
fast-curing systems. Only resins with low viscosity
and long curing time penetrate well into a rock pores.
After diffusion and curing of a resin, the particles are
“glued” together by the polymer with lesser residu-
al porosity remained [13, 14]. In practice, the use of
fast-curing compounds for rock and soil strengthe-
ning is complicated by the increase in viscosity due
to the short reaction time. This limits the injection
volume of a compound, depth and uniformity of its
penetration into a rock [15-17]. The use of two-com-
ponent slow-reacting, highly elastic polyurethane
resins solves this problem. They are effective in the
construction of cutoff curtains, waterproofing of soils,
provide the level of permeability of sandy soil after
strengthening corresponding to the values of practi-
cally impermeable rocks, about 10#-107° uym?[18, 19].
At the same time, geomaterials obtained by strength-
ening rocks with highly elastic polyurethanes have
low mechanical strength and are stable only under
minor loads [20, 21].

Laboratory testing on rock strengthening with
subsequent determination of physical-mechanical, fil-
tration properties of the produced geomaterials allow
predicting the results of corresponding field works?
[22, 23]. The analysis of known studies shows poor
understanding of the effect of flow rate and method
of polymer treatment on the acquired strength pro-
perties of loose and fractured rocks. The present work
deals with a two-component method for increasing
the mechanical strength of the produced geomate-
rials, involving sequential mixing of sandy soil spe-
cimens with a two-component highly elastic polyure-
thane compound and a small volume of a fast-acting
one-component resin. The aim of the work is to de-
termine the peculiarities of changes in the strength
properties of sandy soil depending on the mixing
method and polymer volume flow rate based on the

2 Ortiz R.C. Mechanical behavior of grouted sands. [Mas-
ter’s dissertation]. Kentucky: University of Kentucky; 2015. 117 p.
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results of laboratory testing. The following tasks were
set: to investigate the structure, strain and strength
properties of geomaterials produced by the one-com-
ponent and two-component methods of mixing sandy
soil with polyurethane compounds and their different
volume flow rates; to determine the relationship be-
tween the internal structure and strength characte-
ristics of geomaterials, the effect of adding fast-acting
polyurethane compound on the mechanical strength
of the sand to be strengthened.

Research Materials and Methods

Materials

In the tests, a two-component slow-reacting
highly elastic polyurethane resin (hereinafter SR
compound) was used, which was designed for conso-
lidation and waterproofing of soils, creation of cut-
off curtains. The SR compound is produced by mix-
ing components A and B in a volume ratio of 1:1 to
a homogeneous consistency. Component A is a mix-
ture of castor oil (40-41 vol. %), phenoxypropanol
(20 vol. %), and low molecular weight polypropylene
glycol (40-41 vol. %). Component B is a mixture of
methylene diphenyl di-isocyanate (66-67 vol. %),
polypropylene glycol (10 vol. %), propylene carbonate
(21-23 vol. %). After mixing components A and B, the
viscosity of the SR compound is about 95-120 MPa-s
and remains low for a long time (tens of minutes). This
promotes penetration of the ready-made compound
into thin joints, fine-porous soils, increases the effect
on a rock, reduces its filtration properties. Full curing
time is about 3 h. Meanwhile, the mixture foams and
increases in volume. When cured, the SR compound
is an impermeable, elastic material, stable at small
strains. Technical characteristics are given in Table 1.

To increase the rock strength, in the tests,
a one-component fast-acting polyurethane resin (here-
inafter, FR compound) was used to strengthen loose,
unstable rocks in the course of the construction of un-
derground structures, filling microcracks in concrete
and stone structures. The polymerization reaction oc-
curs when the polyurethane compound is mixed with
water to a homogeneous consistency in a ratio of 1:1
to 9:1 (resin : water). A 5:1 ratio was used in the tests.
Curing time is 90—180 s at a temperature of 25°C. At the
same time foaming occurs due to the release of carbon
dioxide, which is a product of the interaction between
isocyanate and water. In cured form, the FR compound
is a fine-porous foam capable of withstanding signifi-
cant dynamic and static loads. High viscosity of the
compound, 800-1,000 MPa.s at 20°C, reduces the zone
of impregnation of rocks, especially in low-permeable
soils, rocks containing thin cracks, etc. Technical cha-
racteristics of the FR resin are given in Table 1.
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Table 1

Properties of two-component polyurethane compounds

Indicator

SR compound

FR compound

Purpose Waterproofing, creation of cutoff Strengthening of loose, unstable
curtains, etc. rocks, etc.

Volume ratio of components A to B 1:1 -

Resin : water volume ratio - 1:1-9:1

Density (components A/B), g/cm?

1,01/1,21 at 23°C

1,614 at 20°C

Viscosity (components A/B/mixture), MPa-s

115/40/80 at 23°C

800-1,000 at 20°C

Curing time, s

about 10,800

90-180

Surface tension at 23°C, mN/m

35.7

Laboratory studies were carried out with sand
samples taken from a quarry in the Novosibirsk district
of the Novosibirsk region. For the tests we used fine
sand, in which 90% by mass belonged to 0.2-0.25 mm
particle size fraction. The rock was pre-dried to con-
stant weight, the density of mineral particles and bulk
density were determined, and the porosity factor was
estimated from the obtained values. The particle and
skeletal densities of the dry soil averaged 2.64 g/cm3
and 1.66 g/cm3, respectively, and the estimated poros-
ity coefficient was 0.65.

Techniques

The effect of polymer resins on the properties
of fine sand was investigated under laboratory con-
ditions. The experiments included several stages:
preparation of rock specimens mixed with polymers
(geomaterial); strain-strength tests (triaxial com-
pression strength tests); analysis of microstructure
and porosity by scanning electron microscopy. Two
methods of mixing sand with polyurethane resins
were used in the experiments: one-component with
ready mixture of components A and B (SR com-
pound); two-component, sequentially with ready SR
and FR compounds. In the case of the one-component
method, the prepared mixture of components A and
B (SR compound) was added to sand and mixed until
a homogeneous mass was formed. In the case of the
two-component method, sand was sequentially mixed
with the prepared SR and FR compounds. Specimens
(Fig. 1) were formed at the ratios of volumes of li-
quid resin and being strengthened loose rock of 0.05,
0.1, 0.2, 0.3 and 0.4 (Table 2). The produced mixture
of sand with the reagents was placed into a steel cy-
lindrical mold 50 mm in diameter and 120 mm high,
compacted and aged for 24 h until complete curing of
the polymers. The specimens were then extracted and
machined at a stone-cutting machine, reducing the
height to 100 mm.
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Polyurethane resin content in geomaterial speciTmale)::es2
SPecimen ying method | torodk | torodk
volume ratio | volume ratio
1.1 One-component 0.4 0
1.2 The same 0.3 0
1.3 The same 0.2 0
14 The same 0.1 0
1.5 The same 0.05 0
2.1 Two-component 0.4 0.05
2.2 The same 0.3 0.05
2.3 The same 0.2 0.05
2.4 The same 0.1 0.05
2.5 The same 0.05 0.05

The produced specimens of geomaterials were
tested by triaxial compression testing method using
GT 1.3.5 instrument®. Strength and strain charac-
teristics were determined in accordance with GOST
12248.3-2020. The tests were performed at a lateral
pressure of 100 kPa, axial strain rate of 0.5 mm/min
with a vertical load limit of 5,000 kPa. Based on the
tests results, the peculiarities of strain of the speci-
mens and ultimate loads were identified, and the va-
lues of strain modulus were determined according to
the technique recommended by GOST 12248.3-2020.
Data recording and processing were carried out using
the specialized software program Geotek Studio of
SPE Geotek LLC.

5 Automated triaxial compression instrument GT 1.3.5.
URL: https://npp-geotek.com/upload/iblock/3d5/3d5b19682b34
abeeelc6ee34f00e5d9d.pdf [[laTa focTyna: mait 2024].
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Fig. 1. Geomaterial specimens for triaxial compression strength tests

The produced geomaterials were examined by
scanning electron microscopy (SEM). Mineral grains,
aggregates of cured polymer were identified from
the obtained SEM images, and their content in the
volume of strengthened rock was quantitatively es-
timated [24]. The spatial distribution of heterogenei-
ties and voids, structural features of the geomaterials
in accordance with the classification of [25] were de-
termined. The samples for the study were taken along
the axis, from the top, middle, bottom of the cylin-
drical specimens. Data analysis and processing were
performed using a Mineral S7 automated analyzer of
solids microstructure fragments of SIAMS Company.

Findings and Discussion

The distribution features of cured polyurethane
resins in fine sand samples were determined by SEM
images. In the geomaterials produced by the one-com-
ponent method of mixing rock with resin, the cured SR
compound occupies a significant part of the void space.
Residual porosity is due to voids located near the sur-
face of mineral grains (Fig. 2). As the ratio of resin and
rock volumes increases from 0.05 to 0.4, the void space
filling with the cured SR compound increases from 43
to 75% or 1.7 times. The linear approximation of the
relationship between the above parameters has a coef-
ficient of determination R? = 0.83 Fig. 3).

In the specimens produced by the two-compo-
nent method of mixing sand with polyurethane com-
pounds, the aggregates of cured resins also occupy
the majority of the pore space. The fast-curing FR
compound occurs near the surface of mineral grains,
binding them and forming aggregates with isolated
pores in the polymer structure. In addition, residual
voiding is due to pores located in the intergranular
space (see Figure 2). Studies of samples from the mid-
dle and bottom parts of the specimens showed that
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as the ratio of the volumes of SR resin and FR resin
to the being strengthened sand increased from 0.1 to
0.45, the filling of the void space with cured polymers
increased from 40 to 72 %, or 1.8 times (see Figs. 2, 3).
The formation of aggregates of FR compound with
closed pores near the surface of mineral grains can
prevent the penetration of low-viscosity SR resin into
unfilled voids. The structure of the produced geoma-
terial depends on the volume ratio of resins and sandy
soil. If this ratio is greater than 0.3, the filling of void
space with cured compounds is more than 60%, and
the geomaterial has a basal structure characterized by
a uniform distribution of mineral particles in the mass
of the binding material. As the volume ratio of resin
and rock decreases to 0.05-0.15, the void space filling
with cured compounds decreases to 40-50%, and the
produced geomaterial acquires a “contact” structure,
in which the binding material occurs mainly at the
contacts of grains (see Fig. 2)*.

The strain and strength properties of the pro-
duced geomaterials depend on the internal structure
formed as a result of mixing with the polyurethane
resins. The mechanical properties of sand strengthe-
ned with polyurethane compounds were determined
using the diagrams “axial stress o, — relative axial
strain ¢,”, when the specimens were deformed at arate
of 0.5 mm/min to the value of relative strain ¢, = 0.15
(15%). 1t was found that in case of the one-compo-
nent mixing method with resin-to-rock volume ra-
tios of 0.05, 0.1, 0.2, and 0.3, the produced geomate-
rial fails with a pronounced strength limit (maximum
stress), while at 0.4 it behaves as an elastomer. More-
over, its yield strength in the investigated range of
relative strains was not achieved (GOST 4651-2014).

4

Ortiz R.C. Mechanical behavior of grouted sands. [Mas-
ter’s dissertation]. Kentucky: University of Kentucky; 2015. 117 p.
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The value of the axial stress maximum depends on
the content of the highly elastic SR compound in the
rock and increases by more than 2.5 times when the
amount of the resin decreases 8 times. At ¢, = 0.15,
maximum strength was achieved at the resin-to-rock
volume ratios of 0.2, 0.3, and minimum strength was
achieved at 0.4. As the amount of the resin increa-
ses, the strain value corresponding to the ultimate
strength limit of the geomaterial increases (Fig. 4).
For the resin-to-rock volume ratios of 0.05, 0.1, 0.2,
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the ultimate strength limit of the geomaterial is
achieved at ¢, ~ 0.025, 0.04, and 0.08, respectively
(see Fig. 4).

In case of the two-component method of mixing
sand with polyurethane resins with addition 5 vol. %
of fast-acting resin FR, the pronounced strength lim-
it of the geomaterials was observed when the SR+FR
resins-to-loose rock volume ratios were 0.1, 0.15,
0.25. When the volume ratio reaches 0.35, 0.45, the
geomaterial behaves similar to elastomers (Fig. 5).

f

Fig. 2. Fragments of SEM images of geomaterials produced by mixing sand with polyurethane resins. One-component mixing
method with a highly elastic SR compound at a volume ratio of resin to rock: a — 0.4; b — 0.3; c—0.2; d - 0.1; e - 0.05.
Two-component method of mixing with SR and FR compounds at the ratio of volumes of FR compound and strengthened
rock of 0.05, SR compound and the rock: f— 0.2; g — 0.3. Legend: I — mineral grains; 2 — cured polymer; 3 — intergranular
voids; 4 — closed pores in the structure of cured polymer

90
50 y=0.8258x + 43.706
R?=0.8318 s

e 704 ° *
)
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Fig. 3. Cured polymer content in the void volume as a function of the polyurethane resin-to-being strengthened rock (sand)
volume ratio based on SEM image analysis. Black and gray circles are data of experimental studies of samples produced
by one-component method of mixing sand with SR compound and by two-component method of mixing sand
with SR and FR compounds, respectively. Black and gray lines are linear approximations of the experimental data
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When the content of the resin compounds decreases
4.5 times, the strength limit increases by more than
9 times. For g, = 0.15, the strength reaches peak at
a SR resin-to-rock volume ratio of 0.05, and is mini-
mum at that of 0.4. For the SR+FR compounds-to-rock
volume ratios of 0.1, 0.15, and 0.25, the strength limit
of the geomaterial is observed at ¢, ~ 0.03, 0.05 and
0.07, respectively (see Fig. 5, 6).

The specimens strain-strength tests data made
it possible to determine the values of strain modu-
lus of the geomaterials. The technique recommended
by GOST 12248.3-2020 was used. It was found that

o

Vertical stress o,, MPa

0.2
O T T T
0 0.05 0.10 0.15
Relative vertical strain g,
ol 02 3 4

Fig. 4. Axial stress — relative axial strain" graphs
of geomaterial specimens produced by the one-component
method of mixing sand with highly elastic polyurethane
resin SR. Resin-to-rock volume ratio (and cured polymer
content determined by the graphs in Fig. 3):
1-0.4(77%); 2-0.3(68%); 3-0.2 (60%);4 — 0.1 (52%);
5-0.05 (48%)
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when using the one-component mixing method, an
eightfold increase in the amount of SR resin reduces
the strain modulus of the produced geomaterials by
more than 10 times. The largest increase in the strain
modulus was achieved when the resin-to-rock volume
ratio decreased from 0.2 to 0.1.

The two-component mixing method with the ad-
dition of the fast-acting FR polyurethane compound
leads to an increase in the geomaterial strain modulus
when the SR resin-to-rock volume ratio is 0.05, 0.1,
0.2. If the value of this ratio is higher, the addition of
the FR compound has little effect (Table 3).

Vertical stress o,, MPa

0 0.05 0.10 0.15
Relative vertical strain g,
ol 02 3 4 e5

Fig. 5. Axial stress — relative axial strain" graphs
of geomaterial specimens produced by the two-component
method of mixing sand with highly elastic polyurethane
resins SR and FR. Resin-to-rock volume ratio (and cured
polymer content determined by the graphs in Fig. 3):
1-0.45(68%); 2-0.35 (60%); 3 — 0.25 (51%);
4-0.15(42%); 5-0.05 (37%)

50 mm

Fig. 6. Examples of broken down and deformed geomaterials after triaxial compression tests at SR+FR resin-to-rock volume
ratios of: a - 0.35,0.45; b - 0.1, 0.15, 0.25
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Table 3
Strain modulus of geomaterials as a function
of SR compound-to-rock volume ratio

Sample SR FR Strain
number compound-to-.rock compound-to-.rock modulus,
volume ratio volume ratio MPA
1.1 0.4 0 5.6
1.2 0.3 0 18.3
1.3 0.2 0 16.1
14 0.1 0 53.3
1.5 0.05 0 70.6
2.1 0.4 0.05 5.2
2.2 0.3 0.05 14.1
2.3 0.2 0.05 29.9
2.4 0.1 0.05 101.5
2.5 0.05 0.05 132.7

Comparing the results of the sand mechanical
tests before and after strengthening with polyure-
thane resins, it can be noted that the application of
the highly elastic resin at the resin-to-rock volume
ratio no more than 0.3 increases the strength of the
rock by 1.3-2.3 times. The addition of 5 vol. % of the
fast-acting FR resin leads to an additional 1.6—-2.2-fold
increase in the strength. In the case of the highly elas-
tic resin-to-rock volume ratios greater than 0.3, the
nature of the geomaterial strain changes significant-
ly. Compared to the loose rock not treated with the
polymers, the strength decreases 1.3—1.7 times and is
practically independent of the addition of the fast-act-
ing resin. Such a geomaterial exhibits the properties of
a composite elastomer. Its specimens deform without
apparent failure and recover to nearly their original
size after the load is removed (see Fig. 6).

The experimental studies have shown that under
triaxial compression conditions the geomaterials pro-
duced by the two-component method of mixing sand
with the SR and FR polyurethane compounds with-
stand higher mechanical loads than those produced
by the one-component method of mixing with only
one highly elastic resin. It is most pronounced at low
resins-to-loose rock volume ratio (0.05, 0.1). At the
volume ratios of 0.3, 0.4, the addition of the fast-act-
ing resin has an insignificant effect on the value of the
strain modulus of the produced geomaterial.

Conclusion
The method of mixing sand with polyurethane
compounds, the resin-to-loose rock to be streng-
thened volume ratio have a significant effect on the
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distribution of mineral grains and binder in the pro-
duced geomaterial and its strain and strength proper-
ties. At the resins-to-rock volume ratio of 0.05-0.15
the filling of its void space with cured polymer is
40-50%. The produced geomaterial has a contact type
of structure, in which a binding material is located in
the places of contact between mineral grains. Spe-
cimens of such geomaterial withstand greater loads
than the specimens with the highly elastic resin-to-
rock volume ratio greater than 0.3, for which the fil-
ling of the void space with the binding polymer rea-
ches 60% or more. As the geomaterial void space fil-
ling with cured highly elastic compound decreases
from 75 to 43%, their mechanical strength increases
more than 2.5 times. On the contrary, the strain value
corresponding to the geomaterial strength limit in-
creases with increasing the resin content.

Two-component method of sand mixing with
addition of 5 vol. % of fast-curing polyurethane
compound leads to intensive formation of aggre-
gates of cured polymer in a loose rock, binding mi-
neral grains without continuous filling of inter-grain
voids that significantly increases the strength of the
strengthened sand at relatively low consumption of
the chemical reagents. The strength of the produced
geomaterials increases 2-5 times in comparison
with the loose rock before the chemical treatment
and 1.3-2.3 times as compared to the one-compo-
nent method of mixing with highly elastic resin at
the resin-to-rock volume ratio less than 0.3. It was
found that under triaxial compression conditions,
the specimens produced by the two-component
method of mixing with the resin compound with-
stand more significant loads than those produced
by the one-component mixing with only one slow-
ly reacting highly elastic resin. If the highly elastic
resin-to-rock volume ratio was greater than 0.3,
the geomaterials withstanding only low loads were
formed, and the addition of the fast-acting com-
pound is ineffective in this case.

The study findings practical significance con-
sists in increasing the efficiency of using low-vis-
cosity highly elastic polyurethane resins in solving
problems of loose rock stabilization. The experimen-
tal studies have shown that the method of two-com-
ponent mixing with the addition of fast-acting
polyurethane resin significantly increases the rock
strength. The pronounced nonlinear dependence of
strain and strength properties of geomaterials on
the method of mixing and polyurethane resins-to-
rock volume ratio indicates the expediency of opti-
mizing the modes of chemical treatment taking into
account a geotechnical problem to be solved. This
allows, on the one hand, reducing the consumption
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of expensive polymers per unit volume of a rock, perties of loose rocks when using other types of po-
and, on the other hand, improving the mechanical  lymers, in particular, organomineral resins, to solve

properties of the produced geomaterials. In the fu-  the problems of stabilization of loose rocks under
ture it is planned to investigate the regularities of  conditions of rock pressure and filtration of under-
changes in physical-mechanical and filtration pro-  ground fluids.

References

1. Liu]J., Qi X., Zhang D. et al. Study on the permeability characteristics of polyurethane soil stabilizer
reinforced sand. Advances in Materials Science and Engineering. 2017;2017(1):5240186. https://doi.
org/10.1155/2017/5240186

2. Shilova T., Serdyukov A., Serdyukov S., Ivanova O. Rock reinforcement by stepwise injection of two-
component silicate resin. Polymers. 2022;14(23):5251. https://doi.org/10.3390/polym14235251

3. Penzev A.P., Samarin E.N., Shekhovtsova A.V. et al. Comparison of the efficiency of injection
stabilization of sandy soils in field and laboratory conditions with solutions based on aliphatic epoxy
resin. Engineering Geology World. 2023;XVIII(4):50-62. (In Russ.) https://doi.org/10.25296/1993-5056-
2023-18-4-50-62

4. Israfilov K.A., Kharchenko I.Ya., Alekseev V.A. Stabilization of permeable soils with modified in-
equation sus-pensions based on colloidal silica. System Technologies. 2021;(3):21-26. (In Russ.)

5. MasS.,MaM., Huang Z. et al. Research on the improvement of rainfall infiltration behavior of expansive
soil slope by the protection of polymer waterproof coating. Soils and Foundations. 2023;63(3):101299.
https://doi.org/10.1016/j.sandf.2023.101299

6. Esmaeili M., Khajehei H. Mechanical behavior of embankments overlying on loose subgrade stabilized
by deep mixed columns. Journal of Rock Mechanics and Geotechnical Engineering. 2016;8(5):651-659.
https://doi.org/10.1016/j.jrmge.2016.02.006

7. Choobbasti A.]., Kutanaei S.S. Microstructure characteristics of cement-stabilized sandy soil using
nanosilica. Journal of Rock Mechanics and Geotechnical Engineering. 2017;9(5):981-988. https://doi.
org/10.1016/j.jrmge.2017.03.015

8. Vasiliev V.V. Polymer compositions in mining. Moscow: Nauka Publ. House; 1986. 294 p. (In Russ.)

9. LiuH.,WangF., Shi M., Tian W. Mechanical behavior of polyurethane polymer materials under triaxial
cyclic loading: a particle flow code approach. Journal of Wuhan University of Technology-Materials
Science Edition. 2018;33:980-986. https://doi.org/10.1007/s11595-018-1922-9

10. Safin A.G., Safin R.R. Geolift. The use of polyurethanestostabilize soils and strengthenbases. Polymers
in Construction. 2024;1(12):26—-29. (In Russ.)

11. Cornely W. Elastified silicate resins and polyurethane foam resins for the stabilization of strata-a
comparison. In: Proceedings of the 6th International Seminary Reinforcement and Sealing of Rock and
Construction at the Beginning of 21st Century. Ostrava, Czech Republic, February; 2001.

12. De Souza F.M., Kahol P.K., Gupta R.K. Chapter 1. Introduction to polyurethane chemistry. In:
Polyurethane Chemistry: Renewable Polyols and Isocyanates. Pittsburg: ASC Publications; 2021. Pp. 1-24.
https://doi.org/10.1021/bk-2021-1380.ch001

13. Sabri M.M.S., Vatin N.I., Alsaffar K. A.M. Soil injection technology using an expandable polyurethane
resin: a review. Polymers. 2021;13(21):3666. https://doi.org/10.3390/polym13213666

14. Sabri M.M., Shashkin K.G. The mechanical properties of the expandable polyurethane resin based
on its volumetric expansion nature. Magazine of Civil Engineering. 2020;(6):9811. https://doi.
org/10.18720/MCE.98.11

15. Snupérek R., Soucek K. Laboratory testing of chemical grouts. Tunnelling and Underground Space
Technology. 2000;15(2):175-185. https://doi.org/10.1016/S0886-7798(00)00045-6

16. Jinpeng Z., Limin L., Yang L. Mechanism and experiment of self-stress grouting reinforcement for
fractured rock mass of underground engineering. Tunnelling and Underground Space Technology.
2023;131:104826. https://doi.org/10.1016/j.tust.2022.104826

17. Zadiraka A.A. The use of polyurethane formulations for composite devices bases and / or coatings
of transport facilities. Bulletin of Belgorod State Technological University named after. V. G. Shukhov.
2017;2(4):72-75. (In Russ.) https://doi.org/10.12737/article_58e61337c¢965d4.60850341

18. Shilova T.V., Serdyuk I.M., Serdyukov S.V. et al. Change in permeability of loose rocks in partial im-
pregnation with high-elastic polymer. Fiziko-Texhnicheskiye Problemy Razrabbotki Poleznykh Iskopae-
mykh. 2024;(1):26-32. (In Russ.) https://doi.org/10.15372/FTPRP120240103

23


https://mst.misis.ru/
https://doi.org/10.1155/2017/5240186
https://doi.org/10.1155/2017/5240186
https://doi.org/10.3390/polym14235251
https://doi.org/10.25296/1993-5056-2023-18-4-50-62
https://doi.org/10.25296/1993-5056-2023-18-4-50-62
https://doi.org/10.1016/j.sandf.2023.101299
https://doi.org/10.1016/j.jrmge.2016.02.006
https://doi.org/10.1016/j.jrmge.2017.03.015
https://doi.org/10.1016/j.jrmge.2017.03.015
https://doi.org/10.1007/s11595-018-1922-9
https://doi.org/10.1021/bk-2021-1380.ch001
https://doi.org/10.3390/polym13213666
https://doi.org/10.18720/MCE.98.11
https://doi.org/10.18720/MCE.98.11
https://doi.org/10.1016/S0886-7798(00)00045-6
https://doi.org/10.1016/j.tust.2022.104826
https://doi.org/10.12737/article_58e61337c965d4.60850341
https://doi.org/10.15372/FTPRPI20240103

MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU U TEXHOJIOMA https://mst.misis.ru/

2025;10(1):15-24 Shilova T. V. et al. Experimental research of stress-strain properties of sandy soil when strengthened...

19. Velez D., Alumbreros D., Carpintero D. et al. Chapter: Consolidation and waterproofing by injection
of PU resins. Ilarion Dam-treatment on the spillway tunnel. In: Anagnostou G., Benardos A., Marinos
V.P. (Eds.) Expanding Underground-Knowledge and Passion to Make a Positive Impact on the World.
Proceedings of the ITA-AITES World Tunnel Congress 2023 (WTC 2023). 12—-18 May 2023, Athens, Greece.
London: CRC Press; 2023. Pp. 1048-1056. https://doi.org/10.1201/9781003348030-125

20. Ackaxackuii A.A. Jedbopmarys monmumepoB. M.: Xumus; 1973. 448 c.
Askadsky A.A. Polymer deformation. M.: Khimiya Publ. House; 1973. 448 p. (In Russ.)

21. Miranda L., Caldeira L., Serra J. B., Gomes R. C. Geotechnical characterization of a novel material
obtained by injecting a closed cell expansive polyurethane resin into a sand mass. Transportation
Geotechnics. 2023;42:101051. https://doi.org/10.1016/j.trgeo.2023.101051

22. Anagnostopoulos C.A., Papaliangas T., Manolopoulou S., Dimopoulos T. Physical and mechanical pro-
perties of chemically grouted sand. Tunnelling and Underground Space Technology. 2011;26(6):718-724.
https://doi.org/10.1016/j.tust.2011.05.006

23. LiuJ.,BuF.,BaiY. et al. Study on engineering properties of sand strengthened by mixed fibers and po-
lyurethane organic polymer. Bulletin of Engineering Geology and the Environment. 2020;79:3049-3062.
https://doi.org/10.1007/s10064-020-01751-9

24. Wang J., Li X., Wang C. et al. Quantitative analysis of the representative volume element of poly-
mer grouting materials based on geometric homogenization. Construction and Building Materials.
2021;300:124223. https://doi.org/10.1016/j.conbuildmat.2021.124223

25. Bodi J., Bodi Z., Scucka J., Martinec P. Chapter 14. Polyurethane grouting technologies. In: Zafar F.,
Sharmin E. (eds.) Polyurethane. IntechOpen; 2012. Pp. 307-336. https://doi.org/10.5772/35791

Information about the authors

Tatiana V. Shilova - Cand. Sci. (Eng.), Senior Researcher of the Laboratory of physical methods of impact
on the rock mass, N.A. Chinakal Institute of Mining, Siberian Branch, Russian Academy of Sciences,
Novosibirsk, Russian Federation; ORCID 0000-0001-5056-9279, AuthorID 550745; e-mail shilovatanya@
yandex.ru

Sergey V. Serdyukov - Dr. Sci. (Eng.), the Head of the Laboratory of physical methods of impact on the
rock mass, N.A. Chinakal Institute of Mining, Siberian Branch, Russian Academy of Sciences, Novosibirsk,
Russian Federation; ORCID 0000-0002-1295-4122, Scopus ID 7003986765, AuthorID 68479; e-mail
$s3032@yandex.ru

Andrey N. Drobchik - Research Engineer of the the Laboratory of physical methods of impact on the
rock mass, N.A. Chinakal Institute of Mining, Siberian Branch, Russian Academy of Sciences, Novosibirsk,
Russian Federation; ORCID 0009-0002-7567-6497, AuthorID 1118483; e-mail valker.tiamant@mail.ru

Received 30.08.2024
Revised 04.12.2024
Accepted 06.12.2024

24


https://mst.misis.ru/
https://doi.org/10.1201/9781003348030-125
https://doi.org/10.1016/j.trgeo.2023.101051
https://doi.org/10.1016/j.tust.2011.05.006
https://doi.org/10.1007/s10064-020-01751-9
https://doi.org/10.1016/j.conbuildmat.2021.124223
 https://doi.org/10.5772/35791
https://orcid.org/0000-0001-5056-9279
https://elibrary.ru/author_profile.asp?id=550745
https://orcid.org/0000-0002-1295-4122
https://www.scopus.com/authid/detail.uri?authorId=7003986765
https://elibrary.ru/author_profile.asp?id=68479
https://orcid.org/0009-0002-7567-6497
https://elibrary.ru/author_profile.asp?id=1118483

MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU U TEXHOJIOIMA https://mst.misis.ru/

2025;10(1):25-33 Starikov A. N. et al. Influence of the sorption properties of potash salts on the gas environment...

TECHNOLOGICAL SAFETY
Research paper ®
https://doi.org/10.17073/2500-0632-2024-01-210 @' BY

UDC 622.41

Influence of the sorption properties of potash salts on the gas environment
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Abstract

The results of gas-air surveys conducted at the mines of the Verkhnekamsk potassium-magnesium salt deposit
indicate that the volume of gaseous impurities recorded in the main ventilation drifts is often significantly
lower than in the working areas of dead-end workings. Many studies attribute the reduction of gas impurities
along the ventilation airflow path in potash mines not only to the dilution of harmful impurities due to fresh
air leakage from intake drifts but also to the neutralization of gases through chemical reactions with the potash
rock mass. Previous laboratory studies have shown that sylvinite (NaCl + KCl) is capable of absorbing impurities
of toxic and combustible gases. Based on these laboratory findings, the present study was conducted under
real mining conditions, taking into account the dynamics of gas impurities in the underground atmosphere
and the dilution effect caused by air leakage. As part of this study, measurements of combustible and toxic gas
concentrations were conducted in productive seams of varying mineral composition at one of the mines of the
Verkhnekamsk potassium-magnesium salt deposit to assess the influence of potash salt properties on the gas
balance in long dead-end workings. An analysis was conducted to assess the extent to which the properties of
the potash rock mass influence changes in the concentration of combustible and toxic gases in the workings
along the ventilation airflow path. The collected air samples were analyzed under laboratory conditions. The
concentration of combustible gases, carbon monoxide, and carbon dioxide in the collected air samples was
determined using gas chromatography with the CHROMOS GX-1000 instrument. The contribution of gas
neutralization and dilution due to leakage from the ventilation ducting to the reduction of combustible and
toxic gases in the outgoing airflow from the working area was evaluated. The results of the conducted tests
established that in long dead-end chambers of seam AB (100 m or more), the volume of gaseous impurities
decreases along the length of the working from the dead end to the entry. The study accounted for factors that
could influence the reduction of gas concentration in the working area.

Keywords
mine, gas regime, samples, gas concentration, sorption, leakage, gas survey, sylvinite, potash rock mass,
methane, carbon monoxide, carbon dioxide, hydrogen sulfide, ventilation, mine ventilation
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®eHOMEH CHMKEHMSI Ta30BbIX IIpMUMeceii 10 MyTH OBMKEHUST BEHTWISILIMOHHOM CTPYM BO34yXa Ha KaJaMTHBIX
PYIHMKAX BO MHOTMX MCC/IEMOBAHMSIX CBSI3bIBAIOT HE TOJIBKO C pa3daBjieHMeM BPeIHbIX IIPUMECEeil yTeuKamu
CBEXero BO3yxa C BO3AyXOIOAAOIIMX IITPEKOB, HO U C HelTpaau3alueii ra3oB 3a CUeT UX XMMUUECKUX peak-
LM ¢ KaJIMITHBIM MacCHMBOM. Pe3ybTaThl MCCIeIOBaHMIA, TPOBENEeHHBIX paHee B Ja00PaTOPHBIX YCIOBUSX, ITO-
Kasaiu, uto cuabBUHKUT (NaCl + KCI) crioco6eH moroiaTh MpMMecH TOKCMUYHBIX 1 TOpoUnX ra3oB. Ha ocHoBe
Pe3y/abTaTOB JJab0PaTOPHOrO M3YYEeHUsT B paMKax HACTOSIIE paboThl IIPOBEHEHbI UCC/IENOBAHNS B YCIOBUSIX
PeasbHOIO PYIHMKA, YUUTHIBAIOIIYE IMHAMMKY Ta30BbIX IIpUMeceii B aTMocdepe TOPHbIX BHIPAOOTOK U (haKTOp
pa36aB/ieHNs ra30BbIX MIpUMeceii yreukaMu Bo3ayxa. B pamKkax paGoThI BbITTOHEHbBI 3aMepbl KOHIIEHTpaLUK
TOPIOYMX Y TOKCUYHBIX ra30B Ha MPOAYKTUBHBIX MJIaCTaX pa3HOTO MMHEPAJIbLHOTO COCTaBa Ha OGHOM U3 Py/-
H1KoB BMKMC [17151 OLI€eHKM BJIMSIHUS CBOJMCTB KaJIMITHBIX COJIeli Ha ra30Bblit 6ajaHC B TYIIMKOBBIX BhIPaOOTKAxX
GOJIBIIION MTPOTSKEHHOCTM. BINIOJIHEH aHa/IN3 CTEIIeH! BJIMSIHUSI CBOJMCTB Ka/IMITHOTO MacCyBa Ha M3MeHeHue
KOHIIEHTPALIMM TOPIOUMX ¥ TOKCUMYHBIX Ta30B B BHIPAOOTKAX 10 ITyTH IBVOKEHMST BEHTUIISILIMOHHO CTPYM BO3-
Iyxa. AHaJIM3 OTOOpaHHbBIX 00PA3I[OB BO3AyXa ITPOBOAMIICS B Ja6OPaTOPHBIX YCI0BUSIX. KOHIIeHTpalMst ropio-
YMX ra30B, OKCMIA ¥ AMOKCUIA YIJIepona, COmepKalluXCsl B OTOOpaHHbIX 00pasiiax Bo3ayxa, IPOMU3BOAMIACh
xpomMaTorpadudeckum Mmetomom Ha npuoope «XPOMOC I'X-1000». OujeHeHa [0St BAUSHAS HeNTpaau3alun
rasa 1 pasbaBjieHMs] yTeUKaMy BEHTWISIIMOHHOTO TPYyOOIIPOBOAA Ha CHIUKEHME KOJIMUYECTBA TOPIOUMX U TOK-
CUYHBIX Ta30B B UCXOIAIIEN 13 pabodelt 30HBI CTpye BO3AyXa. B pe3ynbraTe MpoBeeHHBIX SKCIIEPMMEHTOB
YCTaHOBJIEHO, UTO B MPOTSIKEHHBIX TYIMMMKOBBIX Kamepax miacta AB (100 M 1 6ojee) KoMUeCcTBO ra30BbIX MPU-
Meceil CHIDKAeTCsI TI0 MPOTSKEeHHOCTM BBIPaOOTKY OT TYITMKA K YCThIO. [Ipy IIpoBeneHnM UCC/IeqOBaHNUi yuTe-
HbI (PAaKTOPBI, CIIOCOGHBIE TIOB/IMATh Ha CHYSKEHME KOHIeHTpaLuy rasa B paboueii 30He.
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PYIOHMK, Ta30BbIi PEXNM, ITPOOBI, KOHIIEHTPAIIMS ra3a, CopoIys, yTeuky, ra30Basi CheMKa, CMJIbBUMHUT, Ka-
JINVHDBIN MacCuB, MeTaH, OKCU yriepona, AMOKCUO yrjieponga, CepoBogOopo, IMIpOBeTPpMBaHME, DyAHUYHAA
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Introduction

The Verkhnekamsk potassium-magnesium salt
deposit (VPMSD) is mined using mechanized methods
with continuous miner complexes for development and
extraction. This method of ore extraction is almost al-
ways accompanied by the release of combustible and
toxic gases from the rock mass during its fragmenta-
tion. Additionally, gas emissions originate from the
broken ore stockpiled in the transfer hoppers and mine
shuttle cars, as well as from the exposed potash rock
mass adjacent to the mine workings. The accumulation
of significant gas concentrations in the mine atmos-
phere is influenced by the release of free gases from
the ore body. The primary composition of free gases at
VPMSD includes combustible gases — methane (CH,)
and hydrogen (H,) — and toxic gases such as hydrogen
sulfide (H,S). Furthermore, internal combustion en-
gines, welding operations, and other industrial activi-
ties, contribute to the accumulation of carbon monox-
ide (CO) and other toxic gaseous impurities in the mine
atmosphere! [1].

The dilution and removal of harmful impurities
released in working areas, i.e., the creation of a safe

I Ushakov K.Z., Burchakov A.S., Medvedev I.I. Mine
Aerology. Moscow: Nedra Publ. House; 1978.
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environment for normal physiological activity, are
ensured through ventilation.

The fresh airflow, passing through the working
area, carries away the released harmful impurities
through the ventilation drifts to the ventilation shaft
and then to the surface. Gas surveys at the mines of
the Verkhnekamsk potassium-magnesium salt depo-
sit are conducted to determine the relative gas con-
tent in working areas. The obtained values of relative
gas content directly affect the calculation of the re-
quired volume of fresh air for mine working ventila-
tion. Determining accurate concentrations of com-
bustible and toxic gases in the mine atmosphere is
critically important for designing an effective venti-
lation system for the working areas and ensuring safe
conditions in the mine.

Statistical analysis of long-term gas-air survey
results conducted at the mines of VPMSD shows that
the volume of gaseous impurities recorded in the main
ventilation drifts is often significantly lower than in
dead-end faces [2].

The reduction in the volume of gaseous impuri-
ties along the ventilation airflow path cannot always
be explained solely by the dilution of contamina-
ted air due to leaks from intake workings. The phe-
nomenon of decreasing gas impurity concentration
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along the ventilation airflow path in potash mines
has previously attracted attention in several studies.
For instance, Medvedev I. 1. and Krasnoshtein A.E. [3]
described the ability of potash salts.

To actively sorb gaseous impurities from the
mine atmosphere. The authors attribute the nature
of the gas neutralization process to the natural ra-
dioactivity of potash ores, which facilitates chemi-
cal reactions between gas molecules and mineral
particles on the surface of the rock mass. Similarly,
Selivanova S.A.? also described the sorption of harm-
ful impurities from the air by potash salts through a
series of chemisorption processes. These processes
involve chemical reactions induced by the catalytic
effect of ionizing radiation from the potassium-40
isotope and the high hygroscopicity of potash salts.
The ability of potash salts to absorb inorganic and
organic gaseous substances was also discussed in [4],
where research findings contributed to the estab-
lishment of an underground allergology inpatient
facility in an active potash mine. The processes of
natural air purification in salt mines, influenced by
the mineral composition of the rock mass, were pre-
viously examined in studies [5, 6]. Additionally, in-
ternational literature associates the mechanism of
air self-purification in salt mines with intermolecu-
lar attraction forces [7, 8].

The results of experimental studies presen-
ted in [9] have demonstrated in detail that sylvin-
ite (NaCl + KCl) is capable of absorbing impurities of
toxic and combustible gases. The study analyzed the
nature of gas sorption processes by potash salts and
suggested that natural radioactivity does not play
a primary role in gas absorption by the potash rock
mass. A hypothesis was proposed that intermole-
cular interaction forces are the fundamental mecha-
nism underlying the gas sorption process in the po-
tash rock mass [10].

If the absorption of gaseous impurities from the
mine atmosphere by potash salts can influence the
gas balance within a dead-end working, it becomes
necessary to account for these processes when con-
ducting gas-air surveys, particularly during air sam-
pling in dead-end workings [11]. Considering that
the rock mass can actively absorb gaseous impurities,
it can be assumed that the gas content in the air of
a single working area may vary locally depending on
the distance from the gas emission source. The risk
of recording incorrect gas concentration values due

2 Selivanova S.A. Hygienic aspects of formation and opti-
mization of the physicochemical conditions of the internal en-
vironment in sylvinite structures. [Cand. Med. Sci. Dissertation]
Perm: Perm State Medical University named after Academician
E. A. Wagner; 2019.
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to variations in concentration along the length of the
working may lead to inaccurate calculations of the
required air volume, potentially affecting the safe-
ty of mining operations. Therefore, a more detailed
examination of the gas conditions within the dead-
end chamber is necessary.

Studies conducted by the authors of [9] under
laboratory conditions confirm the ability of potash
salts to sorb combustible and toxic gases. The objec-
tive of this study is to analyze the dynamics of gas
impurity concentration reduction in underground
mine workings of a potash mine. The main tasks of
the study include conducting a series of experimen-
tal observations in an active potash mine, analyzing
the extent to which the sorption properties of potash
salts influence the gas conditions, and assessing the
impact of air leakage from the ventilation ducting on
the reduction of gas impurity concentrations within
dead-end mine workings.

Observation Methods

This study describes a series of experiments
conducted in long dead-end stoping workings (over
100 m in length) at one of the VPMSD mines to ana-
lyze the relationship between changes in combus-
tible and toxic gas concentrations along the ventila-
tion airflow path from the gas emission source (from
the face to the chamber entry). The research was car-
ried out in productive seams AB and Kr-II to assess
the influence of rock masses with different mineral
compositions on gas concentration changes within
the workings.

The general research approach involved air sam-
pling and measuring airflow rates at multiple points
along the entire length of the dead-end stopping
working. All measurements during the experiment
were performed while mining equipment was in oper-
ation and under stable ventilation conditions.

Air sampling was conducted to measure the con-
centration of combustible and toxic gases in the mine
atmosphere, while airflow measurements were taken
to determine gas volume and assess air leakage from
the ventilation ducting. Sampling for combustible
gases was performed using the “wet method”, a tra-
ditional technique for collecting poorly soluble ga-
ses (CH,, H,, CO, CO,) [12], in which the sample was
obtained through displacement using a 0.7 dm? glass
container filled with water (Fig. 1). To determine the
concentration of soluble gas impurities (H,S, NO, and
NO,) in the mine atmosphere, samples were collec-
ted using 0.15 dm?3 medical syringes. Before sampling,
7 cm® of ammonium molybdate absorbent solution
was added to the syringe with a pipette, and the sam-
ple container was sealed with a stopper (Fig. 2).
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Fig. 1. Sampling container for determining Fig. 2. Sampling syringe for determining % ampling
combustible gas concentration hydrogen sulfide (H,S) concentration Fig. 3. Sampling method

At each sampling location, the sampling syringe  centration of hydrogen sulfide was determined using

was positioned vertically, and the stopper was re- a calibrated optical density—-mass concentration rela-
moved. The plunger was then smoothly depressed to  tionship.
draw an air sample up to the 0.15 dm?® mark. Once the All measurements were performed in accordance

sample was collected, the syringe was sealed with the  with certified measurement methodologies® using ap-
stopper and placed in a protective case for transport proved measuring instruments that had undergone

to the laboratory?®. verification.

At each sampling point, a minimum of three air For the experiments, working areas in different
samples were taken (Fig. 3) to determine the average  productive seams at one of the VPMSD mines were se-
gas volume passing through the working. The collect- lected. Field measurements were conducted in three

ed samples were transported to the laboratory within ~ stages: the first stage was carried out in seam Kr-II,
two hours and analyzed within 12 hours of collection. ~ while the second and third stages were conducted in
The analysis of collected air samples was con-  seam AB. The primary criterion for selecting working
ducted under laboratory conditions. The separation  areas was the presence of a long dead-end working —
of combustible gases (CH, and H,), carbon monoxide = over 100 meters in length. The selected working areas
(CO), and carbon dioxide (CO,) in the collected air = were located within a single extraction site (panel),
samples was performed using gas chromatography  where preparatory mining operations were underway
with the CHROMOS GX-1000 instrument. The chro-  to develop a new extraction block, resulting in the sig-
matograph operates by separating the air sample into nificant length of the workings.
individual chemical components and determining The experiment was designed to ensure uniform
their concentrations using a detector. The volumetric ~ and simultaneous measurements at multiple points
fraction of each component was then measured using  along the entire length of the chamber, as shown in

the instrument's software*. Fig. 4.

The mass concentration of hydrogen sulfide (H2S) The first stage of the study involved a series of
was analyzed using the photometric method with am- measurements in the working area of seam Kr-II. The
monium molybdate reagent and a photoelectric col- primary mineral composition of this seam consists of

orimeter (KFK-3KM). This method is based on meas- potassium chloride (KCl) - 29% and sodium chloride
uring the optical density of the compound formed  (NaCl)-66% [14]. During this stage, the distance from

when hydrogen sulfide is absorbed from the air by an 5 FR.1.31.2022.42903 GSI. Measurement methodology

ammonium molybdate solution [13]. The mass con- for determining the volumetric fraction of oxygen, methane,

. . and carbon dioxide, as well as the mass concentration of carbon

° Laptev V.N., Kazakov B.P., Levin L.Yu. et al. Device for monoxide, hydrogen sulfide, nitric oxide, and nitrogen dioxide in

gas sampling in mines to determine hydrogen sulfide content. the atmosphere of mine workings, and for assessing gas emission

Utility Model Patent. 2014; Laptev V.N., Isayevich A.G., Nori- levels based on combustible gases in mine workings and the

na N.V. et al. Device for continuous §qmphng of a gas-air mix- mine as a whole; FR.1.31.2022.44212 Measurement methodology

ture over a specified time interval. Utility Model Patent. 2015. for determining the mass concentration of hydrogen sulfide

4 Chudin E.A. Computer program: software module for (hydrosulfide, hydrogen sulfide) using ammonium molybdate
controlling the column thermostat of a gas chromatograph. reagent.
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the chamber mouth to the face was 180 meters. The
mining equipment operating in the working area in-
cluded: Ural-20R continuous miner, BPS-25 transfer
hopper, and VS-30 mine shuttle cars. entilation of the
working area was provided by a VME-6 local ventila-
tion fan. The fan was positioned in the extraction gal-
lery, and air was supplied to the face using a forced
ventilation system through a 500 mm diameter flexi-
ble ventilation duct (see Fig. 4). With this duct diame-
ter and pipeline length, the fan’s capacity ranged from
190 to 200 m*/min. The advance rate of the specified
continuous mining complex averages 30 meters per
shift. Air sampling in the working area was conducted
during the third production shift, 30 minutes after the
mining equipment began operating, and while it was
in operation. Within the chamber, four measurement
points were selected at 50-meter intervals from the
face to the chamber mouth.

The second stage of the experiment was con-
ducted in a dead-end chamber in seam AB. The mi-
neral composition of this productive seam differs from
that of seam Kr-II due to its higher potassium chlo-
ride (KCl) content — up to 39%. The experiment was
carried out in a 130-meter-long dead-end working.
At the time of the measurements, the mining com-
plex in operation included: Ural-61 continuous miner,
BP-14 transfer hopper, and VS-17V mine shuttle car.
The technical productivity of this complex was 3 tons
per minute. Ventilation of the working area was pro-
vided by a VME-6 local ventilation fan with a 500 mm
diameter flexible ventilation duct. Under these opera-
ting conditions, the fan’s capacity ranged from 200 to
210 m3*/min. The average advance rate of the mining
complex was 30 meters per shift. Within the chamber,
five measurement points were selected at 30—35 meter
intervals from the face to the chamber mouth. Mea-
surements were conducted during the loading cycle of
the mine shuttle car at the continuous miner.

Chamber length

Extraction drift

© Sampling point
Outgoing airflow
Incoming airflow

Il Mine gas analyzer

Fig. 4. Measurement scheme for seam Kr-1II
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The measurement stages for seams Kr-II and AB
involved air sampling to determine the concentrations
of methane (CH,), hydrogen (H,), carbon monoxide
(CO), and oxygen (O,). Additionally, at each sampling
location, the airflow volume was recorded. The total
sampling time per stage, excluding preparation, did
not exceed 10 minutes.

Seam AB at the VPMSD mines, unlike seam
Kr-11, is characterized by a tendency to release hydro-
gen sulfide (H2S) during extraction [15]. Therefore, as
a separate stage of the study, air samples were col-
lected in the chamber of seam AB to determine hy-
drogen sulfide (H,S) concentration. These measure-
ments were conducted one month later in another
chamber within the same extraction block.

The third stage of the experiment was conducted
in a 100-meter-long dead-end chamber in seam AB.
The mining equipment operating in the working area
included: Ural-61 continuous miner, BP-14 transfer
hopper, VS-17V mine shuttle car. Ventilation of the
working area was provided by a VME-6 local ventila-
tion fan with a 500 mm diameter flexible ventilation
duct, operating at 205-215 m®min. Within the cham-
ber, three measurement points were selected — at the
face, midpoint, and chamber mouth. Measurements
were taken during the loading cycle of the mine shuttle
car at the continuous miner. The measurement series
included air sampling to determine hydrogen sulfide
(H,S) concentration, while airflow volume was recorded
at each sampling point. Additionally, a mine gas ana-
lyzer was placed at the face near the continuous miner
(see Fig. 4), which recorded and stored hydrogen sulfide
(H,S) concentration values every 10 seconds. The sam-
pling time for each measurement was 10 minutes. The
following section presents the results of sample analy-
sis from all stages of the experiment.

Experiment results

The analysis of samples collected using chromato-
graphic and photometric methods provides an assess-
ment of changes in combustible and toxic gas concen-
trations along the outgoing airflow path in the chamber,
from the face to the chamber mouth. Collecting three
samples at each measurement point allows for an eva-
luation of data variability and determination of average
concentration values. Sample processing was carried
out under controlled laboratory conditions, ensuring
compliance with all necessary environmental parame-
ters. In accordance with the methodology, the concen-
tration of combustible gases was analyzed by separately
measuring methane (CH,) and hydrogen (H,) concen-
trations, followed by their summation, expressed as (%):

Z:Cm +Cy. 1)
where C is concentration of the specified component, %.
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The obtained concentration values for the stu-
died components are presented as scatter plots, with
trend lines plotted based on the average concentra-
tion values of each component.

Figs. 5 and 6 show the concentration values of
combustible gases (CH, + H,) and carbon monoxide
(CO) obtained from the analysis of samples collected
along the entire length of the chamber in seam Kr-II
during the first stage of the experiment.

According to the obtained results, a decrease in
the volumetric fraction of the studied gas components
was observed in the working area of seam Kr-II along
the airflow path from the face to the chamber mouth.
Over a 150-meter distance, the average concentration
of combustible gases (CH, + H,) decreased by 10%,
while the average concentration of carbon monoxide
(CO) dropped by 17%.

Combustible gases (CH, + H,)

0.040
0.038
0.036
= 10.034
e 0.032
0.030

Concentration, %

180 160 140 120 100 80 60 40 20 O

Chamber length, m
®Sample 1 @ Sample 2 Sample 3 =Average value

Fig. 5. Concentration of combustible gases in seam Kr-II

co

R
0.00007
(=}
T 0.00005 &
S S g “ g
“““ = 10.00003 8
° S
0.00001 ©

180 160 140 120 100 80 60 40 20 O

Chamber length, m
®Sample 1 ® Sample 2 Sample 3 = Average value

Fig. 6. Concentration of carbon monoxide in seam Kr-II
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Fig. 7. Concentration of combustible gases in seam AB
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The measured concentrations of combustible
gases and carbon monoxide from air samples collec-
ted during the second stage of the experiment in seam
AB are presented in Figs. 7 and 8.

The processing of air samples collected in the
working area of seam AB indicates a decrease in gas im-
purity concentrations within the chamber atmosphere,
along the airflow path from the face to the chamber
mouth. Over a 130-meter distance, the average con-
centration of combustible gases (CH, + H,) decreased
by 37%, while the carbon monoxide (CO) concentra-
tion dropped by 88%. Air sampling in seam AB, as part
of the third stage of the experiment, was conducted
alongside the continuous recording of hydrogen sulfide
(H,S) concentrations at the face using a mine gas analy-
zer. The gas analyzer readings during the air sampling
period are presented as a graph in Fig. 9.

Co
0.00008 &
=}
° 0.00006 -2
SEN 2
B s 0.00004 £
Tt~ )
S T-Le 0.00002 §
[ L
. . . . . -1, ©
140 120 100 8 60 40 20 O

Chamber length, m
®Sample 1 @ Sample 2 Sample 3 =Average value

Fig. 8. Concentration of carbon monoxide in seam AB
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Fig. 9. Gas analyzer readings at the face
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Fig. 10. Concentration of hydrogen sulfide in seam AB
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Table 1
Reduction in gas concentration in the stoping chamber
Reduction in concentration over 100 m, %
Seam Combustible Carbon Carbon
gases monoxide monoxide
(CH, + H,) Cco H,S
Seam Kr-II 9 12 -
Seam AB 35 76 90

The average concentration of hydrogen sulfide
(H,S) recorded by the gas analyzer near the continu-
ous miner, where gas is predominantly released from
the rock mass, was 0.0047%. The hydrogen sulfide
(H,S) concentration values obtained from the analysis
of air samples collected during the third stage of the
experiment in seam AB are presented in Fig. 10.

The analysis of air samples collected in the work-
ing area of seam AB shows a decrease in hydrogen
sulfide (H,S) concentration along the outgoing air-
flow path from the face to the chamber mouth. Over a
100-meter distance, the average concentration of hy-
drogen sulfide in the air decreased by 90%.

Analysis of Results

The measurement results obtained in this study
clearly demonstrate a reduction in gas impurity con-
centrations in extended working areas as air moves
from the face (gas emission source) to the mouth of
the dead-end chamber. Air sampling in the working
areas of seams Kr-II and AB provides insight into the
impact of different mineral compositions on the ab-
sorption of gas impurities from the atmosphere in
dead-end working [16].

The results indicate that the reduction in gas
impurity concentrations in the working area of seam
AB occurs more intensively compared to seam Kr-II,
under identical dead-end chamber lengths. Table 1
presents the percentage reduction in gas impurity
concentrations for different seams over a 100-me-
ter section of the ventilation airflow path within the
chamber. This 100-meter segment was chosen to
ensure the standardization of conditions across all
stages of the study.

The reduction in gas impurity concentration as
air moves from the face to the chamber mouth can
be attributed not only to the absorption of gaseous
impurities by the rock mass® [17], but also to the di-
lution of the outgoing airflow due to fresh air leakage
from the ventilation duct into the chamber atmos-
phere. The extent to which the sorption properties of

¢ Gorbatenko Yu.A. Adsorption of toxic gas impurities from
contaminated air. 2014.
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the rock mass influence the reduction of gas impurity
concentrations in the outgoing airflow can only be
accurately assessed by determining the volume of air
leakage from the ventilation duct along the studied
section [18].

At each stage of the study, measurements were
taken to determine air leakage from the ventilation
duct. Specifically, airflow was measured at the sam-
pling points using a mine vane anemometer. The air
velocity measurements recorded in this study showed
no significant variation between the measurement
points within the chamber. The air volume at each
measurement point ranged from 200 to 215 m3/s,
accounting for the acceptable calibration error
of the anemometer at the recorded air velocities, cal-
culated as +(0.03 + 0.02V), where V is the measured
velocity (m/s).

Since direct measurement of air leakage from
the ventilation duct along the studied section of the
chamber was not feasible, the leakage volume was
estimated based on regulatory air leakage rates out-
lined in the official documentation used at VPMSD
mines to calculate the required ventilation airflow in
dead-end chambers’. The regulatory air leakage rate
represents the maximum permissible leakage from
the ventilation duct under normal conditions, assum-
ing no structural damage and nominal performance
of the local ventilation fan. Under standard operating
conditions, for a 100-meter-long flexible ventilation
duct, the air leakage coefficient is set at 1.07. Con-
sequently, in the analyzed sections of the dead-end
chambers in seams Kr-II and AB, the air volume at
the face was considered 7% lower than the air volume
passing through the chamber mouth.

With known airflow values, the measured gas con-
centrations (%) were converted into the gas volume
passing through the studied points (m3/min). When
assessing changes in gas volume (m3/min) along the
working, the influence of air leakage from the ventila-
tion duct on the concentration of harmful impurities
in the ventilation airflow path (from the face to the
chamber mouth) was excluded. Therefore, changes in
gas volume along the working reflect the impact of
the sorption properties of the rock mass surrounding
the excavation on the gas balance within the dead-
end chambers at VPMSD mines.

Table 2 presents the changes in the average vol-
ume of gas impurities passing through the working, as
well as the sorption capacity of the rock mass for each
seam, as determined in this experiment.

7 BpeMeHHast MHCTPYKLMS [0 pacyeTy KOJIMYecTBa BO3-
Jyxa, He0OXOAMMOTO JIJIst TPOBETPUBAHMS PYAHBIX MaxT. 1983.
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Table 2
Reduction in gas volume in the studied working areas
Gas volume
at measurement .
Steam point, m*/min Redtt/ctlon,
Face Chamber °
mouth
Seam Kr-II (KC1 29%)
Combustible gases (CH,+H,)| 0.07099 | 0.06895 3%
Carbon monoxide CO 0.000072 | 0.000067 7
Seam AB (KCI 39%)
Combustible gases (CH,+H,)| 0.08170 | 0.05613 31
Carbon monoxide CO 0.000068 | 0.000017 75
Hydrogen sulfide H,S 0.00566 | 0.00059 88

* Within the combined measurement uncertainty of the
applied methodologies

The data presented in Table 2 indicate that gas
volume in dead-end chambers decreases from the
face to the chamber mouth. The most intensive re-
duction in gas impurity concentrations occurs in the
dead-end chambers of seam AB, which is consistent
with laboratory experiments [7], where a higher KCl
content in sylvinite was shown to have a stronger
sorption effect on gas impurities.

The very minor reduction in combustible gases
and carbon monoxide concentrations in seam Kr-II
does not allow for definitive conclusions regarding
the sorption properties of the rock mass in this seam.
The slight variations observed may be attributed to
the measurement uncertainty of the equipment and
methodology. A more precise assessment of gas impu-
rity reduction in seam Kr-II would require increasing
the length of the studied working.

Conclusion

This study involved a series of experimental ob-
servations conducted in underground dead-end wor-
kings of a potash mine, specifically in productive
seams Kr-II and AB. Based on the results of the ex-
periments, an analysis was performed to assess the
impact of the sorption properties of potash salts on
the gas environment within dead-end working areas.
Additionally, the influence of air leakage from venti-
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lation ducts on the reduction of gas impurity concen-
trations was evaluated.

The experimental investigations revealed that in
extended dead-end chambers of seam AB (100 meters
or longer), a gradual reduction in gas impurity con-
centrations was observed along the working, from
the face to the chamber mouth. The obtained data
align with previous laboratory experiments [9], which
demonstrated that potash salts are capable of absorb-
ing carbon monoxide (CO) and combustible gases,
such as hydrogen (H,) and methane (CH,). Further-
more, this study included experiments in seam AB to
examine the dynamics of hydrogen sulfide (H,S) con-
centration changes during ore extraction, as air moves
from the face to the chamber mouth. The experimen-
tal results showed that the average sorption efficiency
of sylvinite from seam AB (with KCl content of 39%)
over a 100-meter ventilation path from the dead-end
to the chamber mouth was: 31% for combustible gases
(hydrogen (H,) and methane (CH,)), 75% for carbon
monoxide (CO), and 88% for hydrogen sulfide (H,S).
During the study, factors influencing gas concentra-
tion reduction in the working area were considered.
Additionally, the ventilation duct leakage coefficient
was accounted for when converting gas impurity con-
centrations to actual gas volume passing through the
measurement control points.

This research continues the investigation of the
sorption properties of potash salts concerning the
absorption of combustible and toxic gas components
from the mine atmosphere. The observations of the
impact of potash salts’ sorption characteristics on
mine air composition in extended dead-end wor-
kings at the VPMSD mine serve as a continuation of
a series of laboratory experiments [7]. The findings of
this study will contribute to the further development
of methodologies for evaluating factors affecting
the mine atmosphere composition within dead-end
workings. Additionally, the results will provide a ba-
sis for the development of a gas survey methodology
for working areas in potash mines. In the future, the
study is expected to be expanded to cover all VPMSD
mines, enabling the accumulation of statistical data
and the testing of an improved gas survey methodolo-
gy for potash mining operations.
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as a function of relative air humidity

K.A. Chernyi <, G.Z. Faynburg
! Perm National Research Polytechnic University, Perm, Russian Federation
D4 chernyy k@mail.ru

Abstract

The expansion of mining in potash mines has faced the problem of fresh air shortage, which cannot be
solved within the current paradigm of self-contained ventilation. Prospects are related to sequential and
recirculation ventilation, as well as the concept of “ventilation on demand”, requiring a detailed description
of the processes of “self-cleaning” of a mine air from dust. Crushing a rock mass results in the formation of
many aerosol hygroscopic salt particles, which in humid air conditions aggregate and settle on a drift floor.
Accurate mathematical models are necessary for predicting the dispersion of these particles and associated
gases. The paper considers the regularities and mechanisms of the effect of relative air humidity on the size
of salt dust particles, aerosol hygroscopic salt particles of halite (NaCl) and sylvin (KCl). The interactions at
the contact “salt surface — humid air” are described and the current understanding of the hysteresis processes
and the stages of deliquescence and efflorescence (recrystallization) of hygroscopic aerosol particles are
considered. Due to the fundamental difficulties of using modern experimental electronic equipment in the
conditions of underground mines, data on oceanic aerosols of the same chemical composition were involved
in the analysis. A number of models of hygroscopic growth of oceanic aerosol particles were reviewed and
then adapted to the conditions of a potash mine atmosphere that made it possible to obtain average values
of the factor of a salt aerosol particle hygroscopic growth. The good convergence of the known scientific
data on the changes of the hygroscopic growth factor depending on relative air humidity for both oceanic
aerosol and salt dust aerosol characteristic of a mine air was shown. The obtained theoretical-empirical
data characterizing the changes in the size of salt particles depending on relative humidity were tested in
model studies with salt aerosol. Young’s model was proposed to interpret and predict the changes in the
size distribution of salt aerosol particles. The heuristic value of the proposed approach was confirmed by
the example of the Young’s model record in log-log coordinates. The results of the study can be applied to
calculate the processes of dust conditions formation in rock-salt and potash mines.

Keywords
potash mine, ventilation, safety, atmosphere, aerosol, halite, sylvin, sylvinite, salt dust, deliquescence,
efflorescence, hygroscopic growth factor, speleotherapy, model
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AHHOTaUuA

PacimpeHnne MacuitaboB JOOBIUM TOTE3HBIX MCKOIIA€MbIX B KaIMIHBIX PYOHMKAX CTOJKHYJIOCH C ITPO6IeMoii
HEXBAaTKM CBEXXEro BO34yXd, KOTOPYIO HEBO3MOXXHO PEIINTDb IIPU TEKYIJ.lef/'I mapagmMrme aBTOHOMHOI'O ITPOBeE-
TpuBaHus. [lepcrieKTUBBI CBSI3aHbI C MOCAE0BATENbHBIM U PelUPKY/ISLIMOHHBIM IPOBETPUBAaHMEM, a TaK-
Xe KOHU,el'[LLVIef;I «BEHTUJIAUUN 110 Tpe60BaHI/IIO>>, TpEGYIOU.lI/IMI/I OeTa/IbHOro OonMcaHu4d IIponeccoB «CaMoO-
OUMCTKI» PYIHUYHOI aTMocdepsl OT MMbLIN. PaspyllieHye ropHbIX ITOPOJ, COIIPOBOXKIAETCSI BHIOPOCOM COIEBBIX
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aspo3o071eit, KOTOpbIe BO BIaKHOI aTMocdepe yKPYITHSIOTCS 1 0CaXXAal0TCsl Ha TOBEPXHOCTb. [IJ1sI TPOTHO3U-
POBaHMS PACMPOCTPAHEHMS ITUX YACTUIL U COMMYTCTBYIOUIUX Ta30B HEOOXOIMMbI TOUHbIE MaTeMaTUYECKIe
MoJenu. B craTbe paccMaTpUBaIOTCS 3aKOHOMEPHOCTHM Y MEXaHM3MBbI BIMSHMS OTHOCUTENBHO BIaKHOCTU
BO34yXa Ha JMHAMMKY pazMepa COJISIHON MbUIM — TUTPOCKONMYECKUX a3PO30JbHBIX COISTHBIX YaCTULL TajIN-
ta (NaCl) u cuipBuua (KCl). Oncansl B3aMMOAEMNCTBYS ITPU KOHTAKTe «COJISTHASI IOBEPXHOCTH — BIIAXKHBIN
BO3yX» ¥ PACCMOTPEHO COBpeMeHHOe IpefcTaBIeHne o Ipolieccax rucTepesnca, a Takke 06 3Tamax pac-
TBOPEHUSI ¥ 00PATHON KPUCTA/UIU3AIUU TUTPOCKOTIMYECKNX a9PO30JIbHBIX YACTUIL. B CBS3M ¢ mpUHINTIU-
aTbHBIMU CJIOKHOCTSIMM VICIIONb30BaHMSI COBPEMEHHOTO IKCIIEPYMEHTAIbHOTO 3JIEKTPOHHOTO 060pyI0Ba-
HMS B YCJIOBUSIX NTOJI3€MHBIX PYIHMKOB B aHA/IM3 BOBJIEUEHbBI JaHHbIE 110 OKeaHNYeCKUM a3p030JIsIM TOTO Ke
XMMMUeCKOro cocraBa. Ha ocHOBe aHanu3a psna Mogeneii TMrpOCKONMYECKOT0 POCTa OKeaHNYeCKMX aspo-
30J1€ii IPOBEeEeHA UX afanTalus K yOUIOBUSIM aTtMocdepsl KaJMITHOTO PYAHUKA, YTO TTO3BOJIMUIIO TTOYUUTh
ycpeIHeHHbIe 3HaUeHUs (aKTOPa TMTPOCKOTIMYECKOTO POCTA COMSTHOM a3p030sn. 111 OKeaHMIeCcKOTo a3po-
307151 U COJISTHO¥ TBUIM PYSHUYHOI aTMocdepbl HAGMIOZAeTCsl XOpoliee COOTBETCTBME V3BECTHBIX TaHHBIX
IMHAMVKM (aKTOpa T’UTPOCKOMMYECKOTO POCTA OT BJIAKHOCTU BO3AyXa. [lolyueHHbIE TEOPETUKO-3MITUPHU-
YyecKue JaHHble, XapaKTepU3yollyie MU3MeHeHNsI pa3Mepa COMSHbIX YaCTUL] B 3aBUCUMOCTU OT OTHOCUTEIb-
HOJ/ BJI&XKHOCTH, alipOOUPOBAHBI B MO EIbHbIX UCCIIEOBAHMSIX C COJISTHBIM a3p030JieM. 111 MHTepIIpeTalum
¥ IPOTHO3MPOBAaHMS U3SMEHEHMII pa3MePHOr0O pacIpeiesieHMs COMSIHBIX a3P030IbHbIX YaCTUI] TPEAJI0KEHO
MCIIONb30BaTh Moaenb FOHra. Ha npumepe 3anucu momenu IOHra B IBOIHBIX Jorapudmuueckux KOOpau-
HaTax NOATBePKIeHa 3BPUCTUUECKas LeHHOCTDb NIPeAJIOKEHHOT0 Toaxoaa. PesynbraThl McciiefoBaHNUSI MO-
TyT OBITH IPYIMEHEHBI /ISl pacyeTa MmpoueccoB GopMMUPOBAHMSI TTbLIIEBOI OOCTAHOBKY B KAMEHHO-COJISTHBIX

Y KQIUIHBIX PYTHUKAX.

KnioueBble cnoea

KaJIMIAHBIN PYOHUK, IPOBETPUBaHME, 6€30MacHOCTh, aTMOCdepa, a3p0o30Jib, TAIUT, CUJIbBUH, CUJIbBUHUT, CO-
JISTHASI TTbTh, PACTBOPEHNME, KPUCTA/IM3ALNS, PaKTOp TUTPOCKOIIMYECKOTO POCTA, CIIeJIe0Teparusl, MOIelb
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a function of relative air humidity. Mining Science and Technology (Russia). 2025;10(1):34-44. https://doi.

org/10.17073/2500-0632-2024-07-283

Introduction

The significant expansion of mineral extraction
in current potash mines faced a problem of severe
shortage of fresh air supply to a mine, which cannot be
solved within the prevailing paradigm of autonomous
independent ventilation of working areas. Under these
conditions, almost all the prospects proved connected
with sequential and (or) recirculation ventilation, as
well as with the concept of “ventilation on demand”,
which require an adequate description of the proces-
ses of ventilation of mine workings, including the pro-
cesses of “self-cleaning” of a mine air from dust at the
levels of atoms, molecules, and clusters [1].

Crushing of a rock mass during mining operations
in potash mines is inevitably accompanied by the for-
mation of many aerosol hygroscopic salt particles of
various sizes, which get into the air and form an aer-
odisperse medium. Instrumental measurements [2—4]
show that in the process of mutual collision in humid
air conditions salt particles aggregate and intensively
precipitate on a drift floor. All this requires a detailed
calculation of gas and dust conditions in a multi-con-
nected network of mine workings of different aero-
dynamic types and process purpose on the basis of
mathematical models adequate to reality, one of the
obligatory members of which is the “runoff” of an
impurity due to various kinds of micro-level interac-
tions. One such interaction is the effect of relative hu-
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midity on the growth, consolidation, and coalescence
of aerosols of the major potash mine rock minerals
halite (NaCl) and sylvin (KCI). General regularities of
such effect are known from phenomenological obser-
vations, but the details of these processes and their
mathematical description required for digitalization
of mine ventilation processes are missing [5, 6].

Moreover, the spectral size composition and dy-
namics of processes of interaction of salt aerosols with
humid air have acquired independent significance in
connection with the use of both underground spaces
of rock-salt and potash mines for the purposes of so-
called speleotherapy and ground sylvinite speleocli-
matic chambers for speleoclimatotherapy [7].

The present paper is devoted to the consideration
of the issues of mathematical description of the rela-
tive humidity effect on the size of hygroscopic aerosol
particles.

The purpose of the research presented below is
to determine the regularities of changes in the dis-
tribution (in size) of salt dust particles depending on
the relative humidity of air, required for digitalization
of mine ventilation to calculate and control the dust
conditions in mine workings.

Achieving this goal required implementing the
following measures:

- toreview current ideas about the nature of a salt
crystalline particle behavior at changing relative air
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humidity, its watering and efflorescence (recrystalli-
zation);

- to review the known physical models of hygro-
scopic particles growth, determine their applicability
to the conditions of mine atmosphere;

- on the basis of known experimental and em-
pirical data on hygroscopicity of salt-water aerosol
particles to reveal and confirm the feasibility of their
use in estimating the size change of hygroscopic salt
dust aerosol particles in potash mines;

- on the basis of actual measurements in a field
experiment in an air medium with salt aerosol to ex-
perimentally confirm the reliability of the results ob-
tained on the basis of the proposed models of hygro-
scopic growth and the models of size distribution of
salt aerosol particles in a mine atmosphere.

Techniques

The mineralogical and chemical composition
of a salt aerosol depends on the corresponding pa-
rameters of salt rocks surrounding the airspace of
a mine [5, 6]. The composition of salt rocks in po-
tash mines is diverse and has been studied in de-
tail for geological and mining-metallurgical purpo-
ses [8, 9]. The main practically important rocks are
those formed by sodium chloride (halite), potassium
chloride (sylvin) and potassium-magnesium chloride
(carnallite) minerals: halite, sylvinite (red, banded,
and mottled), carnallite. The interaction of relative-
ly “moisture-resistant” halite and sylvin with air is
especially important for mine operation [10], since
carnallite, being a double aqueous salt of potassium
and magnesium chlorides KCIl-MgCl,-6H,0, con-
tains itself molecular moisture and quickly “spreads”
in humid air.

It should be noted that the interaction of NaCl
(halite), KCI (sylvin) aerosol particles and host rock
(sylvinite) with humid air remains insufficiently stud-
ied due to the relative slowness of natural processes
of moisture condensation/evaporation and due to the
extreme technical complexity of ensuring the opera-
tion of modern electronic measuring equipment [11]
in conditions of aggressive and explosive environ-
ment. All this significantly complicates the quan-
titative study of the physics of salt aerosols in the
conditions of underground mines and implementing
appropriate field experiments, supplemented by the
problems of financing such works.

In contrast to this situation, research on the im-
pact of salt-water aerosol on the formation of the
Earth's climatic conditions, the trends and conse-
quences of the dangerous change of which are visible
to all, due to its importance for the fate of mankind,
receives the necessary relatively generous funding,
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despite the costliness of the experiments, which are
increasingly being conducted with enviable persis-
tence around the world.

Since salt-water aerosol is formed largely from
NaCl and KCI particles, the results of salt-water
aerosol studies (see, e.g., [12-14]) can and should
certainly be taken into account as well-reliable in-
strumental studies for solving the problems dis-
cussed in this paper.

Findings

Current understanding of the mechanisms
of deliquescence and efflorescence (recrystallization)
of halite and sylvin aerosol particles

The most important role in the interfacial inte-
raction of water vapor and salt particles is played by
the essential fact that halite (NaCl) and sylvin (KCI)
minerals have cubic syngony. Therefore, positively
charged metal atoms, sodium Na* and potassium K+
and negatively charged chlorine atoms Cl- are struc-
turally equivalent and form ionic structures of high
stability: one sodium/potassium ion (Na*/K") is sur-
rounded by six chloride ions (CI-) and, conversely,
one chloride ion is surrounded by six sodium/po-
tassium ions. Thus a NaCl/KCl salt crystal of even
a few nanometers in size retains its crystal proper-
ties (in dry air).

Salt aerosol particles have a strong affinity for
water and, being hygroscopic, are enveloped by at-
mospheric moisture molecules, watered, dissolved,
and grow due to the condensation of water vapor on
a crystal [15], and the growth rate of particles with in-
creasing relative air humidity naturally increases [16].

Four characteristic stages of transition from dry
salt crystals to spherical drops of fully deliquesced
salt solution can be distinguished in the mechanism
of salt particle deliquescence when changing relative
humidity RH, which is the result of hydrosorption
processes at a “salt surface — humid air” contact.

At the first stage, characteristic of low RH values,
the force fields of atoms on the surface of a dry salt
crystal are only partially compensated by the force
fields of neighboring atoms in the crystal lattice, and
therefore they are able to interact with the force fields
of atoms of water vapor molecules, always contained
in an air. This interaction leads to the attraction of
water molecules from the air to the solid surface and
the formation of brine condensate, but due to the
rather small number of water molecules in the air,
the surface is not destroyed. In addition, at low water
vapor elasticity, simultaneously with the attraction,
water molecules previously deposited on the surface
of salt crystals are released into the surrounding air.
Thus, at RH of about 10-20%, the shape of the salt
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particles remains unchanged with preserving crystal
surfaces corresponding to dry nonspherical crystal-
line particles [17].

At the second stage, the characteristic RH values
are up to 70-75%. Under these conditions, a film of
loosely bound water appears on the surface of salt
particles in a relatively short period of time, which
is highly aggressive towards easily soluble salts, and
a salt mineral begins to deliquesce. The amount of
water increases due to condensation [15], a crystal
becomes more and more deliquesced, and finally wa-
ter molecules envelop all surfaces of the deliquescing
particle. The cubic shape of the particle with its sharp
edges and corners disappears due to the fact that sur-
face-adsorbed water deliquesces the salt crystal sur-
face predominantly at the corners and edges of the
crystals, where the field strengths attracting water
molecules are stronger. Cubic particles become first
near-cubic and then near-spherical [18], i.e., rounded
(Fig. 1, a).

With further interaction with water vapor and
increasing RH, a particle becomes large enough in
size and tends to become an inhomogeneous sphere
with a water shell (Fig. 1, b) [19], and, as for “large”
particles, with a solid, partially nonspherical salt
crystal core.

The third stage of the interaction between salt
crystals and water in air leads to complete deliques-
cence (dissolution) of the crystals. If the RH exceeds
a critical value called the salt deliquescence point due
to atmospheric humidity or the deliquescence relative
humidity DRH, the solid inner core of a particle, a salt
crystal, deliquesces completely in a liquid drop and
disappears, forming a homogeneous spherical drop of
saturated solution [13].
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The fourth stage is characterized by the fact that
as RH increases above the DRH value, up to about
85-90%, the salt particles continue to increase at
a slower deliquescence rate and become spherical drop-
lets of solution at high RH values (e.g., about 99%) [17].

This is the above 4-stage process of moisture con-
densation on the surface of a salt aerosol particle un-
til its complete deliquescence.

The reverse process, the release of moisture from
the drops into the surrounding atmosphere and the
efflorescence (recrystallization) of a salt, is so diffe-
rent from the deliquescence process that we can speak
of hysteresis.

First, as RH decreases, a drop of unsaturated wa-
ter-salt aerosol with a fully deliquesced salt crystal
loses water along the same equilibrium vapor pres-
sure curve, but remains in a liquid state and looks like
a supersaturated brine drop, gradually decreasing in
size due to water evaporation.

However, instead of “drying out” and efflores-
cence (crystallizing) at RH equal to DRH as one might
expect, the salt aerosols remain hydrated and the
solution remains supersaturated up to much lower RH
values. This behavior is due to the fact that at a cer-
tain degree of “drying”, to form a crystal, the hydrated
Na* and potassium K* ions need to conjugate with Cl-
ions, and such atoms number should be enough for
a crystal formation.

With a further decrease in relative humidity, ha-
ving passed (after passing) the DRH value(s), a second
critical relative humidity is reached, called an efflores-
cence point or Efflorescence Relative Humidity ERH, at
which a salt particle begins to “solidify”, gradually dry-
ing out and efflorescing (recrystallizing), now already
representing a “solid-liquid” system [15, 20].

Fig. 1. Electron micrograph of sea salt crystal during deliquescence [15]:
a-RH=70%;b-RH=76%
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Since the DRH and ERH thresholds are different
and relatively far apart in values, the presence of hys-
teresis leads to the fact that salt aerosol particles can
exist in two forms, crystalline or aqueous, depending
on the history (previous dynamics) of the RH change
when the RH value is cycled. As a result, salt aerosol
particles (both as solid, partially nonspherical salt
crystals with a watery shell and as spherical droplets
containing fully dissolved salt) can exist in the range
of relative humidity values from about 45-50% to
about 70-75%.

It should be noted that for sylvinite as a rock
composed of different minerals with different DRH
and ERH thresholds, the deliquescence and efflo-
rescence processes may be even more complex than
described above. Meanwhile, since the ERH of most
salts and salt mixtures is about 40%, in most cases
observed under ordinary aqueous atmospheric con-
ditions with characteristic RH values typically great-
er than 40%, the hysteresis in the curve of changing
particle size due to the difference in relative humi-
dities of deliquescence (DRH) and efflorescence
(ERH) can be neglected.

Modeling the growth of hygroscopic salt particles

Many different physical models are now known
that describe the growth of hygroscopic particles as
a function of RH quite well.

To describe the changes of the dependence of the
size (equivalent diameter) of a moistened aerosol par-
ticle D(RH) on RH, it is accepted to use a dimension-
less value GF(RH), particle growth factor:

D(RH)
D,(RH)’

where D (RH) is diameter of its dry base, a salt crystal
at RH = 0%.

Note that, generally speaking, the growth factor
at the same RH values depends on the absolute diam-
eter of a dry particle that is especially evident for par-
ticles of a few tens of nm in size [11, 21, 22].

GF(RH) = 1)

Table 1
Salt aerosols hygroscopicity parameter k
Nature of salt aerosol particles k
Salt-water aerosol, R*=0.9980 [24] 1.074
KCl particles of 100 nm in diameter,
in the range 0.85 < a,, < 0.95 [25] 0.990.07
NaCl particles of 100 nm in diameter, 1.12
in the range 0.85 < a,, < 0.95 [25] )
NaCl [26] 1.34
NaCl [23] 0.91-1.33;
1.12 in average
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According to Koehler’s k-theory [23], the hygro-
scopic properties of aerosol particles can be defined as
a function of the hygroscopicity parameter k and water
activity a,, in a drop of solution, defined as the ratio of
the water vapor pressure over the flat surfaces of an
aqueous salt solution to the vapor pressure over pure
water at the same temperature. Under the condition
of equilibrium of a salt aerosol droplet with water va-
por and the nullity of the Kelvin effect describing the
surface curvature that is true for particles of 100 nm
and larger, a, ~ RH/100, and Koehler’s equation can
be written as

1
¥ RH/ )
- a, ~ _ /100
GF(RH)_(Hkl_a j ~ 1+k1_RPy , @
v 100

rom where it is well seen that the larger k is, the grea-
ter the slope of the graph of GF ~ GF(a,)) ~ GF(RH/100).
dependence is. The estimation for particles lar-
ger than 0.05 ym gives an error of substituting a,
for RH of no more than 5%, and, for particles larger
than 0.1 ym, no more than 2%, which are quite ac-
ceptable for practical use.

Some of known literature data on hygroscopicity
parameter k for salt aerosols are presented in Table 1.

For mixtures of soluble components, the hygro-
scopicity parameter can be approximated as the sum
of its volume-weighted terms [23]:

k = Z kigi > (3)

where k; is hygroscopicity parameter of an indivi-
dual component of a mixture; g, is relative volume of
a component in the mixture.

Our estimation of the range of the hygroscopicity
parameter k variation for sylvinite gives the follow-
ing: NaCl content in red sylvinite of the Kr-II forma-
tion of the Verkhnekamsk potassium-magnesium salt
deposit varies within 71.51-73.20%, and that of KCI,
20.70-21.70%, while other components can be ne-
glected. Then, taking into account the data of Table 1
for the salt aerosol (mixture of KCl and NacCl), char-
acteristic of the air environment formed by potassi-
um-magnesium salts, the hygroscopicity parameter
varies in the range of 1.163 to 1.196, averaging 1.180.

A somewhat different (than (2)) model for de-
scribing the growth factor GF(RH) is presented in [16],
according to which the model parameterization of
GF(RH) is described by the following expression:

2R 00 %’
1R 0

where A is parameterization factor, for salt-water
aerosol equal to

GF(RH)=A- )
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The refinement of the dependence of the growth
factor on water activity made in [27] to improve the
approximation of experimental data suggests that the
continuous hygroscopic growth of aerosol particles
can be well described by the expression:

GF(RH):MZ
D,(RH)
2 Rf-y %
B RH RH 100
= 1+[a+b100+c[100J Jl—RI'y s (5)
100

where a, b, ¢ are approximation parameters depen-
ding on a particle species, presented in Table 2 for
NaCl particles according to [27].

Models describing the GF(RH) dependence in the
form presented below [28-30] have become widely
used:

GF(RH) = (1 -RH/ oo)g C, )

where g is so-called humidity factor; C is parameteri-
zation factor, the values of which for a number of salt
aerosols are presented in Table 3.

A summary of the various experimental data ob-
tained by different researchers and authors is pre-
sented in Fig. 2. The solid line indicates the average
value of the salt aerosol particle growth factor, cha-
racteristic of potash mines air, as a function of RH.

Table 2
Values of a, b, c parameters of model (5)
(according to [27])
Parameterization a b c
characteristics
No correction 3.89243 | -4.49667 | 1.62110
With Kelvin correction 4.83257 | -6.92329 | 3.27805
With Kelvin correctionand | 5 7a974 | g 28177 | 3.92650
sphericity correction
Table 3
Values of g and C parameters in parameterization (6)
Aerosol characterization Hu- | Parame- | Source
midity | terization
factor | factor
g C
Salt-water aerosol accumulation
mode (0.05 ym in diameter) 0210 0.00 (28]
Salt-water aerosol, R?=0.9886 | -0.355 0.00 [24]
KCl according to experimental
data of [31] -0.325 0.05 Authors
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The obtained results were used in the study of
the size of aerosol particles in a model air medium
as a function of RH, which simultaneously allowed
to verify the adequacy of the above theoretical views
with respect to the specific conditions of salt aerosol
in an air medium.

Experimental research

The authors selected a special model facility,
a sylvinite chamber, which is an isolated room with
the size of 2.0x3.5 m with controlled ventilation, all
walls of which are lined with pressed salt sylvinite
tiles 5-7 mm thick, manufactured by specialists of
the Mining Institute of Perm Federal Research Center
of the Ural RAS Branch, as a testing ground for ex-
perimental studies of the influence of relative air hu-
midity on the counted size distribution of salt aerosol
particles. The chamber ceiling 2.5 m high is ground
halite, the floor is combined (passages are made of
salt tiles cut from solid rock, and the rest of the area is
coarsely crushed halite mixed with sylvinite).

The study of aerosol particle size distribution was
carried out using an AZ-6 aerosol particle counter (PK.
GTA-0.3-002), which allowed recording of aerosol par-
ticles of six size fractions: 0.3 ym and above, 0.4 ym
and above, 0.5 ym and above, 0.6 pm and above, 0.8 ym
and above, 1 ym and above. The measurement range
of countable particle concentration was from 10? to
3-10° dm3. The principle of the AZ-6 aerosol particle
counter operation is optical and based on recording
of scattered radiation. The tolerance limit of the basic
relative error of aerosol counting concentration mea-
surements in the range from 3-10* to 2,5-10° is 40 %.

Relative humidity was recorded using an IVA-6A
thermohygrometer, which allowed measuring tem-
perature and relative humidity in the ranges from
-20°C to +60°C and 0-98%, respectively. The toler-
ance limits of basic absolute error of relative humidity
measurement at 23°C in the range of relative humid-
ity of 0-90% is not more than 2%, and in the range of
90-98%, not more than 3%. The tolerance limit of ab-
solute error of temperature measurement is not more
than 0.1°C.

Long-term studies of the slowly changing micro-
climate were conducted while the RH value decreased
from 90% (such maximum humidity was recorded in
the chamber after several days of rainy weather) to
62% (after several consecutive sunny days).

The results of studies of aerosol particle size dis-
tributions (distribution density dN(D)/dD, where the
differential dN(D) determines the number of particles
in a unit volume, usually in one liter, dm=, nfalling
within a unit interval of diameter dD, usually in pm;
bringing to one dimensionality, the aerosol particle
distribution density dN(D)/dD are expressed in cm™)
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in a model air medium, presented in Fig. 3, clearly
show a decrease in aerosol particle concentrations
with decreasing RH, especially for particles of about
0.3-0.5 pym in diameter. This is consistent with the
mechanisms of salt particle watering and drying dis-
cussed above. While RH decreases, the particles grad-
ually lose the water shell, decreasing in size, the mode
of salt aerosol particle distribution shifts toward in-
creasingly smaller particles, resulting in a decrease in
the number of particles in the fixed particle size inter-
vals of 0.3-1 pm.

Findings Discussion
The approximation of the spectral size distri-
butions of salt aerosol particles presented in Fig. 3
was carried out according to the well-known Young’s
model [33-35]:
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dND) _ - )( D JYV)
oI p ’

digD ,
or
dN(D p "
D) _p @) 2| em, @
dD D,

where dN(D)/dlgD is distribution density of coun-
ted particle concentration, cm=3; N(D) is concentra-
tion of particles with diameter larger than D, cm3;
D, is arbitrarily chosen particle diameter in the range
from about 0.1 ym to 10.0 um, for which the validity
of Young’s model is reliably proved; n'(D,) is distri-
bution density at D= D, cm™; Y" is power exponent;
B =1/(In10) ~ 0.434 is dimensional conversion fac-
tor,cmL.

5.0

4.5

4.0

«
n
1

2.5+

Growth factor GF(RH)
w
o
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K-

1.5%

==0

10 T T T T
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Relative humidity RH, %

The authors’ own research according to (4), A = 0.99

O The authors’ own research according to (6), g = -0.325, C = 0.05

== The authors’ own research, average

X KCl, the authors’ own research according to (2) with k = 0.99 as per [25]

O NacCl, the authors’ own research according to (2) with k= 1.12 as per [25]
NaCl, according to (5) without accounting for corrections [27]

X NacCl, according to (5) with Kelvin and sphericity corrections [27]

< KCl, particles with diameter of about 0.1 um [25]

+ Salt-water aerosol, mode at 0.418 pm [32]

= NacCl, particles with diameter of about 0.05 ym [11]

X Salt-water aerosol, according to (6), g = -0.355, C =0 [24]

Fig. 2. Experimental and empirical data of growth factor of different salt aerosols depending on relative humidity
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This write-up of Young’s model to describe the

continuous size distribution of the counted concen-
tration was selected for the reason that equation (7),

all

owed for comparability with the relationships for

the growth factor GF(RH), also operating according

to

(1) with D/D,. In addition, equation (7) in log-

log coordinates depicts the distribution function as

a straight line.
12000
*
y = 48.669x~5
R?=0.9968
10000 -

8000 -
‘FE y = 34.163x7504
S R*=0.9962
S 6000 -
a y=17.457x50%
N— 2 —
% R?*=0.995

4000 -

y = 8.0919x-50%4
R?*=0.9942
2000 -
0 T — =
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Fig. 3. Salt aerosol distributions by particle size at different

dN/d(Dy), cm™

relative humidity values
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Fig. 4. Effective distribution of “dry” aerosol particles
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The exponents of power in the functions ap-
proximating the power-series distributions of aero-
sol particles at different values of RH are not much
different (see Fig. 3) and amount to Y~ = 4.06+0.03.
This obtained value agrees well with historical re-
sults, according to which the values of the exponents
of power in the Young's model for aerosols of differ-
ent physical and chemical nature vary in the range
Y =2-5[36].

The values of the distribution density n'(D,) in
the approximating expressions presented in Fig. 3
decrease as RH decreases that also agrees with the
previously presented reasoning about the salt aerosol
particles efflorescence processes and with the regu-
larities of the considered Young’s model.

The regularities of the changes in the distribu-
tion density n"(D,) depending on RH can be obtained
by taking the particle diameter as the diameter of
a “dry” particle at RH = 0 % and based on the av-
eraged values of the hygroscopic growth factor ob-
tained earlier and presented in Fig. 2. Fig. 4 shows
the distributions of “dry” aerosol particles with di-
ameter D, calculated from (7) together with (1), based
on the values of GF(90 %) = 2.13; GF(87 %) = 1.97;
GE(76 %) = 1.65; GF(62 %) = 1.44.According to Fig. 4
all distributions empirically recalculated to a “dry”
residue for all considered cases of relative humi-
dity were reduced in log-log coordinates to a single
straight line and are described by the empirical ex-
pression

a _

(2.14+0.18)- (D, ) ®%+0%). (8)
0

The obtained results allowed not only to con-
firm the reliability of the regularities of hygroscopic
growth of sea salt particles known in atmospheric and
ocean physics, but also to generalize the Young’s size
distribution (8) for the conditions of a mine atmos-
phere that allows using it in modeling dust conditions
in mine workings of potash mines.

Conclusion

The study demonstrated uniform regularities of
hygroscopic growth of salt aerosol particle sizes as
a function of relative air humidity, characteristic of
both sea air and the air of potash mines.

The shown high convergence of the hygroscopic
growth factor values (with mean value of root-mean-
square deviation of 0.11 in the interval of the factor
change of 1.26-4.77) borrowed from known models
and known scientific data on watering and reverse ef-
florescence of salt particles of salt-water aerosol with
the results obtained by the authors in a model air en-
vironment, typical for the atmosphere of a salt mine,
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confirms the feasibility of their use in modeling the
processes of mine ventilation. The adapted for mine
conditions expressions describing the size of hygro-
scopic aerosol particles consisting of halite (NaCl) and
sylvin (KCI) crystals as a function of relative humidity
allow building ventilation models adequate to actual
conditions, required also in digitalization of potash
mines ventilation.

The obtained averaged values of the growth fac-
tor for various conditions of particle watering and
the confirmed reliability of application of Young’s
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model with a power coefficient in the expression
dN(D)/dD, equal to - (5,06%£0,03) can be used in
the construction of mathematical models of salt
dust behavior in mine workings and changing aero-
sol particle sizes at increasing and (or) decreasing
relative air humidity that confirms their theoretical
and practical significance for mine ventilation
management.

Thus, the goals of the research presented in this
paper have been achieved, and the set tasks have been
solved in full.
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Abstract

Mining and metallurgical operations are inextricably connected with the consumption of large volumes of
water and, consequently, the generation of liquid waste. The priority is to solve the problems of treatment and
rational reclaiming of process waters with high content of valuable components. This will make it possible
to obtain a significant environmental and economic effect, i.e. to bring profit directly to enterprises, save
material resources and reduce the environmental impact in mining regions. Processing of copper-zinc ores
is accompanied by the formation of metal-bearing wastewater with a wide range of associated metals and
nonmetals with low concentrations of each individual component and pH fluctuations within wide ranges.
These factors make it difficult to select a rational treatment technology, so enterprises have to pay for excessive
metal-bearing discharges into the environment. Heavy metals are toxic, do not undergo decomposition, can be
accumulated by aquatic plants and reach a human body through the food chain. Centralized accumulation of
accidental discharges, surface and drainage water with subsequent treatment for use in recycled water supply
can solve a number of environmental problems in the field of water resources protection. Adsorption of heavy
metals by zeolites produced from inexpensive clay minerals due to the simplicity of the process, possibility of
zeolite regeneration, high efficiency in Cu?, Zn?" and Fe?* ion exchange with release of non-toxic Na* cations
into the environment is a good alternative to chemical precipitation. The purpose of this study is to optimize
the conditions for producing zeolites from kaolin and bentonite with the assessment of the possibility of their
use for the treatment of wastewater generated during mining and processing of ores from sulfide copper-
polymetallic deposits. The technology of alkaline fusion of bentonite or kaolin with sodium hydroxide was
used as a basis for zeolite synthesis from crude mining products. The novelty of the technological approach in
obtaining zeolites from natural aluminosilicates in comparison with the published data is that the adjustment
of the chemical composition of alkaline alloy for the synthesis of zeolites with a certain crystal structure
was carried out using Al,0,-NaAlO, waste suspension. The alkaline alloy was dissolved in water, filtered,
and subjected to hydrothermal crystallization. The phase composition of the zeolite adsorbents was studied.
Through studying the recovery of heavy metals from model solutions, the mass composition and conditions of
alkaline fusion processes as well as the hydrothermal crystallization mode were optimized. The achieved metal
recovery of 95% from the model solutions with initial concentration (mg/L): 150 Cu?*, 180 Zn?* and 125 Fe?*
allowed to draw the conclusion that zeolites based on bentonite and kaolin can be used in the treatment of
metal-bearing wastewater.
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AHHOTauus

IlesITeNTbHOCTh TOPHO-META/UTYPIUUeCKIX MPeIIPUSTUI Hepa3pbhIBHO CBSI3aHA C ITOTPebieHreM OOMbIINX KO-
JIMYECTB BOAbI ¥ COOTBETCTBEHHO 06pa30BaHMeM XKUIKMX OTXOM0B. [IpMOPUTETHBIM SIBJISIETCS PellieHe Mpo-
671eM 1epepaboTKY M PAlMOHATBHON YTYMIN3AIUU TEXHOIOTUYECKUX BOJ, C BBICOKMM COMIePKaHUEM LIEHHBIX
KOMITOHEHTOB. DTO IMO3BOJISIET ITOyYaTh 3HAUMMBbIN SKOJIOTO-IKOHOMMUECKMIT 3(PGhEKT, TO eCTh TPUHOCUTD
MPUOBLIL HEIIOCPEACTBEHHO MPENIIPUITUSIM, SKOHOMUTb MaTepUabHbIE PECYPChl M CHMKATh HArpysKy Ha
OKPYKAIOIIYIO CpeAy B TOPHOIIPOMBIIIJIEHHBIX pernoHax. IlepepaboTka MeTHO-IIMHKOBBIX Py, COMIPOBOXKIA-
ercst popMMUpOBaHMEM METAJIOHOCHBIX MMOTOKOB C HIMPOKMM CITIEKTPOM CONYTCTBYIOIIMX META/IJIOB U He-
MEeTa//IOB C HU3KOW KOHIIEHTpalMeli KaskKAOoro OTAENbHOTO KOMITOHEHTa U KonebanusiMu pH B MIMPOKUX
npefenax. YkasaHHble (aKTOPbI 3aTPYIHSIOT BbIOOP PalMOHATIbHOI TEXHOIOTMM OUMCTKY, IOSTOMY IIpe[-
NPUATUSIM TIPUXOAMUTCS TIATUTh 32 CBEPXHOPMATMBHBbIE METAUIOHOCHBIE COPOCHI B OKPY)KAIOIUIYIO CpEy.
TsoKenble MeTasuTbl TOKCUMYHBI, HE TTOIBEPTalOTCS PasIOKEHNIO, MOTYT aKKYMYJIMPOBATLCSI BOOHBIMM pacTe-
HMUSIMM U TI0 TIUIIEBOI e JOCTUTaTh OpraHu3Ma ueioBeka. LieHTpann30BaHHas aKKYMYJ/ISILMS CTydaifHbIX
cOpPOCOB, MMOBEPXHOCTHBIX U IPEHAKHBIX BOJ, C MOCIEIYIONIEN OYMCTKON JJIs1 MCIIONb30BaHNSI B 0O0POTHOM
BOJOCHAGKEHM MOXKET PEIINTh P, IKOJIOTMUECKMX 3aau B 06/1aCTV OXpaHbl BOJHBIX PECYPCOB. ACOPOIIMs
TSDKEJTBIX METAJUIOB LIEOJIUTAMY Ha OCHOBE HEOPOTUX INIMHUCTBIX MMHEPAIOB 6/1aroiapst IpOCTOTeE MPOIiecca,
BO3MOXHOCTM pereHepanym eoJnuToB, BLICOKOM adgdekTuBHOCTM MOHOOOMeHa Cu®, Zn?* u Fe? c Bbigesne-
HMEM B OKPYKAIOIIYIO0 Cpely HETOKCUMYHBIX KATMOHOB Na* SIB/ISIETCSI XOPOIlleii abTePHATUBOM XMMUYECKOMY
ocaxkmeHuIo. Lleyibio HaCTOsIIIEl PAOOThI SIBJISIETCS ONTUMM3AISI YOIOBUI TIOMYyUEHUST IIE0JIUTOB Ha OCHOBE
Kao/lyHa ¥ GEHTOHMUTA [JIS1 OUMCTKM CTOUHBIX BOJ, 06pa3yIoluxcs Mpu A00bIYe U repepaboTKe pyabl Me[-
HO-KOJTYeIaHHO-TOJIMMETA/TTNYECKUX MECTOPOXKIEeHNI. 32 OCHOBY CUMHTE3a IIEOJIUTOB U3 HeoOoralleHHOI
MPOIYKIMM TOPHOIOOBIBAIOIIEN OTPAC/IM IPUHSTA TEXHOIOTHS MIEJIOYHOTO CIUIaBIeHNsI OEHTOHUTA MM Ka-
OJIMHA C TUAPOKCUAOM HaTpusi. HOBM3HOI TEXHOIOTMYECKOTO MOAX0a MPY TOMYYeHUN EOIUTOB U3 TIPU-
POIHBIX ATFOMOCVIMKATOB IT0 CPABHEHUIO C OITYyOIMKOBAHHBIMM JTaHHBIMMU SIBJISIETCSI TO, YTO KOPPEKTUPOBKY
XMMMUYECKOTO COCTaBa IIeJIOUHOTO CIIaBa [Jisk CMHTEe3a [Ie0JIUTOB C OIpee/eHHOM KPUCTAINYECKOi CTPYK-
TYPOJi OCYLIECTB/ISIM C MOMOIIBI0 0TX0A0B cycneHnsun Al,0,.~NaAlO,. lllenouHoii criyiaB pacTBOpPSIIN B BOZE,
bunbTpoBaNM U MTOABEpPTAY TUAPOTEPMATbHOM KpUCTa/UM3aIun. VizydeH ¢Ga30BbIit COCTAB 1EOJUTHBIX af-
copb6eHTOB. [TyTeM COTOCTaBIeHUS CTETIEHM V3BI€UEHNS TSDKEIBIX METAJIJIOB M3 MOZEIbHBIX PACTBOPOB ObUIN
OINITUMMM3MPOBAHbI COCTAB MAaCChI ¥ YCJIOBMSI IIPOIIECCOB IEIOUHOTO TIJIABJIEHMS, a TAK)KE PEXUM TUIPOTEP-
MaJIbHOJ KpUCTa/LIM3alui. biaromaps JOCTUTHYTON CTeIIeH! M3BJIeUeHMs] METAJIOB Ha ypoBHE 95 % 13 Mo-
IeJIbHBIX PACTBOPOB C HAYAJbHOI KOHLIeHTpauuest, Mr/in: 150 Cu?, 180 Zn* u 125 Fe?*, 11e0UThbI Ha OCHOBE
GEeHTOHMTA ¥ KAOJIMHA MOTYT ObITh MCIIOIb30BaHbI IIPY OUMCTKE META/UIOHOCHBIX BO/I.

KnioueBble cnoBa
pyna, nepepa60TKa, 3KO0JI0I'Ms1, CTOYHbIE BOJbI, OUMCTKaA, TSXKeJIble MeTaJlJIbl, ancop6um{, AJIIOMOCUJINKATBI, Ka-
OJIMH, LI€OJIUTHI, 6EHTOHI/ITbI, Kpucrauimsanus, de)paKTorpaMMa
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Introduction Compounds of copper, zinc, lead, iron, and other

The development of mining industry is accom-  heavy metals have a negative impact on the hydro-
panied by the formation of specific technogenic sys- sphere, as well as on the health of population, espe-
tems, including mine, shaft, pit and under-dump wa- cially children [2]. Enterprises in ore processing apply

ters, as well as mining-generated dust pollution [1].  various processes to maximize the recovery of nonfer-
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rous metals from technogenic waters and their return
to the production cycle [3]. However, monitoring of
natural waters in the areas of mining and processing
and nonferrous metallurgy activities impact indicates
a clear exceeding of metal content sanitary norms
in wastewater [4]. Discharge of ineffectively treated
water by Almalyk mining and metallurgical combine
(AMMC) caused exceeding the MPC of zinc, lead, cop-
per, iron, manganese, and molybdenum in the water
use section of the Akhangaran River [5]. In order to
reduce the anthropogenic impact on the hydrosphere,
it is advisable to remove harmful impurities in treat-
ment devices at industrial enterprises using water re-
sources.

In the practice of water treatment from mode-
rately concentrated contaminants natural zeolites
are increasingly used [6-8], the main advantage of
which is cheapness. Despite the high selectivity of
clinoptilolite towards heavy metals (Pb%*, Cd?*, Cu?,
Co%, Cr*, Zn?*, Ni?*, Hg*, Fe"), the adsorption capa-
city of natural zeolites is several times less than that
of synthetic zeolites [7, 9]. Therefore, researchers are
increasingly interested in the synthesis of zeolites
from clay minerals [10-12], waste coal rock [13-15],
crushed stone [16] and other cheap wastes [17, 18].
V.V. Somerset et al. revealed the effect of reducing
the concentration of Ni, Zn, Cd, and Hg after treat-
ment of acid mine drainage water with zeolites (pho-
jasite) [19]. The conversion of source components
into zeolites with framework structure is carried out
taking into account phase composition, chemical
activity and thermal stability of the source mineral
raw materials, as well as the intended field of appli-
cation. Expensive single-phase zeolites such as NaA,
NaX, or NaY are produced by two-stage crystallization
from pure reagents at a strict ratio of Na,SiO,, NaOH
and NaAlO, [20, 21], since a one-stage hydrothermal
crystallization does not allow obtaining zeolites of
a certain structure without impurities of extraneous
phases. Hydrothermal treatment of kaolin calcined at
550-650°C (with insignificant content of quartz and
other refractory minerals) with alkaline solution is
preferable for synthesis of NaA zeolite due to favora-
ble Si/Al ratio close to two. More thermally stable
bentonite [10], kaolin as part of waste coal rock [13]
are calcined at temperatures of about 800°C, and
additional sources of aluminum are resorted to at
the hydrothermal stage. A promising way of pro-
cessing low-grade mining products into adsorbents
for wastewater treatment from heavy metals is fu-
sion of silicon-aluminum-containing raw materials
together with NaOH and subsequent hydrothermal
crystallization of zeolites from soluble alkaline alloy
products [14, 15, 22].
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The purpose of this study is the synthesis of zeo-
lite adsorbents from low-grade natural raw materials
with high content of crystalline quartz. The goals of
this study are as follows: 1) characterization of phase
and elemental composition and thermal stability of
Uzbek clay minerals; 2) determination of the influ-
ence of alkaline fusion conditions on the phase com-
position of the hydrothermal crystallization products;
3) evaluation of the efficiency of extraction of copper,
zinc, iron, and lead (being common pollutants of mine
and waste waters) from model aqueous solutions. The
key task was to develop a low-cost adsorbent for use
in mining and metallurgical industry.

Research Materials and Methods

The natural clay minerals used in this work are
Navbakhor bentonite (NB) and Angren variegated ka-
olin (VK); plus sodium aluminate suspension (SAS)
was used. Sodium aluminate suspension is a resi-
due produced when alumina wastes are processed
into adsorbents of halide containing compounds. Its
phase composition, %, is as follows: NaAlO, — 30-33,
NaOH - 1.5-2.5; Na,CO, - 0.3-0.5, water — the rest.
The zeolites derived from bentonite and kaolin are
hereinafter designated as NBS and VKS. The codes of
prepared samples, conditions of their synthesis and
phase compositions are given in Table 1. In addition,
the following commercial ingredients were used: 99%
sodium hydroxide, hydrochloric acid (36.5% HCl), and
99% polyethylene polyamine (PEPA). The bentonite
had the following elemental composition, wt.%: O,
51.03; Si, 26.95; Al, 7.25; Mg, 1.42; K, 1.65; Fe, 7.21;
Na, 1.24; Ca, 2.32; Ti, 0.32; S, 0.20 and P, 0.35. The ka-
olin contained, wt.%: O, 53.38; Si, 25.49; Al, 10.59; Mg,
0.1; K, 0.81; Ba, 0.22; Fe, 1.91; Pb, 0.05; Na, 0.12; Ca,
0.22. The sodium aluminate suspension with a densi-
ty of 1.23 g/cm? after drying at 350 °C contained, wt.%:
0,41.57; Al, 30.37; Na, 25.82; C, 2.08; Cl, 0.14.

The conversion of clay raw materials into soluble
sodium aluminates and aluminosilicates was carried
out by alkaline fusion with NaOH [11], with adjus-
ting the ratio of SiO,/Al,O; and Na,0/SiO, in the
mixture by addition of sodium aluminate suspension.
The SiO,/Al,0; molar ratio varied from 1.5 to 7.17,
and Na,0/SiO, molar ratio varied 0.016 to 1.5. The
bentonite and kaolin for the synthesis of 7-NBS and
6-VKS were preliminarily subjected to partial leach-
ing of Ca, Mg, K and Fe impurities by heat treatment
in 2M HCI solution followed by washing and drying
at 120°C. The ingredients mixture was wet milled in
a ball mill for one hour, transferred to porcelain cups,
dried at 80-120°C, and then calcined with an expo-
sure time of 3 h at 810 °C. The alkaline fusion products
were pulverized, transferred to a retort with a stirrer,
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and distilled water was added in the ratio of Liquid :
Solid (L : S) from 2.9:1t0 6.6 : 1.

After stirring for 30 min, the liquid was filtered
from the solid residue into a polypropylene retort [21],
and inoculum crystals were added at the rate of 0.2 g
of NaA or NaX fresh zeolite powder per 100 g of the
reaction mass. In the synthesis of 8-NBS and 5-VKS,
60 g of PEPA were added to the clear filtrate, and the
reaction mixtures for 9-11-NBS and 8-VKS samples
were exposed to microwave radiation for 0.5 h before
being placed into an autoclave (see Table 1). Each of
the obtained clear solutions in a polypropylene re-
tort was placed into an autoclave and kept at 35°C for
15-25 h to reach equilibrium in the reaction mixture.
The temperature was then raised to 80°C and incu-
bated for 4 h. The optimum temperature of the induc-
tion period and crystal growth stage was selected for
each alkaline alloy solution depending on the results
of phase analysis of samples taken every hour. The
crystallized products were separated on a Nutch-fil-
ter, washed with water to neutral pH value of the
liquid phase, dried, and calcined at 300°C.

For the dynamic mode studies, 8-NBS and 6-VKS
powders were molded by extrusion into pellets of
1.0 mm in diameter and 1.0-1.3 mm long. The mol-
ding mixture was prepared by mixing zeolite powder
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with impurity-purified bentonite and carboxymethyl-
cellulose solution. The pellets dried and calcined at
300°C were treated with Na,CO; solution before ad-
sorption. Under static conditions powdery adsorbents
were used to evaluate the extent of heavy metal re-
moval from a test solution. Conical retorts containing
100 ml each of the test solution and a presice weight
suspension of the corresponding zeolite (0.05-1.0 g)
were set into a shaker at 25°C. The shaking time va-
ried from 10 to 600 min. The dynamic tests were car-
ried out in a column with a diameter of 1.25 cm at the
height of the zeolite particles layer of 120 cm and liquid
flow rate from 6 to 18 cm?*min. The degree of removal
of harmful impurities from the water was evaluated
by photocolorimetric method by the change in the
concentration of the corresponding metals in contact
with a zeolite sample. Zinc was determined as a com-
plex compound with dithizone (analytical wavelength
A = 535 nm), and copper, with lead diethyldithiocar-
bamate (A =430 nm). We measured the optical density
of the solutions of the complex compounds: zinc with
dithizone (analytical wavelength A = 535 nm), copper
with lead diethyldithiocarbamate (A = 430 nm), and
iron with sulfosalicylic acid (A = 430 nm). Lead con-
centration was determined by chromate method at
A =540 nm using diphenylcarbazide.

Table 1

Effect of parameters of synthesis by alkaline fusion of 100 g of silicon-containing raw materials
with NaOH and SAS on the crystallized products phase composition

Ingredients Detected phases, %
of the mixture for | Hydrothermal treatment Molar ratio
Siggzle alkaline fusion, g Zeolites Impurities
NaOH SAS |H,0,g|L/S ratio Zg‘_’zhg’ $i0,/A1,0,/Na,0/Si0, H,0/Na,O | NaA | NaX | NaP :)‘é‘;ﬁ’t'e Si0,
1-NBS 75.82 131.3 2175 14.7 : 1 NaA 1.5 1.5 130 13 - - 43 11
2-NBS 49.8 89.9 1448 | 7.83:1 NaA 2.0 1.0 83.0 56 - - 12 14
3-NBS 88.58 89.9 2199 | 10.2:1 - 2.0 1.5 84.0 8 - - 75 8
4-NBS 98.85 64.97 2180 | 10.6:1 NaX 2.5 1.5 83.3 4 74 - 10 6
5-NBS 33.95 40.79 2513 17.7:1 NaX 3.3 0.6 240 4 63 6 - 9
6-NBS 1.24 - 240 2.66: 1 NaA 7.17 0.016 860 4 - - 7 88
7-NBS 55.05 100.8 1609 | 8.36:1 NaA 2.0 1.0 83.0 69 - - 8 -
8-NBS 54.57 73.1 1609 | 8.87:1 NaX 2.5 1.0 83.0 2 79 - 3 -
9-NBS 49.8 89.9 1448 | 7.83:1 NaA 2.0 1.0 83.0 36 - - 55 -
10-NBS 75.82 131.3 2175 | 9.40:1 - 1.5 1.5 130 - - - 82 -
11-NBS | 98.85 64.97 2180 | 10.6:1 - 2.5 1.5 83.3 - - - 76 10
1-VKS 52.65 67.13 1370 | 8.64:1 NaA 2.0 1.0 83.0 64 - - 8 -
2-VKS 89.3 67.13 2057 | 11.0:1 NaA 2.0 1.5 83.1 8 - - 75 -
3-VKS 59.92 43.53 1370 9.2:1 NaX 2.5 1.0 83.0 78 - 4 -
4-VKS 37.62 20.67 824 70:1 - 3.3 0.6 83.2 10 24 | 38 - -
5-VKS 59.92 43.53 1370 | 9.17:1 NaX 2.5 1.0 83.0 - 75 - 25 -
6-VKS 60.05 12.62 1194 | 8.64:1 NaA 2.0 1.0 83.0 83 - - 3 -
7-VKS 49.48 46.91 1194 | 7.87:1 - 1.5 1.0 83.0 25 - - 64 -
8-VKS 89.3 67.13 1370 | 8.64:1 - 2.0 1.0 83.0 6 - - 90 -
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20° (Cu)

Qkaolinite ; W quartz; | illite; +tridemite; O zeolite NaA;
| montmorillonite; % cristobalite; ¢ carbon; Y mixed-layer smectite-quartz; 4 NaOH
U mixed-layer illite-smectite; X zeolite NaX; S hydroxysodalite;

Fig. 1. Diffractograms: 1 —-VK; 2 — NB; 3 - 4-NBS (alkaline fusion at 800°C - 5 h); 4 - 8-NBS; 5 - 6-VKS
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Adsorption capacity was determined according to
the following formula:

A= (Cpi— Cyv- 100
m

)

where A - adsorption capacity; C,, — Initial concen-
tration of a substance, g/1; C;, — concentration of the
substance under study in the solution in equilibrium
conditions, g/1; m — mass of adsorbent, g; V - volume
of model solution, 1[11]. The elemental composition of
the studied samples was determined using a scanning
electron microscope (SEM) EVOMA 10 (Zeiss). X-ray
phase analysis (XRD) diffractograms of the source
substances and the synthesized zeolites were obtained
on an Emmyrean diffractometer using CuKa radiation,
and the thermograms, on a HESON HS-TGA-103 deri-
vatograph with a heating rate of 10°C/min.

Experimental results

It followed from the diffractograms, Fig. 1, that
the source materials taken were a mixture of differ-
ent minerals and differed significantly in molar ratio:
Si0,/Al,0; = 4.64 (kaolin) and 7.17 (bentonite), one of
the most important characteristics for the synthesis
of zeolites.

In the diffractogram of kaolin, slightly broad-
ened reflections with d = 0.714; 0.446; 0.357; 0.2568;
0.2504; 0.2387; 0.2343; 0.221; 0.1989; 0.1790; 0.1666;
0.1490; 0.1375; 0.701; 0.129; 0.1236 nm were attrib-
uted to the manifestation of the rock-forming mineral
kaolinite. Kaolinite is a layered aluminosilicate with
the following chemical formula: AlLSi,O.(OH), [6],
where the SiO,/Al,O, molar ratio is equal to 2, same
to NaA zeolite. The relative intensity of the basal re-
flections of kaolinite was less than that of quartz; in
addition, reflections attributed to illite, a hydromica-
ceous potassium-bearing mineral (K.Al,[AlSi),O,]
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(OH),-n H,0 (d=0.998; 0.498; 0.421; 0.333; 0.320;
0.298; 0.256; 0.243; 0.239; 0.224; 0.218; 0.212; 0.198;
0.166, 0.164; 0.150 nm) were observed. The process of
dehydroxylation of kaolinite into amorphous metaka-
olin occurred in the range of 490-610°C, while illite
and quartz did not undergo phase transformation up
to 800 °C (Fig. 2, thermogram 1I).

The rock-forming mineral of bentonite was mont-
morillonite from the smectite group, identified by the
main reflections with d = 0.568; 0.704; 0.809; 0.4472;
0.3422; 0, 3053; 0.2598; 0.1711; 0.1672, and 0.1504 nm
along with the reflections of quartz and mixed-layer
phases: smectite-quartz and smectite-illite (see Fig. 1,
diffractogram 2). The indicated reflections partially co-
incided with those from illite, kaolinite, and a-cristo-
balite that is characteristic of fine clay deposits [10]. Af-
ter calcination of bentonite at 600-650°C kaolinite and
montmorillonite were not identified radiographically,
but the background in the region of angles 26 = 18-32°
from the amorphous products of their dehydroxylation
increased, the reflections from illite were preserved,
but the reflection from crystalline polymorphs of SiO,
prevailed. The phases of tridymite, a-cristobalite, and
micaceous minerals identified in the bentonite and ka-
olin were preserved after heat treatment at 850°C and
therefore required thermochemical activation with al-
kaline reagents [11]. In the alloys of bentonite or kaolin
with NaOH at 800°C, the intensity of quartz lines was
50% of the initial one, but sharply decreased with in-
creasing the fusion temperature to 810°C. The thermo-
gram of natural bentonite in combination with the data
of X-ray phase analysis after its calcination at 550°C
confirmed that the change in the shape and some shift
of the reflections of montmorillonite were due to the
transformation of most of the swelling phase of mont-
morillonite into illite, which is not prone to swelling.

145
430-450 553 4
5 645
542 600 630
350 425 532 2
%0 150 170 450 650
1
140
0 100 200 300 400 500 600 700 800

Temperature, °C

Fig. 2. Thermograms of components used in the synthesis of zeolite adsorbents: I — variegated colored kaolin (VK);
2 — Navbakhor bentonite (NB); 3 — alkaline fusion for sample 4-NBS; 4 — alkaline fusion for sample 2-VKS
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Molecular water was removed at 50, 140 and 175°C
with a mass loss of 9.2%, and dehydroxylation of struc-
tural OH-groups with a mass loss of 1.8% occurred at
450, 574 and 650°C (see Fig. 2, thermogram 2).

The sodium aluminate suspension after water re-
moval was a mixture of X-ray amorphous sodium alu-
minates in terms of NaAlO, and crystalline phases, %:
gibbsite, 28.7; NaOH, 10.9; Na,CO,, 1.98, and NaCl,
0.024. After the calcination at 810 °C, broad reflections
from y-NaAlO, (d = 0.425; 0.294; 0.259; 0, 215; 0.1994;
0.1970; 0.1881; 0.1747 nm) and NaAl,,0,, (d = 1.128;
0.569; 0.280; 0.2518; 0.2424; 0.2380 nm) appeared
on the diffractogram instead of the halo from amor-
phous phases. The transformation of gibbsite into
y-Al,O; was indicated by reflections with d = 0.198
and 0.139 nm. Crystalline Na,CO, was identified by
low-intensity narrow reflections with d = 0.2963; 0.26;
0.254; 0.236; 0.218 nm. The codes of zeolites obtained
under optimal conditions, the amount of ingredients
in the mixtures for alkaline fusion and hydrothermal
treatment of their leaching products, as well as the
results of X-ray phase analysis of the synthesized ze-
olites are presented in Table 1.

Findings Discussion

The optimal conditions of thermochemical de-
composition of initial silicon sources were selected
by comparing the diffractograms of the alkaline al-
loys obtained at temperatures of 800, 810, and 830°C
and intended for synthesis of samples 1-NBS, 4-NBS,
2-VKS, and 6-VKS with the results of the analysis of
the solid residues from aqueous leaching. It was shown
that almost complete conversion of montmorillonite,
kaolinite, and SiO, polymorphs into sodium alumi-
nosilicates can be achieved by the calcination of the
alkaline mixtures at a temperature of at least 810°C
for 3 h. Narrow reflections from nepheline NaAlSiO,
with d = 0.4192; 0.3834; 0.3262; 0.3011; 0.2884 nm
and very broad reflections with d = 0.53; 0.432;
0.282; 2.55; 2.30 nm from 2NaAlO,-3H,0 were ob-
served at the alkaline alloy diffractograms for 1-NBS,
10-NBS, and 7-VKS samples with silicon deficiency
(Si0,/AL0O; = 1.5). SiO,/Al,0, > 2 and Na,0/SiO, = 1,
background enhancement in the region of angles
20 = 5-35° from amorphous aluminosilicates and
SiO, was observed in the diffractograms, and the
crystals of high-temperature aluminosilicate Na,Al-
,51,0, (d = 0.4213; 0.2584; 0.1822, and 0.1487 nm)
were formed instead of nepheline. The traces of
the high-temperature form of NaAlSiO, (d = 0.423
and 0.2592 nm), weak reflections of a-cristobalite
(d=0.4013; 0.3132; 0.2852;0.2481; 0.193; 0.187 nm),
which did not react with NaOH or Na,CO;, and a hy-
dromica that did not contain constitutional water
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(d =0.436; 0.302; 0.260; 0.225; 0.202 nm) manifested
themselves. In the diffractogram of the 4-NBS alloy
with some surplus of sodium compounds, in addition
to the Na,Al,Si,O, crystalline phase, reflections with
d = 0.5302; 0.3563; 0.3041; 0.2574; 0.2403; 0.1885,
and 0.1754 nm from Na,SiO, were also detectable.
In the alkaline alloys, as a rule, the Na,Al,Si,O, phase
predominated, whose reflections intensity changed in
the series: 8-VKS = 6-VKS < 1-VKS < 7-NBS < 2-NBS.
Both forms of soluble sodium aluminosilicates were
also present in the diffractograms of the other alka-
line alloys.

Decreasing grinding time or duration of heat
treatment of the alkaline alloys was accompanied by
the appearance of reflections of quartz at 26° = 20.8°;
26.14°; 36.6°; 50.21°; 59.82° and those of y-Al,O,
around 26° = 55.2° in the diffractograms. It was shown
in separate experiments that fusion of bentonite or
kaolin with sodium hydroxide alone at 810°C was less
effective than combining NaOH with a suspension of
sodium aluminate at the ratio of alkaline components
NaOH : Na,CO; =5 : 1 and equivalent amount of Na,O.
The products of alkaline fusion at temperatures above
800°C, namely, amorphous silicates, weakly crystal-
lized sodium aluminates, and crystalline NaAlSiO,,
Na,Al,Si,O, and Na,SiO,, were well soluble in water
and were thermodynamically unstable due to a large
number of breaks and free ends of bonds in the plac-
es of their breakage [23]. At an optimum temperature
of 80°C, pH = 12-13, and 4 h autoclave exposure, the
dissolved products of alkaline fusion crystallized pre-
dominantly into zeolites of NaX (SiO,/Al,0;~2.5),
NaA (SiO,/Al,0,=2.0) or NaP (SiO,/Al,0, = 3/33) type
depending on the elemental composition (see Table
1). The characteristic diffraction peaks with d = 1.230;
0.870; 0.710; 0.550; 0.37; 0.328; 0.298, and 0.262 nm
were assigned to NaA zeolite, and the peaks with
d = 1.447; 0.885; 0.754; 0.573; 0.380, and 0.288 nm
[24], to NaX zeolite. If the alkaline fusion process was
carried out at a temperature of 800°C, amorphous
SiO,, its crystalline polymorphs, and unreacted mi-
caceous minerals strongly polluted the end product
(see Fig. 1, diffractogram 3). When the mass same to
that at the 4-NBS diffractogram was fused at 810°C,
the SiO, peak area (26° = 26,6°) was 18 times less than
that of the NaX zeolite phase (260° = 6,02°) [25].

It was found by varying the time of hydrother-
mal treatment of the dissolved alkaline alloys filtrate
for samples 2-NBS, 4-NBS, 1-VKS, 4-VKS, and 5-VKS
that the introduction of inoculum crystals NaA or
NaX reduced the crystallization time from 7 to 3-4 h
with a total yield of zeolite phases of 56—-78%. Reduc-
ing the time of the hydrothermal treatment to 1-2 h
sharply reduced the yield of the target products, and
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in diffractograms, the intensity of basic reflections of
zeolite phases at 20 = 6.1-7.18° amounted to 8-15%
of the quartz peak at 20 = 26.6°. The crystallization
of the alkaline alloy solution at 810°C for more than
4 h increased the yield of NaA and/or NaX zeolites
by 7-8%, but led to an increase in the content of ex-
traneous phases such as hydroxysodalite (peaks with
d =0.633; 0.365; 0.258; 0.239, and 0.211 nm [24]. The
increase of crystallization time during the synthe-
sis of sample 6-VKS from 3.5 h (see Table 1, Fig. 3)
to 5 h was accompanied by an increase in the yield
of NaA zeolite from 83 to 84%, and that of hydrox-
ysodalite from 3 to 11% that complied with the find-
ings of studies [14, 26]. The increased silicon content
(Si0,/Al, 0, = 2.5-3.3) and applying NaX crystal in-
oculation at the hydrothermal treatment of alkaline
bentonite alloy solutions with sodium aluminate sus-
pension led to prevailing formation of the NaX zeo-
lite phase with d = 0.1447; 0.885; 0.7.54; 0.573; 0.481;
0.442; 0.394; 0.381 nm (see Table 1).

Na* cations played an important role in zeolitiza-
tion by stabilizing the basic bonds of zeolite frame-
works under hydrothermal conditions [27]. Not only
the degree of destruction of the initial crystalline sub-
stances during fusion to form water-soluble substan-
ces, but also the alkalinity of the resulting solution
for crystallization depended on the amount of sodium
compounds during fusion. The slightly alkaline me-
dium (pH = 8-8.5) during the synthesis of 6-NBS sam-
ple at Na,0/SiO, ratio of 0.016 without addition of
sodium aluminate suspension led to the formation of
amorphous silica with a minimum of crystalline pha-
ses. pH > 14 during the hydrothermal stage of syn-
thesis of 1-NBS, 3-NBS, 10-NBS, 11-NBS, 2-VKS,
and 7-VKS caused a clear predominance of hydrox-
ysodalite phase. Table 1 shows that from 64 to 90%
of hydroxysodalite were formed without NaA or NaX
inoculum crystals during hydrothermal treatment of
alkaline alloy solutions with SiO,/Al,O; ratio in the
range of 1.5-2.5. The reflections with d = 0.6293;
0.3649; 0.2814; 0.2573; 0.209; 0.1812; 0.17398;
0.1572; 0.15263; 0.1483, and 0.14425 nm in the dif-
fractograms were assigned to the hydroxysodalite
phase. According to literature sources hydroxysodalite
is a hydrophilic zeolite with variable composition like
Na,AlSi,0,,-8H,0 [22], Na,4[AlSiO,],(OH),-2H,0 and
others [16, 28]. As was noted in the reviews [23, 26],
the skeleton of NaA zeolite — Na,,Si;,Al;,0,,-27H,0,
formed as a result of hydrothermal crystallization
from nepheline solutions with the calculated ratio
of Si0,/Al,O, = 2, is subject to cracking at high alka-
linity, which caused the formation of hydrosodalite.
Hydroxysodalite crystals are known to have a cubic
shape with an ordered aluminosilicate framework, in
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which sodalite cells enclose small-sized pores [29],
which can be useful in the extraction of metal ions
from aqueous solutions [28]. In our experiments,
10-NBS and 8-VKS adsorbents consisting predomi-
nantly of hydroxysodalite were obtained without in-
troduction of inoculum crystals but with microwave
treatment. The introduction of NaA zeolite inoculum
crystals into the microwave-treated reaction mixture
clearly reduced not only the amount of useless quartz,
but also prevented the formation of NaA zeolite crys-
tals that was somewhat different from the conclusions
drawn in [27], devoted to the conversion of fly ash into
A-type zeolites with the use of microwave treatment.

Study of adsorption properties

Multiphase nature of the synthesized adsorbents,
including two types of metastable zeolite structures
A and X, along with the stable phases of hydroxyso-
dalite and NaP zeolite caused the specificity of their
adsorption properties. The samples with the predom-
inance of hydrosodalite or NaP zeolite were characte-
rized by higher density and low specific surface area,
about 33-76 m?%/g, in comparison with metastable
NaA and NaX zeolites with similar ratio of SiO,/Al,0;
with a specific surface area of up to 300 m?/g. The
large volume of cavities characteristic of hydroxyso-
dalite allowed adsorbents such as 10-NBS, 11-NBS,
and 8-VKS adsorb some amount of metal ions from
water, but extremely slowly. The tests under sta-
tic conditions (see Fig. 3) were conducted with solu-
tions of concentrations typical for polymetallic mine
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Fig. 3. Effect of contact time of zeolites with water
containing heavy metal ions on the change of solution
concentration in the systems: 1 — Cu?'/ 6-VKS, 2 — Fe?/8-NBS,
3 - Zn*/4-VKS, 4 - Pb%/10-NBS, 5 — Cu?'/4-VKS
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waters [2], including the Almalyk ore field, which in-
cludes copper-porphyry and copper sulfide-polyme-
tallic deposits with sulfides prevailing [30]. However,
monitoring of natural waters in the zone of influence
of mining-and-processing and nonferrous metallurgy
enterprises indicates an obvious exceeding of sani-
tary norms in wastewater. At a concentration of less
than 0.003M and pH about 5 (Fig. 3, curves 1-4) me-
tals were present in solutions practically in the form
of divalent cations. The adsorption capacity for 10 h
of the experiment did not exceed (g/100 g) 0.38Cu**
for 8-VKS and 0.27 Pb* in the case of 10-NBS, where-
as for the same period the capacity of 100 g of 6-VKS
zeolite with A-type structure containing about 3%
hydroxysodalite reached, g: 29.2 Cu?*'; 28.4 Zn*; 18.3
Fe? and 3.1 Pb?. Due to the increase of pH up to 5.1
in contact with 0.05 g of zeolite as a result of ion ex-
change Cu?" — 2Na’, the competition between metal
cations and excess of protons decreased, and immo-
bilization of hardly soluble hydroxocomplexes on the
adsorbent surface occurred, so the copper compounds
adsorption efficiency reached 97%. When the zeolite
weight was increased to 0.06 g, the degree of remo-
val of these metals from dilute solutions was not less
than 98.5% that agrees with literature data [18, 19]
for fly ash-based zeolites. The maximum iron and
zinc compounds adsorption capacity was recorded for
8-NBS zeolite, where the predominant phase was NaX
zeolite, g/100 g: 20.8 Fe?" and 28.7 Zn?*. Hybrid sam-
ple 4-VKS, which included predominantly NaP zeolite
structure and some NaX and NaA, absorbed lead better
than 10-NBS - 1.2 Pb?* (g/100 g), but was significantly
inferior to samples 6-VKS and 8-NBS. Increased con-
tent of hydroxysodalite and SiO, phases (crystalline
or amorphous) deteriorated the ability of adsorbents
to extract metal cations. At adsorption from 1M solu-
tions (potential liquid ore), where molecular forms
of heavy metals prevailed, removal of toxic elements
occurred mainly by precipitation mechanism with for-
mation of Cu(OH), precipitate, and only at increasing
pH up to 6.5 due to high dose of zeolite the degree of
the removal reached 80%.

The tests of optimal samples in dynamic mode
showed that when passing model solutions through
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a layer of zeolites 8-NBS and 6-VKS with a height of
1.2 m, the efficiency of purification from Cu?*, Zn?*
and Fe? cations was not less than 95%, and that for
Pb*, about 82%.

The concentration of copper cations as a result of
adsorption on zeolites 8-NBS and 6-VKS decreased,
mg/L: from 150 to 1.2-0.5 Cu?*, for zinc, from 180 to
8.9-7.5Zn*, for iron, from 125 to 0.8—-0.4 Fe?, for lead,
from 1.5 to 0.3-0.27 Pb?". The results of adsorption on
the zeolites synthesized from local mineral raw mate-
rials by alkaline fusion with waste Al,0,-NaAlO, sus-
pension were confirmed in the process of treatment
of actual under-dump water of Kulchulak deposit. The
degree of purification of the water with concentra-
tions, mg/1: Cu - 138, Zn — 169, Fe — 83, Pb - 1.8 in
the presence of sulfur and silver compounds and pH
4.9 was at least 80%. After the concentrations of Cu?,
Zn** and Fe?* at the outlet of the adsorption column
exceeded about 10 mg/L, the possibility of regenera-
tion of zeolites, saturated with heavy metal cations,
by passing Na,CO; solution was proved in principle.
Zeolites 8-NBS and 6-VKS can be used for the treat-
ment of the process water of Almalyk mining and
metallurgical combine.

Conclusion

Preliminary alkaline fusion of crude clay minerals
with waste sodium aluminate suspension provided ef-
fective generation of active silicon and aluminum par-
ticles, allowed to increase the yield of zeolite structure
products and sharply (up to the complete absence) re-
duce the amount of useless impurities of quartz and
mullite. The tendency to form hydroxysodalite was
enhanced at excessive increase of alkalinity and dura-
tion of the hydrothermal stage.

Under water treatment process parameters com-
parable to commercial adsorption technologies, it is
possible to reduce the concentration of copper, zinc,
and iron to practically the level of MPCs in drinking
water. The zeolites synthesized from crude mineral
raw materials with high quartz content can be used in
process water treatment to reduce water consumption
by mining and metallurgical enterprises from exter-
nal sources.
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Abstract

Finely ground tailings from flotation processing of waste copper reverberatory smelting slags of the
Sredneuralsky Copper Smelter (“SUMZ technical sands”) was accumulated in significant amounts and may
pose a threat to the environment as a potential source of heavy metals. At the same time, the waste can be
considered as a promising source of useful components due to relatively high contents of zinc (3.3-3.9%)
and copper (0.4-0.5%). Development of technologies for recycling the “technical sands” is a promising task
of nonferrous metallurgy and requires their comprehensive study. The purpose of this research was to study
the material composition of magnetic fractions of the “SUMZ technical sands” and assess the prospects of
extraction of useful components (zinc and copper) from their flotation tailings using wet magnetic separation.
Chemical analyses of the obtained fractions were carried out at the Center for Collective Use “Geoanalitik”
of the Institute of Geology and Geochemistry, UB RAS by inductively coupled plasma mass spectrometry
method using an Elan-9000 quadrupole mass spectrometer. Phase analyses were carried out at the Ural-M
Collective Use Center of the Institute of Metallurgy, UB RAS by X-ray phase analysis using a Bruker D8
Advance diffractometer. The magnetic properties of the magnetic separation fractions were studied by
thermomagnetic analysis. After treating the tailings by wet magnetic separation, the yield of the magnetic
fraction (48 kA/m) was approximately 83%, that of the weakly magnetic fraction (200 kA/m) was 11%, and
that of the non-magnetic fraction, 6%. The data on the phase and chemical composition of the tailings
magnetic separation fractions were obtained. It was found that zinc and copper were distributed relatively
uniformly among the fractions with a slightly higher content of copper in the non-magnetic fraction and that
of zinc in the weakly magnetic fraction. The dependence of magnetic susceptibility of the “technical sands”
minerals on the presence of isomorphic impurities in them was confirmed. The joint evaluation of the data of
X-ray phase and thermomagnetic analyses showed that at practically identical X-ray diffraction patterns the
thermomagnetic curves in the range of 20-700°C demonstrate significant differences between the magnetic
separation fractions. All the obtained thermomagnetic curves are irreversible. At the used parameters of wet
magnetic separation, this method proved inefficient for the “technical sands” separation, and additional
research is required to find optimal methods of the tailings pretreatment and magnetic intensity modes. The
research findings contribute to the study of magnetic properties of copper-smelting slag processing tailings
and are of interest for the development of new flow schemes for their utilization and recycling.

Keywords

copper smelting production, mineral waste, copper smelting slag, flotation processing tailings, recycling,
magnetic separation, thermomagnetic analysis, magnetic fractions, magnetic properties, fayalite (Fe,SiO,),
forsterite (MgMn)SiO,), diopside (CaZn(Si,0O,)), magnetite (Fe;0,), sphalerite (ZnS), zincite (ZnO)
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OBOrAUWEHUE, NEPEPABOTKA MUHEPAJIbHOIO U TEXHOIMEHHOI'O CbIPbA

Hay4Hasa cTaTbs

BeliecTBeHHbIN COCTAaB MarHUTHbIX (ppaKLui XBOCTOB pnoTauum
MeenaBubHbIX LLJIAKOB

A.JI. Kotenpuukona' >, E.C. 3omoroBa 2 <
Hrcmumym zeonozuu u 2eoxumuu um. akademuxa A. H. 3asapuykozo YpO PAH, 2. EkamepuH6ype, Poccuiickas ®@edepayus
P4 zolotova@igg.uran.ru

AHHOTaUuA

ToHKOM3MeIbYeHHbIE OTXObI (DIIOTAIMOHHOI TepepaboTKY OTBATbHbIX MeIeIIaBU/IbHBIX IIAKOB OTpaXka-
TelbHOM iaBkyu CpegHeypanbCKOTO MeAeIIaBMIbHOTO 3aBofa («TexHunuyeckue rnecku CYM3») HaKOIJIEHBI
B 3HAUMTEbHbBIX 00bEMAX U MOTYT MPECTABISITh OMaCHOCTD JJIs1 OKPYsKaIolIeii cpebl KaK MOTEeHI[MaTbHbBI
MCTOYHMK TSDKEIbIX METAaIoB. B TO ke BpemMsi OHM MOTYT pacCMaTpPUBAThCS KaK MePCIeKTUBHBIN UCTOU-
HMK IT0Ie3HbIX KOMITOHEHTOB BCJIEACTBME OTHOCUTEIbHO BBICOKOTO cofepkaHus uHKa (3,3-3,9 %) u meau
(0,4-0,5%). PazpaboTKa TEXHOJOTHUIA 110 YTUIM3ALUY KTEXHUUECKUX TIECKOB» SIBJISIETCS TTePCIIEKTUBHOM 3a-
Jlaueii IIBETHOI MeTaJITypIUy M HeBO3MOXHA 6e3 MX BCECTOPOHHEero ucciaenoBanus. Llenpio Hammx uccie-
JIOBaHUI1 SIBJISITUCH U3yUeHMe BellleCTBeHHOTO COCTaBa MarHUTHBIX Gpakinit «TexHuueckux necko CYM3»
U OlLleHKA TMepCIeKTUB U3BJIeYeHMS TT0Ie3HbIX KOMIIOHEHTOB (LIMHKA U Mey) U3 XBOCTOB (IOTALIVU C UC-
MOb30BaHMEM MOKpPOJ MarHMTHOM cemapanyyu. XMMUUYeCKUii aHa/IU3 MOJIYYeHHBIX (QpaKi[uii BbITIOTHEH
B lleHTpe KOMIEKTUBHOTO TMOAb30BaHUS «['eoaHanuTuUK» MHCcTUTYTA reosorun u reoxumuu YpO PAH me-
TOAO0M MacC-CIIEKTPOMEeTPUM C MHAYKTUBHO CBSI3aHHOI IJIa3MOJi Ha KBaAPYIIOJIbHOM MaccC-CIIeKTpOMeTpe
Elan-9000. ®a30BbIit aHA/IM3 BHITIOJNIHEH B I[EHTPE KOJUIEKTUBHOTO MOIb30BaHusI «Ypan—M» HCTUTYTa Me-
rasryprunu YpO PAH MeTomom peHTreHogasoBoro aHanansa Ha audpakromerpe Bruker D8 Advance. Mar-
HUTHbIE CBOVCTBA (paKkiNit MAarHMTHO cemapaluy M3yuyeHbl METOLOM TepMOMArHMTHOTO aHaym3a. [Toce
00pabOTKM 0TXOMIa METOLOM MOKPOJT MarHMTHO cermapanyu BbIXOI MarHUTHOM Gpakinuy (48 KA/M) cocTa-
BWJI TIpubGAu3uTenbHo 83 %, crabomaruuTHOM (200 KA/M) — 11 %, HeMarHUTHOI — 6 %. TloydeHbl JaHHbIE
0 (a30BOM M XMMMUECKOM COCTaBe QpaKkiuii MarHUTHON cenmapauyuy orxoga. OTMeueHo, YTO UMHK U Meib
pacrpenensifoTcsl Mo GpakiusIM OTHOCUTEIHHO PaBHOMEPHO C HECKOIbKO TMOBBIIMIEHHBIM COLEepIKaHMeM
Meny B HEMarHUTHOJ, a I[MHKA — B JlaboMarHuTHOM (ppakuyu. [ToaTBepKIeHa 3aBUCUMOCTb MarHUTHOI
BOCIIPUUMUYMBOCTY MUHEPAJIOB «TEXHUUYECKMX MECKOB» OT HAJIMYMS B HUX M30MOPOHBIX mpumeceii. Co-
BMeCTHasl OlleHKa JaHHbIX peHTreH0(}a30BOro 1 TepMOMArHMTHOIO aHA/IN30B I10Ka3asa, UTo P MpaKkTu-
4yeCKU UJEHTUYHBIX pEHTTeHOrpaMMax TepMOMarHuTHbIe KpuBblie B MHTepBasie 20—-700°C 1eMOHCTpUPYIOT
CylecTBeHHbIe pa3nnuus Gpakuyuii MarHUTHON cemapauyu. Bce monmyyeHHbIe TEPMOMATHUTHbIE KPUBBIE
HeoOpaTuMmble. [Ipu MCTIOTb30BaHHBIX TTapaMeTpax MOKPO MarHUTHOM cemapauyy AJisi pa3ie/eHUsT «TeX-
HUYECKUX TTeCKOB» MTaHHBII MeToHd Mano3d(eKTUBEeH, HeOOXOAVMbI TOMOJTHUTEIbHbIE MCCIETOBAHMUS T10
MOMCKY ONTUMAaJIbHbBIX CIIOCO60B MTPEATIOATOTOBKM OTXOA0B U PEKMMOB HAIIPSIXKEHHOCTY MarHMTHOTO TOJIS.
Pe3ynbTaThl MCCIEOBaHUI BHOCST BK/IaJ, B M3yYeHNME MAarHUTHBIX CBOVICTB OTXOMOB IepepaboTKu meze-
TUTABMUJIbHBIX IIUIAKOB, MPEACTABJSIOT MHTEPEC AJIs1 pa3paboTKM HOBBIX CXeM UX YTUAU3ALMUU U TIOBTOPHOIA
repepaboOTKM.

KnioueBble cnoBa

Me/IeIIaBWJIbHOE MPOU3BOICTBO, MUHEPATbHbIE OTXO/IbI, Me/IETUIaBWIbHbBIE IIIAKM, XBOCTHI (JIOTAIIIOHHOI
repepaboTKM, yTWIK3auysl, MAaTHUTHAS cerapauysi, TEPMOMArHUTHBIN aHaIu3, MarHUTHbIe GPaKIUM, Mar-
HUTHBIe cBolicTBa, dasuut (Fe,Si0,), dopcreput (MgMn)SiO,), nmoncup (CaZn(Si,0q)), marnetut (Fe;0,),
chanepur (ZnS), uuHKUT (ZnO)
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Introduction

Mining and metallurgical wastes occupy vast ar-
eas around the world and cause significant environ-
mental damage [1-3]. Nonferrous metallurgy wastes
are particularly dangerous for the environment due to
high content of heavy metals [4-6].

At present time, flotation method is most often used
for slag processing at copper smelters [7-9]. As a result,
a concentrate of copper-containing components is ob-
tained and the processing tailings, “technical sands”,
which are a finely dispersed and mechanically activa-
ted materials, are produced. These tailings find limited
application in construction [10] and for reclamation of
disturbed territories [11, 12]; there are ongoing deve-
lopments in the application of copper-smelting slag
flotation tailings for industrial wastewater treatment
[13]. However, for the most part the tailings are buried
and, to date, have been accumulated in significant vo-
lumes in the areas where smelters operate. The “tech-
nical sands” can cause contamination of groundwater,
surface water, soil, and plants [14, 15].

Copper-smelting slag flotation tailings can be
considered as a potential source of useful compo-
nents [16, 17]. The development and implementation
of technologies involving processing and recycling
of technogenic waste is an extremely urgent task for
current industries, sustainable nature management,
and environmental conservation [18-20]. The solu-
tion of the problem of multipurpose utilization of
copper-smelting slag flotation tailings requires their
comprehensive study.

The Ural and Siberian regions are among the main
production centers of nonferrous metallurgy in Russia.
In 1994-1995, Sredneuralsky Copper Smelter (OJSC
SUMZ) and Kirovograd Copper Smelter began proces-
sing of waste cast slag as a source of copper-zinc con-
centrate. The material composition of the OJSC SUMZ
flotation tailings [21-23] accumulated in the amount
of more than 10 mln t, has been studied in detail. Ac-
cording to preliminary estimates, this amount may
contain about 340 kt of zinc, 43 kt of copper, 43 kt of
lead, as well as 3.5 miIn t of iron. The “technical sands”
of SUMZ contain up to 4% zinc and up to 0.5% copper.
Acid leaching method is applicable for their extraction.
Maximum recovery of zinc (up to 77 %) and copper
(up to 64 %) was achieved using sulfuric acid (in con-
centration of 300 g/dm?) [24]. For increasing zinc and
copper recovery it is necessary to take into account the
"technical sands" phase composition, their distribution
among mineral phases, as well as grinding fineness [25]
and magnetic properties of the waste.

The studies on the extraction of valuable compo-
nents from copper-smelting slags by magnetic separa-
tion are known in literature [25, 26]. It was established
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by the example of JSC Svyatogor converter cop-
per-smelting slag flotation tailings that the change in
magnetic field strength (1,200, 800,400 E) in wet mag-
netic separation, grinding size, and the method of slag
cooling practically does not affect the iron content in
the resulting iron concentrate [25]. Chinese scientists
proposed a combined process of direct reduction and
magnetic separation of copper-smelting slag flotation
tailings using limestone [26]. However, not enough at-
tention has been paid to the mineral composition of
the resulting magnetic fractions.

The purpose of our research was to study the ma-
terial composition of Sredneuralsky copper smelter
waste cast slag processing tailing magnetic fractions
and to assess the prospects for the extraction of useful
components (zinc and copper) from the flotation tai-
lings using wet magnetic separation. In this connec-
tion the following problems were solved: fractiona-
tion of SUMZ copper-smelting slag processing tailings
by wet magnetic separation; determination of che-
mical and phase composition of the obtained magne-
tic fractions; characterization of their magnetic pro-
perties using thermomagnetic analysis; evaluation of
the efficiency of the flotation tailings separation by
wet magnetic separation methods.

Research Subjects and Methods

Waste cast slag from reverberatory smelting at the
Sredneuralsky copper smelter is subjected to grinding
first at cone crushers to a fraction of 10 mm, then at
ball mills to 0.05 mm. The subsequent extraction of
copper concentrate is carried out by flotation. The li-
quid concentrate and tailings (“technical sands”) are
separately thickened in radial thickeners and filtered.
Vacuum filters were used to dewater the tailings.

«“SUMZ technical sands” is a finely dispersed
material of the following grain size: (-0.21 + 0.10)
mm, 1.1-4.1%; (0.1 + 0.05) mm, 21-30%; < 0.05 mm,
69-75%. Their chemical composition is as follows,
wt.%: FeO - 32.3; SiO, — 31; Fe, 0, — 14.29; Al,0, - 7.05;
Ca0 -4.53;Zn - 3.28; MgO - 1.64; S - 1.32; K,0 - 0.74;
Na20 - 0.64; As - 0.53; Cu - 0.44; Ba - 0.43; TiO, -
0.26; Pb-0.2; P,0, - 0.1; MnO - 0.09 [23].

The separation of the SUMZ copper-smelting slag
flotation tailings into magnetic fractions was per-
formed at the Department of Mineral Processing, Fa-
culty of Mining and Mechanical Engineering, Ural
State Mining University. For the separation of mag-
netic fractions the method of wet magnetic separa-
tion was used!, characterized by the continuity of

1 Svertkov A.A., Chekmenev A.N., Bratus S.V., Shark-
hov V.V. Patent No. RU 2013109184 A, Russian Federation, IPC
B03C1/00. Method of wet magnetic separation of magnetite
ores and devices for its implementation: appl. 2013109184/03,
28.02.2013: publ. 10.09.2014.
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the separation process, which was provided by crea-
tion (in the working chamber) of the magnetic field
with the intensity decreasing in the direction of pulp
movement.

The chemical and phase compositions of the ob-
tained fractions were determined at the Center for
Collective Use “Geoanalitik” of the Institute of Ge-
ology and Geochemistry, UB RAS by inductively cou-
pled plasma mass spectrometry (ICP-MS) using an
Elan-9000 quadrupole mass spectrometer (Perkin-
Elmer, Canada). The phase analyses were carried
out at the Ural-M Collective Use Center of the Insti-
tute of Metallurgy, UB RAS by X-ray phase analysis
using a Bruker D8 Advance diffractometer (Bruker
AXS GmbH, Germany).

The study of magnetic properties of the "tech-
nical sands" was carried out at the Institute of Geo-
physics, UB RAS. The thermomagnetic analysis me-
thod was used to determine the total magnetization
of the magnetic separation fractions. The scheme of
the installation is presented in the monograph [27].
The samples magnetic susceptibility was measured
using a commercially available KT-3 kappometer.

Research Findings and Discussion

The “SUMZ technical sands” are finely dis-
persed materials (particle size <0.05 mm) consisting
of a mixture of fayalite, pyroxene, iron-containing
glassy phase of acidic and basic compositions, mag-
netite, hematite, wustite, spinelides, sulfides, and in-
termetallics. Magnetite and sulfides are confined to
the glass phase. A characteristic feature of the “sands”
is the increased content of zinc (about 3.3-3.9%) and
copper (0.4-0.5%) at Zn/Cu ratio of 7.5. Zinc is pres-
ent in all the phases. Silicate zinc is contained in the
fayalite and the glass phase. Other heavy metals in-
cluding copper are predominantly concentrated in the
sulfides and intermetallics. According to the literature
data [25] primary copper minerals are represented by
chalcopyrite, cubanite, and cuprite, which are usually
accompanied by secondary copper minerals, covel-
lite and bornite. The total mass fraction of the cop-
per-bearing minerals is 1.5%. About 50% of iron is
contained in the fayalite. The bulk of alkali and alka-
line-earth elements, as well as aluminum and silicon,
are encapsulated in the glass phase [23].

Magnetic properties of the SUMZ copper-smel-
ting slag processing tailings are governed by the mag-
netic properties of its constituent minerals. Almost
all mineral phases of the “technical sands” are mag-
netics, capable of magnetizing in a magnetic field.
This is due to the fact that they usually include atoms
with their own magnetic moment due to the presence
of unpaired electrons, such as Fe?*, Fe3*.
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Therefore, the application of magnetic field
could not provide desirable separation of the “SUMZ
technical sands”. The yield of magnetic fraction was
83.27%, that of weakly magnetic fraction, 10.85%,
and that of non-magnetic fraction, 5.88% (Table 1).

In addition, the presence of glass (up to 30 wt.%
in the SUMZ slags) has a significant effect on the se-
paration of the copper-smelting slag flotation tai-
lings using wet magnetic separation. It was found for
copper-smelting slags of Karabashmed that crushing
in centrifugal-impact apparatuses (disintegration)
occurs with a low degree of selectivity due to their
glassy structure [28].

The cooling conditions of the copper-smelting
cast slag, which serves as a source material for the in-
vestigated “technical sands”, are markedly different
from natural ones. As a consequence, homogenized
mineral individuums represent a smaller part of the
volume. The predominant part of the waste is repre-
sented by to varying extent crystallized glass [23, 29].
In the clastic material of the “SUMZ technical sands”,
fine clastic glass representing fragments of for-
ming minerals at different stages of homogenization
of their composition quantitatively dominates. The
glass fills interstitials between olivine, magnetite,
and sulfide mineral individuums. The glass composi-
tion (according to microanalyzer data) is as follows:
30-50% silica, 7 to 20% alumina, up to 10% alkaline
metals, 1.5-10% zinc, up to 1% copper, and up to 30%
iron oxides [30]. The presence of complex cryptocrys-
talline structures, solid solution decomposition struc-
tures, the structures of elements substitution in the
crystalline lattice of minerals in the form of hems on
the periphery of grains reduces the degree of the slag
disintegration selectivity when crushed.

The chemical analysis of the obtained magne-
tic fractions of the “SUMZ technical sands” (Table 2)
showed that zinc and copper are distributed relatively
evenly among the fractions. Some increase of cop-
per content in the non-magnetic fraction and that
of zinc content in the weakly magnetic fraction was
found.

Table 1
Results of separation of copper-smelting slag flotation
tailings by wet magnetic separation

Fraction sht/{‘zingi}llf{::/lg Wezght, Yield, %
Magnetic 48 119.52 83.27
Weakly magnetic 200 15.57 10.85
Non-magnetic - 8.44 5.88
Total - 143.53 100.00
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According to the historical studies, zinc-bearing
magnetite phase is observed in copper-smelting slag
processing tailings [21, 23]. This fact can be regard-
ed as one of the manifestations of incomplete homo-
genization of the mineral. It can be assumed that the
increase of zinc content in the weakly magnetic frac-
tion is connected with this fact. The presence of zinc
was also determined in wustite, which is inferior in
quantity to magnetite in the “technical sands”, but
also contains a certain amount of zinc.

Copper remains predominant in the non-magne-
tic fraction, most likely due to the presence of emul-
sion impregnation of matte [23] and copper-bearing
minerals in the glass [25].

The mineral basis of the “technical sands” are sil-
icates (about 84%) represented by olivines, pyroxenes,
and glass phase. The secondary phases are oxides of
iron and nonferrous metals (about 14%), sulfides
(about 2%) (Table 3). Intermetallics are present in
small amounts.

The indicated mineral phases (see Table 3) have
the corresponding crystal lattices. However, it should
be noted that most of the minerals of the “technical
sands” have not yet reached full homogenization. The
peculiarity of the majority of the mineral fragments in
the clastic material of the tailings is noticeable devia-
tions from stoichiometric compositions.

According to the data of X-ray phase analysis the
olivines in the “SUMZ technical sands” have predom-
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inantly fayalite composition (Fe, (,, Ca, 4, Z10, ;)(Sij g5,
Aly,,)0,. The studies of the magnetic properties of
olivines [31, 32] have shown that at low tempera-
tures antiferromagnetic ordering occurs in them,
with the magnetic cell coinciding with the crystal-
lographic one.

Pyroxenes in the “SUMZ technical sands” are
ferrosilicates of the following composition: (Fe, Mg,
Ca, Zn), ,Si, ,O, ,with Al impurities. It was noted ear-
lier that augite (Ca, Fe, Mg)[SiO], individuums are
sometimes found in waste slags [33]. Trivalent iron
and copper cations are often found in the crystal lat-
tice of pyroxenes.

The main segregations of magnetite, sulfides,
nonferrous metal oxides and intermetallics are
concentrated in the glassy phase of the “technical
sands”. The grains of these minerals are well boun-
ded, of various sizes, including nanocrystalline
ones. Magnetite also forms complex intergrowths
with fayalite. Pure magnetite in flotation tailings is
rare; its composition can be represented by the fol-
lowing structural formula: (Fe,g, Al s, Si;;, Zn,;)0,.
It often includes copper, while Cr, Ti, Cd, Sn cati-
ons are occasionally found. Magnetite is a typical
ferromagnet [34]. Magnetite crystals and grains are
themselves natural permanent magnets, having the
strength and polarity of a true magnet. But the pre-
sence of isomorphic impurities in magnetite compo-
sition will reduce the magnetic susceptibility.

Data of chemical analysis of magnetic fractions of copper-smelting slag flotation tailings, wt. % fable?
Fraction Sio, Al,0, MnO CaO MgO P,0, Cu Zn Pb As Fe,,
Initial “sands” 32.4 2.9 0.04 4.39 0.98 0.05 0.18 1.17 0.06 0.07 35.5
Magnetic 32.4 3.1 0.04 4.54 1.01 0.05 0.19 1.20 0.07 0.07 37.8
Weakly magnetic 35.2 3.3 0.04 5.15 1.28 0.06 0.15 1.36 0.07 0.06 34.8
Non-magnetic 37.2 3.9 0.05 5.01 1.71 0.07 0.24 1.20 0.07 0.05 33.1
Table 3

Mineral composition of magnetic fractions of copper-smelting slag flotation tailings according to X-ray phase
analysis, wt.%

Mineral Initial “Ssglr\l/[dzs ’Eechnical e Weal;ll.z cltr}?flnetic Norfl;:lt;:;\i%lllletic
Fayalite Fe,SiO, 48.2 51.3 64.6 64.5
Forsterite (MgMn)SiO, 154 10.0 9.0 10.0
Diopside CaZn(Si,0y) 20.4 19.9 19.3 19.6
Magnetite Fe,0, 13.7 15.7 4.1 1.4
Sphalerite ZnS 1.8 1.8 1.9 1.3
Zincite ZnO 0.5 1.3 1.1 3.2
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Wustite (Fey,, Alyg,, Sigq, Zny,,)0 and hematite
(Fe, Al, Si, ,),05, sometimes with admixtures of Zn and
Sn, were found in the “SUMZ technical sands”. They
are antiferromagnetic minerals whose magnetic sus-
ceptibility is small but positive [35]. When a magnetic
field is applied, isomorphic impurities will have a sig-
nificant effect on the magnetic susceptibility of these
minerals.

Pyrrhotite-like sulfides in the “technical
sands” have the following compositions (Pb, Fe,
Cu, Zn, Siy, Snyy,)S, FeS-Cu,S, (Pb, Fe, Cu), S,
(Pb, Fe, Sij 4, Cay,g),,S. Pure pyrrhotite is a ferro-
magnetic [36]. Just like magnetite, it has its own
magnetic moment and is capable of creating a mag-
netic field around it.

Diamagnetics in the “SUMZ technical sands” are
represented by copper metal, antimony-bearing in-
termetallics, sulfides (chalcosine and sphalerite), cu-
prite and zincite, anhydrite of (Ca,,Ca, Na, Al, Mg)
SO,, composition, aluminum and silicon hydroxides.

96% of magnetite, more than 80% of silicate
and sulfide phases belong to the magnetic fraction
(Table 4). Such distribution of the substances can be
connected with thin impregnation of magnetic mi-
nerals in the glass phase and the formation of inter-
growths with silicates, as well as with the change in
the magnetic structure of mineral phases, arising in
the presence of isomorphic impurities in the crystal
structure of minerals when magnetic field is applied.

Isomorphous impurities (in the crystal lattice
of the “technical sands” silicates) of cations posses-
sing their own magnetic moment due to the pres-
ence of unpaired electrons, for example, Fe?", Mn?*,
Fe®, Mn%, Mn*, Ni*, Cu?, as well as magnetite and
pyrrhotite inclusions lead to the appearance of are-
as of increased magnetization inside silicate grains
and thin aggregates of silicate minerals and glass,
preserved after crushing of the copper-smelting slag.
Therefore, more than 80% of the silicates are con-
centrated in the magnetic fraction.
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The concentration of diamagnetics in the mag-
netic fraction (see Table 4) can be explained both by
electrostatic capture of small grains of diamagnetic
minerals and the presence of dusty particles of mag-
netite and/or pyrrhotite dispersed in them.

The distribution of magnetite in the magne-
tic fractions depends on its chemical composition, as
well as on the degree of disintegration (disclosing)
intergrowths with fayalite and glass phase. The more
impurities in the crystal lattice of magnetite, the
lower the magnetic susceptibility. Magnetite was de-
tected even in the non-magnetic fraction.

According to the XRD data, copper is predomi-
nantly concentrated in the pyrrhotite-like sulfides.
The distribution of zinc by mineral phases is as fol-
lows: 15-20% of the total zinc content belong to
magnetite, 30-35% to silicates (olivine), 20-25% to
zincite, and up to 20% to sphalerite.

The joint evaluation of the data of X-ray phase
and thermomagnetic analyses of the copper-smelting
cast slag flotation tailings showed that at practically
identical X-ray diffraction patterns thermomagnetic
curves in the range of 20-700°C demonstrate sig-
nificant differences of the magnetic separation frac-
tions (Fig. 1).

All the obtained thermomagnetic curves are ir-
reversible. The magnetic properties of the “sands”
magnetic separation fractions are determined by the
presence of magnetite and pyrrhotite-like sulfides.

The magnetic fraction reaches Curie tempera-
tures between 470 and 520°C upon heating, indica-
ting the presence of an isomorphous series of ferro-
magnetic minerals.

When the weakly magnetic fraction is heated,
an increase in magnetic susceptibility after cooling
by about 20% is observed (Curie temperature ran-
ges 420 to 570°C). Two inflections are noticeable on
the cooling curve; one probably corresponds to the
magnetite formed during cooling, the other corre-
sponds to the admixture of initial ferromagnetic

Table 4

Distribution of minerals in magnetic fractions of copper-smelting slag flotation tailings taking
into account weight yield of fractions, wt. %

Mineral Magnetic fraction Weakly magnetic fraction Non-magnetic fraction
Fayalite Fe,SiO, 79.81 13.09 7.09
Forsterite (MgMn)SiO, 84.17 9.87 5.94
Diopside CaZn(Si,0y) 83.63 10.57 5.82
Magnetite Fe;O, 96.13 3.27 0.61
Sphalerite ZnS 84.04 11.56 4.29
Zincite ZnO 77.69 8.56 13.50
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minerals with the same Curie temperature as that of
the strongly magnetic fraction.

When heating the non-magnetic fraction, the
Curie temperature was 550°C, which indicates some
presence of ferromagnetic minerals, while cooling re-
sulted in the formation of magnetite, due to which the
magnetic susceptibility increased about 3 times.

The precursors of magnetite formed during coo-
ling of weakly magnetic and non-magnetic fractions
are probably iron hydroxides and isomorphously
substituted ferromagnetic minerals: magnetite and
pyrrhotite.

The thermograms analysis showed that the
magnetic separation fractions contain quite a large
amount of impurities that significantly reduce their
magnetic susceptibility and, correspondingly, mag-
netic strength. Therefore, a more complete separa-
tion of the “technical sands” requires an increase in
magnetic field strength, possibly rather considerable,
using superconducting magnetic systems [37].
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Thus, the copper-smelting slag flotation tailing
phase composition, mineral magnetic properties and
structural features determine the low efficiency of the
“technical sands” separation by generally accepted
methods of wet magnetic separation. For their suc-
cessful separation, the material preparation is neces-
sary prior to magnetic separation.

As is known, the existing flowsheets of iron ore
beneficiation based on magnetic separation and de-
veloped on the principle of staged separation of waste
tailings with obtaining finished concentrate, only in
the last operation are applicable and efficient for rich
ores. In the beneficiation of finely impregnated lean
ores, there are problems associated with reducing the
coarseness of the material fed to magnetic separa-
tion. The maximum complete disclosing (releasing) of
minerals is achieved only when grinding to the size of
the extracted mineral grains that entails an increase
in both energy costs and overgrinding of the ore com-
ponents, including already disclosed minerals [38].
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Fig. 1. Thermomagnetograms: a — magnetic fraction of “SUMZ technical sands” (measurement limit of 10 mV); b — weakly
magnetic fraction (measurement limit of 3 mV); ¢ — non-magnetic fraction (measurement limit of 0.3 mV);
d - natural magnetite from Abakan deposit (measurement limit of 10 mV)
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Ultrafine grinding of minerals [25] using ball
and bead mills leads to the destruction of crystal in-
tegrity and defect formation with the appearance of
X-ray- amorphous layers, as well as increasing their
hydration and solubility. It was found that sulfide
minerals undergo such structural and chemical
changes as sulfatization and amorphization under
mechanical impacts [39].

In the process of magnetite grinding to
0.04-0.02 mm its primary domain structure is bro-
ken that first of all causes the growth of coercive
force of the particles. This contributes to increased
flocculation and entrapment of significant amounts
of non-metallic particles into the floccules that
reduces the efficiency of separation of magnetite
and non-metallic minerals. At the same time, the
specific magnetic susceptibility of magnetic parti-
cles finer than 0.02 mm sharply decreases that con-
tributes to the loss of overground magnetite with
tailings. It was also revealed that during mechan-
ical processing (crushing, grinding) the defectivi-
ty of magnetite structure increases, which leads to
magnetite transformation towards magnetite-mar-
tite-hematite [40].

The processes of slurry and defect formation re-
duce the separation selectivity. To reduce the ne-
gative effects of these processes, the introduction
of surfactants into the grinding process was pro-
posed [39].

The disadvantages of mechanical disclosure can
be avoided by applying a high-voltage pulse me-
thod of disclosure of solids, including glass [41], which
demonstrates high selectivity and efficiency, as well
as allows the process regulating and automating.

The separation selectivity can be also improved
by using a spiral separator, which makes it possible
to remove grains of iron-bearing minerals of different
densities from inter-cycle operations as they are dis-
closed to avoid overgrinding [42].

Conclusion

For the first time for the Sredneuralsky cop-
per smelter copper-smelting slag flotation tailings
(“SUMZ technical sands”) the material composi-
tion of magnetic fractions was studied and ther-
momagnetic curves were obtained. The “technical
sands” have pronounced magnetic properties, as
they contain ferromagnetic minerals and isomor-
phic impurities — cations with their own magnetic
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moment in the crystal lattices of minerals. Magne-
tite is concentrated in the magnetic fraction (about
97 %). The increase of copper and zinc contents in
the non-magnetic fraction is probably due to non-
stoichiometry of olivine, as well as the presence of
microinclusions.

The joint evaluation of the data of X-ray phase
and thermomagnetic analyses showed that at practi-
cally identical X-ray diffraction patterns the thermo-
magnetic curves in the range of 20-700°C demon-
strate significant differences of the fractions of the
copper-smelting slag flotation tailings magnetic
separation. All the obtained thermomagnetic curves
are irreversible. Therefore, a more complete separa-
tion of the “technical sands” requires an increase in
the magnetic field strength. We believe that the use
of thermomagnetic analysis to assess the magnetic
susceptibility of the fractions will be useful for qua-
lity control of the produced concentrates at all stag-
es of the separation.

Phase composition, magnetic properties of mi-
nerals of the “technical sands” and their structural
features: the presence of cryptocrystalline struc-
tures, complex mineral intergrowths, solid solution
decomposition structures, the structures of elements
substitution in the mineral crystals in the form of
hems on the periphery of grains — all of this redu-
ces the efficiency of the “technical sands” separation
by conventional methods of wet magnetic separa-
tion. For their successful separation an additional
research to find optimal methods of the tailings pre-
treatment and modes of magnetic field strength is
required.

The “technical sands” pretreatment should in-
clude up-to-date methods of disintegration and
separation of hard-dressable finely impregnated
lean ores, such as ultrafine grinding using high-vol-
tage pulses, spiral separation with withdrawal of
iron-bearing minerals of different densities (as they
are disclosed) from inter-cycle operations to avoid
overgrinding, use of surfactants to reduce slurry and
defect formation. For magnetic separation, the ap-
plication of high-gradient wet magnetic separation
with superconducting magnetic system would be
promising.

The research findings contribute to the study
of magnetic properties of copper-smelting slag pro-
cessing tailings and are of interest for the develop-
ment of new flow schemes for their utilization and
recycling.
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Abstract

During the operation of hydraulic excavators, the technical condition of pumps deteriorates due to wear,
leading to increased internal clearances, fluid leakage, a reduction in volumetric efficiency, and higher energy
losses, ultimately resulting in excessive fuel consumption. The objective of this study was to determine the
optimal service life of pumps, taking into account the growing fuel overconsumption during operation. The
following tasks were addressed: developing a mathematical model for pump ownership costs, incorporating
progressive fuel overconsumption; designing an algorithm and conducting computer simulations using
Simulink-Matlab; and assessing the increase in fuel consumption. The study examines the impact of the
technical condition of the main hydraulic pumps on fuel overconsumption using the Komatsu PC2000-8
hydraulic excavator as a case study. Based on the proposed pump operation cost model, which accounts
for the increase in fuel consumption over time, dependencies between fuel overconsumption and pump
wear were established. Computer modeling was performed in Simulink-Matlab and Excel based on the
developed calculation methodology and software algorithm. Relationships between the excavator’s fuel
overconsumption and the technical condition of the pumps were identified. A mathematical model for pump
ownership costs is presented, taking into account the progressive fuel overconsumption during operation,
along with the resulting equation for determining the optimal service life of pumps to minimize total costs,
including pump acquisition and fuel expenses. This expression considers the technical condition of the
main pumps, their rate of deterioration, fuel costs, and pump replacement costs. A fuel overconsumption
indicator was introduced, defined as the ratio of the difference between actual fuel consumption per
1 m? of excavated material and fuel consumption at nominal efficiency of the main pumps (nominal fuel
consumption) to the nominal fuel consumption. The application of this criterion, in conjunction with the
proposed equation for determining the optimal pump service life, allows for a data-driven selection of the
critical wear threshold for the main pumps, reducing total ownership and fuel costs by up to 17%, depending
on economic and mining-engineering conditions.

Keywords
mining machinery, hydraulic mining excavator, pump technical condition, hydraulics, pump, condition,
operation, modeling, leakage, efficiency, wear, costs, algorithm, consumption, overconsumption, optimal
service life
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FOPHbIE MALWLWHDbI, TPAHCINOPT U MALLMHOCTPOEHUE

HaydyHaqa cTaTba

BnusHue TeXHUYECKOro COCTOsiHUS rmaBHbIX HAaCOCOB
ruapaB/int4ecKoro 3KCKasatTopa Ha pacxoa Tonimea

M.TI. PaxyTun! , B.X. Yau?(, A.E. KpuBeHKo! X, K.K. 3aHr3
! Yuueepcumem Hayku u mexvonozuti MMCHC, 2. Mockea, Poccuiickas @edepayus
2 TocyoapcmeeHHblli mexHuueckuii yHusepcumem um. Jle Kyii [ToHa, 2. XaHoti, BemHam
5 Yuusepcumem TxaHb JloHe, 2. Xati3vloHe, Bvemuam
DA Krivenko.ae@misis.ru

AHHOTaUuA

B mpoiiecce skcIutyaTaluy TMAPABINYECKUX IKCKABATOPOB BCJIENCTBME M3HOCA M3MEHSIETCS TeXHUUYecKoe
COCTOSTHVME HACOCOB. YBEJIMUMBAIOTCS 3a30PbI, IEPETOK KUIKOCTH, CHIDKaeTcst 06beMHbIi KIT, Bo3pacTamoT
TIOTEPU SHEPTUM, UTO MPUBOIUT K TIEPEPACXOIY TOIUINBA. L]e/Ibi0 pabOThI SIBJISJIOCH OIpeieieHI e PaliyIOHAITb-
HOTO CpOKa 3KCIUTyaTaluy HACOCOB C YYETOM Iepepacxojia TOIUIMBA, KOTOPhI BO3pAcTaeT B MPOIeCcce IKC-
rryaTauuy. PeneHbl 3ajaun: co3gaHmne MaTeMaTMUeCKO MOJeny 3aTpaT Ha BilaJeHye HaCcOCOM C YYeTOM
repepacxofia TOIUIMBA, BO3PAaCTAIONIET0 B IIPOIlecce IKCILTyaTaluy, pa3paboTka aJiropuTMa M KOMITbIOTEP-
HOTO MopenMpoBaHus B mporpamme Simulink-Matlab, orienka yBenmueHus: pacxofa TOIUIMBA. B crathe Ha
npuMepe ruapaBandeckoro skckaBatopa Komatsu PC2000-8 mokazaHO BAMsSIHME TEXHUUECKOTO COCTOSIHUSI
ITIaBHBIX HACOCOB I'MIPaBIMYECKOTO HKCKaBaTOPa Ha Mepepacxop ToruimBa. Ha ocHOBe mpepjiaraeMoii Mmogenn
3aTpar Ha IKCIUTyaTalMio Hacoca C yueTOM ITOBBIIIeHMS pacXo/ia TOTUIMBA B ITPoIlecce SKCILTyaTalluy Moxyde-
HbI 3aBUCUMOCTH ITIepepacxofia TOTUIMBA OT TEXHUYECKOTO COCTOSTHUS HacocoB. [To pa3paboTaHHbIM METOIUKE
pacueTa ¥ ITporpaMMHOMY aJITOPUTMY BbITIOTHEHO KOMITbIOTEpHOE MOZeMpoBaHKe B mporpammax Simulink-
Matlab u Excel. [TosyueHbI 3aBUCMMOCTY TIEPEPaCXo/ia TOTUIMBA TUAPABIMUYECKOTO SKCKaBATOPa OT TeXHUYE-
CKOTO COCTOSTHMSI HAacocoB. [IpecTaBiieHbl MaTeMaTnyeckast MOJe/lb 3aTpaT Ha BaZieHMe HACOCOM C YIeTOM
Mepepacxofa TOIUINBA, BO3PACTaloIIero B Mpollecce SKCILTyaTaluy, 1 MoTyueHHOe Ha ee OCHOBE BbIpakeHue
II7IST OTIpeNieIeHNsT PalMOHATIbHOTO CPOKa KCIUTyaTal[MM HACOCOB JIJISI MMHMMM3AIMM 3aTpaT Ha IpuobpeTe-
HlMe HaCOCOB ¥ TOIUIMBA, YUUThIBaIOLee TeXHUUeCKOe COCTOSTHYE ITITaBHbIX HACOCOB, CKOPOCTb €ro M3MeHeHMsl,
CTOMMOCTb TOIUIMBA U 3aMeHbl Hacoca. [IpenoskeH Moka3aTesb, XapaKTepU3YIoluii epepacxor TOIIMBa,
ompe[ensieMblii OTHOLIEHMEM PAa3HUIBI MeXAY (HakTMIecKMM pacxofoM TOILIMBA Ha 1 M3 3KCKaBUPyeMOii
TOPHOJ MacChl ¥ PaCXO/IOM TOIUIMBA MTPM HOMMHAMbHBIX 3HaueHMsxX KIIJI 0CHOBHbBIX HACOCOB (HOMMHA/IbHBIM
pacxofoM) K HOMMHAIBHOMY Pacxofy. Vcronb30BaHme IpejijiaraeMoro KpUTepust COBMECTHO C BbIPaskeHMeM
IJIS1 OTIpeie/ieHNsl palyOHaIbHOTO CPOKA SKCIUTyaTalMy HacOCOB MO3BOIUT OG0CHOBAHHO BbhIOMpATh 3HaUe-
HMe TMpefebHOTO COCTOSIHMSI OCHOBHBIX HACOCOB M YMEHBIIUTh CYMMapHbIe 3aTpaThl Ha BjiaJleHMe HaCOCOM
¥ Ha pacxop, TOrmBa 10 17 % B 3aBUCUMOCTY OT 9KOHOMMYECKIUX U TOPHOTeXHUYeCKUX (HhakTOpOB IKCILTyaTa-
LMY C YYETOM IKOHOMUYECKUX Y TOPHOTEXHUYECKUX (DAKTOPOB IKCILTyaTaLVN.

KnioueBble cnoea

TOpHbI€ MAllIMHBbI, KapbeprIﬁ I‘I/I,HpaBJ'II/I‘JECKI/Iﬁ JKCKaBaTOp, TEXHUYECKOE COCTOsSIHME HaCOCOB, I'MapaBJIMKa,
HacCoC, COCTOSIHME, 3KCIUTyaTauys, MojenpoBanue, yredku, KI1/I, usHoc, 3aTpaTsl, aiTOPUTM, pacxon, Iepe-
pacxon, paLlI/IOHaJIbeII?'I CpOK
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Introduction

Leakage of the working fluid in the discarge
mechanism of positive displacement pumps in the
hydraulic drive of mining excavators is inherent in
the design phase and, on average, accounts for 5% of
the operating flow rate at working pressure. A lower
leakage volume results in deteriorated lubrication
and cooling conditions for the components of the dis-
charge mechanism, leading to overheating and even-
tual pump failure. The leakage volume is directly de-

68

pendent on the clearance size in the pump discharge
mechanism [1-3]. As the components wear, the clea-
rances in the discharge mechanism increase, leading
to higher leakage of the working fluid, a decrease in
pump efficiency, and an increase in fuel consump-
tion. The aim of the study was to determine the op-
timal service life of pumps, taking into account the
excess fuel consumption that increases during op-
eration. The impact of increasing leakage on the
productivity of a mining excavator can be assessed
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through the volumetric efficiency of the hydraulic
machine. As established in previous studies, the ef-
fect of pump wear on energy consumption occurs
in two stages: 1. The power reserve of the drive ful-
ly compensates for the energy losses caused by in-
creasing internal leakage in the pump. At this stage,
the machine's productivity remains unchanged, but
the specific energy consumption per cubic meter of
mined material increases; 2. The power reserve of
the drive is insufficient to compensate for the ener-
gy losses due to volumetric leakage in the pump, re-
sulting in a decrease in machine productivity, while
the specific energy consumption per cubic meter of
mined material continues to rise. During operation,
including in axial piston pumps of hydraulic exca-
vators, component wear increases internal clearan-
ces, allowing fluid to leak through them. This leads to
energy losses and increased (excess) fuel consump-
tion. Replacing pumps based on the increase in excess
fuel consumption can help reduce total fuel costs and
ownership costs over the pump's operational lifetime.
Establishing an optimal service interval for the pump
will enable timely replacement planning and better
forecasting of future expenses [4-6]. Determining the
relationship between “excess” fuel consumption and
the technical condition of the pump (leakage volume)
will allow for defining the most optimal volumetric
efficiency range, considering minimal productivity
losses, excess fuel consumption, and ownership costs.

Methods

In a hydraulic excavator, all primary and auxiliary
operations are performed using a hydraulic drive. The
primary operations, which include digging, swing-
ing to dump, bucket unloading, and swinging back
to the face!, are carried out using variable-displace-
ment axial piston pumps, commonly referred to in
technical literature? [7-9] as main or primary pumps.
Wear of the converting and displacing mechanisms
in high-pressure hydraulic pumps leads to increased
clearances and distortion of the geometry of compo-
nents operating in sliding or rolling contacts. As clea-
rances increase, hydraulic fluid leakage rises, causing
a decrease in the pump's volumetric efficiency and an
increase in energy consumption for performing useful
work, as confirmed by previous studies [10-12]. Ulti-

! GOST R 55165-2012. Mining equipment. Open-pit
single-bucket excavators with a bucket capacity exceeding 4 m>.
General technical requirements and test methods.

? Zang K.K. Substantiation and selection of hydraulic
system cooler parameters for a mining hydraulic excavator
operating in the Socialist Republic of Vietnam. [Author’s
abstract of the dissertation for the degree of Cand. Sci. (Eng.)].
Moscow: MISIS; 2021. 21 p.
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mately, this process results in excess fuel consump-
tion of the internal combustion engine. Replacing
the pump resolves the issue of fuel overconsumption
but entails additional costs. To achieve the objective
of determining the optimal service life of pumps, the
following tasks were formulated: developing a mathe-
matical model for pump ownership costs, accounting
for fuel overconsumption that increases over time,
designing an algorithm and conducting computer
modeling in Simulink-Matlab, evaluating the increase
in fuel consumption over the pump’s service life.

The study examined the impact of the technical
condition of HPV375 axial piston pumps on the fuel
consumption of the Komatsu PC2000-8 mining hy-
draulic excavator. Within the scope of the research, it
was assumed that energy losses in the friction pairs
of the excavator's mechanisms remain constant and
were therefore not considered in the calculations.

The main pumps of the excavator’s hydraulic sys-
tem supply hydraulic fluid to the hydraulic motors of
the working equipment and the swing mechanism.
Depending on the phase of the excavator’s work cy-
cle, some hydraulic motors may remain idle or, con-
versely, operate under maximum load. The load on
the excavator’s mechanisms determines the working
pressure in the hydraulic system, and, in turn, the
magnitude of internal leakage and friction forces in
the pump's discharge mechanism changes propor-
tionally to pressure variations. Thus, to accurately as-
sess energy losses in the main hydraulic pumps, it is
necessary to consider the properties of the excavated
rock mass, the temperature of the hydraulic fluid, the
level of fluid leakage, as well as the velocities and ac-
celerations of moving components [13, 14].

Leakage through the clearances of the axial pis-
ton pump mechanisms depends on several factors,
the most significant being the pressure difference
between the inlet and outlet of the clearance and
the flow resistance of the clearance, which is deter-
mined by its shape and cross-sectional area. Under
otherwise identical conditions, leakage increases with
rising pressure differential. This occurs during the
displacement of hydraulic fluid from the pump’s wor-
king chamber. During the filling phase of the working
chamber, leakage is nearly absent.

Leakage in the working chambers of the
HPV375+375 pump’s discharge mechanism can be
represented as four main components: fluid bypass
in the annular clearance between the plunger and the
working chamber wall Q,, leakage in the spherical
joint connecting the plunger base to the slipper pad,
leakage through the flat clearance between the slipper
pad and the swashplate, leakage at the contact surface
between the cylinder block and the valve plate Q,,.


https://mst.misis.ru/

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2025;10(1):67-74

R

These leakages are not only unavoidable by design
but also essential, as the hydraulic fluid lubricates
component surfaces subjected to forces generated by
working pressure, thereby reducing wear.

When calculating fluid bypass through the clea-
rance between the plunger and the working chamber
wall, it is essential to consider that due to lateral forc-
es arising during the transmission of torque from the
drive shaft to the plunger group, the plunger assumes
an eccentric position in the working chamber, despite
tight tolerances and high manufacturing precision.
The fluid flow rate in the eccentric annular clearance
is determined by the following equation [15, 16]:

d I (p, - d h
o =TGPl | g g0y TGY g
& 1201 2

where d, - pump plunger diameter, m; h, — average
clearance between the plunger and the working cham-
ber wall, m; p,, p, — working pressure of the pump and
casing pressure, respectively, Pa; u — dynamic vis-
cosity of the working fluid, Pa-s; » = e/h, - elative
eccentricity of the plunger in the working chamber;
e — plunger eccentricity relative to the cylinder walls,
m; v — plunger velocity, m/s; | - length of the plunger
section inside the cylinder at a given moment, m:

[=1,+R(1-cosmt)tgy, (2)

where [, — average length of the plunger section in-
side the cylinder, m; R - radius of the working cham-
ber axes, m; o — angular velocity of the cylinder block,
rad/s; y - tilt angle of the swashplate, degrees.

The axial velocity of an individual piston relative
to the cylinder is determined by:

v =mRtgysinwt. (3)

Leakage of the working fluid through the clear-
ance between the piston and the slipper is calculated
using the following expression [17]:

tgh, |}’
tgh,

(P, —Dy)
where h,,, - clearance between the piston and the slip-
per, m; p,, p, — pressure in the slipper chamber and in
the pump casing chamber, respectively, Pa; B, B, — de-
sign angles of the piston and slipper, rad.

Leakage calculations for other components of the
axial piston pump follow a similar approach.

The current GOST 13823-78 standard speci-
fies failure criteria only for fixed-displacement axial
piston pumps and does not establish limits for va-
riable-displacement pumps with a control system
powered by the main flow. However, according to
existing engineering practices, there comes a point

o nhsp

<D,

4

p =
SH(tgz B, —tg’ B, +2In
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when further operation of a variable-displacement
axial piston pump becomes impractical, including due
to excessive fuel consumption. For mining hydrau-
lic excavators, the failure threshold of variable main
pumps should be determined considering both mi-
ning-technical and economic operating conditions [18].

Results and discussion

A comprehensive mathematical model, incor-
porating the listed leakage formulas for the critical
components of the fluid discharge mechanism in
axial piston pumps of the hydraulic system in a min-
ing excavator, was developed in Simulink-Matlab.
In recent years, Simulink-Matlab, along with other
popular CAD and CAE systems, has been widely and
successfully used for digital prototyping of equip-
ment operating processes in the mining industry [19].
Additionally, the model included constraints and con-
ditions that directly and indirectly affect the leakage
volume of the working fluid in the clearances. These
include: pump working chamber cycle parameters,
design parameters of the discharge mechanism, time
and load parameters of the mining hydraulic excava-
tor’s duty cycle, temperature of the hydraulic fluid.

As part of the numerical experiment, the volu-
mes of hydraulic fluid leakage were determined for
high-pressure pumps in the hydraulic system of a mi-
ning hydraulic excavator, considering different levels
of discharge mechanism wear: from a new pump (clea-
rances h, =h,=h, =h=5pm)toapump in operation
for several years (clearances h, = h,, = h, = h, =20 um).

he fuel overconsumption values correspon-
ding to pump leakage losses are presented in Table 1.
The graphs showing the dependence of fuel over-
consumption on hydraulic fluid temperature for four
levels of discharge mechanism wear (Fig. 1) indicate
that as clearances increase, fuel overconsumption
rises exponentially. For example, at a hydraulic fluid
temperature of 70°C increasing the clearance size in
the discharge mechanism of an axial piston pump by
a factor of 2, 3, and 4 results in fuel overconsumption
due to hydraulic fluid leakage increasing by factors of
8,27, and 64, respectively. This relationship can be ex-
pressed by the function x = y.

The fuel overconsumption during working ope-
rations, depending on the clearance between the pis-
ton and the cylinder block at different hydraulic fluid
temperatures, is shown in Fig. 2.

The impact of hydraulic fluid temperature on
power losses in a hydraulic excavator was analyzed
in [20]. However, that study did not consider the effect
of pump technical condition on power losses.

It should be noted that a power loss of 1 kWh re-
sults in an excess fuel consumption of 207-218 g.
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Table 1

Fuel overconsumption during primary duty cycle operations depending on the clearance
between the piston and cylinder block

Fuel overconsumption, L/h x1073
templt;ll};ture, Digging Swing to dump : Bucket unloading Swing to face

oC Clearance size, pym

5 10 15 20 5 10 15 20 5 10 15 20 5 10 15 20
20 46 98 226 | 448 24 28 36 52 28 34 50 78 18 18 22 30
40 82 208 | 510 | 1.036| 36 44 66 102 42 58 94 156 26 30 38 54
60 138 | 406 |1.040|2.146| 48 66 110 | 186 60 90 164 | 294 34 42 60 92
80 224 | 720 |1.896|3.946 | 64 98 178 | 316 | 80 | 138 | 274 | 510 | 44 58 92 152
100 342 | 1.178 | 3.156 | 6.604 | 82 138 | 272 | 506 | 104 | 200 | 428 | 826 | 56 80 | 136 | 234

AG,L/h

0 10 20 30 40 50
HF temperature t, °C

—1

-2

60 70 80 90 100 110

—3 -4

Fig. 1. Power losses at different clearance widths: 1 — 5 ym; 2 - 10 um; 3 — 15 ym; 4 — 20 ym

In Chan V. H.’s study®, a mathematical model was
developed to calculate the ownership cost of the main
hydraulic excavator pump and the expenses associa-
ted with excess fuel consumption:

v v: T2
V=2Z+Z —"Z+—’;T— +£, (5)
flm,2 m, 3| T

where Z, - pump operating costs, RUB/h; Z, - fuel
costs at the initial moment of operation, RUB/h C -
pump replacement cost, RUB; n, — volumetric effi-
ciency of the pump at the initial moment of opera-
tion; v, — rate of volumetric efficiency degradation,
%/h; T - service life, h.

Based on the proposed model, an expression was
derived to determine the replacement interval:

2n,C
T =, /v—Z (6)
n 8

5 Chan V. H. Optimization of pump replacement intervals
for mining hydraulic excavators operating in Vietnam. [Author’s
abstract of the dissertation for the degree of Cand. Sci. (Eng.)].
Tver; 2024. 21 p.

/1

Using the calculated replacement interval will
help minimize pump acquisition costs and fuel con-
sumption throughout the pump’s operational life un-
til replacement.

From the equation, it is evident that the replace-
ment interval increases proportionally to the square
root of the pump replacement cost and decreases with
lower fuel costs and higher volumetric efficiency deg-
radation rates during operation.

Furthermore, the equation indicates that the fixed
operating costs of the pump do not affect the optimal
replacement interval (Fig. 3).

To evaluate fuel overconsumption, the study pro-
poses the K, indicator, which characterizes excess fuel
consumption and is determined by the ratio of the dif-
ference between the actual fuel consumption per cubic
meter of excavated material G;and the fuel consump-
tion at the initial volumetric efficiency G, to the fuel
consumption at the initial volumetric efficiency:

% G, -G,
ef G °

n
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Fig. 2. Fuel overconsumption during working operations:
a - digging; b - swing to dump; ¢ — bucket unloading; d — swing to face

< <
~ ~~
. =
C) ~
< ~

: : : : : : 100 = : ' : : :

0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3

Pump replacement interval T, hx10* Pump replacement interval T, hx10*
—1 —2 —3 ——4 —e—5 —=—6

Fig. 3. Impact of the replacement interval for main pumps:
a - on fuel overconsumption; b — on fuel costs and pump replacement costs:
1-v,=0.5-10%%/h;2-v,=1-10%%/h;3-v,=1.5-10%%/h;4-v,=1-10"%/h, C,, = 800 000 RUB,
D=35RUB/L; 5-v,=1-10%%/h, C,,= 800 000 RUB, D = 70 RUB/L; 6 - v,=1-10°%/h, C,,= 1 600 000 RUB, D = 35 RUB/L
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The K, value is zero when the nominal and actual
fuel consumption are equal, i.e., at the initial moment
of operation. If the actual fuel consumption becomes
twice the nominal value (which is not permissible in
operation), the coefficient reaches one.

Using the proposed fuel efficiency coefficient and
the derived equation for pump replacement inter-
vals will enable data-driven decisions regarding the
definition of critical pump conditions and optimal
replacement timing. This approach can reduce total
pump ownership and fuel costs by up to 17%, depen-
ding on the economic and mining-technical operating
conditions.

Conclusion
1. Using the developed algorithm and computer
modeling in Simulink-Matlab, a relationship was es-
tablished between fuel overconsumption, hydraulic
fluid viscosity, and clearance size in the HPV375 axial
piston pump of the Komatsu PC2000-8 excavator.
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2. A mathematical model was developed for pump
ownership costs, accounting for increasing fuel over-
consumption over the pump’s service life. Based on
this model, an expression was derived to determine
the optimal pump service life, aimed at minimizing
pump acquisition and fuel costs, while considering
the technical condition of the main pumps, its degra-
dation rate, fuel price, and pump replacement costs.

3. Anew indicator was proposed to characterize fuel
overconsumption, defined as the ratio of the difference
between actual fuel consumption per 1 m® of excavated
material and the fuel consumption at the initial pump
efficiency to the fuel consumption at initial efficiency.

4. Implementing the proposed fuel overconsump-
tion indicator and the equation for pump replacement
intervals will allow for more accurate planning of re-
placement timing and future expenditures. Additio-
nally, this approach can reduce total pump ownership
and fuel costs by up to 17%, depending on economic
and mining-technical operating factors.
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Abstract

The mechanical transmissions of the hoist and drag winches, as well as the crowd mechanisms of mining
shovels, operate under highly variable and shock cyclic loads. These severe operating conditions impose
stringent quality requirements on both the manufacturing and assembly of such transmissions. The lifecycle
management process for these gearboxes includes running-in and acceptance testing at the manufacturing
plant, followed by diagnostics and condition monitoring during field operation. Test benches designed for
these purposes must closely replicate the operating conditions experienced by the transmission in actual
service. The developed test bench is designed to perform running-in (initial wear-in of mating surfaces)
and quality control testing of hoist and crowd winch gearboxes installed in electric mining shovels of
the following models: EKG-8US, EKG-10, EKG-12K, EKG-15M, EKG-18, EKG-20KM, and EKG-32R. These
operations are carried out as part of the standard acceptance testing procedure. The test bench is equipped
with DC excavator motors rated at 350 kW (drive motors) and 560 kW (loading motor). The hoist winch
gearbox from the EKG-15M shovel serves as the torque multiplier. Two intermediate shafts are connected via
an intermediate coupling, with the loading motor driving one of these shafts. Motor control is implemented
using standard DC transistor converters with PWM control, identical to those used in mining shovels
equipped with DC main drives. The running-in and testing processes are carried out using the mutual loading
method, which enhances energy efficiency by allowing regenerative energy to be reused within the system.
The test bench software is based on the Pulsar-7 information and diagnostics system, which supports the
following operational modes: 1. Interactive manual control, enabling the operator to verify the functionality
and calibration of test bench components. 2. Automatic control of the running-in and testing processes,
where pre-programmed sequences from a built-in library generate the required control commands for each
specific test type. Available test modes include: unloaded running-in, running-in under constant load,
running-in under variable load and rotational speed, excavation cycle simulation. 3. Automated test report
generation, including the ability to view and print previously generated reports. 4. Software configuration and
auxiliary functions, including an embedded help system. A mathematical model of the mechatronic system
was developed and used to simulate the running-in process of the EKG-15M crowd gearbox in Simulink.
The developed test bench system has been successfully implemented at Joint Power Co., Ltd. (Moscow) and
1Z-KARTEX named after P.G. Korobkov.
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AHHOTauunA

MexaHnyeckue TiepeJauy MOgbeMHBIX U TATOBBIX JIeOeJ0K, a TAKKe MeXaHM3Mbl Harlopa KapbepHbIX IKCKABa-
TOPOB HAXOMSTCS IOJ, AeiCTBMEM HAaMOOMBIINX 3HAKOIIEPEMEHHBIX YIAPHBIX HArPy30K. [I09TOMY K KauecTBy
M3TOTOBJIEHUS MeXaHMYEeCKUX Teperay IMpeIbsiBISIOTCS TOBbIIIeHHbIe TpeboBaHuMs. IIpoliecc yrpaBieHUs
KM3HEHHBIM IIMKIOM PEIYKTOPOB BKIIOYAET OOKATKY VM UCIIBITAHMS HOBOTO M3LEINSI Ha MPEeNNpUsITUY, Aua-
THOCTMKY U KOHTPOJIb B Ipo1iecce aKcIutyatauyy. CTeHIbI IS STUX LieJiel JOIKHbI 06eCTieunBaTh MaKCUMalb-
HO€ COOTBETCTBME PEXMMA MCITBITAHUI YCIOBUSIM SKCIUTyaTallMy MeXaHMYecKoii mepegaun. Pa3spaboTaHHbIi
CTeH[I, ITpeIHa3HaYEeH /J11 06KATKY (MIPUPABOTKM COMPSDKEHHbBIX COENMHEHMI) M KOHTPOJISI KaueCTBa U3TOTOB-
JieHust U cCOOPKY pPeayKTOPOB Jiebe0K TToAbeMa M Haropa 3MeKTPUIeCcKNX KapbepHbIX 3KckaBaTopoB JDKI-8yc,
9KT-10, 9KI-12K, 3KT-15M, DKTI-18, OKT-20KM, OKT-32P B yC/I0BMSIX TPMEMO-CIATOUHbIX UCITBITAHNIA. B cTEH-
Jle TIPMMEHEHBI IBUTATE/IM SKCKaBATOPHBIE MIOCTOSIHHOTO TOKA MOIIHOCTHIO 350 KBT (MpMBOAHBIE MAIIIMHBI) U
MOIIIHOCTBI0 560 KBT (Harpyskaloliiasi MaliiHa). B kauecTBe My/JIbTUILUIMKATOPA MCIIOTb30BaH PEIyKTOP JIeOeaIKu
nogbema sKkckaBaropa JKI-15M. [IBa MpoMeXyTOYHBIX Basla 00beIMHeHbI TPOMEeXYTOYHOI BCTaBKoit. Harpy-
KaIOIINIi IBUTATeNb COEIMHEH C OGHMUM BajioM. [I7151 yIipaBiaeHMs ABUraTeIsIMU UCII0/Ib30BaHbl TUTIOBBIE TPaH-
3MCTOpPHBIE TTPe06pa3oBaTeNy MOCTOSTHHOTO TOKA € IIMPOTHO-UMITYIbCHBIM PEryIMpPOBaHMEM, IPUMEHSIeMbIe
Ha 9KCKaBaTOPax C IVIABHBIMM IIPUBOAAMMU TIOCTOSTHHOTO TOKa. OO6KATKA M UCTIBITAHMSI PETYKTOPOB ITPOBOJISITCS
MEeTOJOM B3aMMHOJi Harpy3Ku. IIporpaMmMHoe o6ecrieueHye UCTIBITATETbHOTO CTEHA PEATM30BaHO HA OCHOBE
MH(POPMALMOHHO-AVMATHOCTUYECKOI cucTeMbl [Tymbcap-7. IIpy 9TOM 06€CcTIeunBarOTCsl CIEAYIONINE PEKMMBI
pa6ortsi: 1. IHTepakTMBHOE yIIpaBJieHyie KOMIIOHEHTaMY CTEHA B PYUHOM PeXXMMe. B 3TOM peskume orepaTop
MOXXeT MPOBepATh PYHKIIMOHMPOBAHME KOMIIOHEHTOB CT€H/IA, BBITIOMHSThH UX HACTPOIKY. 2. ABTOMaTHUUYecKoe
yIpaBJieHNe MPOIecCOM OOKATKM MCIbITaHMit. TlogmporpaMmsbl M3 UMeIOIIeiicss 6ubIMoTeK 06eCcTIeunBaioT
dbopmupoBaHme TpeGyeMbIX B COOTBETCTBUM C BUIOM MUCITBITAHMS MTOC/IE€A0BATENIbHOCTEN YITPABIISIOMIMUX KO-
Mau/. [IpegycMOTpeHbl peXXMMbI 0OKATKY O3 Harpy3Ku, C MOCTOSTHHOM HAarpy3Koii, TepeMeHHbIMU Harpy3Koii
U YITIOBOJ CKOPOCTBIO, BOCIIPOM3BENEHNS LKA SKCKaBaluu. B mponecce UCIBITaHUSI TPOU3BOAUTCS aBTO-
MaTUyeckoe CO3[aHue IIPOTOKOJIA 110 UCIBITYyeMOMY M3Jenuto. 3. @opMupoBaHue MPOTOKOIOB UCIIBLITaHUS.
OrmepaTop MOKeT MTPOCMAaTPUBATh M BBIBOANUTH HA TIeUaTh J00bie paHee choOpMMPOBaHHbBIE TPOTOKOIBI. 4. Ha-
CTpOJiKa MporpaMMbl 1 BCIioMoraTenbHble QyHKIMM, B TOM UMCIe CipaBovHas nozgcucreMma. Ha ocHoBe co-
CTaBIE€HHOTO MaTeMaTMUYeCKOTrO OMMCAHNSI MeXaTPOHHBIX CUCTEM BBHITIOIHEHO MCCIelOBaHMe POLIECCOB MPU
obkaTke penykropa Haropa JKI-15Mc nomorpio Simulink. Paspa6oTanHsiii creHy peannsoBad B 000 Kom-
nanus «O6bequuenHas dHeprusi» u BHeapeH B 000 «M3-KAPTIKC umenu IL.T. KopobkoBar.
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Introduction

The mechanical transmissions of mining shovels
and other mining machinery are critical components
that significantly affect the reliability and operational
efficiency of these machines [1, 2]. The hoist and drag
winch gearboxes, as well as the crowd mechanisms, are
subjected to highly variable cyclic shock loads during
operation. These loads accelerate wear and reduce the
service life of gearboxes. Consequently, stringent man-

/6

ufacturing quality requirements are applied to their
transmission components [3]. The lifecycle manage-
ment of such gearboxes includes running-in and ac-
ceptance testing at the manufacturer’s site, followed
by diagnostics and condition monitoring during field
operation [4, 5]. The integration of digital twin techno-
logy offers promising prospects, enabling the creation
of digital gearbox models and their verification during
running-in and acceptance testing [6].
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The running-in process serves several purposes,
including initial wear-in of mating surfaces, detection
of assembly defects, and adjustment of components
and assemblies, all of which contribute to extending
the service life of the gearboxes [7, 8]. Running-in plays
a key role in ensuring stable performance of mecha-
nical systems, acting as a transitional process that in-
volves complex interactions between friction, lubri-
cation, surface roughness, plastic deformation, and
wear [9, 10]. During this process, key tribological pa-
rameters (such as surface roughness, surface texture,
friction coefficient, and wear rate) evolve until they
stabilize under steady-state conditions [11, 12]. The
final tribological state achieved during running-in
largely determines the long-term performance charac-
teristics of the gearbox [13]. The running-in process
is developed individually for each gearbox type, invol-
ving a stepwise sequence of modes, from no-load oper-
ation to operation under nominal load, covering vari-
ous speeds and rotational directions [14, 15]. The dura-
tion of running-in and testing depends on the specific
design and operating conditions of the gearbox.

Test benches designed for running-in and testing
must be capable of simulating all required test modes,
automating test execution and data processing, and
minimizing energy consumption [14, 15]. Test ben-
ches must closely replicate the actual operating con-
ditions of the mechanical transmission during tes-
ting. Currently, the mutual loading method using
electric machines is the most widely used approach
for gearbox testing, where the shafts are connected
via a gearbox and a torque multiplier multiplier [16].
This method uses identical drive motors and mecha-
nical transmissions (gearbox and multiplier). For
manufacturers producing a variety of gearbox de-
signs, the ability to test units with different gear ra-
tios is particularly important !.

This paper examines the design and implemen-
tation of an automated system for the running-in and
testing of hoist and crowd winch gearboxes for mining
shovels, developed by Joint Power Co., Ltd. (Moscow).

Objective and tasks

The objective of this study is to analyze, design, and
model test bench equipment for the running-in and
testing of mechanical transmissions used in the main
drives of electric mining shovels.

Key tasks:

1) to develop of functional diagrams for test
benches for the running-in of hoist and crowd winch
gearboxes in mining shovels, ensuring that the

1 Malafeev S.I. Russian Patent No. 2779712. IPC GO1R31/34.
Test Bench for DC Electric Machines and Mechanical Transmis-
sions. Published on September 12, 2022. Bulletin No. 26.
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benches are effective for testing mechanical trans-
missions of different excavator models with various
gear ratios;

2)to develop and analyze the mathematical
models describing the mechatronic systems of test
benches for the running-in of gearboxes in both sin-
gle-motor and dual-motor drives, using the mutual
loading method,;

3) to study the mechatronic system models of the
test benches using MATLAB-Simulink;

4) to implement the mechatronic system for the
test bench at IZ-KARTEX named after P.G. Korobkov.

1. Functional diagram of the system

The functional diagram of the mechatronic sys-
tem for the running-in of dual-motor hoist drive
gearboxes is shown in Fig. 1. The mechatronic system
is powered by the 0.4 kV plant power supply network
through the circuit breaker QF, power transformer T,
and diode rectifier R. A capacitor C is installed in the
DC link. The tested gearbox is driven by two DC mo-
tors — M1 and M2. The low-speed shaft of the gear-
box G is connected to the shaft of the loading mo-
tor M3 via a torque multiplier MP. The motors M1,
M2, and M3 are controlled by regulating the voltage
applied to their armature windings using transistor
bridge converters — TC1, TC2, and TC3, respectively.
The field windings of the motors are connected in se-
ries and powered by the output of the transistor con-
verter TCO. A transistor switch TS and ballast resistor
R are used to dissipate excess energy in the DC link
in case of emergency. The torque on the motor shafts
is measured using torque couplings MM1 and MM2.
The testing process is controlled by a dedicated op-
erator PC, with all test programs and results stored
on a server.

The test bench uses power equipment and an in-
formation and control system originally developed
for mining shovels equipped with DC main drives and
transistor power converters [17].

The running-in and testing of the gearboxes is
carried out using the mutual loading method. The
power inputs of the transistor converters TC1, TC2,
and TC3 are connected in parallel to the DC link. The
field windings of the electric machines are supplied
by the output of TCO, which operates in current sta-
bilization mode. Motors M1 and M2 operate in motor
mode, controlled by a dual-loop control system, con-
sisting of an inner current loop and an outer voltage
loop [17, 18]. To stabilize the angular speed, positive
feedback from the armature current is used. In this
configuration, one motor acts as the master, while the
other follows as the slave. Motor M3 operates in ge-
nerator mode, maintaining constant armature current.
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The power take-off points from the DC link for all
drives are unified, meaning that the power drawn from
the network equals the losses in the electric machines
and the transistor converters. For the running-in and
testing of crowd winch gearboxes, only a single drive
motor is used - for example, M1.

The test bench configuration shown in Fig. 1 al-
lows for the running-in and testing of gearboxes with
different gear ratios using a single stationary torque
multiplier.

2. Analysis of the test bench mechatronic system

The structural diagram of the mechatronic system
for the test bench is shown in Fig. 2. The designations
used in the diagram are as follows: TC1, TC2, TC3 -
transistor converters for motor control; ACS1, ACS2,
ACS3 - armature current sensors of the DC motors;
CR1, CR2, CR3 - current regulators; VR - voltage reg-
ulator; CL - current limiter unit; IS1, IS2 - intensity
setpoints; H,(s), H,(s), Hs(s) — transfer functions of
the transistor converters controlling DC motors M1,
M2, M3, respectively; H,,.(s), H,,,(S), H,,(s) — trans-
fer functions of the current regulators; H,(s) — transfer
function of the voltage regulator in the speed control
system; k., — gain of the corrective positive current
feedback; H(s) - transfer function of the filter in the
voltage control loop; r, r,, r; — armature winding re-
sistances of the DC motors; L,, L,, L, — armature wind-
ing inductances of the DC motors; c,, ¢,, ¢; — motor
constants of the DC motors; k;;, k;,, ki; — gains of the
current sensors DT1, DT2, DT3, respectively; k, — gain
of the voltage sensor; J, — equivalent moment of iner-
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tia of the rotating masses referred to the drive motor
shaft; J, - equivalent moment of inertia referred to
the loading motor shaft; k,,, and k,,, — transmission ra-
tios of the gearbox and the torque multiplier, respec-
tively; c,, — stiffness of the mechanical connection;
k,,, k,, — viscous friction coefficients simulating losses
in the mechanical transmissions; U,, U,, U; — armature
voltages of the electric machines; i, i,, i; — armature
currents of the electric machines; Q, and Q, — angu-
lar speeds of the drive motors and the loading ma-
chine, respectively; ¢, and ¢, — rotation angles of the
gearbox output shaft and the torque multiplier input
shaft; T, and T, — electromagnetic torques of the first
and second drive motors; T — torque at the gearbox
output shaft; u — speed setpoint voltage for the drive
motors; u, — load torque setpoint voltage (armature
current setpoint for the loading motor). For the tran-
sistor converters, the following applies: H,(s) = k,,
H(s) = k., H(s) = k., where k_, k., k. are the gains
of the corresponding converters. The control system
uses a proportional voltage regulator with a gain of k,,
i.e., H(s) = k,, and a first-order low-pass filter

H.(s) i
S =
f ks +

where k. T, are the filter gain and time constant, re-
spectively. Proportional-integral controllers are used
as current regulators.

In the dual-motor drive, identical electric ma-
chines are used, so H,,(s) ~ H,(s); H,,(s) = H,(S); 1, = I;
L, = Ly; ¢, = ¢;; k,, = k ,. For crowd gearbox testing, only
one drive motor is used (see Fig. 3).

17

Operator Server
0.4 kV QF zz T PC
|E
TCO TC1 TC2 TC3 TS
a N J [ control N ]
o N I onro I =
1 i 1 unit 1 i
G FW2 TC2 FW3
R
FW1 g X C
TC1 |:|
M3
M1 M2 X MP

Fig. 1. Functional diagram of the mechatronic system for running-in hoist gearboxes: QF - circuit breaker; T1 — power
transformer; R - rectifier; TCO, TC1, ..., TC3 - transistor bridge converters; TS — transistor switch; C — DC link capacitor;
BR - ballast resistor; M1 — loading DC motor; M2, M3 — drive DC motors; FW1, ..., FW3 - field windings of motors M1, M2,
M3, respectively; MP — torque multiplier; G — tested gearbox; TC1, TC2 - torque measuring couplings
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The power drawn from the supply network under
steady-state running-in conditions equals the total
power losses in the powertrain components. For the
system shown in Fig. 2, the total power drawn from
the supply can be expressed as:

3
P.=AP, +AP, +P. + ) AP, +
i=1
4 3
+Y AP +AP + AP, + > Py,
P i1

where AP, — transformer losses; AP, — rectifier losses;
P_—losses in the DC link capacitor;

3
Z AP,; -
i=1
total losses in the electric machines;

4
ZAPtci -
i=1

total losses in the transistor converters; AP, — gearbox
losses; AP, , — torque multiplier losses;
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3
-

active power consumed by the field windings of the
electric machines.

The losses in each component can be approxi-
mately determined using their efficiency values under
the corresponding operating modes.

3. Mechatronic system modeling

The system model was studied using Simulink
during the running-in process of the EKG-15M crowd
winch gearbox. The simulation was performed for
a system equipped with DC motors M1 (DPE350D-2)
and M3 (DPE560D-2). The gear ratio of the crowd
gearbox is 92.59, and the transmission ratio of the
torque multiplier is 31.359.

Figs. 4 and 5 show the results of the simulation for
the running-in process of the EKG-15M crowd gear-
box (with a gear ratio of 92.59). Fig. 4 presents oscillo-
grams of system processes at different angular speeds

CR1 CL VR
chrl(s) < (i;)s /) < Hv(s) ISl € Uss
Hi(s
Vs +(5)
k, ACS1| ky
TC1 kcur
1 M,
=i Hcl(s) SL1+r1 v S
U, L
(o]
CR2
chrZ(S) @
ACS2| ks -k P,
TC2 M, ¢
U, N L 2 N 1. M
C —_— Zml c
H,,(s) SL, 1, e 2 TS S 4)®_> 12
9
kml
ka
TC3 U ka
3 .
1 13 C L ka
| ch(S) —SL3+r3 T 3 ]ZS T P2
kv2 Q
ks |ACS3 2
c3 1
CR3 -
chrS(s) < (Eé )€ ISZ K— Ucs

Fig. 2. Structural diagram of the mechatronic system for running-in the hoist winch gearbox
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and load torques. During the time interval from 0 to
40 seconds, the drive accelerates to an angular speed
of 20 rad/s, with a load torque of 1.6 kN-m applied to
the low-speed shaft. At 40 seconds, the angular speed
increases to 30 rad/s, while the load torque at the out-
put shaft remains 1.6 kN-m. At 80 seconds, the angu-
lar speed of the drive motor increases to 50 rad/s. At
120 seconds, the load torque increases to 9 kKN'm, and at
160 seconds, the load torque further rises to 16.5 kN-m.
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Fig. 5 shows oscillograms of the mechatron-
ic system’s processes during harmonic variation of
the drive motor’s angular speed, with a period of
62.8 seconds. Throughout the process, the loading
machine maintains a constant torque, with its arma-
ture current set at 100 A. During the first half of the
cycle, the load torque acts as a braking force. In the
second half, it aligns with the torque produced by the
drive motor.

H(s)
CR1 CL VR —
chrz(s) 4 K— HV(S) F®H IS1 € U
VS | k, Ker
ACS1| k, — ki | q
TCl U, M, i~ : 1 M
1 1 k
C -— Zml C
= H,(s) ST ! 1 %@9 Ts : 4)(%)% 12
G
kml
ka
TC3 K
Us I3 k
1 C L Zm2
Hs($) sLs +15 I_) ’ Jos s 2
ks |ACS3 | ki Q,
Cs I
CR3 -
chrz(s) % IS2 € U

Fig. 3. Structural diagram of the mechatronic system for running-in the crowd winch gearbox
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—Q,rad/s —Q,rad/s —MkN-m —i,A —i,A

Fig 4. Oscillograms recorded during
the running-in of the crowd winch gearbox at different
angular speeds and load torques

300
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-100+
-200 r . : ; .
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Fig. 5. Oscillograms recorded during
the running-in of the crowd winch gearbox
under harmonic variation of the drive motor’s angular
speed and constant load torque
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4. Practical implementation of the test bench

The developed test bench is designed for the
running-in process (initial wear-in of mating sur-
faces) and quality control testing of hoist and crowd
winch gearboxes used in electric mining shovels of
the following models: EKG-8US, EKG-10, EKG-12K,
EKG-15M, EKG-18, EKG-20KM, and EKG-32R. These
operations are performed as part of the acceptance
testing procedure. An external view of the test bench
is shown in Fig. 6.

The test bench is equipped with DC excava-
tor motors, including two 350 kW drive motors and
one 560 kW loading motor. The hoist winch gearbox
from the EKG-15M excavator serves as the torque
multiplier, with a gear ratio of 31.359. The system
includes two intermediate shafts, which are linked
by an intermediate coupling, and the loading motor
is connected to one of these shafts. Motor control is
handled by standard DC transistor converters with
pulse-width modulation (PWM) — the same type
of converters used in mining shovels with DC main
drives [17]. Drive motor speed range: 0 to 1000 rpm.
Load torque range at the loading motor output shaft:
0 to 7.5 kN-m.

The test bench software is based on the Pulsar-7
information and diagnostics system [17], supporting
the following operating modes:

Interactive manual control of test bench com-
ponents. In manual mode, the operator can check the
functionality of the bench components and perform
calibration. The software automatically detects the

Fig. 6. Test bench installed in the workshop
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status of the circuit breakers (indicating whether they
have tripped) and verifies the readiness of the power
converters and monitoring instruments.

Automatic control of the running-in and
testing process. Pre-programmed sequences from
the built-in test library generate the required con-
trol commands for each specific test type. The soft-
ware supports various modes, including no-load run-
ning-in, running-in under constant load, running-in
with variable load and angular speed, and excavation
cycle simulation [18]. The operator selects the de-
sired mode via the computer interface. The current
values of key monitored parameters — including the
rotational speeds of the motors and gearbox shafts,
torque, and motor currents — are displayed on the
monitor in real time. During testing, the system au-
tomatically generates a test report for the tested unit,
with data recorded to the hard disk in real time. The
software also supports synchronized operation with
external instruments used to monitor vibration le-
vels, bearing temperatures, and kinematic deviations
in gear meshing, among other parameters.

Test report generation. The operator can view
and print any previously generated test reports.
Each report includes: a text section listing the mea-
surement results required by the test methodology
for each specified mode; a graphical section, where
the operator can select parameters to display their
time-dependent trends recorded during the test.

Software configuration and auxiliary functions,
including an integrated help system.
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Conclusions and recommendations

1. The voltage stabilization algorithms under
consideration rely on an analytical solution to the
problem of power flow determination in the electri-
cal system. Running-in and testing of mining sho-
vel transmissions improve manufacturing quality and
ensure that product characteristics meet the required
specifications. Gearbox running-in enables the initial
wear-in of mating surfaces, identifies assembly and
installation defects, and allows for the adjustment
of assembly units and components. The running-in
mode is developed individually for each gearbox type.
The process is carried out in several stages, ranging
from no-load operation to operation under nominal
load, at various speeds and directions of rotation.

2. The developed equipment package ensures the
implementation of all required test modes, automa-
tion of both testing processes and data processing,
while also minimizing energy consumption. The test
bench equipment allows for the running-in and tes-
ting of gearboxes with various gear ratios using a sin-
gle setup: for hoist winch gearboxes, gear ratios range
from 25.43 (EKG-10) to 82.56 (EKG-32); for crowd
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winch gearboxes, gear ratios range from 60 (EKG-10)
to 90.6 (EKG-20K). Drive motor speed control range:
0 to 1000 rpm. Load torque control range at the out-
put shaft of the loading motor: 0 to 7.5 kN-m. Test
bench power supply voltage: 380 V; frequency: 50 Hz.
Three-phase supply with grounded neutral. Power
consumption: 400 kW.

3. The mutual loading method used for the run-
ning-in and testing process ensures efficient use of
electrical energy by utilizing regenerated energy.

4. The test bench incorporates power equipment
and the Pulsar-7 information and control system, both
originally developed for mining shovels equipped
with DC main drives and transistor power converters.
The system supports both manual control of indivi-
dual components and fully automated management
of the running-in and testing processes.

5. The successful deployment and operation of
the test bench at I1Z-KARTEX named after P.G. Ko-
robkov confirms its high technical performance. The
electrical equipment and software are recommended
for use in organizing transmission testing for heavy
mining machinery of various types.
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Assessment of energy efficiency improvement strategies for ventilation
and hoisting systems during the reconstruction of the Molibden mine
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Abstract

The economic efficiency of high-performance mining enterprises largely depends on the parameters and
operating modes of energy-intensive equipment. Ventilation fans and hoisting machines are traditionally
considered among the most energy-intensive equipment. This study focuses on analyzing the operation
of the main ventilation fans and hoisting equipment at the Molibden mine and on developing measures to
ensure optimal operating conditions aimed at improving energy efficiency and reducing operating costs.
The paper presents methods for evaluating the efficiency of mine ventilation systems, including analytical
approaches applied in system design and performance assessment. The study draws on operational data
from the Molibden mine. The analysis revealed that the ventilation fans were operating inefficiently, with
excessive specific energy consumption. Consequently, the replacement of electric motors is proposed to
reduce energy use and operational expenditures. Calculations indicate that the expected economic benefit
from replacing the ventilation fan motors at the Molibden mine amounts to 4.9 million rubles per year. Based
on an analysis of the hoisting equipment characteristics, a required motor power assessment was performed.
The study demonstrates that the use of modern multi-rope hoisting systems with balanced designs is essential
for improving operational efficiency. Measures to optimize equipment utilization are proposed, which would
reduce the specific energy consumption associated with ore extraction. An analysis of eight years of data
revealed an inverse correlation between ore output and specific energy use: a 10-15% increase in productivity
results in a 2-5% reduction in specific energy consumption. Avoiding periods of low equipment utilization and
implementing automated control systems can significantly enhance overall system efficiency. The findings
of this study may be applicable to mining enterprises operating under similar conditions, particularly those
engaged in deep-level mining.

Keywords

mine, energy efficiency, ventilation fans, mine ventilation systems, hoisting machines, electric motor, ore
extraction, specific energy consumption, economic benefit
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SHEPIETUKA, ABTOMATU3ALNA N QHEPTO3PDEKTUBHOCTD

Hay4Hasa cTaTbs

O60cHOBaHMe peLueHU Mo NOBbILLIEHUI0 9HEProagPeKTUBHOCTH
BEHTWIATOPHbIX YCTAaHOBOK U MOADBEMHbIX MaLUUH
B YC/IOBMSAIX PEKOHCTPYKLUM pyAHUKa «MonnbéaeH»
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AHHOTauus

JKOHOMMYECKast SQJd)eKTI/IBHOCTb BbICOKOIIPOM3BOAUTE/IbHBIX 'OPHBIX Hpe,[Ll'[pIAﬂT]/If;I BO MHOI'OM oOIIpeness-
€TCs IMapaMeTpaMi U peXXnmMaMmn pa6OTbI SHEepProeMKmnx MalluH. Tpa,tl]/[LU/IOHHO BEHTWISITOPHbIE YCTAHOBKNU
" IIoAbeMHbI€ MalliMHbI CUUTAOTCA OOHMMU M3 CaMbIX S9HEPIrOEMKUX. I/ICCIIe,ELOBaH]/IH HalipaBJ/IEHbI HA aHAJIN3
PaboThl BEHTU/ISITOPHBIX YCTAaHOBOK IJIABHOTO IMMPOBETPUBAHMUS U MOIBEMHBIX YCTAHOBOK PYOHMKA, a TAKKe
Ha pa3p360TKy MepOHpI/IHTI/Iﬁ 110 06ecreueHnIo pPallMOHAJIbHBIX PEXXMMOB X pa6OTbI C IIeJIbXO ITOBBIIIEeHUI
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9Hepro3dHeKTUBHOCTY U CHIDKEHMS SKCIUTyaTallMOHHBIX 3aTpaT. B paboTe omycaHbl MeTObI pacyeTa CUCTeM
[IPOBETPUBAHMS, BKJIIOUYAs aHAIUTUYECKYe, KOTOPbIe MCIIONb3YIOTCS [J1s1 IPOEKTUPOBAHMS M aHaIMU3a PeXu-
MOB paboThI CUCTEM ITPOBETPUBAHMUS. B MccaenoBaHMM UCIIOMb30BaHbI JAHHBIE O PEKMMAaX paboThl CUCTEM
pynHuKa «MonmbaeH». BbIsIBIEHO, YTO BEHTU/ISITOPHbBIE YCTAHOBKM Pab0TaI0T He3(h(dHEKTUBHO, C 3aBbIIIEHHBIM
YIOEIbHBIM PacX00M 37€KTPO3HePruu. B CBSI3Y ¢ 3TUM NpenioskeHbl MEPOIIPUSITUS 110 3aMeHe 3JeKTPOABU-
raTeJsieit, YTO MO3BOJUT CHU3UTh SHEPrONOTPebIeHNe U IKCILTyaTallIOHHbIE 3aTPaThl. PacueTsl TOKa3bIBAIOT,
YTO 3KOHOMMYECKMiT 3 (eKT OT 3aMeHbI ABUTATENel BEHTWISTOPHONM YCTAHOBKY Ha pynHuKe «MonmbneH»
coctaBuT 4,9 MitH py6. B roz. Ha ocHOBe aHa/iM3a XapaKTepUCTUK IMOLbEMHBIX YCTAHOBOK PYLHMKA IIPOBEEeH
[IPOBEPOYHBIN pacyeT MOLIHOCTY IEKTPOLBUTraTesell oA beMHbIX MalllH. OTMe4YeHO, YTO [JIs1 ITIOBBIILIEHNS
3(bdEeRTUBHOCTY MOIBEMHBIX CUCTEM HEOGXOAVMO MUCIIONMb30BATh COBPEMEHHbIE MHOTOKAHATHbIE YCTAHOBKU
C YPaBHOBEIIEHHO? KOHCTpYKIyeit. [TpeioykeHbl MephI 10 3arpy3Ke TEXHOJIOTUYECKOTO 000PY/IOBAHMS, UTO
TIO3BOJIUT CHU3UTD YIENbHBIN PACXO[ JIEKTPOIHEPTUM HA AOOBIUY Pyabl. AHAIM3 JAHHBIX 32 8 JeT mokasain
06PATHYI0 KOPPESIINI0 MEXIY 06beMOM JOOBIYM PYLbl U YAEIbHBIM PACXOLOM JIEKTPOIHEPTUU. YBeaude-
HMe TIpou3BOAUTENbHOCTY Ha 10-15 % cHIDKaeT yhenbHbI Pacxon 3Hepruu Ha 2-5 %. VICKIoueHne nepu-
OJOB HM3KO} 3arpy3ku 000pyZOBaHMS ¥ BHEJpeHVEe aBTOMATU3MPOBAHHBIX CUCTEM YIIPABIEHMS ITO3BOJISIT
MOBBICUTH 3((HEKTUBHOCTh YCTAHOBOK B 1I€JIOM. Pe3ybTaThl UCC/IEAOBAHUS MOTYT OBITh MCIIOTIb30BAHbI IS
TOPHOIOGBIBAIOIIUX MPEATIPUITUI C aHATOTUYHBIMU YCIOBUSIMU SKCIUTyaTalMu, 0COGEHHO TpU TTyOOKOIA

paspaboTKe MeCTOPOKIEHMIA.
KnioueBble cnoBa

PYIHMK, 9Hepro3GeKTUBHOCTDb, BEHTW/ISITOPHbIE YCTAHOBKY, CMCTEMbI IPOBETPUBaHMSI, TObeMHble Mallly-
HbI, 3JIEKTPOJIBUTATETh, TOObIUA PY/IbI, YIETbHBII PACX0, 3JIEKTPOIHEPIUY, SKOHOMUYECKUIT 3 DeKT
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Introduction

Mine ventilation systems are essential enginee-
ring infrastructures that ensure safe and efficient
working conditions in underground environments [1].
Unlike open-pit operations, where natural airflow
plays a key role, underground mines are confined spa-
ces with limited air exchange and an increased risk of
emergencies [2, 3]. Ventilation systems are especially
critical at gassy coal mines, where methane emissions
into mine workings are difficult to predict [4, 5]. These
emissions pose serious challenges for maintaining
stable airflow, as well as for removing hazardous gases,
dust, and excess heat generated by mining operations
[6-8], particularly in relation to production output
and the geometry of mine workings [9].

As the mining industry advances, it becomes in-
creasingly important to assess the risk of accidents,
develop scientifically sound methods for evaluating
mine aerological hazards [1, 3], and implement mo-
dern tools and algorithms for setting appropriate ven-
tilation modes in underground operations [10-12].
The complexity and diversity of system components
call for integrated solutions that ensure the core
functions of mine ventilation systems [13]. At the
same time, engineering decisions must also reflect
energy and cost efficiency, both of which play a deci-
sive role in the overall performance of mining opera-
tions [14-16].

Ventilation fans — often with installed capacities
of 5-7 MW at large-scale mines — and hoisting ma-

SH)

chines are among the most energy-intensive equip-
ment in the industry. Their performance directly
affects overall productivity, as they are critical com-
ponents of the mine’s material handling and safety
infrastructure [17]. Modern hoisting systems are typi-
cally equipped with variable-speed electric drives to
ensure reliable and efficient operation. Improving
energy efficiency and optimizing the operation of
both ventilation and hoisting systems therefore re-
mains a pressing priority.

Research object. This study focuses on the Tyr-
nyauz Tungsten-Molybdenum Plant (TTMP), which is
scheduled to resume operations in 2025.

The aim of the study is to analyze the perfor-
mance of the main mine ventilation fans and hois-
ting machines and to develop strategies for optimi-
zing their operation.

Methods. Evaluating the operating modes of mine
ventilation systems and fans, as well as the perfor-
mance of hoisting machines and their electric drives, is
a complex engineering task. It requires a combination
of theoretical and empirical approaches, the analysis
of experimental data, and the use of modern compu-
tational techniques. The proposed optimization stra-
tegies for ventilation and hoisting systems are based
on a techno-economic assessment. The central idea
of the study is to determine the appropriate power ra-
tings for the electric drives used in the main ventila-
tion and hoisting systems at the reconstructed mine,
with the goal of improving energy efficiency.
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Existing ventilation system at the Molibden mine

The Molibden mine is divided into two sections,
each with an independent ventilation layout and
equipment: the North-Western section and Central
Shafts No. 1 and No. 2. Ventilation at the mine is pro-
vided by three types of axial-flow fans: VOKD-3.0,
VOKD-2.4, and VOD-21. The VOKD-3.0 and VOKD-2.4
models are designed for main ventilation in large un-
derground mines and shafts. Both are based on the
TsAGN-K-06 aerodynamic design and have a standar-
dized construction. Airflow is periodically adjusted
by turning the impeller blades, while fine-tuning is
achieved through intermediate guide vanes. The syn-
chronous motors are excited using thyristor-based
excitation systems equipped with reversing devices.
The VOD series consists of reversible axial fans in-
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tended to replace the older VOK and VOKD models.
These fans are built on the K-84 aerodynamic design.
Airflow reversal is achieved by changing the direction
of the impeller’s rotation, while the intermediate
guide vanes are fixed at an angle of 104° relative to
the plane of the impeller’s rotation.

Inspection and analysis
of the main ventilation fans at the Molibden mine
of the Tyrnyauz Tungsten-Molybdenum Plant

The consolidated results of the inspection and
performance analysis of the main ventilation fans
(MVFs) provide a comprehensive overview of their
operation. Table 1 presents key parameters describing
the performance of the ventilation fans used in the
mine’s ventilation system.

Key performance parameters of main ventilation fans at the Molibden mine fable
No. Parameter Level 4 Level 4 Level 4 Level 9 Level 6
MVF-4 MVEF-1 MVF-4a MVE-3 MVEF-6
1 |Fan type BOKZI-3,0 | BOK[-2,4 | BOI-21 BOMI-21 | BOKI-3,0
2 |Impeller diameter, m 3 2.4 2.1 2.1 3.0
3 |Impeller speed, rpm 600 735 750 750 600
4 |Impeller peripheral speed, m/s 94.2 92.2 824 82.4 94.2
5 |Airflow through the fan, m%/s 90.4 64.7 56.0 76.0 96.7
6 |Air delivered to the mine, m%/s 73.7 47.9 42.7 61.3 91.4
7 | Air losses in fan units, m%/s 16.7 16.8 13.3 14.9 5.3
Air losses, % of fan airflow 18.5 25.9 23.8 19.6 5.5
8 |Total pressure generated by fan, mm H,0 111.3 29.2 16.4 9.6 191.4
Total mine pressure drop, mm H,0O 90.7 21.0 16.4 10.0 0.9
10 |Natural draught pressure, mm H,O 1.2 1.5 - 1.4 2.3
11 |Total mine depression, mm H,O 91.9 22.5 16.4 114 3.2
12 | Acoustic fluidity of the fan network, kg-s/m?® 1.0 0.37 0.29 0.14 6.75
13 |Resistance of sealing structures near the fan unit, kp 0.32 0.074 0.093 0.032 1.6
normal value, kp 1.39 0.9 0.73 0.24 -
14 |Mine resistance, ku 0.0169 0.0114 0.009 0.0029 0.0218
15 | Total resistance on fan, ku 0.0138 0.0085 0.0052 - 0.02
16 |Mine equivalent opening, m? 2.9 3.6 4.0 7.0 2.7
17 |Total equivalent opening for fan, m? 3.3 4.2 5.3 - 2.6
18 |Fan motor type CIB-15- A-13-42-8 CII-2-85- CIO-13- | COBB-15-
64-10V3 47-8V4 42-8 39-10
19 |Rated power, kW 1250 400 500 500 800
20 |Power consumed from grid, kW 426.7 210 130 150 360
21 |Shaft power of the fan, kW 393.4 187 116.3 135.5 326.5
22 | Static efficiency of the fan:
Based on electrical data 0.25 0.09 0.08 0.05 0.55
weighted average 0.7 0.7 0.72 0.72 0.7
23 | Specific power consumption from the grid, kW/m3:
actual 5.79 4.74 3.04 2.45 3.94
standard 1.86 0.48 0.25 0.15 3.13
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End of Table 1

No Parameter Level 4 Level 4 Level 4 Level 9 Level 6
. MVF-4 | MVF-1 | MVF-4a | MVF-3 | MVF-6
24 |Specific power consumption at the shaft, kW/m?:
actual 5.33 4.29 2.72 2.21 3.57
standard 1.73 0.45 0.24 0.14 2.95
25 |Excess power use above standard, kW 289.6 188.7 119.0 141.0 74.0
26 |Fan annual operating time, h 8570 8570 8570 8570 8570
27 | Annual excess energy consumption of the fan unit, thousand kWh| 2481.9 1617.2 1208.4 634.2 634.2
28 | Electricity cost, RUB/kWh 6.0 6.0 6.0 6.0 6.0
29 | Annual cost of excess fan energy consumption, thousand RUB 14891.4 9702 6118.8 7250.4 3805.2
Table 2
Fan specifications in the mine ventilation system
Fan specification
No. Parameter
VOKD-2.4 VOKD -3.0 VOD-21
1 |Impeller diameter, m 2400 3000 2100
2 |Impeller speed (range), rpm 600 750 500 600 750
3 |Airflow rate (range) Q, m3/s 17-133 22-167 42-220 52-265 25-123
4 |Static pressure H, kgf/m? 300-110 475-170 340-94 450-135 350-100
5 |Power consumption range, kW 50-400 100-780 125-825 200-1420 100-430
6 | Static efficiency ng,, 0.6-0.77 0.6-0.77 0.6-0.81
7 |Rotor moment of inertia, kg-m? 4600 14200 2800
8 |Fan weight (without motor), kg 18885 32000 11000
9 |Installation dimensions, mm
length 18340 18535 13120
height 3500 4480 3190
width 3500 4480 3585
According to Table 1 (item 23), the main ventila- P _kP @)
tion fans operate inefficiently in terms of energy use. . motor
Further investigation is required, along with the de- ~ Where k. is the power reserve factor, k, = 1.1-1.15.
velopment of measures aimed at reducing the specific The values of Q, H, and n, are presented
electricity consumption. As shown in Table 1 (items  in Table 2. . ) _
19, 20, and 21), the installed motor capacities for Table 3 provides information on the motors in-
MVE-4, MVF-1a, MVE-3, and MVF-6 significantly ex- stalled in the main ventilation fans. .
ceed the actual power drawn from the grid. A required For MVF-1 (VOKD-2.4 fan), the required motor
motor power assessment should be carried out for the ~ Power assessment yielded the following results:
main ventilation fans. P=170.7-463.9kW; P, = 510.3 kW.
The installed motor is model A-13-42-8 with
Required motor power assessment a rated power of 400 kW.
for main ventilation fans Similar calculations were performed for the other
The motor power for ventilation fans is calculated main ventilation fans, and the results are summarized
using the following formula: in Table 4
The calculations showed that the installed mo-
OH
:10‘2 , (1) tor power significantly exceeds the required power
Nfan determined by the assessment (see Table 4). It would
where Q is the airflow rate, m3/s; H is the static pres-  be reasonable to replace them with lower-power mo-
sure, kg/m?; n,, is the fan efficiency. tors. The final decision should be based on a tech-
The motor is sized 10-15% above the calculated  no-economic analysis, elements of which are pre-
value to account for possible voltage drops: sented below.
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Table 3
Main ventilation fan motor specifications
. Rated | Rated | Rated Rated Efficiency, Power
MVF ID Fan model Motor model Quantity | power, |voltage, | current,| speed, o > | factor
kw A rpm cos @
MVF-1 VOKD -2.4 |A-13-42-8 1 400 6000 48 735 92.8 0.85
MVF -1a VOD-21 SD-2-85-47-8U4 1 500 6000 57 750 95 0.9
MVF -3 VOD-21 SD-13-42-8 2 500 6000 57.1 750 94 0.9
MVF -4 VOKD -3.0 |SDV-15-64-10U3 1 1250 6000 141 600 95.3 0.9
MVF -6 VOKD -3.0 |SDVV-15-39-10 2 800 6000 90.5 600 94.3 0.8
Table 4
Required motor power assessment results
MVF ID Ni-(;tr?grer,ul)(v{\?r Calg:)l‘:teer?l?‘:\? tor R:;&i:?ﬁwr Suggested replacement motor
MVE-1 170.7-463.9 510.3 400 -
MVF -1a 142.9-201.0 221.1 500
SDV-15-34-12 motor, rated power: 400 KW
MVF -3 142.9-201.0 221.1 500
MVF -4 382.3-584.5 642.9 1250 SDVV-15-39-10 motor, rated power: 800 kW
MVF -6 382.3-584.5 642.9 800 -

Table 5
Technical specifications of the hoisting system
at the Kapitalnaya shaft

Brief description and technical characteristics
of hoisting systems at the Molibden mine

Two hoisting systems are currently in operation : :
. . . No. Parameter Specification
at the Molibden mine, located at the Kapitalnaya 1 |Shaft deoth to the lowest level. m 597
and North-West shafts. The Kapitalnaya shaft uses - p, - ’
. . .. . . 2 |Shaft inclination angle, degrees 90

a simple single-rope hoisting system equipped with — -
a drum-type hoist (model ShPM 4x36). However, such 5 HOTStTDg m?Chme type ShPM 4x36
systems are characterized by low productivity, poor 4 |Hoisting height, m 600
static balance, and other limitations. To improve the 5 |Headframe height, m 18
efficiency and reliability of hoisting operations at 6_|Head sheave diameter, mm 3000
modern mining enterprises, multi-rope hoisting sys- 7_|Number of service levels 8
tems with balanced configurations are widely used. 8 |Average hoisting speed, m/s 11
These provide higher productivity and reduce vibra- 9 |Hoisting cycles per day 14
tion during operation. 10 |Over-travel height, m 18

The primary function of the hoisting machine is 11 |Cage type 2UKN-3.6-1
to transport personnel and materials between levels 12 |Rope type PK-RO (6x36)+(7x71)
12 and 4 in a double-deck cage (type 2UKN-3.6-1). 13 | Gearbox type Single-stage gearbox
The technical specifications of the hoisting system at 14 |Gear ratio 9,5
the Kapitalnaya shaft are presented in Table 5. 15 | Number of drums 1 (welded from two

At the North-West shaft, a multi-rope hoisting segments)
machine of the MK-2.25x4 type is installed. The hoist 16 |Drum diameter, mm 4000
features a single-motor drive operating on a genera- 17 |Drum width, mm 3500
tor-motor system. Its purpose is to transport person- 18 |Number of rope layers 1
nel and materials between levels 4 and 1. The system 19 |Speed limiter type RS0-5912
is statically balanced by two flat-strand tail ropes. The 20 |Static rope tension, N 175000
hoist operates with a counterweight. The MK-2.25x4 21 |Static tension difference, N 117600
hoisting machine is equipped with a gearbox. The 22 |Conveyance mass, kg 4412
gearbox is connected to the motor shaft via special- 23 | Maximum design load, kg 3700
ly designed extended gear couplings. The technical 24 |Counterweight mass, kg 6250
specifications of the hoisting system are presented in 55 | Number of underground personnel 276
Table 6. per shift
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Table 6
Technical specifications of the hoisting system
MK-2.25x4 at the North-West shaft

No. Parameter Specification
1 |Shaft depth to the lowest level, m 597
2 |Shaft inclination angle, degrees 90
3 |Hoisting machine type MK 2.25x4
4 |Hoisting height, m 300
5 |Number of service levels 4
6 |Average hoisting speed, m/s 9.5
7 |Sheave diameter, mm 2250
8 |Over-travel height, m 7
9 |Hoisting cycles per hour 18.2
10 |Cage type TKP-4.5
11 |Sheave lining PP-45
12 |Number of ropes 4
13 |Rope diameter, mm 21.5
14 |End load, t:
material hoisting 14.6
personnel hoisting 10
15 |Counterweight mass, t 10
16 |Number of tail ropes 2
17 |Gearbox type TsDN-130
18 | Gear ratio 7.35
19 |Conveyance mass, t 7.6
20 |Payload capacity, t 7.0
21 Numbgr of underground personnel 276
per shift

Required motor power assessment
for the hoisting machine
At the Kapitalnaya shaft, the following hoisting
machines are in operation: a hoist equipped with
a DA-170/29-12 electric motor rated at P =670 kW,
a hoist equipped with a PE-172-5K electric motor rat-
ed at P = 630 kW, operating on a generator—-motor sys-
tem. The estimated required power of the hoist drive
motor at the Kapitalnaya shaft is determined by the
following formula:
}1m::P'£L (3)
4
where p is a coefficient determined from the dynamic
operation characteristics, which depends on the mo-
ment of inertia of the hoist, its imbalance, and the
velocity multiplier; k is a coefficient accounting for
additional resistance-related load; n, is the gearbox
efficiency; P, is the useful power required for lifting
a payload of mass m_, excluding system losses.

P

useful »

24
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For a hoisting system with a single conveyance
and a counterweight:

(1 - W)gmploavg
1000 ’
where v is a coefficient accounting for the degree of
mass balancing between the payload m, and the coun-
terweight; v, is the average conveyance speed, m/s.

The coefficient y can be calculated using the fol-
lowing expression:

(4)

useful =

()

where m,, is the counterweight mass, kg; m, is the
conveyance mass, kg; m,, is the payload mass, kg.

To account for potential voltage drops in the elec-
trical network, the motor power is selected 10-15%
higher than the calculated value:

Pmotor :(1'1_1'15)136611' (6)

For the hoisting system at the Kapitalnaya shaft
(see Table 5): m,, = 6250kg; m =4412kg; m,=3700kg.

The calculated results of the hoisting motor po-
wer assessment are presented in Table 7.

Table 7
Results of required motor power assessment
for the hoisting machine

Parameter Value
Coefficient y 0.497
Useful power P, kKW 200.6
Estimated required power of the hoist drive motor 453.12
Py, kW ’
Coefficient p 1.6
Coefficient k 1.2
Gearbox efficiency 1, 0.88
Motor power P,,,r, KW 521.1

The calculated motor power satisfies the require-
ments of the motor currently installed on the hoisting
machine at the Kapitalnaya shaft.

Methodology for estimating
the economic benefit of optimal utilization
of processing equipment

A study of the relationship between energy con-
sumption and ore production volumes at the Molib-
den mine has shown that the specific energy con-
sumption is strongly dependent on the mine’s daily
productivity. An analysis of data over an eight-year
period revealed that the correlation between month-
ly ore production volumes and energy consumption
ranged from 0.309 to 0.730. This indicates that an in-
crease in ore output tends to result in a reduction in
specific energy consumption.
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An analysis of the ore production dataset showed
a high degree of variability, as evidenced by a large
standard deviation. Skewness and kurtosis were also
observed, indicating an uneven distribution of va-
lues. Approximately 50% of the recorded values were
significantly below the average, which suggests a pre-
dominance of periods with relatively low producti-
vity. Therefore, reducing specific energy consumption
at the Molibden mine requires limiting the duration
of low-productivity operation and ensuring maximum
equipment utilization.

To better understand how equipment utiliza-
tion affects energy consumption, it is also necessary
to analyze the structure of energy use at the mine.
This involves disaggregating the total energy con-
sumption into individual processes (such as dril-
ling, blasting, transportation, crushing, and benefi-
ciation) and examining the energy consumption of
each technological stage. This analysis would allow
for identifying the most energy-intensive operations
and determining optimal operating modes for their
implementation [18-20]. In addition, the potential
for implementing automated production control sys-
tems should be considered. These systems can help
maintain stable and high equipment utilization and
minimize energy losses resulting from inefficient
operating conditions.

Table 8 presents the results of the statistical
analysis of the ore production dataset. Both the
complete dataset (including all recorded values)
and a truncated version (excluding values below the
mean) were analyzed. This approach was used to
evaluate the impact of excluding low-productivity
periods on the overall statistical characteristics of
the ore mass distribution.

The statistical parameters of the truncated data
set were calculated using a theoretical method based
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on the Gram-Charlier distribution. The initial mo-
ment S of the random variable Q > m,, is defined as:

P S

P(Q=my)

[ e*f@o,

Mg

Y

where P(Q > m,) is the probability that the values of Q
in the truncated data set exceed the mean value m, of
the original data set:

P(Qzmy)= [ f(Q)dQ; ®)
Mg
and f(Q) is the theoretical differential probability
density function of the random variable Q.
When the mean value of the extracted ore in-
creases by

Amy =m’y —my )

the specific energy consumption decreases by the

amount Aw:
Ao =(a,m, +b,)—(a,m', +b,) =a,Am,, (10)

where a, and b, are the coefficients of the regression
equation: o = a,Q + b, (see Table 1);

A% =22.100%,
m

[

11

and m_ is the mean specific energy consumption.
The annual energy savings due to improved
equipment utilization is calculated as:

AW = Aom,, -12. (12)

Table 9 presents the results of the eight-year cal-
culation.

The relationships between the mean extracted
ore mass and energy savings, along with the corre-
sponding approximating functions, are presented in
Fig. 1.

Results of ore production parameter calculations for the original data set (Q) and the truncated data set (31)ble °
Parameters of the original data set (Q) Parameters of the truncated data set (Q')
Year M Std. deviation | Skewness | Kurtosis Std. deviation | Skewness | Kurtosis |P(Q > mg)
ean my, oy Ay E, Mean m,, oy Ay E,

1 316654 17684.7 0.0242 -0.884 331276 10110.2 0.515 1.81 0.498
2 321507 19443 0.628 -0.149 338543 13826.6 1.09 3.93 0.458
3 307690 26296 -0.11 -1.333 329750 14257 0.252 1.15 0.509
4 293556 29153 0.453 -0.708 319041 19075.5 0.853 3.25 0.47
5 313330 17720 1.25 1.57 329176 15817.6 1.303 3.84 0.417
6 324532 16496 1.05 0.129 339753 13151.6 1.106 3.69 0.43
7 327409 13743 0.146 0.084 338556 8708.1 1.111 4.25 0.49
8 324966 12102 0.512 -0.959 335743 7900 0.761 2.93 0.466
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Fig. 1. Energy savings and extracted ore volume, along with their corresponding approximating functions:
I - annual variation in energy savings; 2 - annual variation in extracted ore mass;
trend lines represent polynomial models used for approximation of dependencies (1) and (2)

Table 9
Results of calculations for changes in specific power
consumption Ae and electricity losses AW

Year Ao, kWh/t Ao, % AW, kWh
1 0.061 0.315 231135
2 1.063 5.75 4101347
3 1.043 5.11 3852665
4 0.471 241 1660842
5 0.757 3.88 2847939
6 0.119 0.636 465320
7 1.09 5.63 4265685
8 0.238 1.32 928772

The expected energy savings are defined as the
expected value of AW:

$ aw
_ =1

where m,,, = 2,294,213 kWh.
The cost of electricity under a two-rate tariff
scheme is calculated as:

m,, (13)

C=P_ a+Wb. (14)
The monetary savings are then determined as:
AC=C,-C,, (15)

where C, is the electricity cost at the current con-
sumption level: C, =P, a+ Wb.

The electricity cost at full equipment utilization
is as follows:

C,=P_ a+W,b.
where a = 4300 rubles/kW and b = 6.0 rubles/kWh.
Thus,

AC= (W, =W,)b = AWD. (16)

97

Economic benefit from replacing fan motor drives

According to the calculations (see Table 4), the
electric motors installed in MVF-4, MVF-1a, and
MVE-3 are significantly oversized relative to the
actual load. For example: MVF-4: P_,=642.9 kW;

cal
P,.,= 1250 kW; MVF-1a and MVF-3: P, = 221.1 kW;

cal
P ..=500 kW. It is proposed to replace the motor
of MVF-4 with an SDVV-15-39-10 motor rated at
800 kW, and the motors of MVF-1a and MVF-3 with
SDV-15-34-12 motors rated at 400 kW.

The economic benefit of motor replacement is

calculated as:

AR=0.12AK +AC,, (17)

where
AK =K, -K,,

here, K, is the total cost of the currently installed
motors: 8.47 million rubles; K, is the total cost of the
proposed replacement motors: 8.20 million rubles;
AK =0.27 million rubles. The motor cost values are
presented in Table 10.

The cost of saved electricity is calculated using
the two-rate tariff C.

Motor power losses, KW:

AP =AP, - AP, (18)

where AP, and AP, are the power losses of the existing
and replacement motors, respectively.

Table 10
Motor costs
Motor type Motor cost, million rubles
SDV-15-64-10U3 5.51
SDVV-15-39-10 4.0
SDV-15-34-12 14
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Electricity losses, kWh:
AW = APT, (19)

where T is the annual operating time of the fans,
T=38570h.
Main electrical losses in the stator winding, kW:

P, =mI> r107, (20)

rated avg'1

where r, is the active resistance of the stator winding,
Q, calculated as,

p, o1

_ 1 avg

n nga’ (21)
where p, is the conductor resistivity adjusted for
temperature (75 or 130°): p, s = (1/47)-107, Q-m;
Poasoy = (1/39)-10°, Q-m; o, is the number of wind-
ing turns; I, = 2(I, + 1) is the average turn length; n g,
is the effective conductor cross-section, mm?; a is the
number of parallel branches in the winding.

Excitation losses, kW:

P = (Ivzmtedrv + ZAchIvmted)'103 , (22)
ue

where AU,. =1V - voltage drop at the brush contact;

n, = 0.80-0.85 — excitation system efficiency; and r, is

the field winding resistance, Q,

2pwl
r,=p, 23)

q
Mechanical losses, comprising bearing friction
and ventilation losses, kW:

3
L
P  =3.68 L l 24
mech p(‘}()j \/71; ( )

where v, is the rotor peripheral speed, m/s; and [, is
stator length, m.
Additional load losses, kKW

P4 = 0.005F,. (25)
Total motor losses, kW:
A‘Pl = Pe + Pv + Pmech + Padd * (26)

The results of the motor loss calculations are pro-
vided in Table 11.
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Total electricity losses and the corresponding are
presented in Table 12.

Table 12
Total energy losses and economic benefit

Parameter Value
Total losses in the first motor AP, kW 216.91
Total losses in the first motor AP,, kW 129.5
Loss difference AP, kKW 874
Energy losses AW, kWh 749,018
Cost savings AC, million rubles 4.87
Economic benefit AR, million rubles 4.9

Conclusion

1. The main mine ventilation fans at the Molib-
den mine operate with excessive specific energy con-
sumption. An inspection of the fan units revealed that
actual energy consumption significantly exceeds the
standard values (for example, for MVF-4 the actual
consumption was 5.79 kW/m® compared to the stan-
dard 1.86 kW/m?®). Required motor power assessments
showed that the installed motors are oversized (e.g.,
1250 kW for MVF-4 versus the calculated requirement
of 642.9 kW). It is proposed to replace the motors with
more appropriately rated units (e.g., 800 kW instead
of 1250 kW for MVF-4), which will reduce energy con-
sumption and operating costs. The expected annual
economic benefit from motor replacement is 4.9 mil-
lion rubles due to reduced energy losses.

2. An eight-year data analysis revealed an inverse
correlation between ore output and specific ener-
gy consumption. A 10-15% increase in productivity
leads to a 2-5% decrease in specific energy consump-
tion. Reducing periods of low equipment utilization
and implementing automated control systems can
help minimise energy losses. The estimated annual
energy savings amount to 4.87 million rubles.

3. The Kapitalnaya shaft currently operates with
an outdated single-rope hoisting system (ShPM 4x36),
which has limited productivity and lacks static balance.
It is recommended to upgrade to modern multi-rope

Table 11

Power loss calculation results for all motors

| At s Excitation losses | Mechanical losses | Additionalload | roa1 motor losses
Motor type in the stator winding P kW P kW losses TP, kKW
Pe’ kw v mech? Padd’ kW ’

SDV-15-64-10U3 90.66 16.1 16.4 6.25 129.4
SD-2-85-47-8U4

SD-13.49.8 10.1 14.5 2.07 2.5 29.17
SDVV-15-39-10 32.98 20.8 7.83 4 65.6
SDV-15-34-12 6.28 10.82 2.21 2 21.3
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systems (e.g., MK-2.25x4), which provide higher per-
formance, reduced vibration, and a statically balanced
design. Required motor power assessments confirmed
that the installed motor capacity (670 kW) meets the
calculated requirements. In addition, modernizing the
control systems could further improve the overall effi-
ciency of the hoisting operation.

4. A theoretical method based on the Gram—-Char-
lier distribution was used to calculate the statistical
parameters of the truncated dataset. Equations were
derived to calculate and forecast ore production vol-
umes and the corresponding energy savings.
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5.The implementation of the proposed mea-
sure will not only improve energy efficiency but also
enhance environmental performance by reducing
emissions. The findings of this study may be applica-
ble to other mining operations with similar working
conditions.

6. Future research may explore the use of artifi-
cial intelligence for forecasting equipment operating
modes and optimizing energy consumption in real
time. A detailed breakdown of energy use across key
processes (e.g., crushing, transportation) is needed to
enable targeted efficiency improvements.
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