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METHODS FOR DETERMINING AN OPTIMAL TECHNOLOGICAL SOLUTION FOR

UNDERWATER MINING

Evgeniya Aleksandrova, Simeon Asenovski, Daniel Georgiev, Dimitar Kaykov, Ivaylo Koprev

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; orpi_vr@mgu.bg

ABSTRACT. The key factors which determine the choice of an optimal technical scheme for underwater mining have been analysed. Several methods for multi-
criteria analysis have been used in this research, depending on the specific mining conditions. The different methods for establishing an optimal decision have been

compared and their pros and cons have been analysed.

Keywords: underwater mining, multi-criteria decision analysis

METO/U 3A ONPEAENAHE HA ONTUMAIHO TEXHONOIMYHO PELLEHWE NPY NOABOAHUA NOBUB HA NONE3HU

U3KONAEMU

EezeHus1 AnekcaHdposa, CumeoH AceHoecku, faHuen eopaues, Qumumbp Kalikoe, Meatino Konpes

Murto-eeonoxku yHusepcumem “Ca. Mear Puncku®, 1700 Cogpusi

PE3IOME. AHanusupaHu ca 0CHOBHUTE (haKTopy, onpeAensy u3bopa Ha ONTUManHa TEXHONMOTMYHA Cxema npu MofBoaHNS AobuB. M3nonssaHn ca metoan Ha
MHOTOKpUTEPUaneH aHanua, kato ca B3eTW MO BHUAMaHWe CneLyudmuyHuTe YCroBUS Ha HaxopuweTo. PasnuyHuTe meToan 3a M3bop Ha ONTMManHo pelueHune ca

CpaBHeHW No Mexay C1 U Ca NOCOYEeHU TEXHUTE NONOXUTENHW U OTPULIATENHN CTPaHU.

Kniouosu AyMu: noasodeH no6us, MHOroKpuTepuaneH aHanus

Introduction

The choice of a suitable type of equipment and its
corresponding extraction technology in the underwater mining
of mineral resources has a significant importance about the
overall result from the mining activities. On the one hand, this
is related to the high responsibility, which comes with the
amount of capital required for investment in the mining
equipment. On the other hand, the effects on the environment
from the mining activities are irreversible and this could lead to
a negative outcome with a large scale effect. The increased
requirements for the artificial footprint on the environment
especially due to the mining activities are a serious limiting
factor for underwater mining. Nevertheless, the development of
modern-day technologies and mining equipment provides the
possibility for extracting minerals in harsh conditions as well as
the maintenance of the artificial footprint in certain
predetermined boundaries. It is considered that some types of
modern mining equipment not only reduce the ecological
threat, but also provide good working performance and good
revenue. In order to choose the most adequate mining
technology and equipment for a certain deposit, the main
factors should be considered individually for every type of
mining equipment. Although, the individual approach is related

to the consideration of many possibilities due to the great
number of factors for every deposit, certain general
conclusions and relations could be drawn from researching the
decision making process.

Stages of the decision-making process

Based on an analysis of different sources, related to the
underwater mining technologies, several stages of determining
the most suitable mining equipment could be pointed out
(Koprev, 2017).

The first stage includes the consideration of the
technological factors of the deposit, determining the possibility
of its extraction. These factors are determined by the possible
technological schemes for extraction as well as the different
types of mining equipment suitable for the conditions. Table 1
represents the most commonly used types of mining
equipment and their application for exploiting different types of
deposits. The deposits are separated into three main groups
(river deposits, lake and sea deposits, deep sea and oceanic
deposits). This classification is based on the distance of the
deposit from the land and its depth (Koprev, 2017; 2018).
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Table 1. Mining equipment utilised in different conditions

Types of utilized mining River Lake and Deep sea and
equipment deposits sea oceanic
deposits deposits
1.Bed leveller + + -
2.Pontoon dredger + +
3.Grab pontoon dredger + + ~
(experimental
stage)
4.Multiple-bucket dredger + + -
5.Suction dredger + +
6.Specialised vessels with - + +
mechanised or hydraulic (dissatisfactory
cutting and suction pipes results)
7.Specialised deep-sea - - +
robots (experimental
stage)
(+) - successfully utilised; (-) — unsuccessful utilisation; (~) - utilised in specific
conditions

It is necessary to add that the results in the table determine
the current level of technical and technological development
and it is not definitive as some of the types of equipment are
still in experimental period.

The second stage of the decision making process should
consider the factors, related to the ecological effect of the
mining technology. This stage has a significant importance as
it eliminates some of the possibilities considered in the first
stage. It is considered that the ecological impact resulting from
underwater mining has a large-scale effect, but it has not been
fully researched yet. To this moment researches have shown
that the utilised technologies for mining from the seabed lead
to irreversible changes which could potentially result in the
death of the sea microflora and microfauna. Hence, at this
stage, these types of mining equipment are not yet applicable
for underwater mining in deep-sea conditions. On the other
hand, some shallow underwater deposits are exploited
because certain extraction technologies have proven that they
can prevent the negative effect from an ecological point of
view. They reduce the negative impacts ofre-sedimentation
and the water muddiness by the use of special curtains which
isolate the area impacted by the extraction process.
Capsulated excavator buckets also prove to minimise the
ecological impact (Bray, 2008). These technological solutions
are applied in conditions where the ecological requirements
are met. Those modifications of the standard types of mining
equipment are the remaining alternatives in the decision-
making process.

After determining the acceptable mining technology for
exploiting a certain deposit from an ecological and technical
point of view, one should consider the factors from the third
stage of the decision-making process. This stage of the
process involves the economic parameters related to the
choice of the mining technology — revenue, costs, ore loss, etc.
Thus, out of the remaining variants, the alternative, which is
considered to be the most suitable one from an economic point
of view, is chosen. This is related to the working performance
of the types of mining equipment and several parameters
which include the highest cutting precision, leading to minimal
ore loss and a higher revenue. Other parameters could be
considered as well, which further minimise the negative impact
on the environment.

Parameters determining the decision

In order to establish a grounded decision for the choice of
suitable mining equipment for a certain deposit, several key
parameters should be considered. In this article 4 main groups
of parameters could be established for the decision making
process. The four groups represent certain characteristics of
the mining equipment and should be considered in a complex
manner regarding the full analysis of the most suitable mining
technology. The groups are divided into:

1) Characteristics of the equipment — mining depth, rock

output, cutting force, cutting precision, etc. (H1);

2) Environmental impact — sedimentation, noise, gas

emissions, etc. (Hz);

3) Economic efficiency — total costs, revenue, ore loss,

dilution, etc. (Hs);

4) Social factors — safety factors, personnel qualification,

efc. (Ha).

Methods for decision-making

These groups of parameters provide the establishment of a
complex assessment of the types of mining equipment for a
certain deposit. A quick way for establishing a complex
numeric value for the different characteristics is by applying the
proposed method in Table 2.

Table 2. Assessment points for the mining equipment

Assessed mining
equipment, A; A Ao As A
Characte- Weight
ristics
H1 Wi P11 P12 P13 P14
H2 W2 P21 P2 P23 P24
Hs W3 Pa1 P3 P33 P34
Hi W S1=YPiwjt | S=3Ppwi | Ss=)Ppws | Ss=)Pia.wi

H; — assessed characteristics for the mining equipment;

j— number of assessed characteristics;

Ai — the reviewed alternatives of mining equipment
considered for the deposit;

i — number of alternatives for mining equipment;

w; — weight for the characteristics;

Pji — points for characteristic j of mining equipment i.

The points Pjare formed by applying the following relation:
Pj = _Hi .100, where Hi max is the highest value of each

characteristic for the group of alternatives. An important
condition is that the sum of all the weights should be 100%:
>w; = 100%, as well as that all the characteristics should be
unidirectional (the improvement of the characteristic should be
related to higher values of its corresponding points).
Depending on the end result the sums of all the points for each
alternative are arranged in a descending order (Trapov, 2011).
The best possible alternative is the one with the higher sum Si.
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A method which is often used is the one, where a complex
value could be established by representing the different
alternatives as points in the n-dimensional space A(H1, Hz, Hs,
Hs). It is assumed that an ideal point exists, which represents
the ideal alternative for the deposit I(H1 ideal, H2 ideal, H3 ideal,
Hs isea). The alternatives are arranged depending on their
distance from the ideal point. The shortest distance represents
the alternative which is closest to the ideal solution. The
distances (Ri) for each alternative could be calculated in the
following way:

2 2 2
R = [17w1 Hy J+[17w2 Hy, ]+[17w3 Hy, j ()
H1 ideal H 2 ideal H 3 ideal

The points which each alternative gets, depending on its
distance to the ideal solution, are calculated by using the
formula:

1

P=
1-R

100 2)

i

An important requirement for using the method is that the
considered characteristics of the mining equipment should be
independent. A major flaw of the implementation of the method
is the considered way for determining the values of the weights
for the different characteristics. An easy way is to establish the
values by applying the subjective approach. However, this
method usually proves to be very inaccurate. In order to
establish the correct values for the weights, a factor analysis
based on statistical data should be implemented or a sensitivity
analysis considering the end-result of the mining process (rock
output or revenue) should be applied.

It is advisory that this method is used for arranging the
alternatives only when the decision-making process is provided
with full information about the specific conditions of the deposit.
However, this approach is limited as it does not account for the
possible changes that could occur while the exploitation of the
deposit takes place. That is why, a stochastic approach is
more suitable for considering the best possible alternative in
accordance with the limited information which the decision-
maker has.

Each characteristic H; for every alternative has values
which fall into the interval [Hjmin, Himax]. Hence, the grade which
each alternative gets should be in the interval [P min, Pj max].
This leads to the formation of different cases where the mining
equipment alternatives are arranged and each case is valid
and possible under certain circumstances. This requires that a
different approach should be used in order to get a grounded
decision, although the information is incomplete. Hence, it is
suitable to apply the game theory approach.

In the game model it is assumed that the first player is the
decision-making person (the engineer), whose strategies are
the choices of the different types of mining equipment (Ai). The
other player is the “nature”, which is represented by its
strategies for the different possible scenarios for the conditions
of the deposit (Ux). Each scenario Ux is related to a certain
combination of characteristics (H1, Hz, Hs, Ha4) for each type of
equipment i, and their corresponding points P1, P2, Ps, Ps,
which are determined by its work performance under these
conditions. Each scenario for the deposit’s conditions is related

to an individual grade Si for the types of equipment. Table 3
represents an exemplary game matrix:

Table 3. Game matrix for the alternative strategies for choosing
the type of equipment according to the conditions

“Nature’s” strategies (deposit's
conditions)

U1 Uz Us

As St S12 S13

Alternatives for | Az Sy S» So3

the types of A

equipment 3 Sa1 S32 S33
A Sa1 Sa2 Sa3

For finding out the most suitable decision several criteria
could be used: optimistic criterion: max; max; (S;); Wald's
maximin model: maxi min; (Sj) and Hurwitz’s criterion:
maxi(A . min; (Si) + (1- A). max; (S)).

The optimistic criterion is used when the information of the
deposit's conditions is full and the established decision is
based on the best possible solution. It is not advisory that this
criterion is used in the situation when there is not enough
information about the deposit. Wald’s model is also known as
the “rational pessimist” during the decision-making process
and it is suitable when the information is limited and no further
information can be collected. Hurwitz’s criterion s
recommended in the scenario where the risk could be
assessed with a certain numeric value. A number is considered
for the coefficient of pessimism A € [0;1]. The optimal solutions
for each criterion are the ones which apply to the condition of a
saddle point in the matrix as the decision-making process
takes place only once and the strategies should be clear. If the
solution corresponds to a mixed strategy, a thorough
comparison analysis of the different alternatives should be
made in order to choose the most suitable one.

Conclusion

In conclusion, the decision-making process in the
conditions of underwater mining is similar to the one in open-pit
and underwater mining (Koprev, 2018; Stefanov, 2016).

However, a great importance is put on the ecological
aspect of the mining process. That is why, the different stages
of considering the possible alternatives for exploiting a certain
deposit should be considered in the following order:
considering the technologically possible mining technologies,
eliminating those alternatives which are related to an
unacceptable level of environmental impact, and choosing
those alternatives which provide satisfactory working
performance and revenue.

The proposed methods could be used as a solution for a
real decision-making problem, but certain drawbacks need to
be considered when applying the methods. For example, the
subjective character of the weights of the different
characteristics, as well as the incorrect determination of the
work performance, depending on the conditions of the deposit,
are key factors which could lead to wrong conclusions, if their
values are not properly determined. Furthermore, it is expected
that when different criteria are used in the game matrix some
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of the optimal solutions may differ from one another. This leads
to the following cases: 1) If the different criteria point out the
same optimal solution, this solution is considered to be the
optimal one; 2) If the different criteria point out different
solutions, it is advisory that the criteria should be reconsidered
whether they are adequately related to the conditions of the
deposit.

Furthermore, the points for each alternative should be
recalculated in order to get adequate solutions. It is important
to notice that this method is suitable for independent values
and if it is applied for dependent values, there is a possibility
that the result may not be the desired one. Hence, the results
should be considered with a bit of scepticism.
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OPPORTUNITIES FOR THE APPLICATION OF DIFFERENT MINE SURVEYING MAPPING
TECHNOLOGIES IN DETERMINING VOLUMES IN UNDERGROUND MINE WORKINGS

Milena Begnovska

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; m_begnovska@abv.bg

ABSTRACT. The main task in the underground mine surveying practice is to determine the volumes of mined out mass. The possibilities for the application of modern
equipment during mine surveying mapping in underground mining are evaluated. An analysis of the results obtained for the calculated amounts of mined out mass
was carried out. A comparison was made of the relevancy of different technologies for the determination of volumes in mine workings.

Keywords: mine surveying mapping, modern mine surveying equipment, volume calculation

Bb3MOXHOCTU 3A MPUNOXEHUE HA PA3NTUYHU TEXHONOIMMKN 3A 3ACHEMAHE NPU ONPEAENAHE HA OBEMU B

MNOA3EMHM MUHHU U3PABOTKHU
MuneHna BezHoscka

MurHo-eeonoxku yHusepcumem "Cs. Mear Puncku”, 1700 Coghust

PE3IOME. EqHa OT OCHOBHMTE 3a4auy, CBbP3aHyu C MapKLaigepckoTo oGCryxBaHe npu NoA3eMHOTO pa3paboTBaHe Ha HaxoauLiaTa, e onpegensHe Ha obemute
pobuTta MuHHa Maca. OLeHeHU ca Bb3MOXHOCTUTE 3a MPUMOKEHNETO Ha CbBPEMEHHA TeXHWKA W TEXHOMOTMM MpW U3BbPLUBAHE Ha MapKLaiAepcko 3acHemaHe B
Moa3eMHN MUHHI 13paBoTKi. M3BbPILIEHN Ca aHanua Ha MonyyeHWTe PesyrnTaTvt 3a U3YNCTIEHUTE KONMYEeCTBa OTOWUTA M M3BO3EHA MMHHA Maca W CpaBHEHWe Ha
MPUNOXMOCTTA Ha PaA3NIUYHIA CHAMAYHM TEXHOMOMAM NPy ONpeensHe Ha 06eMI B MOA3EMHN MUHHY U3PaBOTKM.

Kniouosu aymu: MapKLLIaI;UlepCKO 3acHemaHe, CbBpeMEHHU MapKLIJaI;UJ,epCKM WHCTPYMEHTHU, U34ucnasaHe Ha 0bemn

Introduction

Successful solving of various mining and technical tasks in
the exploitation of the deposits of underground resources
largely depends on the quality of mine surveying mapping.
Based on the mine surveying mapping, a precise and up-to-
date model of mine workings is created and an opportunity is
provided to determine their location, size and shape in space.
An important aspect of the mine surveying activity is the
carrying out of a report on mined out mass and the volume of
mining works, carried out periodically for each mine workings
(opening, permanent, development, sill cut or extraction
working).On the basis of these quantities, implementation of
the annual mine development project is taken into account and
the remuneration of the staff of the mining company (Tzonkov,
2019) is calculated. According to the calculations, the stability
of the roofand the protection of the objects and the surface
facilitiescan be predicted.

Underground mine workings are complicated and irregular
in shape, their volume is defined as a function of the areas of
the "body" sections.

V=£(P), (1)

Traditionally, the calculation according to the form of
workmanship is done usingthe method of the vertical or
horizontal sections, in the same or variable interval.

Recently, new techniques and technologies have become
more and more popular. Methods for calculating the volumes
of mining workings also evolve in the direction of multivariate.
Most often, each company producing geodetic tools and
technologies also offers relevant software for post-processing
of measurements, the corresponding calculations, and the
construction and maintenance of numerical models (Pflipsen,
2006). There are still many conventional geodetic programs as
well as a number of continuously improved CAD applications.

Regardless of the technique used, the determination of the
volume of underground mining works consists of two
processes (Ivanova, 1991; Mazhdrakov, 2007; Tzonkov, 2019):
v Mapping an object whose volume is to be determined and

creating a pattern on the captured surface.

v Determining the volume by entering (according to
established and accepted algorithms) elementary figures in
the space limited by this surface and the sum of the
volumes, which form the total sought volume.

The total error in determining the volume must be
determined by considering the regularities in the accumulation
of errors in each of the processes.
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Experimental results

Mine surveying mapping of a chamber for the extraction of
gypsum in "Koshava" deposit

The Koshava Gypsum deposit is located west - southwest
of the village of Koshava, Vidin district. The seizure of the
stocks is done in an underground way with a chamber-and-
pillar system of exploitation. The gypsum removal is carried out
by the use of drilling-blasting operations. The report on mined
out mass and the determination of the volume of the mining
works are currently carried out by the Mine Surveying
Department of the mine.

Mine surveying mapping of a gypsum chamber was
performed (chamber 56/5 — Figs. 1 and 3) using reflectorless
measurement technology. The mine surveying mapping was
performed with a total station Trimble S6 (Figs. 3 and 4) by two
different methods:

Fig. 1.

- the Surface Scanning application, built into the total
station, using the "Rectangular  plane"  method
(https:/fapps.trimbleaccess.com/help/en/TrimbleAccess=2017.
23) to define a 3-point plane (Figure 2). Taking into account the
shape and dimensions of the mine workings, four surfaces
describing the floor, the ceiling and thetwo walls are selected.
In each section of the mine workings three points of the
specified surfaces are initially set and then, depending on the
spacing between the points specified in the setup, the
measurements are performed in automated mode and the
results are automatically recorded in the instrument
memory.Thus, the captured surfaces, overlapping a certain
number of points describing the walls, the floor and the ceiling
of the mine workings, provide information about the spatial
position of the elements of the gallery. The scanning was
performed at distances between points of 0.50 m x 0.50 m.

Fig. 2.

- capturing separate points in distinctive locations from the
camera's outline, which is the most commonly used method
when performing a mine surveying mapping.

10

Fig. 3.

By the "Rectangular plane" method, a total of 7541 points
(for about 8 hours) were captured, while by capturing separate
points in distinctive locations from the camera's outline - 666
points (for about less than 2 hours).

The volumes of mined out mass are calculated and the
results are presented in Table 1.

Table 1.
Capture method Numper of Calculated3 volume,
points m
“Rectangular plane” 7541 5336.78
Capture of qharacterlstlc 666 4532 59
points

Difference 804.19

Inferences

When analysing the measurement data, the following
conclusions can be drawn:

1. When measured by the "Rectangular plane" method, the
capture is much more detailed. In turn, the method of capturing
only single points in characteristic areas of the camera's
contour repeatedly reduces the working time.

2. When performing a mine surveying mapping of mine
workings, the method by which the capture will be performed,
according to the requirements of the normative base to ensure
sufficient accuracy must be carefully assessed, but also the
necessary time to capture should be provided for.

3. The resulting difference in calculated volumes by both
methods is 804.19 m3, which is about 15%. This proves the
need for precise planning of mine surveying works. The
difference is due to the increased roughness of the walls of the
gypsum chamber (Figs. 4 and 5) as well as to the large
deviations from the measured reference length found in
previous investigations of the author at reflector less
measurement of this mineral.

Fig. 4.
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Fig. 5.

Capture of permanent mine working in "Chelopech" mine

As a good practice for conducting mine surveying mapping
in underground mining conditions, the existing "Chelopech”
mine operation procedure can be specified.Clear and precise
requirements and a standard for unified work on measurement
are introduced.

A mine surveying mapping of permanent mine working was
performed in the "Chelopech" mine. There is a shotcrete -
concrete fastening in the specifically captured area. The
capture was done in two ways:

- With a Trimble S6 total station, using the "Rectangular
plane" method, by defining a 3-point plane (Fig. 2), at
distances between points of 050 m x 050 m.
(https://apps.trimbleaccess.com/help/en/TrimbleAccess=2017.
23)

- Usingthe CMS - Cavity Monitoring System (Grunin,
2003), through which the mine workings outlines were
scanned. CMS has been developed to research, measure and
capture the image of inaccessible or unsafe for staying
underground cameras.It ensures that thousands of precisely
coordinated points are captured that are used to determine the
size, orientation, and volume of the chamber. The capture is
done in automated mode. Laser scanning technology is one of
the most advanced methods of capturing, providing spatial
location data for objects in the form of three-dimensional
computer models.

When measured with a Trimble S6 total station (Fig. 6),
3829 points (for about 3.5 hours) were registered using the
"Rectangular plane" method, and 153282 points (for about 20
minutes) with CMS scanning (Fig. 7).

Fig. 6.

Fig. 7.

From the two surveys done in this way, the volumes of
seized rock mass are calculated and presented in Table 2, Fig.
9 and Fig.10.
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Table 2.
Capture method Nupn;:)ntig of CalculatlreT:j3 volume,
Rectangular pane” 3829 1037.62
Scanning - CMS 153282 1023.40
Difference 14.22

In Fig. 8 a combined image of the captured mine workings
elements is presented by both methods (Trimble S6 total
station and CMS).

Fig. 8.

Inferences

A comparison is made between two different technologies.

1. The difference in the calculated volumes by the two
methods is 14.22 m3, which is about 1.5%. This gives us a
reason to conclude that the two technologies are equally
applicable in the described conditions.

2. After analysing the results, the following should be
noted: each measuring technology has its own positive and
negative aspects: different detail, different time for
measurements, different number of specialists required to
carry out the measurement.

3. When capturing underground mining, account must be
taken of the specific conditions in the mines, the purpose of the
mine surveying mapping, the tasks to be solved by the results,
and the proper assessment of the application of one or the
othermethod of capture.
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Conclusion

In a previous study of the author, such a mine surveying
mapping was made in "Krushevdol" underground mine
(Begnovska et al., 2014). A horizontal drift - gallery 1 level 450,
was originally measured by a total station SOKKIA SET 5 (total
station capabilities allow the measurement of lengths only to a
reflective prism) and a Laser Distance Measurer - BOSCH.
The same gallery was also captured with a total station Trimble
S6. With the capture made in this way, the difference between
the determined volumes of mined out mass between both
methods is about 75 m3, which is about 18%.

The presented methods do not exhaust all possibilities for
capturingmine workings. This can also be done in a
photogrammetric way (Gospodinova, 2018; Gospodinova et
al., 2018). Studies for the creation of a digital photogrammetric
model in an underground mine workings and its comparison
with mine surveying mapping with a total stationhave been
presented. The volumes by the two methods were calculated
and a comparison was made between the two technologies,
and it was concluded that the methodology was applicable for
the capture of underground mining and the calculation of
volumes.

As far as themine surveying mapping and the calculation of
volumes of mined out spaces are concerned, it is difficult to
give a concrete answer to the question of what is the best
method. Various factors such as: shape (configuration) and
size of the space captured, equipment available, required
precision, and economic indicators should be taken into
account. The use of measurement and computing technology,
combining modern hardware solutions and corresponding
software, are the key prerequisites for obtaining accurate and
fast results, which is valid for every type of mine surveying
activity.

Various methods for mine surveying mapping of
underground spaces are presented in the development. They
are also applicable in studying the stress-strained state of the
rock massif (Tzonkov, 2014; 2019). Knowledge of the state of
the array or object and the processes in it is based on a high-
precision determination of the spatial position change of
observed points in time provided by the proposed methods.The
need to predict the deformable state of the environment and
facilities requires the application of appropriate monitoring
methods to identify and track the deformation processes and to
implement timely measures for their regulation. Knowledge of
them would lead to making adequate decisions on the
development system, work order in the space and time of
individual jobs, safety measures, and risk prediction in specific
situations.

When analysing the results of the author's research carried
out so far and published in various scientific publications and
proceedings, and the relevant inferences and conclusions
formulated, the following questions arise, which determine the
intentions for future research:

- Classification of mine workings in relation to the deviation
from the draft section and determination of the optimal option
for mine surveying mapping (justification of the distances
between the detailed points when the capture is taken).
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- Calculation of volumes of mined out spaces with different
roughness of the walls of mine workings.

- Definition of a method for mine surveying mapping in
areas with higher humidity of the rocks and with increased
roughness, as well as capturing of underground spaces with a
reflective environment formed by minerals with different optical
properties.
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NEW UNDERGROUND INFRASTRUCTURE IN “VARBA - BATANTZI” MINE

Zdravets Eftimov, Dimitar Anastasov

University of Mining and Geology “St. Ivan Rilski” 1700 Sofia; Zdravetse@yahoo.com

ABSTRACT. In this report the need of building up a new underground infrastructure in “Varba — Batantzi” mine is presented with the aim of reaching the deposits in
depth. New capital workings and equipment, such as new underground mobile equipment are reviewed and presented. The changes and improvement of the
workings for reaching and preparing the deposits connected with the new underground equipment are described. The report presents the challenges connected with
the water drainage and ventilation of the “Varba - Batantzi” mine. The results and conclusions about the need of building a new infrastructure are presented, as well
as equipping the mine with a new mobile equipment and the results that should be met.

Keywords: underground infrastructure, mine, water drainage, ventilation

HOBA NOA3EMHA UH®PACTPYKTYPA B PYOHUK ,,.BbPBA — BATAHLL”
3dpasey E¢pmumos, Jumumbp AHacmacos
Murto-eeonoxku yHusepcumem “Ca. Mear Puncku”, 1700 Cogpusi

Pestome. B cTatisTa e npeAcTaBeHa e HeoBXOAMMOCTTa OT WarpaxaHe Ha HOBa NOA3EMHa MHAPACTPYKTypa B pyaHUK ‘BbpGa — bataHuu’, ¢ Len paskpusaHe Ha
3anacute B HaXOAWLETO B AbnbouMHa. PasrmefaHu v NpefcTaBeHW Ca HOBM kamuTamHu u3paBoTkv W ChOPBXEHWs, kakTo W HOBa MOGMNHa camoxopHa
MexaHu3aLms. OnucaHm ca NpoMeHNTE B MUHHO-NPOXoAYeckuTe paboTy 3a MOATOTOBKA Ha 3anacuTe C Orflef Ha HoBaTa MexaHu3auus. B cratusta ca pasrneganu v
Mpean3BuKkaTeNcTBaTa CBbP3aHI C BOJOOTIMEA M BEHTUMNALMSTa B pyaHuK ‘BbpGa — Batauu’. MpencTaBeHm 3a n3Boau v 3aKIYeHNs OTHOCHO HeOBXoAMMOCTTa OT
uarpaxgaHe Ha HoBa MoA3eMHa WHAPAcTpykTypa, oGopyaBaHe Ha pyoHWKa C HOBa MOBUNHA CaMOXOAHA MeXaHU3aLus, KakTo U pesynTatuTe, KOUTO criefisa fa
Gbaar nocTurHaty.

KntoyoBu pymu: nozzemHa MHAPACTPyKTypa, PyaHWK, BOLOOTINB, BEHTUMALMS

Need to reach the deposits in the "Varba - @n the underground mine besides the construction of a new
Batantzi" mine in depth (Anastasov, Eftimov, infrastructure.
2013, 2018)

Capital workings and facilities. Choosing a

With the advancement of mining and the development of mobile self-propelled underground equipment

the "Varba - Batantzi" underground mine there is a need for
reaching the reserves in depth below the 540th horizon. This is
dictated by a number of factors, on the one hand, the fact that
the currently discovered and prepared for mining reserves in
the mine are above the horizon 540, at the same time, in depth
the deposit is studied up to level 300. On the other hand,
considering the concessionaire's wish to increase the annual
production capacity of the mine. These are the two main tasks
to be solved in the "Varba - Batantzi" deposit.

To accomplish these tasks, it is necessary to change the
technology and the working order of the entire deposit. It is
necessary to make adjustments in the mining methods. In
order to accomplish this task, it is necessary to build an entirely
new underground infrastructure in the underground mine
"Varba - Batantzi". This, in itself, is not sufficient for the
complete fulfilment of the two main tasks, it is necessary to
undergo a modernisation of the mechanisation and equipment

The new capital workings and facilities are related to the
changes, which should occur in the "Varba - Batantzi" mine, in
order to reveal the reserves in depth as well as to increase the
production capacity of the mine 2.5 times.

The new capital inclined ramp "Varba" is designed to reach
the deposit in depth, starting from the end of the existing
working — from level 733 m. The capital inclined ramp "Varba"
is designed to develop in an approximately vertical plane with
direction to the northwest and southeast. The inclined shaft is
positioned to be as far away from the ore body as possible to
avoid areas of influence from the mining operations and
possible deformation processes caused by them.

The project route of the capital inclined ramp "Varba" is
3885 m. The initial elevation of the track is 733 m and the final
elevation is 194.3 m, which determines the displacement of
538.7 m. The slope of the construction is permanent and is
14%. Curved sections are designed with a minimum radius of
20 m, according to the possibilities of mobile equipment.
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Fig. 1. Project track of the capital inclined ramp “Varba”

From the capital inclined ramp route, mine workings for
connection on different levels are planned to be done at 610-
600 m, 680 m, 550-540 m and 540 m. There are also two
connections with the Varba 2 shaft at 540 m and 300 m. From
level 412 m downstream in the southeast inclined shaft for the
reserves in the Batantzi deposit is planned to be developed.

In view of the project for development of the mine works of
the "Varba - Batantsi" underground mine, the mine is planned
to be reequipped with new self-propelled mobile equipment. It
consists of three sets of machines of small and medium-class
mechanisation. For drifting and mining, combined drill rigs type
DD 210 from Sandvik are planned, front-end loaders for
transport and delivery of the mined ore and rock fill are
planned with a bucket volume of 1.75-1.9 m3 from Sandvik and
underground mine trucks TH 320 with a load capacity of 20 t
for extraction of the ore from the mine to the entrance of the
flotation plant and transport of rock mass for backfill.

Mine drifting workings and operations for
preparation of the reserves

The mine drifting workings in the "Varba-Batantzi"
underground mine are characterised by building new main
level workings, new cross entries, creating new ventilation and
auxiliary workings, developing new local ramps for the
preparation of each individual ore body and the enlarging of
the existing workings. When designing the parameters of all of
the new underground workings, attention is paid to the
dimensions of the new mobile self-propelled mechanisation,
the shape and dimensions of the ore bodies, the requirements
for increasing the annual mine productivity as well as the
specific requirements of the concessionaire. On this basis, the
optimal solutions for the number, cross-sections and lengths of
workings were taken.

In order to ensure a normal mining production process and
preparation of the ore bodies, cross entries from the main
inclined shaft to the main level gallery at horizon 435 are done,
as well as connections with the existing infrastructure (Varba
vertical shaft - 2, local ramps, existing level galleries, etc.). The
overall length of the workings is 2546 m with a cross section of
14 m2, It is also planned to install vertical ventilation drifts with
a section of 4 m2 and enlarging the gallery at a horizon 590
from 7 m2 to 14 m2 with a length of 2039 m. Through the
launch of this new underground mining network, the total
volume of prepared reserves is about 3.2 million tons.
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Fig. 2. Part of the new underground infrastructure in “Varba -
Batantzi” mine

For the preparation of each individual ore body in the
project local ramps are designed. In their design, the aim is to
cover a maximum quantity of ore reserves with a minimal
amount of workings, ensuring a normal working environment
and maximum execution of production tasks (such as annual
ore volumes). Local ramps are designed to be drifted aside
from the ore bodies as they are equipped with vertical drifts,
overload points and material storage.
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Fig. 3. Mine drifting workings for preparation of the reserves by
applying the sublevel caving mining method

Each local ramp is uniquely projected to the particular body
to which it relates as well as to the corresponding mining
method that is applied in the given area of the underground
mine, the sublevel caving mining method and the cut and fill
mining method. The local ramps for the preparation of the
reserves in the ore bodies are designed with a general slope of
8" and a cross section of 14 m2 with a total length of 14489 m.
Thus, the mining of the whole quantity of the studied reserves
at the deposit up to the moment is being prepared.

The mine drifting workings in a deposit, for each applied
mining method consists of sublevel drilling galleries for the
sublevel caving method in the first mining layer (cut layer) in
the cut and fill mining method. In blocks where the cut and fill
method is used, the cut layers are developed through 63 m in
height in order to increase the number of mine faces and to
enable an earlier start of the ore extraction. The cross section
of these layers is 7.5 m? (2.5x3.0). According to the sublevel
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caving method, the sublevel galleries are drifted in 15 m
through ore, and the cross section again is 7.5 m2. The number
and lengths of the galleries are connected with the dimensions
of each individual ore block to which they are applied.
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Fig. 4. Mine drifting workings for preparation of the reserves by
the applying cut and fil mining method

The total volume of the mine drifting workings for the
preparation of the reserves in "Varba-Batantzi" deposit are as
follows: (Anastasova, Yanev, 2015; 2013)

- Linear coefficient:
YO, =28377m; YV, =318 745 m3;
Y6, =16920m; YV, = 124770 m3;
Y w1000
KI'I.H. = 5
Zo6. - Zl‘l.H.
45 297.1 000

3202290 — 376 805,4
= 16,03 m/1000 t

- Volume coefficient:
2 V- 1000
Kin =————
Zoﬁ. - Zl'l.H.
B 443 515.1 000
B 3202290 —376805,4
= 156,97 m3/1000t

In this way, we obtain relative costs of 12.11 BGN/t in the
mining works for the preparation for extraction and 3.56 BGN/t
during the drifting of the first sublevels and layers.

The mine drifting workings for preparation of the deposits
are characterised by completely new parameters of mine drifts
(galleries, crosscuts, rises, ramps etc.) and implementation of
completely new underground mining equipment for ensuring
the mine-production processes and tasks.

Water intake and ventilation in the "Varba" and
"Batanzi" deposits

The project for the Varba - Batantsi deposit envisages
vertical and horizontal workings that will be used for ventilation,
water intake, transport of ore and materials, auxiliary purposes
and emergency exits from the main levels. The ventilation
scheme of the Varba - Batantsi mine provides a suction
operation of the ventilation system, as the analysis of the
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airflow of the individual main levels and workplaces will be
carried out by means of ventilation partitions, ventilation doors
and fans for local ventilation.

The following air quantity was calculated for the ventilation
of the "Varba - Batantsi" underground mine.

- the required amount of air needed - during drifting

Table 1.
Factor Blasting works Minimal air seed Dust
AIR m3/s 19.96 m¥/s 3.5m3ls 16.64 m¥/s

- the required amount of air needed — during mining

The production programme and the applied mining
methods in the mine foresee the simultaneous exploitation of 3
ore blocks, from which follows:

Table 2.
. . Maximum
Factor | Dirilling M9b|le Blasting number
equipment | works of persons
AR 3 61.68 40.38 s
mis 19.5 m3/s s mils 5.5 md/s

According to the requirements of "PBT for the development
of ores and non-metallic deposits in the underground mines"
and "Instruction for safe application of self-propelled non-rail
machines in the underground mines” the required and
sufficient air flow for ventilation of the "Varba - Batantszi" mine
is taken to be 90 m3/s.

For normal mine operation on local ramps and mine faces
in the ore bodies, the use of local ventilation fans form Epiroc
Atlas Copco AVH 100 is envisaged.

V=72 m3\
I'surumi 1.H 635-51
89.31h
39.7 s\
37 kWN\ 400 - 50 Hz

&

Fig. 5. Water intake and ventilation complex to a local ramp

Ventilation fans for local ramps should be placed at the
beginning of each ramp: on level 590 for spirals 1.2 and 3; on
level 540 for spirals 5, 6 and 7; on level. 640 for spiral 4. As
mining work progresses in depth on each of the local spirals, it
is necessary to use additional ventilators for local ventilation in
a combined scheme. The aim is to facilitate and optimise the
process of ventilation of workplaces by creating normal
working conditions.

The water intake scheme provides water drainage to be
carried out by 3 main water intake complexes located on level.
300 and level. 435 for the Varba deposit and level. 435 for
Batantzi deposit.
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Fig. 6. Main water intake complex at level 435 “Batanzi”

The volume of each of the water intake complex must
comply with Art. 499 from PBT B-01-02-04 or V = 8 hours X
144 m3/h = 1152 m3

- For the Varba section of the deposit - the pumping of the
water will take place at two levels (two stages) from a main
water intake complex at level 300 with a displacement of 105
m to the main water intake complex at level 435, and from
there with a displacement of 135 m to an existing water intake
complex at level 540 (Vertical Shaft Varba 1) from where, on
the existing grid, water will go out of the mine. For the
implementation of the water drainage and water intake
scheme, it is necessary to build connections (drift mining
galleries and rises) between the newly built underground
infrastructure and the Vertical Shaft Varba 2.

- For the Batantsi section of the deposit — the water
drainage scheme foresees the mine water to be pumped by a
main water intake complex at level 435 with a displacement of
155 m through a ventilation stack to a gallery on level 590 from
where the water will enter the existing catchment complex and
through the existing network the water will go away from the
underground mine.

In view of the development of the mining works in depth, a
possibility is provided for pumping the water from the water
intake complex at level 435 in the direction of the Vertical Shaft
Varba 1 through a central inclined ramp.

The water intake of the local ramps and the mining blocks
should be carried out by mining pumps type LH 637-50 and the
water will be led to the main water intake complexes.

Conclusions

The new infrastructure in the deposit is designed in line
with the need for reaching the reserves in depth, the
commissioning of an entirely new self-propelled mobile
equipment, the introduction of new mining methods and the
overall modernisation of the mine (Siderova, 2016).
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The following investment will be needed for the
implementation of the project for construction of new
infrastructure in the "Varba - Batanti" underground mine:

Table 3.
Total amount,
No Type of cost BGN
1. Purchase of a new self-propelled 5420000
mobile equipment — 3 full sets
2. | Capital workings 9401 000
3. Ventilation 300 762
4, Water intake 1695 700
5. Auxiliary mine workings 375000
6. Mine ore and rock mass 962 500
storages
7. Electricity 575590
Total 18 730 552

As a result, lower production cost is obtained, the ore
production is increased from 101.000 tons to 236.000 tons, i.e.
2.3 times more per year, flexibility and mobility in terms of the
overall mining process and the individual production processes
are created. There will be a positive final effect of the mining
activities.
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INNOVATIONS IN THE MINING METHODS IN THE “VARBA - BATANTZI”
UNDERGROUND MINE
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ABSTRACT. The paper reviews the innovations in the mining methods applied in the “Varba - Batantzi” underground deposit. The mining method applied at the
moment in the mine, “sublevel caving’, is analysed and attention is paid to the need of creating and designing new mining methods for the “Varba - Batantzi”
underground mine. Innovations in the new mining methods are described - “sublevel caving” and “cut and fill” for the specific conditions in the mine. The technological
parameters of the new mining methods are presented. Some conclusions are given.

Keywords: mine, innovation, technological parameters

WHOBALIUW NMPU CUCTEMUTE HA PA3PABOTBAHE 3A HAXOOMLLE ,,BbPBA - BATAHLIW”?
3dpasey Eppmumos, Jumumbp AHacmacos
MurHo-2eonoxku yHusepcumem “Cs. MeaH Puncku”, 1700 Cocpus

PE3IOME. CratusTa pasrnexaa UHoBaLumMTe Npu cuctemute Ha paspaboTsaHe npunaray B Haxoguile “Bbpba - BataHuu”. B cTatuaTa e HanpaseH aHanua Ha cera
npunaraHata cuctema Ha paspaboTeaHe ¢ NofeTaxH1o obpyLuaBaHe B HaXOAMLLETO U & 0BbPHATO Cepro3HO BHMAHNE Ha HeoBXoauMocTTa oT papaboTeaHe
KOHCTPYMpaHe Ha HOBY CUCTEMM Ha pa3paboTeaHe 3a pyaHuK “Bbpba - BataHuy’. ChLyo Taka ca pa3rneaHu U MHOBALMUTE Npu HOBUTE CUCTEMM Ha pa3paboTBaHe
— C nofeTaxHo obpyluaBaHe W KpeneHe U 3ambniBaHe C npunaraHe Ha MobunHa MexaHusauwst. MpeAcTaBeHn ca TEXHOMOTMYHM MokasaTenn Mpu CUCTEMUTE Ha
pa3paboTBaHe 1 Ca AadeH N3BOAM W 3aKIOHEHNS.

Kniouosu AYMU: DYOHKUK, UHOBaLMA, TEXHONOMMYHK NapameTpu

Need for changes in the applied mining methods Applied mining method in the "Varba - Batantsi"
deposit (Anastasov, Eftimov, 2013)

The development of mining works in the "Varba - Batantzi"

underground mine necessitates its modernisation both with the The preparation of the block in the applied mining method,
introduction of new machinery and with the introduction of new  suplevel caving, is characterised by rock drifts. The block rise
technology - the introduction of new and innovative mining is running out of the influence area of rock movement, and it is
methods. made with an inclination of 72° according to the ore body. The

It is necessary to apply different mining methods for the main level gallery is drifted in the rock mass with cross-section
different mining areas for the complete mining of the reserves of 7.0 m2. Its length is 50 m and it is attached with % wooden

in the deposit. There are no restrictions for protection of  frames through 0.75 m, which defines a light cross section of
objects and facilities in and outside the mine on the flanks of 6.2 - 6.4 m2. The rise starts at the 25 meter (in the middle of

the two sections of Varba and Batants deposits. The project the ore block) and it is with cross section of 6 m2 (3 m x 2 m).

deals with a much more productive and less mine process The rise is with two compartments - one is a walk-in ventilator

engaged mining method (sublevel caving mining method). and the other is an ore pass.

However, a heavy, energy-intensive and resource-intensive From the block rise the cross cuts are drifted to the sub

mining method with a single-layer of cut and fill mining method level gallery. The cross section is 7.0 m2 and is secured with %

is required in the central area of the deposit to guarantee the wooden frames and siding. Their light section is 6.2-6.4 m? and

stability of the existing infrastructure and to ensure the mining is connected with the mechanisation used or mining.

of the reserves in the vertical shaft pillar. At the mail level gallery, a 10-meter-long cross cut is made
The aim of the project is to find optimal parameters of the with a 7.0 m? cross section, which is again secured with %

proposed new mining methods in order to increase the wooden frames. It makes a connection with the first sub level,

production and to achieve the optimal effect. and the same is used for ventilation and second exit for the

next block.
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At the bottom of each intersection, a scraper area is
formed (5 pieces), with a length of 2.5 m, a section of 7.0 m?, in
which a scraper is mounted.

At both ends of each of the sub level galleries, it is planned
to run initial compensatory spaces with a height of 7.5 m and
sections of 6.0 m2 (3 m x 2 m). They are classically made by
sectional blasting of boreholes with a diameter of 51 mm
(special passport) and use of the ANFO explosive.

The required time for all mine workings for the preparation
of one ore block is 8.01 months.

The drilling and blasting works foresee the drilling of
boreholes with a diameter of 51 mm and a heights of 10 m.
The drilling gallery has a cross section of 7.0 m2.

Borehole loading is mechanised with bulk explosive ANFO
and use of AZS-35 or "Kurama" charging machine.

At the same time, one fan is blasted to obtain a 1.8 m thick
layer, ensuring normal draining of the ore.

The drain is carried out by a scraper system with a volume
of 0.4 m3 and a scraper with a capacity of 30 kW.

The ore supply under this mining method is done by
angular scraping along the undercut work and the intersection
to the block rise.

The frames are dismantled before drilling of the boreholes
by dismounting 2 frames at the same time spaced 0.75 m
apart.

Table 1.
No Parameter Dimension Quantity
1. Type of block - -
preparation - in the
rock mass
2. Block parameters
- length m 50
- main level height m 50
- average thickness m 3.0
of the vein
3. | Angle of inclination ° 80
of the vein
Drill costs m/m3 0.84
Blasted ore from 1 m3/m’ 1.19
m of drill hole
6. Ore density t/m3 3.0
. Sublevel height m 10.0
8. Mining method % 10
losses
9. Primary sterile % 17
mass intake
10. Productivity of m3/person per 11.98
miner shift
t/ person per shift 35.94
1. Daily block t/day 158.5
production
12. Monthly block t/month 3486.8
production
13. | Number of blocks in number 3
simultaneously
works for 120 000
t/year ore
production.
14. | Number of blocks in number 5
preparation
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Innovations in the mining methods in the "Varba
- Batantsi" deposit (Anastasov, Eftimov, 2018;
Yanev, Anastasova, 2015)

The existing mining method in the underground mine
"Varba - Batantsi" is characterised by the use of a large
amount of manual labour, using the old equipment which leads
to achieving unsatisfactory results. The innovations related to
the proposed new mining methods are linked with the use of
modern equipment, manual labour reduction and increased
production performance. This leads to the design of new
mining methods for the deposit and their connecting to the
specific conditions in the underground mine.

A sub level caving method for mining the reserves in the
flanks of the deposit and a cut and fill method for the reserves
in the vertical shaft pillar are introduced.

Sub level caving mining method

- Option |

The preparation of the block with this version of the mining
method is done in the rock mass and includes the drifting of a
210-meter-long gallery with a section of 7 m2, as well as a
61m-high block rise with a 6 m2 cross section.

Fig. 1. Sub level caving method

Preparatory mining work includes drifting of cross cuts from
the rise with a length of 10 m, a cross section of 12 m? and a
local inclined ramp 212 m in length and 14 m2. Four cross cuts
are drifted from the local ramp with a single length of 25 m and
a cross section of 14 m2, which provide the access of the
mobile mechanisation to the extraction mine faces in each
block.

In order to enter the block and start with the mining of the
ore four sub level galleries are to be done with a cross section
of 12 m2 (4 x 3 m), a total length of 840 m and a compensatory
space of 8 pieces with a cross section of 9 m2 and a total
length of 80 m for ensuring the mining activities. The
compensatory spaces are driven at the bottom of each sub
level gallery.



Journal of Mining and Geological Sciences, Volume 62, Number 2, 2019

Fig. 2. Drilling and blasting design applied to the sub level caving
mining method

- Option Il

The mining method design (the block design) applying the
sub level mining method Option Il includes drifting of sub level
galleries through the ore body and in the local inclined ramps,
intersections and rises of the rock mass.

The dimensions of the designed blocks in this version of
the mining method are different for each block and are limited
by the specific dimensions of the ore body in the area. The
design of the parameters takes into account the optimal
distances for the new mobile equipment which is used. The
block sizes of this sub level caving mining method Option Il are
approximately 200x105x2.5 m.

For the preparation for mining of the reserves at "Varba-
North" all of the mine workings include sub level galleries, local
ramp N1, cross cuts and rise with a total length of 4165 m, the
costs for this task is BGN 5709700. The reserves prepared for
mining are 668749 t with relative costs 8.54 BGN/t.

The mining drifts for preparing the reserves of the
“Batantzi” mine include sub level galleries, local ramp N 2 and
3, cross cuts and rises with a total length of 4335 m, costs of
BGN 4966259. Thus, the total running costs are BGN 6629420
with relative production costs of 7.94 BGN/.

Cut and fill mining method

- Option |

For mining the reserves in the "Varba - Batantsi"
underground mine a new innovative cut and fill mining method
designed for use of a mobile equipment is offered.

The parameters of the exploitation ore block are: 210 m
length; height 60 m; ore body width - 3 m with an angle of 80°.

In order to optimise the mining processes, it is considered
to simultaneously work in faces in 3 different dimensions both
from bottom to top and from top to bottom.

14m2 cross cuts are made to provide the drill rig and the
front end loader approach. After the cross cut, the first layer is
done and the lower part of the inclined local ramp is placed.

The drifting of the main level gallery and the block rises
(the movement of each mine face) are combined in order to
prepare the reserves in block for mining for not more than 5.6
months.

- Option

For mining of the reserves in the Varba Central section of
the mine a cut and fill mining method with local ramps and
usage of new mobile equipment are offered.

The dimensions of the exploitation ore block according to
Version |l of the cut and fill mining method are different for
each block and are limited by the specific size of the ore body
in the area. The design of the parameters takes into account
the optimal distances for mobile equipment as well as the
necessary distance from the ore vein to ensure that mining
operations do not enter a zone of motion. The block unit

dimensions are approximately 160x105x2.5 m.

BB

Fig. 3. Cut and fill mining method

The mine workings for this mining method for preparation
of the ore body for development are made in the rock mass
and include a local ramp, a block rise and triple cross cuts as
follows:

+ Spiral No 4, triple cross cuts and rise with a total length of
4590 m with a total value of BGN 5434250. The prepared
reserves are 693452 t. The relative costs for mining are BGN
7.84 per ton.

+ Spiral No 5, cross cuts and rise with a total length of 3437
m and a value of 4776980 BGN. Prepared ore reserves are
372910 t. The relative costs are BGN 12.81 per ton.

« Spiral No 6, cross cuts and rise with a total length of 3401
m, amounting to BGN 4755940 is required, with the prepared
reserves being 308251 t. The relative costs are 15.43 BGN/t.

+ Spirals No 7, cross cuts and rise with a total length of
3534 m with a value of BGN 4954940. The prepared reserves
are 323919 t at a relative cost of 15.30 BGN/.

Fl

=
w
o
N

Fig. 4. Drilling and blasting design applied to the cut and fill
mining method
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Technical and economic indicators in the new
mining methods

Table 2.
MINING METHODS
Sub level [ Cutand fill| Sub level
mining mining caving
Parameters Measure method method mining
applied atthe | Option Il | method
moment Option Il
Length of the ore 160
block m 50 200
Height of the main 105
levels m 50 105
Width of the ore 2.50
body m 3.0 2.50
Inclination of the ° ° 85° o
ore body 85 8
Extracted ore from 3 047
1 m of drill hole mé/m 06 1.02
Height of the m 70 3.0 15.0
layer/sub level
Average m3/mine
production of a r per 5.45 9.04 22.21
mine operator shift
Number of the
miners up to number 229 164 164
August 2018
Annual mined
volumes based on 130 00 106
the mining tyear | 101000 0 524
activities
Average monthly | ¢y | g 486 | 10805 | 8877
mine production
Beneficiation costs | BGN/t 25.94 2594 | 25.94
Production cost for | BGN/t
1 ton of ore for
mining and 106.24 84.36 90.13
beneficiation

The economic efficiency of the combined implementation
of the sub level caving and cut and fill mining methods Option
Il shows the following (Anastasova, Yanev, 2017; Siderova,
2018):

- Applying the current mining method, with annual output of
101000 tons of ore and a cost of 106.24 BGN/t an annual loss
of approximately BGN 650000 is generated.

- When combining and implementing the new mining
methods, sub level caving and cut and fill Option I, the annual
output is increased to 236000 tons from both mining methods
(130000 tons and 106000 tons, respectively) and an average
mine production cost of BGN 87.30 per ton. An annual profit of
approximately BGN 3,000,000 before tax and concession fee
is realized.
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Conclusions

The proposed new mining methods, sub level caving and
cut and fill Option Il are uniquely designed and developed for
each extraction ore block from the deposit. Optimal results are
obtained when the two methods are applied together in the
underground mine.

The proposed new mining methods, sub level caving and
cut and fill Option I, allow the annual production of the mine to
increase from 101000 t/y up to 236000 t/y or 2.3 times.

The average productivity of a mine worker is increased
from 5.45 m3/miner per shift up to 15.63 m3/miner per shift or
about 3 times.

The introduction of new mining methods with the usage of
mobile equipment allows for the optimisation of the number of
workers assigned from 229 to 164, mainly due to the reduction
of the staff in extraction, fritters, as well as workers in the field
of transport and electric machines.

The implementation of the new mining methods, sub level
caving and cut and fill Option Il, generates an annual profit of
approximately BGN 3000000 before taxes and a concession
fee.
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REDUCTION OF EMISSIONS IMPACT ON THE ENVIRONMENT AND HEALTH OF COAL
MINE WORKERS

Anzhelika M. Eremeeva, Gennadiy I. Korshunov, Natalia K. Kondrasheva

Saint-Petersburg Mining University, 199106 Saint-Petersburg; eremeevaanzhelika@rambler.ru

ABSTRACT. The maximum permissible concentrations of poisonous and harmful gases in the mine atmosphere in existing underground mines during the operation
of self-propelled mining equipment with diesel drive used for the transport of people and mined minerals, repair and other types of work were considered. The
qualitative composition of pollutants during the operation of a diesel engine has been studied, namely, the main emissions that cause dangerous diseases in workers,
such as carbon oxides, oxides and nitrogen dioxide, hydrocarbons, fine particulate matter, sulphur compounds and others, and their concentrations have been
determined. The main characteristics of the ZETOR 1404 turbo diesel engine were obtained and studied, and the amount of harmful emissions generated from the
use of diesel fuel in this engine was determined. The main methods of reducing emissions of pollutants from diesel vehicles into the atmosphere were also
considered, and a method was proposed for reducing harmful substances in exhaust gases by changing the composition of diesel fuel, namely, introducing an
environmentally friendly bio-additive into oil fuel, which, when burned, does not form harmful compounds.

Keywords: coal mines, diesel engine, MPC, harmful gases

HAMANABAHE HA Bb3AENCTBUETO HA EMUCUUTE BBPXY OKONHATA CPELA W 3APABETO HA PABOTHULIUTE B
MWHU 3A JOBUB HA BBIULLA

Anxenuka M. Epemeeea, lNeHHaduli U. KopwyHoe, Hamanus K. KoHdpawesa

CaHkmnemepbypacku MuHeH yHusepcumem, 199106 Caqkm lNemepbype

PE3IOME. Pa3rnefaHu ca MakcuMarnHo JOMyCTUMUATE KOHLEHTPALMM Ha OTPOBHYM U BpeJHM rasoBe B aTMocepaTa Ha pyaHuka B CbLLECTBYBALLM MOA3EMHI MUHH
Mpu ekcnoaraumsTa Ha CaMoXoHO MUHHO 060pY/iBaHe C AU3ENOBO 3a[iBWKBaHE, U3NON3BAHO 3a TPAHCNOPTUPaHe Ha Xopa U [OBVUBAHN MUHEPANW, PEMOHT 1 APy
uose paGoTa. MacneasaH e KayecTBEHUAT CbCTaB HA 3aMbPCUTENTE N0 BPEME Ha eKCoaTauvsTa Ha AU3eNIoB ABUraTer, 8 UMEHHO OCHOBHUTE eMUCUM, KOUTO
MpUYMHABaT onacHu 3abonsaBaHua Ha paBOTHULMTE, KaTO BLIMIEPOAHM OKCUAM, OKCWAWM M A30TEH AMOKCHE, BLIMEBOAOPOAM, (UHM MPaxoBW YacTULM, CepHY
CbefMHEHMs W [p., KaTo TEXHUTe KOHLEHTpaLuu ca onpeseneHu. MonyyeHy ca v u3cnefBaHi OCHOBHUTE XapaKTepucTuki Ha TypGoausenosus asuraten ZETOR
1404 v e onpesieneHo KONMYECTBOTO BPESHU EMUCHI, TEHEPUPAHU OT U3MOM3BaHETO Ha AM3ENIOBO TOPUBO B TO3W ABuraTen. PasrneaHu ca 1 OCHOBHUTE METoaM 3a
HaMasnsBaHe Ha eMMCUUTE Ha 3aMbPCUTENW OT AM3ENoBUTE NPEBO3HM CPEACTBA B aTMOC(epaTa 1 € NpeasioXeH METOZ 3a HamanaBaHe Ha BPeAHUTE BELLeCTBa B
0TpaBoTeHNTE ra3oBe Ype3 NPoMsHa Ha CbCTaBa Ha AM3EN0BOTO fOPUBO, @ UMEHHO BbBEX/aHe Ha ekonorockobpasHa GuonoriHa fobaska. B MasyTa, KOWTO Mpy
narapsiHe He 06pa3yBa BpeaHM CheauHEHNS.

KniouoBu AYMU: BbIMULLHA MUHW, OU3EN0BU ABUraTenn, MakCuMarnHo Aonyctuma KOHUEHTpaLUmna, BpeaHu rasose

Introduction in mind that the gaseous exhaust products are sorbed on dust
and soot particles, increasing the fibrogenicity of dust (Cohen
The use of seif-propeiied mining equipment with a diesel etal., 2002, Davies, 2000) Therefore, the determination of the
drive in coal mines significantly increases labour productivity nature of the combined action of the main components of
during such auxiliary work as the transportation of technical exhaust gases, the identification of risk factors at these
fuel and lubricants, repair and rigging works, construction and enterprises is of particular importance, as well as the
repair of underground roads, transportation of people, etc. improvement of methodological approaches for the reduction
However, the advantages achieved when using self-propelled of harmful substances in the specific conditions of mining
mining machines and mechanisms with diesel drive in workings.
underground conditions can be achieved only under the One way to improve working conditions in mines is to
condition of ensuring safe conditions for their operation reduce the harmful effects of emissions on workers' health by
(Davies, 2004). changing the composition of the fuel used in self-propelled
At enterprises using self-propelled mining equipment with a diesel equipment.

diesel drive, the air of working zones is intensively polluted not

only with dust, but also with components of exhaust gases. In Analysis of the state of gas pollution in coal
addition to increased concentrations of nitrogen oxides, carbon mines

monoxide in the workplace, acrolein and formaldehyde are

present in the air (Bagley et al., 2002; Air-Met, 2003). It should Table 1 shows the number of diesel locomotives used in
be emphasised that in mine air the concentrations of these the coal mines of JSC SUEK-Kuzbass.

gases often exceed the permissible values. It should be borne
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Table 1. The number of used diesel locomotives in the mines
of JSC "SUEK-Kuzbass"

Ne Name of mine Number ofdiesel
locomotives

1 Komsomolets 6

2 Polysaevskaya 6

3 them. S.M.Kirov 12

4 them. A.D.Ruban 3

5 Trunk 8

6 November 7th - new 2

7 | im.V.D. Yalevsky "pl. 50 5

8 im.V.D. Yalevsky "pl. 52 7

9 T -West 1 4

10 T -West 2 7
Total: 60

The analysis of the routes of diesel locomotives showed
that most of them pass through capital workings with the main
incoming and outgoing air jets intended for airing several
“consumers”, including cleaning and tunnel faces. Due to the
high methane content at excavation sites and dead-end
preparatory workings in most of the mines of SUEK-Kuzbass,
the main criterion determining the amount of air in the
ventilation jets is dilution of methane to the maximum allowable
concentrations. Thus, the calculated air flow rate required for
diluting exhaust gases of diesel engines is almost universally a
multiple of the accepted air flow rate for airing the workings.
However, in some cases, routes of movement of diesel
locomotives pass outside the routes of movement of the main
air flow (for example, the ventilation drift of the adjacent
prepared or already prepared extraction column, the
disassembly chamber, etc.) 5, the Yalevsky mine), which
necessitates the conduct of mine research to determine the
degree of gas pollution of these mine workings by exhaust
gases and the potential for its reduction.

The average quantitative and qualitative characteristics of
the pollutants from the work of diesel locomotives in the mine
air at the mines of SUEK-Kuzbass, are given in Table 2.

Table 2. The composition of the mine air in the main positions

Sampling point Gas concentration, %
CO2 | O CcO CHq4 NOx
In workplace | 0.04 | 20.92 | 0.0005 | 0.00 | 0.00004
driver
Baseline 0.03 | 20.92 | 0.0006 | 0.00 | 0.00002
At the exhaust | 2.02 | 16.06 | 0.0017 | 0.00 | 0.0008
(min. Load)
At the exhaust | 2.04 | 16.05 | 0.0034 | 0.00 | 0.0014
(max. Load)
20 meters from | 0.12 | 20.62 | 0.0001 | 0.00 | 0.00001
the diesel
locomotive

As can be seen from the data in Table 2, the largest
amount of emissions comes from carbon dioxide and carbon
monoxide. Carbon monoxide is tasteless and odourless, but at
high concentrations causes dizziness, headache, nausea, and
can lead to fainting. A slight increase in the concentration of
carbon dioxide, up to 2-4%, in the premises leads to the
development of drowsiness and weakness in people.
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The current regulatory and technical document for the
regulation of exhaust gases when diesel engines operate in
coal mines is the Order of the Federal Service for Ecological,
Technological and Nuclear Supervision dated January 12,
2016 N7 "On approval of Safety Guidelines"
Recommendations for use in coal mines transport vehicles with
diesel drive", according to which the maximum permissible
concentrations (MPC) of exhaust gases are summarised in
Table 3.

Table 3. Recommendations for use in coal mines transport
vehicles with a diesel engine

Maximum permissible
concentration of gas in

Harmul gases operating mountain conditions

% mg/m3
CO 0.00170 20
NOx 0.00025 5
Sulphurous anhydride 0.00038 10
H2S 0.00070 10

Analysing the data from Tables 2 and 3, we can conclude
that the values of emissions of nitrogen oxides and carbon
oxides exceed the norm at the exhaust (at maximum and
minimum load), but the concentration of carbon dioxide
exceeds the norm in all measurement sites.

According to GOST 12.1.005-88 Occupational Safety
Standards System (OSS) the general sanitary and hygienic
requirements for the air of the working area (with a change in N
1) MACs of harmful gases are listed in Table 4.

Table 4. General sanitary and hygienic requirements for
working area air

Harmful gases MPC Hazard . human
mg/m3 Class | influence
NO« 7 1l 0
co 20 vV 0
Sulfurous anhydride 10 1l
H2S 10 Il 0

Note: O - substances with a highly directional mechanism of
action requiring automatic control of their content in the air.

Based on the MPC values in GOST 12.1.005-88, it can be
concluded that the concentration of nitrogen oxides and carbon
oxides exceed the norm on the exhaust (at maximum and
minimum load).

The way to reduce the concentration of harmful
substances in the air of the working area of coal
mines

Significant reduction of aerotechnogenic load during the
work of diesel locomotives can be achieved through an
integrated approach, involving the implementation of several
tools in practice. Particular attention should be paid to the
development of diesel fuel additives to reduce harmful
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emissions. The use of biodiesel in traditional diesel engines
significantly reduces the amount of hydrocarbons emitted into
the atmosphere, carbon monoxide, sulphates and particulate
matter, toxic and carcinogenic substances (Anchita, 2017).
Due to the fact that biodiesel does not contain sulphur, sulphur
dioxide does not enter the atmosphere when it is burned. The
high content of oxygen in biodiesel contributes to a more
complete burning of CO2 (Bezergianni, Dimitriadis, 2013).

In the last decade, the esterification process of fatty acids
contained in vegetable oils (for example, sunflower, corn, flax,
etc.) and animal fats has become very popular. This
technology is based on the interaction of organic acids with
alcohols, leading to the formation of esters (Fig. 1),
(Bezergianni, Dimitriadis, 2013).

A H
R __ +HOR 7= R + H,0
'OH ! O-R

Fig. 1. Scheme of the esterification reaction

For the synthesis of biodiesel according to the esterification
method, the authors selected acids contained in sunflower oil
and dihydric alcohol (ethylene glycol) as raw materials. After
this process, the separation of the phases (organic and
aqueous) in the product mixture was carried out by
sedimentation, drying and distillation. Table 5 shows the main
indicators of the quality of biodiesel fuel obtained by esterifying
fatty acids of sunflower oil (FASO) with a dihydric alcohol in
comparison with the physicochemical properties of a mixture of
fatty acids isolated from sunflower oil (Kondrasheva et al.,
2018; Kondrasheva et al., 2019).

Table 5. Physical and chemical properties of a mixture of
FASO and biodiesel fuel obtained by the esterification of FASO

with ethylene glycol
Indicator FASO Biodiesel fuel
Density at 20 ° C, kg/m3 0.90978 0.91400
Viscosity at 40 ° C, mm2/s 27.995 23.250
Flash pqlnt moclosed 15 110
crucible, ° C
Sulphur content, mg / kg 13 71
LubncEy (CWSD) at 60 157 202
C, microns

Note: * CWSD - corrected wear spot diameter.

Calculation of harmful emissions from fuel
combustion

At the mining enterprises, the most common is the Zetor
1404 engine in the underground monorail transport. The
engine operating parameters are presented in Table 6.
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Table 6. The parameters of the diesel engine Zetor 1404

Engine's type ZETOR 1404 .tl.ero (for mine
conditions)

Engine type with.c.ompression ignition, direct
fuel injection

Max. power 81kw-5%

Nominal speed 2300 min -t

Number of cylinders 4

Fuel consumption 255 g/ kWh

fuel diesel fuel

The amount of pollutants emitted into the atmosphere
during the operation of this engine was determined through the
material balance (Fig. 2).

S,/ 8. =0,37468/C;

S,/ 8, =0,0839C/ H;

c

S, [ 5, =01678C/(0,3356C + H):

5

L/ S8y =1.1082(0,21+ O);

Fig. 2. Material balance of substances in the exhaust gases

The calculated amount of harmful substances when using
petroleum diesel fuel and improved diesel fuel (NPDF) are
presented in Table 7.

Table 7. The amount of harmful substances when using
petroleum diesel and improved diesel fuel

Harmful gases NPDF, DF,
g/min g/min
NO2 1.976 3.19
NO 0.321 0.518
C 0.41 0.662
Sulfurous anhydride 0.23 0.39
CO 1.57 3.108
Kerosene 0.51 0.9

As can be seen from Table 8, the amount of harmful
substances when using diesel fuel with a bio-additive
decreases by almost 2 times.

Conclusion

The most effective way to reduce harmful substances is to
improve the quality of the fuel used, the use of additives or
alternative fuels. All these methods can be combined using the
introduction of bio-additives based on animal and vegetable
fats and oils into the composition of the fuel and including the
composition of esters (Kondrasheva et al., 2018).
Simultaneously with the reduction of harmful emissions when
using these additives, the engine life increases by 2-3 times,
the diameter of the fuel wear spot decreases, and the calorific
value decreases.
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EVALUATION OF THE POSSIBILITIES FOR SUSTAINABLE EXPLOITATION OF A
DEPOSIT FOR KAOLIN AND SILICA SANDS

Daniel Georgiev, Simeon Asenovski, Dimitar Kaykov, Ljupcho Dimitrov, Ivaylo Koprev

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; orpi_vr@mgu.bg

ABSTRACT. The article reviews the development of an existing open-pit mine for kaolin and silica sands. The possibilities for the development of the pit have been
considered for a period of 10 years. The key parameters for the efficiency of the open-pit mine have been determined according to the specific conditions of the
deposit and the location of the pit. A solution for the development of the open-pit mine has been proposed.

Keywords: open-pit mining, kaolin-silica sands

OLIEHKA HA Bb3MOXHOCTUTE 3A YCTONYMBO PA3BUTUE HA MUMHUTE PAEOTU B HAXOLMLUE 3A KBAPL-
KAONIMHOBU NACHLIN

HaHuen eopaues, CumeoH Acenoecku, Jumumbp Katikos, Jion4yo Jumumpos, Ueaiino Konpes

MurHo-eeonoxku yHusepcumem “Ca. Mear Puncku®, 1700 Cocpusi

PE3IOME. B HacTosiuus MaTepuan € pasrfiefiaH CbLUECTBYBALY OTKPUT PyOHMK 3a AOGMB HA KBapU-KAOMMHOBM NACBUM. PasrnefaHu ca Bb3MOXHOCTUTE 3a
MPOAbITIKABaHETO HA HEroBoTO pa3paboTsaHe 3a nepuog oT 10 roguHu. GopMynMpaHM ca KN4oBUTE MOKA3aTenW, Onpefensly e(eKTUBHOCTTA Ha OTKPUTUS
PYLHWK, CbOGPA3EHN C HEToBUTE CrieLicMyHm yCroBus. MPenoxkeHo e KpaiiHo PeLUeHIe 3a Pa3BUTUe Ha MUHHUTE paBoTy.

KntouoBu gymm: oTkpuT J06UB, KBAPLI-KAONMHOBM NACHLN

Introduction -the mechanical properties of the rocks;
-the height of the benches;

In order to choose a suitable mining technology for -the climate conditions;
extracting certain mineral resources the key factors which -the annual strip ratio.
determine the efficiency of the mining process must be First of all, the terrain has a mild slope of around 4°and
considered. In the current paper the possibilities for stretches over 72000 m2. Therefore, this does not require any
maintaining a stable mining process in an open-pit mine for ~ special preliminary preparations for the utilisation of the
kaolin and silica sands for the next 10 years has been conventional mining equipment for similar non-metallic
researched. The deposit is situated in the northern part of deposits  (excavator, ~mining trucks and  bulldozer).
Bulgaria and has certain important limiting conditions which Furthermore, the shape of the deposit is near-horizontal and
lead to a unique problem and a unique solution which can, stretches all around the boundaries of the deposit. However,
however, be considered as typical for a conventional non- the depths of the overburden and the silica sands vary from 9
metallic open-pit mine. m to 15 m across the boundaries of the deposit. According to

the geological surveying some neighbouring layers of silica
sands vary in their depth due to the inclusions of sandstones.

Factors which affect the choice of mining Based on the overall geological report on the deposit, an

technology annual production of 30 000 m?3 kaolin and silica sands has
_ o . _ o been established for a period of over 30 years. Until this

The main goal for achieving an optimal mine design is to moment the open-pit mine has been in exploitation and will
establish a link between the surface and the layers of kaolin further be exploited. In the current paper a different part of the
and silica sands while maintaining the volume of excavated deposit is considered to be mined in order to open up a new
overburden as low as possible. In order to achieve the goal, mining surface and to maintain the level of the annual output.
several main factors which affect the choice of the mining The mechanical properties of the rocks are as follows:
technology for extraction have to be pointed out: - cohesion — C = 35.105 Pa:

- the terrain of the mined area; - angle of internal friction — @ = 25°;

- the area which is planned for mining; - density (kaolin and silica sands) —y = 1900 kg/m3.

- the annual output for the pit; For that purpose, the current height of the benches is 6 m

-the shape of the deposit;

and the slope angle is 55°.
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According to the past experience of exploiting the deposit,
two more key factors which influence and limit the further
development of the pit can be pointed out:

- Slope stability;

- Limited area for overburden storage.

Maintaining a low volume of overburden due to the limited
storage also achieves another benefit from the technological
solution — lower costs for overburden extraction and storage.

For maintaining the desired level of stability it is
recommended that the highest value of the slope angle for the
pit should be 55°. Although the stability coefficient is greater
than 1.5 this slope angle is based on the experience in similar
pits and on past experience. Furthermore, this slope angle
guarantees the stability on a longer-term scale, including
during the winter season and during snow meltdowns.

For each case the width of the working bench is
considered to be 20 m. In addition, the width of the transport
ramps is 7 m which ensures the safe passage of one truck as
the truck fleet for each shift consists of only up to three trucks.

Parameters of efficiency

In order to make a grounded decision for the further
development of the pit, certain parameters of efficiency have to
be established (Bosnev et al., 2018). In order these
parameters to be established in an adequate manner, they
have to reflect the economic and technological side of the
problem. For this reason, the three key parameters of
efficiency, which should be considered when choosing the
mining technology, are:

- The volume of overburden required for extraction, m3;

- The volume of estimated loses of the mineral resource,

m3,;

- Transportation distances for overburden storage, m.

In addition, a secondary parameter of efficiency can be
added in order to measure how the mining fleet is utilised fora
period of 10 years by applying the variance coefficient for the
overburden ration for the different years (Bosnev, Kaykov,
2018). It is important to notice that this parameter gives only a
basic information how stable the volumes of overburden are
during the open-pit mine development and it has to be used
only as a further argument for the decision.

The specific conditions for the deposit have shown that
very little can be achieved via interchanging the values of the
slope angles for the pit or the overburden storage facility due to
the smaller size of the pit. Hence, this requires a different type
of solution regarding the choice of a mining technology. For
this purpose, three scenarios have been considered for
establishing the desired results.

The first scenario utilises the area of the previously used
pit for storing the overburden, while the second and third
scenario utilise the old pit for removing the overburden and
reaching the silica sands.

Scenario 1

The first scenario deals with the problem of the limited
space for dumping the overburden.

The utilisation of the old open-pit mine ensures an area of
about 17 000 m? for overburden storage. The entry point to the
pit is situated as close as possible to the road leading to the
overburden dump. Table 1 shows the four parameters of
efficiency.
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Table 1. Parameters of efficiency for Scenario 1

Total Average Variation
Volume of distance to .
volume of ) coefficient
estimated overburden
overburden, X of the
3 loses, m3 stockpile
m o overburden
facility, m
429 600 13 500 (4.5%) 250 0,285

Furthermore, the direction of development of the pit is
situated perpendicularly to the direction of the slope. Table 2
shows the different volumes of extracted silica sands and
overburden, as well as the strip ratio.

Table 2. Volumes of overburden for Scenario 1

Year Volume of overburden, m3
1 62 280

41520

48 600

32400

36 720

24 480

46 080

30720

64 080

42720

Olo(NoO|g|B|wIN

—_
o

Figure 1 is a general representation of the designed
position for the 10" year of exploitation. The light-coloured
lines represent schematically the position of the toe of the
bench level 36.

OLD QUARRY

Fig. 1. Approximate annual development of the open-pit mine for
reaching the design contour at year 10 in Scenario 1

The most important conclusion of this scenario is that the
volume of overburden from the initial stages of the period of 10
years is the biggest as the closest entry point to the
overburden dump is situated where the higher parts of the
terrain are situated.

The variation coefficient has a low value, which means that
the mining fleet will be utilised in an efficient manner during the
10-year period.

Scenario 2
The second scenario deals with the problem of reducing
the required area for storing the overburden, especially during
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the later stages of the development of the pit. Furthermore, the
direction of the pit development is parallel to the direction of
terrain rising. The old open-pit mine is utilised as an entry point
to the new boundaries of the pit. During the initial stages the
volumes of overburden are slightly lower than the ones from
Scenario 1, leading to a lower required space for the dump.
Furthermore, the extracted space in the pit is used for storing a
bigger part of the overburden. Table 3 shows the four
parameters of efficiency.

Table 3. Parameters of efficiency for Scenario 2

Total volume Volume of Average Variation
the blocked distance to -
of ) coefficient
mineral overburden
overburden, ) of the
resource, stockpile
m3 o overburden
m3 facility, m
16 200
676 500 (5.4%) 70 0,288

Table 4 shows the volumes of overburden, extracted sands
and the strip ratio for the period of 10 years. The variation
coefficient is also high in this scenario and slightly differs from
scenario 1.

Table 4. Volumes of overburden for Scenario 2
Year Volume of overburden, m3
114 135
76 090
73900
49 265
70 615
47 075
72 805
48 535
74 450
49 630

Figure 2 is a general representation of the designed
position for the 10t year of exploitation. The light-coloured
lines represent schematically the position of the toe of the
bench level 36.

Sloe|o|N|o|a|s|w|o| =
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Fig. 2. Approximate annual development of the open-pit mine for
reaching the design contour at year 10 in Scenario 2
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Scenario 3

The third scenario is a modification of Scenario 2, however,
they differ in the direction of the pit development. In Scenario 3
it is parallel to the direction of the slope. Table 5 presents the
parameters of efficiency for this scenario.

Table 5. Parameters of efficiency for Scenario 3

Total Average Variation
Volume of distance to -
volume of . coefficient
estimated overburden
overburden, ) of the
3 loses, m3 stockpile
m . overburden
facility, m
10 200
676 500 (3.4%) 70 0.466

Table 6 presents the volumes of overburden, silica sands
and the strip ratio for the 10-year period.

Table 6. Volumes of overburden for Scenario 3
Year Volume of overburden, m3
1 140 580
93720
74 520
49 680
46 260
30 840
54 000
36 000
90 540
60 360

O (NoOo B~ (wiN

—_
o

Figure 3 is a general representation of the designed
position for the 10" year of exploitation. The light-coloured
lines represent the position of the toe of the bench level 36.
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Fig. 3. Approximate annual development of the open-pit mine for
reaching the design contour at year 10 in Scenario 3

It is important to notice that the slope of the old quarry
ceases to exist after the 10t year due to the mining operations
starting for the old mining site. The slope of the quarry on
figures 2 and 3 is just for illustration.
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Conclusions

From the consideration of the three scenarios, the following
conclusions can be made:

- The direction of the pit development leads to the different
volumes of overburden during the 10-year period.

- The variation coefficient indicates that in each scenario
the utilisation of the mining equipment will be different during
the different years. This could be further adjusted in order to
maintain a more stable work flow on an annual level.

- The variation coefficient can prove to be an informative
parameter for the steadiness of the process on a strategic level
as the total volume of overburden will be excavated. The
differences that occur apply only to the mining sequence which
leads to the bigger variations in the output flows.

- Scenario 1 may not be entirely better than Scenario 3,
but it provides a good short-term solution for the development
of the pit.

- However, if the open-pit mine is to be exploited during a
full 30 to 35-year life span, then it would be wiser to adjust the
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output of overburden for Scenario 3 in order to minimise the
transportation costs, as well as to limit the volumes of loses.

- The scenarios which utilise the extracted space within
the current pit for storing the overburden are related not only to
shorter distances for dumping the overburden, but also to the
lesser environmental impact.
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RESEARCH ON CREATING A DIGITAL PHOTOGRAMMETRIC MODEL BY USING
DIFFERENT NUMBER OF CONTROL AND CHECK POINTS
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ABSTRACT. Improvement of the digital cameras and development of the digital image processing methods have led to the application of digital photogrammetry in
underground mining. These days many studies are focused on the creation of digital models, which is one of the most important activities in mining. The reason is that
a number of mine surveying and geological problems are solved through the models. A study related to the number of control points used in creating a digital
photogrammetric model is presented in the paper. The obtained results are illustrated and analysed.

Keywords: close-range photogrammetry, digital photogrammetry, underground mine, control and check points

Cb3OABAHE HA YACNEH ®OTOrPAMETPUYEH MOAEN, U3MNON3BAWKU PA3NIUYEH BPOW ONMOPHU U KOHTPOMHW

TOYKHU
BecenuHa MNocnoduHosa

Munto-2eonoxku yHusepcumem "Cs. MeaH Puncku”, 1700 Cogpus

PE3IOME. YCbBBPLLEHCTBAHETO Ha anapaTtypaTa 3a 3aCHEMaHe M pa3BuUTUETO Ha LndpoBuTe MeToam 3a 06paboTka Ha U3obpaxeHust JOBEAE 4O MpunaraHeTo Ha
uncposata oTorpameTpus B Noa3eMHus fobus. Bce moBeye npoyuBaHWs Ca HACOMEHWM KbM Cb3[aBaHE Ha YWCMEHW MOLENM KOETO € €AHa OT Hal-BaxHWUTe
[EeHOCTM B MUHHOTO AENO, Thii KATO Ypes TsX Ce peluaBaT MapKLaiiaepcki v reonoxkv 3agayn. MpencraBeHo e ucneasaHe cBbp3aHo ¢ 6pos Ha 13non3BaHuTe
OMOPHM TOYKM NMPY Cb3aaBaHe Ha YuCneH doTorpameTpuieH Mogen. MonyyeHnTe pe3ynTaTii ca oHarneSeHn v aHanuanpaxm.

KntoyoBu gymu: bnuskoobxsaTHa chotorpameTpus, Lmdposa (oTorpamMeTpus, NOA3EMEH PYAHMK, OMOPHN W KOHTPOMHM TOYKM

Introduction

The photogrammetric methods allow three dimensional
models in underground mines to be generated. They are used
as well to create digital models of galleries or parts of them, to
calculate the volume of mined-out mass, to map the progress
of mining activities, geological and structural mapping. These
methods are applied also while observing walls and pillars. The
number of used control points, their locations, as well as the
root mean square error of the model and the points in the
model itself are very important. The reason is because the
solving of certain mine surveying and geological tasks requires
accurate determination of coordinates of points, measurement
of lengths, angles and other geometric features.

The deformation state of rock mass, galleries and pillars,
and also their observation is a very important task for every
underground mine. Most often they are followed by visual
observations and specialised equipment. Even though, the
subjectivity of surveillance techniques may be admitted to
vague or incomplete analyses, due to the small amount of
measured data. Observing changes with standard tools is
costly and time-consuming, and the collected information is
limited. An alternative to these methods is the use of digital
photogrammetry for the exploration and monitoring of rock
mass in underground mines, presented by Benton and
colleagues. They have conducted two laboratories and field
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studies to prove that photogrammetry is a useful tool, which
provides not only high precision but also occupational safety
(Benton et al., 2016).

Other studies have evaluated the photogrammetric
systems for ground control in underground mines. The
research was conducted over a three-year period in Lucky
Friday Mine, the United States, for the extraction of ore from
rocks, which are susceptible to destruction, at a depth to 2,100
meters. The analysis of the results shows that the
photogrammetric system is commensurate with conventional
tools for measure of deformations, especially with regard to the
interpretation of the potential movement in crossing the
geological disturbance across the fault. The advantages of
photogrammetry are presented, namely the increase of
measurements compared to standard tools as crackmeter and
the use of photogrammetric data together with 3D visualisation
software for the synthesis and integration of complex
information from a variety of sources, such as geology, mining
technical conditions, seismicity and geotechnical toolkit
(Benton et al., 2017).

Digital photogrammetric models help different specialists in
mining companies - managers, engineers, miners, employees
who are responsible for logistics, safety and health care. These
models give a more comprehensive picture of the situation in
the underground mine and they would be a suitable tool for
both managers (investors, directors, managers) and
employees in mining companies.
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One of the main purpose of this research is to make
comparison between points, whose coordinates are measured
by a total station and the same points whose coordinates are
received from the photogrammetric model. Another aim is to
analyse both obtained results.

Experiments

In this study, data from a realized scientific research
project at the University of Mining and Geology "St. Ivan Rilski"
in 2018 is used. During the project a part of a gallery in the
underground mine “Erma Reka’, Gorubso Zlatograd
Corporation was shot by a photogrammetric method. The
capture was executed by a Canon EOS 600D digital camera
with a 16Mpix resolution and with the help of two external
additional LED lamps. In order to create the model 314 photos
were captured. There were 21 fixed points permanently
marked on the researched object, which were evenly spaced.
Their location is shown in Figure 1. The control points were
measured with a total station — “Trimble S6” in a local
coordinate system. The Russian software “Agisoft Photo Scan
Professional Edition” processed the data, which were images
in raw format. The resulting mean square error (absolute
precision of the model) after the adjustment is 0.0072m and it
is shown in Figure 2. In the same area a survey was conducted
with a total station “Trimble S6” with built-in module for
scanning of surface. A scanning step was selected - 0.50 m x
0.50 m (Begnovska, 2016). A comparison between the volume
of mined-out mass from the model obtained from the
photogrammetric shooting and the one from the geodetic
survey was made. The difference in the volumes is in the
range of 1.02%, which suggests that the proposed
photogrammetric method can be used to calculate the volume
of mined-out mass in underground mines. The results show
that the presented methodology can be applied in real
conditions for solving various mine surveying tasks: creation of
three-dimensional mining models and graphic documentation,
monitoring the progress of the exploitation activities, of
volumes’ calculations, structural mapping and others
(Gospodinova et al., 2018).
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Fig. 1. Visualisation of a generated textured top-view
photogrammetric model using 21 control points
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Malkels'\ X(m) Y(m) Z(m) Accuracy (m) Error (m) Projectio A
P’ target 1 1998082000 1001688000 501.257000 0.005000 0007195 39
P' farget2 1997088000 1000774000 501.936000 0.005000 0003509 4
P’ farget3 1997070000  998.849000 501933000 0.005000 0003742 44
P’ farget4 2000318000  998.512000 500553000 0.005000 0.003638 4

¥ target 5 2001512000 998293000 501.724000 0.005000 0.003651 63
P target6 2002147000  997.616000 501578000 0.005000 0007792 31
P’ target7  2001.951000  997.197000 500.695000 0.003000 0.011681 41

M1 targets 2001799000 995080000 501.881000 0.005000 0010022 7
P'targew 2001505000 993.702000 501416000 0.005000 0.008574 69
P' target 10 2001.111000  992.232000 500.645000 0.005000 0.008543 49
M target 11 2003567000 991836000 500922000 0.005000 0.003695 51
P‘ target 12 2003620000 992.537000 502.137000 0.005000 0.007770 3
P’targeﬂs 2004032000 994557000 500.913000 0.005000 0.008336 54
¥ target 14 2004108000 996633000 501.264000 0.005000 0.012756 74
P'targeHS 2004022000 997.742000 501.961000 0.005000 0.007754 7
P' target 16 2005795000 997.649000 501.896000 0.005000 0.006457 68
¥ target 17 2006272000 999433000 502.143000 0.005000 0.008327 62
P‘ target 18 2004450000 1000554000 501248000 0.005000 0.001633 54
P' target 19 2003035000 1000802000 501562000 0.005000 0.006715 69
¥ target 20 2002031000 1001218000 501080000 0.005000 0.004029 45
P'target 212001009000 1001.223000 502375000 0.005000 0.003347 75
Total Error

Control points 0007247 v
< b3

Fig. 2. Coordinates of the control points and mean square error
of the photogrammetric model‘s adjustment

The main task of the present study is to identify the
differences  between geodetic and  photogrammetric
coordinates of control points located in a part of an
underground mine gallery. The control points were obtained
once by direct geodetic measurements with a total station
“Trimble S6” and the second time they were measured by the
created photogrammetric model of the same part.

A minimal number of required control points is used for the
creation of the digital photogrammetric model — in this case 4
(3, 10, 17, 21). This will reduce the time to measure the control
points and will lead to increasing the efficiency of the workflow.
Figure 3 presents the location of control points in the model.

oot 3|

o

o a8l point 10|
=0

oot 17]
5

Fig. 3. Visualisation of a generated textured photogrammetric
model using 4 reference points
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Determination of the coordinate differences by manual
measurement of the coordinates of the control points in
the photogrammetric model

The photogrammetric model was generated by the “Agisoft
Photo Scan Professional” software. The coordinates of 17

marked points in the photogrammetric model are measured.
For the same point the geodetic coordinates are also
measured. They serve as control points. Differences (errors) of
X, ¥ and z between the geodetic and photogrammetric
coordinates are calculated and presented in Table 1.

Table 1.
The values obtained from geodetic | The values measured from the Errors
Ne of measurements photogrammetric model
point Xr [m] Ye [m] Z:[m] Xep [m] Yo[m] Zyp[m] Axi [m] Ayi [m] Az [m]

1 1998.082 | 1001.688 | 501.257 1998.079 | 1001.683 | 501.252 | 0.003 0.005 0.005
2 1997.088 | 1000.774 | 501.936 1997.086 | 1000.770 | 501.933 | 0.002 0.004 0.003
4 2000.318 | 998.512 | 500.553 2000.318 | 998.508 | 500.551 | 0.000 0.004 0.002
5 2001.512 | 998.293 | 501.724 2001.513 | 998.291 | 501.726 | -0.001 0.002 -0.002
6 2002.147 | 997.616 | 501.578 2002.140 | 997.620 | 501.586 | 0.007 -0.004 -0.008

7 2001.951 | 997.197 | 500.695 2001.946 | 997.192 | 500.694 | 0.005 0.005 0.001
8 2001.799 | 995.080 | 501.881 2001.791 | 995.076 | 501.892 | 0.008 0.004 -0.011
9 2001.505 | 993.702 | 501.416 2001.499 | 993.701 | 501.411 | 0.006 0.001 0.005
11 2003.567 | 991.836 | 500.922 2003.569 | 991.836 | 500.927 | -0.002 0.000 -0.005
12 2003.620 | 992.537 | 502.137 2003.618 | 992.534 | 502.138 | 0.002 0.003 -0.001
13 2004.032 | 994.557 | 500.913 2004.032 | 994.556 | 500.915 | 0.000 0.001 -0.002
14 2004.108 | 996.633 | 501.264 2004.100 | 996.622 | 501.254 | 0.008 0.011 0.010
15 2004.022 | 997.742 | 501.961 2004.025 | 997.735 | 501.962 | -0.003 0.007 -0.001
16 2005.795 | 997.649 | 501.896 2005.799 | 997.641 | 501.900 | -0.004 0.008 -0.004
18 2004.450 | 1000.554 | 501.248 2004.442 | 1000.551 | 501.249 | 0.008 0.003 -0.001
19 2003.035 | 1000.802 | 501.562 2003.025 | 1000.802 | 501.562 | 0.010 0.000 0.000
20 2002.031 | 1001.218 | 501.080 2002.035 | 1001.221 | 501.076 | -0.004 -0.003 0.004

number of control points | 17 17 17

arithmetic mean [m] | 0.003 0.003 0.000

standard deviation [m] | 0.005 0.004 0.005

root mean square error by x, y and z [m] | 0.005 0.005 0.005

In the same table arithmetic mean errors, standard deviation
and root mean square errors are calculated. Table 2 and the
following figures illustrate the results obtained as percentage
ratio.

Table 2.
Differences | to 5 mm To 10 mm | above 10 mm
Ax 70.59% 29.41% 0%
Ay 82.35% 1M.77% 5.88%
Az 82.35% 1M.77% 5.88%

Determination of Ax, Ay and Az

Axi = XFL' - X(Di;
Ayi = YFi - Y‘Di;
AZL' = Hrl. — Hq;i;

(1)

Xdb, Yo and Hdp are values for X, Y and H reported by stereo
model, and Xr, Yr and Hr are values for corresponding points
obtained from direct geodetic measurements.

Calculation of average arithmetic errors

—_1lyn .5 _1lyn .o _1lyn .
X =Nt dx; ¥ = N, Ay Z = _Xi, Az;

(2)
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where n - is the number of measurements, and Axi, Ayi and
Azi are i- errors, where i = from 1 to n.

Calculation of the standard deviation

n n
1 _ 1 —
Sy = mZ(Axi —-x)?% ; s, = EZ(AJ’:' -»%;
i= i=

5, = |0z - ®)

where n - is the number of measurements, and Axi, Ayi and
Azi are i-errors, X, y and z are arithmetic mean errors and

i = from 1 to n, where n- is the number of measurements.

Calculation of the root mean square error - m

13 2 13 2
my = ,—,Z(xim ~Xp) 5 omy= ZZ(}’xr) ~Yiw)
i=1 i=1

2
mz:\/%zinzl(Hi(r)'Hi(Cb)) (4)
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The diagram of error’s distribution by x

= 12 to 0.005

Fig.4. Number of errors’ values by x in the respective interval and
their percentage ratio of the total number of values.

= 5to 0.010

The diagram of error’s distribution by y

= 14 to 0.005mm =2 to0.010mm = laboveD.010mm

Fig. 5. Number of errors’ values by y in the respective interval
and their percentage ratio of the total number of values

The diagram of error’s distribution by z

= 14 to 0.005mm

=2 to 0.010mm

= labove0.010mm

Fig.6. Number of errors’ values by z in the respective interval and
their percentage ratio of the total number of values.

Automatic determination of coordinate differences, using
the same points as control points

In order to avoid subjectivity in marking the points’ centre
and the coordinates’ measurement from the photogrammetric
model, an automatic determination of the check points’
coordinates is realized. For the creation of the
photogrammetric model are used only four control points (3,
10, 17 and 21) and other 17 as check points. Figure 7 and
Table 3 show the calculated errors by “Agisoft Photo Scan”
photogrammetric software at check points’ coordinates,
arithmetic mean errors, standard deviation and mean square
errors.
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Label X error (mm) | Y error (mm) | Z error (mm) | Total (mm)
target 11 | -2.10849 -1.10916 10.413 10.6821
target 13 | 5.6361 0.475569 5.67418 8.01175
target 14 | -2.46877 -13.5137 -3.5049 14.1774
target 15 | 1.59711 -8.74819 1.94044 9.10203
target 12 | 1.1671 2.44761 11.9427 12.2467
target 9 |-6.6656 3.36296 -0.775175 7.50604
target 8 |-9.18216 -0.367256 10.076 13.6372
target 7 |-6.4127 6.63919 -2.88419 9.67058
target 6 |-7.07436 1.90471 5.20107 8.98474
target 19 | -8.15203 -2.38079 0.517456 8.50832
target 16 | 0.041933 -7.99581 2.783 8.46639
target 18 | -1.84587 -2.12368 -1.49714 3.18727
target 20 | 2.00499 -2.66162 -4.04013 5.23707
target 1 |1.23688 -10.2517 -2.63051 10.6558
target 2 |-0.537735 -5.75093 -2.0317 6.12292
target 5 |0.0996442 -5.34294 1.42034 5.5294
target 4 |-1.96161 -1.80033 -2.84222 3.89453
Total 4.50941 5.82541 5.33867 9.09789

Fig. 7. Differences (errors) by x, y and z, and mean square error
for each of them

Table 3.

number of control points 17 17 17
arithmetic mean [m] -0.002 | -0.003 | 0.002
standard deviation [m] 0.004 | 0.005 | 0.005
root mean square error by x, y | 0.005 | 0.006 | 0.005
and z [m]

Automatic determination of coordinate differences, using
twice as many control points - in this case 8pcs

A study is conducted where a photogrammetric model is
created by using twice more control points - in this case 8 pcs.
(1, 3, 6, 10, 12, 15, 17, 21). These points are selected to be
evenly distributed in the model. The purpose of the study is to
determine the errors’ values and to find out whether the
increased number of control points has a significant impact on
the root mean square error of x, y and z.

After the photogrammetric model with 8 control points and
13 check points is generated, it is found that there is no
significant difference in the error's values compared to the
model generated using 4 control points, as well as for
arithmetic mean, standard deviation and root mean square
error by x, y and z. This can be seen in Figure 8 and Table 4.

Label X error (mm) | Y error (mm) | Z error (mm) | Total (mm)
target 11 | -2.04356 -0.756156 3.09871 3.78813
target 13 | 6.15834 1.66331 0.242815 6.38363
target 14 | -1.57844 -11.925 -7.30186 14.0717
target 9 |-6.89568 4.19092 -5.85501 9.96972
target 8 | -9.0065 0.513783 6.08469 10.8814
target 7 |-6.3379 9.08692 -5.71897 12.4679
target 19 | -7.03542 0.450182 0.305893 7.05644
target 16 | 1.80088 -6.74837 -0.595215 7.00985
target 18 | -0.403272 0.702709 -2.46122 2.59115
target 20 | 2.68965 0.781438 -3.77146 4.69774
target 2 | -1.21937 -2.52913 -0.203739 2.81512
target 5 | 0.496096 -3.2716 -0.12725 3.31145
target 4 |-2.30994 1.36127 -4.20994 4.99124
Total 4.64621 4.89697 3.97589 7.83424

Fig. 8. Differences (errors) by x, y and z, and mean square error
for each of them
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Table 4.

number of control points
arithmetic mean [m]
standard deviation [m]

root mean square error by X,
y and z [m]

13
-0.002
0.004
0.005

13
-0.000
0.005
0.005

13

-0.001
0.004
0.004

Conclusion

There is difference between points’ coordinates obtained
by accurate geodetic measurements and the ones received by
the photogrammetric model. This difference is evaluated
quantitatively by value of the arithmetic mean and the mean
square error. The result of the comparisons shows that with the
available image quality and the form of the captured object, the
applied method ensures enormous accuracy when different
tasks are solved. Moreover, when the conditions are suitable,
the method may even claim to detect deformations in the
support of mining excavations or mining equipment.
Registering the effects of rock pressure on individual elements
of excavations requires the determination of appropriate
periodicity and the chosen shooting methodology to be
followed each time.
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VEGETATION INDICES AS A MEANS OF MONITORING OF OBJECTS IN THE REGION OF
OPEN PIT MINES
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ABSTRACT. The article discusses the essence, characteristics and applications of vegetation indices in analysing and assessing the state of vegetation.
Photographs of forest and agricultural areas were taken by an unmanned aerial system equipped with an optical and multi-spectral camera. The advantages and
disadvantages of the methods under consideration have been structured and the main applications related to the monitoring of such areas have been listed. The
proposed method will help establish the reason/s of for the occurrence of environmental disturbances. They will also help solve various cases associated with
ecological problems in mining.

Keywords: vegetation indexes, open pit mine, monitoring

BEFETALUMOHHWUTE UHOEKCU KATO CPEACTBO 3A MOHUTOPUHI HA OBEKTU B BNIU30CT A0 OTKPUTW PYAHULIU
BecenuHa MocnoduHosa’, Padocmuxa MopdaHosa?, AnekcaHdbp KaHdunapoe3

T MurHo-2eonoxku yHusepcumem "Ce. Wear Puncku”, 1700 Cogpus
2 YHusepcumem no apXumekmypa, cmpoumencmso u 2eodesusi, 1164 Cogpus
3 Heonmepuxkc EQL, 4003 lMnosdue

PE3IOME. Cratusita npeacTaBs CbLIHOCTTA, 0COBEHOCTATE U MPUNOXEHNETO Ha BETETALMOHHIATE MHOEKCH 3a N3BBLPLUBAHE HA aHanu3 1 OLEHKa Ha CbCTOSIHUETO Ha
pacTuTenHocTTa. M3BbpLueHn ca 3acHeMaHust ¢ 6e3nunoTHa neTaTenHa cucTeMa ¢ ONTWYHA W MyMTUCTIEKTPanHa kamepa Ha ropcku 1 CenckoCTONaHCKM NIoLyy.
CTpyKTypupaHu ca NpeaumcTBaTa W HeJocTaTbUMTE Ha M3creABaHaTa MeToauka W ca M3BPOEHN OCHOBHW MPUNOXEHMSs, CBbP3aHW C HabMogeHNeTo Ha TakvBa
nnowwm. MpeanoxeHata METOAMKA Lue NMOMOTHE 3a OTKPUBAHE Ha MpUYMHaTa/MTE 3a Bb3HUKBAHE Ha HapYLUEHWsl B OKONHATa Cpeda W 3a pellaBaHe Ha pasnuyHu
ka3ycv 06BbP3aHN C EKOMOTUYHI NPOBNeMI B MUHHUS 1O6MB.

Kniouosu AYMU: BEreTaluoHHN UHAEKCU, OTKPUT PYAHWUK, MOHUTOPUHT

Introduction Various ways exist to perform periodic monitoring of areas
occupied by forest and agricultural vegetation. Some are
The mineral resources of a Country are C|ose|y connected related to field meaSUrementS, others to remote analySiS.
to its sustainable development and are the subject of research Traditionally, satellite images are used to monitor and analyse
of various specialists. With the increasing needs of the vegetation for large areas (on a global and/or regional level).
population, the need for supplying more raw materials They usually provide low spatial resolution data.
increases. This determines the search for new natural sources The alternative to the previously mentioned methods for
and their exploitation, which is directly related to the provision monitoring of objects near open-pit mines for a shorter period
of a favorable living environment for all living organisms. Very and with high spatial resolution are unmanned aerial systems.
often, the discussion or the mere mentioning of the mining Equipped with miniature compact cameras not only in the
industry is associated with po”ution and/or environmental visible but also in the invisible area of the eleCtromagnetiC
disruption. Other human and natural factors also affect the spectrum, they are used for the vegetation analysis (Mahajan
natural balance. In order to find out the exact cause of these et al, 2016). Their appearance broadens the monitoring
violations, it is necessary to monitor forestry objects and capabilities and allows to solve tasks of a different nature, like
agricultural sites which usually fall in the vicinity of open pit the implementation of precision farming and the monitoring of
mines and quarries. The persistent monitoring, exploration and forest areas. Such equipment can also be used for the
analysis of these territories is a responsible task for both analyses of environmental problems and solving cases near
environmentalists and mining professionals. mining sites. These uses are predetermined by the advantages

and disadvantages of the methods.
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Advantages and disadvantages of the methods
Advantages:
- Flexible

Remote sensing as a whole can be used to distinguish
between different crops and to assess areas.Territories with
complex farming systemsare more difficult to be traced when
viewed through satellite images with low spatial resolution and
temporal resolution and the occasional presence of clouds in
images. This imposes the need of systems for data registering
which are faster and cheaper when capturing smaller areas
(Greenwood, 2016).
- Providing high spatial resolution data

The unmanned aerial systems (UAS) provide a high spatial
resolution that allows differentiation of various cultures using
optical and multi-spectral cameras. The high resolution allows
for detailed monitoring and analysis of forest and agricultural
areas. By means of UASaccurate numerical surface models
can be generated that can be used to track soil erosion, obtain
information related to surface water removal, etc. This
information will help identify the causes of stress in plants.
- Time saving

Usually, the periodic monitoring of agricultural and/or forest
areas is performed by field measurements or by walking
across the field itself. Sometimes this is difficult due to the
nature of the relief, the total area of the site, or to other factors.
In other cases, this is even impossible. The use of UAS allows
to capture such territories and to significantly reduce
observation time.
- Continuity of information

For the purposes of the analysis, it is very important to
obtain data not only on the individual parts of a certain territory,
but also to maintain the continuity of the information. UAS
easily solve this task by providing overall territorial observation
(Puri et al., 2017).
- Health status tracking, vegetation vigour monitoring and

yield increase

The maps of vegetation indices provide quality tracking of
the health status and vitality of forest and agricultural
vegetation. The 3D models and orthophotomaps produced are
also an important tool for establishing the water flow and the
irrigation, for visual distinguishing of crops, and so on.
Combining these data (optical and multi-spectral) from different
capture periods will allow for an in-depth analysis of the state
of vegetation near mining plants.
- Assessment of the damage to agricultural and forest

areas as a result of various disasters

UAS data can be used to evaluate area damage due to
various factors and, based on historical data, to compile
statistical models related to risk management.
- Effective and cheaper method

The capture method is effective and less expensive in
comparison to the traditional method that uses high resolution
multi-spectral space images. It ensures an increase in data for
different periods of time and reduces the cost of periodic
monitoring of agricultural and forest areas. This also accounts
for the tendency for an increase in the number of consumers
who apply these methods.

Disadvantages:
- Capture conditions

Capturing can not be performed under the same
environmental conditions (flights take place in different
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seasons, under varied climatic and weather conditions, and at
different times of the day) and at standard settings during each
flight.

- Availability of an operator

For performing the capture process, an operator is required
to guide the capture itself.

- lliteracy and disinterest

There are specialists in various fields of industry,
agriculture, forestry and the environment, and other spheres of
life in Bulgaria who are not yet aware or unable to apply these
new methods.

This technology is a good tool suitable for application in the
mining industry which is invariably related to sustainable
development. This concept is subject to various interpretations.
Initially, it was regarded as a way of using natural resources
that would help meet the demands of today's and future human
generations while preserving the natural balance in the
environment. Gradually, its content began to expand.
Objectively and more readily, this concept has begun to be
seen as the focal point for the fundamental issues on which the
present and future of mankind depends. Today we can say
that, in its essence, it represents a new outlook paradigm for
the further development of human society. A series of UN and
EU solutions for sustainable development are a good basis for
establishing national action programmes in the separate
countries. Still, real and targeted actions on a national scale
are too few, although a number of associations, scientific and
educational structures and other organisations have been
involved in fruitful action in this area (Josifov, 2016). Therefore,
any new idea that has a positive effect on sustainable
development is valuable to the society.

Monitoring of the state of vegetation is significant not only
from an ecological point of view, but is also important for the
sustainable development. The combination of unmanned aerial
systems and multi-spectral cameras is an appropriate tool for
the monitoring of vegetation near open pit mines by creating
maps of the vegetation indices that determine the status,
condition and variation of vegetation.

Capturing and processing of dataNDVI
Vegetation Index Applications

The plants absorb light in the visible area and reflect it
most strongly in the near infrared range of the electromagnetic
spectrum. Dehydration or the influences of other external
factors lead to a disruption of their natural state, and they
cease to reflect light so strongly. Depending on the channels of
the electromagnetic spectrum, a number of vegetation indices
exist (NDVI, ENVVI, GRRVI, LAI, SAVI, GNDVI, NDRE, EVI,
REDDVI) that have different applications. They primarily serve
to determine the vitality and health of vegetation. The most
common is the NDVI vegetation index. It provides information
about the presence of stress caused by various factors. This
method converts the reflective characteristics of each pixel in
the image that are associated with the particular type of
vegetation. The resulting NDVI images provide primary
information which is analogous to field observations aimed at
determining plant status. These images contain useful
information to distinguish areas occupied by different types of
vegetation - forest, agricultural, pastures, meadows, etc., i.e.
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as a means of visualising spatial variability. They are employed
in identifying critical areas affected by pests, diseases, fires,
over-saturation, drought, or other factors disturbing their
natural balance.

These data serve to carry out in-depth analyses related to
the state of vegetation and can be a valuable tool for
vegetation monitoring in the vicinity of opencast mines and
quarries. The creation of a database over a long period of time
will help solve ecological cases that are directly related to the
impact which opencast mining does or does not exert on the
plant and animal world and on the human living environment.
This will be a good basis for the establishment of a national
action strategy aimed at preserving the natural balance of the
environment as a key objective of sustainable development.

Forest and agricultural areas are often to be found near the
opencast mines. This requires the tracing of their life status in
order to identify possible disturbances in their condition caused
by various factors such as pollution, pests, deforestation, and
others. Experimental results are presented, which have been
obtained through capturing with the DJI Matrice600 Pro
hexacopter-type of unmanned aerial systemequipped with
optical and multi-spectral camera. The terrain is captured with
an optical 16-megapixel camera and a 5-channel multi-spectral
camera.

Applications of the vegetation indexes in the study of
forest vegetation

The red and the adjacent infrared channels are two of the
most informative channels for detecting the presence of tree
stress caused by bark beetle infestation. The NDVI vegetation
index has experimentally been shown to be one of the indices
that shows the clearest distinction of the main categories of
healthy, contaminated and dead forest (Minafik et al., 2016).

The study involves capturing of mixed coniferous and
deciduous forests located north-west of the town of Kalofer in
two consecutive years.The purpose is to identify and monitor
areas with coniferous trees infested and destroyed by bark
beetle. Within the period between the two surveys, a new
region infested by bark beetle has been observed in the central
part (Figure 1). The probable cause of the infestation of the
new site is the removal of felled contaminated wood in this
area (bottom left), as well as the pest favourable nutrient
medium in this area.

OpTOdOTONIMIIE 1O 0N, SHENMITA OT
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Mepeo 390memane 15.08.2017
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Fig. 1. Orthophoto mosaic of a region affected by bark beetle in
the central part of the surveyed territory in mid-August: in 2017
(a) and in 2018 (b), respectively

The area outlined in red on the two pictures shows the
appearance of a new area affected by bark beetle in the
central part of the surveyed area, which is not visible in the
original shot in 2017 - Figure 1(a). The area outlined in blue
shows trees that were healthy in 2017 and were infested in
2018 and can not be easily identified on the optical images but
they are clearly visible on the NDVI map in Figure 2.
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Fig. 2. Maps of the NDVI index in the central part of the surveyed
territory in 2017 (a) and in 2018 (b), respectively
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The NDVI index mapin Figure 2a is derived from the
2017data, and the one in Figure2b is from 2018. The NDVI
map from 2018 shows infected trees outlined in blue that can
not be easily identified as such from the optical images in
Figure 1.

The results of the study show that, compared to satellite
data, the multi-spectral images obtained from capturing with an
unmanned aerial system make a good alternative for remote
observation. They can be used for early detection and mapping
of small diameter infected areas. This will make it possible to
take timely preventive measures to limit and eliminate pest
attacks or other external factors (Gospodinova et al., 2018).

Other studies exist that are related to the monitoring and
determining of the status of forest vegetation by using various
vegetation indices and classification methods (Gospodinova et
al., 2018; Dash et al., 2017; Rudolf et al., 2015; Brovkina et al.,
2018; Xiao et al., 2005; Minafik et al., 2016). The combination
of optical and multi-spectral data broadens the scope for
analysis, such as distinguishing coniferous from deciduous tree
species in mixed forest surveillance. Performing field
measurements, combined with optical data (orthophoto
mosaics), along with theclassification methods, allow the
creation of maps that contain the individual species of forest
vegetation and reflect their current state (Brovkina et al., 2018).

The relatively easy, fast and cost-effective generation of
NDVI images, their analysis and reliable classification are a
promising pest detection tool that will facilitate forest
management in the future and save time and finances by more
than 50% (the percentage will be significantly higher in the
case of almost inaccessible forestated areas, even if invest-
ment in equipment is taken into account) (Rudolf et al., 2015).

A methodology was presented, which used color
compositions, including NIR and SWIR spectral bands to
identify areas affected by pests (bark beetle) for two forest sub-
regions in Western Bulgaria. A  computer-assisted
interpretation of the multitemporal satellite and aerial digital
images was performed using the methodology, software and
images of the CORINE Land Cover 2018 Project. All
coniferous forests in the study area (larger than 5 ha), which
were damaged in the period 2012-2018, were detected and
mapped. The obtained results were compared to ground data.
They demonstrated the suitability of the approach in
comparison to traditional ground observations, in terms of
accuracy, time and money (Tonchev et al., 2018).

To support local GIS users in forestry, the indexed NDVI
images can be distributed through an image mapping web
service according to the standards of an open geospatial
consortium (OGC). Raster data obtained from unmanned aerial
systems can be exported in such a format that would ensure
the compatibility between the ArcGIS server (ESRI 2014) and
the GEO server (OGC 2014). In this way, potential users can
easily combine these maps with theirs in order to provide a
perspective of the studied areas over a long period of time
(Rudolf et al., 2015).

Al these studies demonstrate the potential of the
vegetation index maps for forest surveying and monitoring. The
multispectral data from unmanned aerial systems, especially in
the presence of symptoms such as defoliation and altered
reflectivity of the foliage, will be increasingly used in the
development of forest monitoring strategies. This approach
also offers an inexpensive alternative to private owners of
forests who aspire to a sustainable management strategy.
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Future developments are related to the creation of a three-
dimensional NDVI model of forest areas which will further
enhance the monitoring and analysis capabilities up to the
level of monitoring each individual species of vegetation
(https:/iwww.suasnews.com/2016/12/pix4d-parrot-explore-
vegetation-research-3d-ndvi/).

Applications of vegetation indices in agricultural crop
surveys

NDVI images are widely used in tracking the living status of
various crop types — flat-sown, trench, vegetable, orchard, etc.
(Kavvadiasa et al., 2017; Nasir et al., 2017; Duchsherer, 2018;
Aguera et al., 2011; Vega et al., 2015; Primicerio et al., 2012;
Allah et al., 2015). They demonstrate the applicability of the
observation methods for a particular crop during the growing
season, as well as their application to precision farming.

Other vegetation indices and algorithms exist that serve to
determine the viability of plants and to solve specific tasks in
agriculture (Mookherjee, 2016; Papadopoulos et al., 2014;
Lelong et al., 2008; Rogers lll, 2013; Greenwood, 2016;
Wahab et al., 2018; O’Halloran, 2016; Candiago et al., 2015;
Shafian et al., 2018).

One of the most important tasks in agriculture is the use of
herbicides that can have a negative impact / have side effects
on the biotic and abiotic environment and can be hazardous or
harmful to human health. Therefore, reducing their quantities in
modern agriculture is an important step towards its sustainable
development (Lottes et al., 2017).

Establishing the exact cause of a violation committed on
agricultural vegetation in open-cast mining areas is of a
particular importance for taking the necessary measures to
restore it.

A study was carried out to analyse data from a multi-
spectral camera, to track the growth of field crops, and to give
recommendations for production enhancing. The subject of the
survey is a field in the Pleven region of approximately 850
decares sown with rape seed.

From the data obtained, a map of the NDVI index was
generated in a georeferenced TIFF format with a resolution of
17 cm per pixel (Fig. 3), and also a digital surface model (Fig.
4).

Kapra Ha NDVI uHaexca Ha none, 33CATo ¢ paniua
3emmuwe: ¢. TorneGen, 06n, Mnesen I i

Fig. 3. Map of the NDVI index obtained with the data from the
multi-spectral camera. The arrow shows the location of the flight
site
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Fig. 4. Digital Surface Model (DSM). The lowest area of the
surveyed region is in the southeast, and the highest is in the
northwest

The site under investigation is arable land planted with
clearly visible vegetation at the time of capture: rape which is
uneven due to poor sowing and pre-sowing preparation. The
NDVI culture index is 0.8. The phase is 6-7 sheets. Values with
an index lower than 0.7 correspond to poorly developed rape
due to retarded germination or to phosphorus deficiency (spots
or belts). An NDVI index of 0.5-0.6 corresponds to dried
vegetation. The old leaves have a bright pinkish-violet
colouration, indicating that they have started to dry. The
uneven phosphorus intake, or phosphorus malnutrition, is due
to the erosion processes in this field and to the rising of lower
soil horizons to the soil surface. Sowing is done on the slope,
thus further enhancing terrain erosion and profile flushing.

The results of the laboratory analyses of soil samples show
that the soil in the studied plot is a typical black earth. But
according to the mapping material, this particular field is
predominated by carbonate black earth. Black earth is an
alkaline soil, so urea is not used. The analyses show
phosphorus deficiency and low nitrogen amounts (therefore, it
is good to compensate for the amount of nitrogen in the soil in
spring). Ammonium sulphate should have been introduced with
the basic fertilisation in autumn. Ammonium nitrate should
better be employed in feeding. It is advisable to make a more
detailed study of the soils. There are two main species of
weeds whose density is 0.5 -1 per square meter and is thus
below the harm threshold.

A survey has been carried out of a single array
(approximately 500 decares) in the district of Veliko Tarnovo
sown with wheat in the stage of intensive growth. The aim is to
capture the whole terrain with a multi-spectral camera mounted
on an unmanned aerial vehicle. On the basis of the obtained
data, a NDVI index map has been drawn and analysed that
characterises the agro-ecological state of the terrain, the
strength and resistance of the crops. Also, a combined aerial
photography has been taken for the purpose of visualisation.
After data processing, the following have been obtained: a map
of the NDVI index (Fig. 5) in a geo-referenced TIFF format with
a resolution of 15 cm per pixel and an orthophoto mosaic (Fig.
6) with a resolution of 3 cm per pixel.
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Fig. 5. Map of the NDVI index obtained with data from the multi-
spectral camera
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Fig. 6. Orthophoto mosaic of the terrain obtained with data from
the optical camera

The analysis of the data has shown that the wheat crop is
well developed. No morbidity has been observed. There has
been no weed vegetation above the harm threshold.

All of these studies show that such technologies raise farm
management to a higher, modern level, increasing their
profitability and enhancing the healthy crop production.

The storage of information from different vegetation indices
over a long period of time will help automate data interpretation
and improve the status of vegetation, as well as identify the
cause/s of various breaches.

Methods for the monitoring of territories in the vicinity of
opencast mines and quarries through a combination of
optical and multi-spectral data

Very often, the effect of mining on the environmental
pollution is capitalised on; yet, there are cases where breaches
are committed and violations do occur. For this reason, it is
essential to carry out periodic monitoring of the areas where
there is an opencast mining of minerals. The traditional method
of observing the state of the land cover (namely, of the
vegetation) is through remote sensing, in particular, through
satellite imagery (Suh et al., 2017; Koruyan et al., 2012; WuB
et al., 2009; Baodong et al., 2009; Whiteside et al., 2016; Yang
et al., 2018). The disadvantage of this method is low spatial
resolution that is inappropriate for certain tasks, the lack of
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flexibility in data acquisition and processing (e.g. the presence
of shadows in some images that are an obstacle in subsequent
analyses, etc.). However, with the dynamic development of
unmanned aerial systems, these obstacles can be eliminated,
especially when performing local capturing.

The modern open-cast mining technologies include mining
operations that lead to changes in the land cover (forest
biomass, soils, etc.) for a very short period of time, affecting
neighboring habitats. A method is available for capturing open
pit mines, quarries, and adjacent areas through UAVs using an
optical and multi-spectral camera. The combination of images
extends the scope for analysis as presented in the above-
mentioned studies. Indexed vegetation images can serve not
only to track rehabilitation processes (deforestation,
afforestation decision making, and actual afforestation), but
also to monitor these areas and solve various environmental
cases during the expiration period. They will help identify the
causes of vegetation disorder in the vicinity of open pit mines
and quarries, as well as find such a solution to the problem that
will appropriately ensure the yield continuance. Providing
timely and valuable information on the impact of mining
activities in a particular area will also be beneficial to ecologists
and to the mining companies themselves, especially since the
latter are often erroneously referred to as environmental
pollutants.

The remote sensing systems and the geographic
information systems play an increasingly important part in the
management of mining. Their joint application provides
information and statistical data to assess habitat diversity and
land-cover change. This information can be used to formulate
policies and guidelines on land management, monitoring,
reclamation, and landscape preservation.

Conclusion

Mining is invariably related to sustainable development and
ecology. These issues are discussed at almost every mining
conference, whereby various results, analyses, and specific
solutions and recommendations are given for expedient mining
while maintaining the natural equilibrium.

The accessibility of data and the analyses obtained from
the observation of sites in the vicinity of open pits through UAS
will allow for better communication and cooperation between
mining  enterprises, environmental and governmental
organisations, and society.

The availability of information in the form of maps with
vegetation indexes, orthophoto maps and, if necessary, field
measurements and lower resolution data (from satellites) is
important for the management of natural resources not only on
the regional and national levels, but also on the international
one.
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PROCESSING AND RECYCLING OF RESOURCES IN OUTER SPACE: INTERNATIONAL
LEGAL ASPECTS

Albert M. Khayrutdinov
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ABSTRACT. This paper deals with current issues of legal regulation of mining activities on the Moon and other celestial bodies. The Outer Space Treaty 1967 and the
Moon Agreement 1979 provisions, relating to these activities, are interpreted in different ways by the outer space participants, which do not contribute to a unified
legal approach to the exploration, extraction and utilisation of space resources. To date, one of the most prospective areas of activity in outer space is the exploration
of natural resources on celestial bodies. Of course, from an economic point of view, the extraction of natural resources on the Moon and other celestial bodies and
their subsequent delivery to the Earth today is not appropriate, since the development of terrestrial resources is much easier, cheaper and more efficient. However,
with the advance of technological progress and the decrease in the amount of minerals on Earth, this activity could become beneficial to mankind. In addition, it is also
worth noting that the interest in space research is shown not only by the states within its space programmes, but also by private corporations. This paper shows how
exploration, extraction and utilisation of space resources is regulated under international space law to date.

Keywords: international space law, natural resources, outer space

NPEPABOTBAHE W PELIMKNUPAHE HA PECYPCUTE B KOCMWUYECKOTO NPOCTPAHCTBO: MEXOYHAPOOHU NPABHHU
ACNEKTHU

An6epm M. XalipymduHoe

Pycku yHueepcumem Ha dpyx6bama Ha Hapodume, 117198 Mockea

PE3IOME: Toan fjoknaj e CBbp3aH C akTyasHu BblpocK OTHOCHO MpaBHaTa perynauus Ha MUHHUTE AeHOCTU Ha JlyHata u apyrv HebecHn Tena. Pasnopenbute Ha
[oroopa 3a Kocmoca ot 1967 r. u JlynHoTo cnopadymenne OT 1979 r., CBbp3aHM C Te3n AEMHOCTU, Ce TBbIKYBaT MO PasfMYeH HauMH OT yyacTHUUUTE B
KOCMMYECKOTO NPOCTPAHCTBO, KOETO He AOMPUHAcs 3a e[MHEH MpaBeH NOAX0A OTHOCHO MpOy4BaHeTo, 4OOMBA M M3NOM3BaHETO Ha KocMuyeckuTe pecypcu. Kbm
AHelHa AaTa efHa OT Hail-nepcnekTMBHUTE 0bmacTv Ha [AeHOCT B KOCMMYECKOTO MPOCTPAHCTBO € MPOYYBaHETO Ha MPUPOAHUTE pecypcu B HebecHuTe Tena.
Pasbupa ce, 0T MKOHOMMYECKa rMeAHa TOYKa, U3BMMYAHETO Ha MPUPOAHW pecypcy Ha JlyHaTa u Apyrv HebecHn Tema  mocneABaloTo UM TpaHCnopTUpaHe [0
3emsTa HEC He e MOAXOAALLO, Thil KaTo pa3paboTBaHETO Ha 3EMHM PECYPCU € MHOTO MO-MECHO, MO-eBTUHO M No-edhekTBHO. C Hanpeabka Ha TEXHOMOrMYHNS
Nporpec 1 HamansBaHEeTo Ha KONMYECTBOTO Ha MUHepanuTe Ha 3emsTa obave, Tasn AEHOCT MOXe Aa Ce Okaxe nonesHa 3a YoBeyecTBoTO. OCBEH TOBa, 3acnyxasa
pa ce otbenexm, Ye MHTEPECHT KbM KOCMUYECKUTE M3CNefBaHNs NMPOsBABAT He Camo AbPXaBuTe B PaMKUTE HA CBOMTE KOCMUYECKW MPOrpaMi, HO M YacTHUTE
kopnopauwu. [loknagbT nokassa kak Mpoy4yBaHETo, AOOMBBLT 1 M3MON3BAHETO HA KOCMMYECKUTE PECYpcu ca perynupaHu Crnopef MEXAyHapOAHOTO KOCMMYECKO
3aKOHOLATENCTBO A0 TO31 MOMEHT.

KntouoBu ayMu: MeX[IyHapoOaAHO KOCMIYECKO NPaBO, NMPUPOAHN PECYPCH, KOCMUYECKO NPOCTPaHCTBO

Introduction In addition, this work will address the issues of the legal
status of mining and processing plants as a space station on
celestial bodies, as it is also a subject of discussion.

The object of this research are the interstate relations
arising in the sphere of mining activity on celestial bodies.

The subject of this study are the international conventions,
international customs, general principles of law, judicial
decisions and doctrines governing inter-state relations arising
in the field of mining on celestial bodies.

The purpose of this study is to investigate and analyse the
legal status of mining and processing plants in the celestial
bodies. To achieve this goal, it is necessary to perform the
following scientific tasks:

++ Analyse the right status of natural resources on celestial
bodies;

+«» Analyse the right status of space stations on celestial
bodies.

One of the most perspective areas of activity in outer
space is the extraction of natural resources on celestial bodies.
Of course, from an economic point of view, the extraction of
natural resources on the moon and other celestial bodies and
their subsequent delivery to the Earth today is not appropriate,
because the development of terrestrial resources is much
easier, cheaper and more efficient. However, with the advance
of technological progress and the decrease in the amount of
minerals on Earth, this activity could be beneficial to mankind.
Moreover, it is also worth noting that interest in space
exploration is shown not only by states in the framework of
their space programmes, but also by private corporations.
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The legality of extraction of mineral resources

Of the five outer space treaties, only two (the Outer Space
Treaty, 1967 and the Moon Agreement, 1979) address the
exploration, exploitation and utilisation of space resources. The
legal status of the Moon and other celestial bodies is
mentioned only in Article | of the Outer Space Treaty,
according to which "The exploration and use of outer space,
including the moon and other celestial bodies [...] and shall be
the province of all mankind.", and that "Outer space, including
the moon and other celestial bodies, shall be free for
exploration and use by all States". In accordance with article IV
of the Outer Space Treaty, "The moon and other celestial
bodies shall be used by all States Parties to the Treaty
exclusively for peaceful purposes". But it should be borne in
mind that in this Treaty there is no direct reference to the term
"natural resources".

Art. 11 of the Moon Agreement deals specifically with the
legal status of the moon and its natural resources. It states that
the Moon and its natural resources are the common heritage of
mankind, the Moon is not subject to national appropriation, and
that the surface or subsoil of the moon, as well as neither the
surface nor the subsurface of the moon, nor any part thereof or
natural resources in place, shall become property of any State,
international intergovernmental or non-governmental organi-
sation, national organisation or non-governmental entity or of
any natural person. In accordance with art. 11 States
undertake to establish an international regime, to govern the
exploitation of the natural resources of the moon as such
exploitation is about to become feasible. However, such a
regime will not be established in the near future due to the fact
that no state applying for the extraction of natural resources by
virtue of developed technologies is a party to the Treaty. Only
18 States are parties to the Treaty (and 4 States are only
signatories), and its legal force does not extend to the space
powers.

In addition, the Moon Agreement contains many other
points for discussion. There are conflicting views of scientists
on the concept of res communis humanitatis: for example,
some argue that the use of celestial bodies requires the actual
purchase of parts of these celestial bodies, in particular, in the
implementation of mining, while others argue that all natural
resources that have been mined in outer space and delivered
to Earth can be used for commercial purposes if they are used
for the benefit of the world community. In addition, some
scientists hold the view that article 11, paragraph 4, of the
Moon Agreement does not imply granting additional rights with
respect to natural resources, but only applies to such methods
of exploration and use of the moon and other celestial bodies
as: landing, take-off, deployment of personnel, the creation of
manned and unmanned stations, etc.

International treaties in the field of international space law,
existing today, cannot give a clear answer to the question of
the legal status of natural resources of the moon and other
celestial bodies, and paragraph 5 of article 11 of the Moon
Agreement from 1979, which involves the adoption of an
international regime, has no legal force for space powers.
Thus, this work will consider the prospects for the adoption of
an international Treaty by the international community that
would regulate the legal status of the resources of the moon
and other celestial bodies.
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Private corporations that need to regulate their activities at
the national level are also becoming increasingly influential in
the exploration of outer space. National legislation allowing
private companies to mine and appropriate resources without
claiming ownership of the celestial body itself, such as an
asteroid or the Moon, has been adopted in the United States
and Luxembourg. These laws have caused a mixed reaction in
the international community. Thus, some scientists say, that
such actions violate the principle nemo dat quod non habet,
according to which, States cannot provide their national
organisations, non-governmental entities or citizens’ rights that
they do not have. However, it is worth nothing, that the law
makes a direct reference to international treaties under which
the United States has obligations. The Law of Luxembourg
also makes a reference to its international obligations. For
example, Russia proposes to ban the mining activities on the
Moon and other celestial bodies through the adoption of an
implementation agreement.

Summing up what was said above, we can claim, that
States do not have an agreement on space resources
exploration, exploitation and utilisation regime. Possible
solution to this issue might be the following: Accession of the
space powers to the Moon Agreement; Adopting a new
convention or a Protocol to Outer Space Treaty; Use the Area,
Antarctic or Arctic regime; Waiting for the lawsuit at ICJ,
concerning mining activities on celestial bodies.

Accession of the space powers to the Moon
Agreement. To date, the Moon Agreement has not received
proper attention from the space nations, due to the lack of
consensus on the international regime of the Moon and other
celestial bodies. The cause of the disagreement was para 5
Article 11: The United States wanted to start exploration of
natural resources prior to establishing the regime, and the
USSR after that. To date, this issue is still controversial.

In addition, the space powers are unlikely to become a
party to the Moon Agreement due to the fact that it does not
give rise to any rights for them, but only obligations.

Use of the Area, Antarctic or Arctic regime. This variant
should be only temporary until the States establish an
international regime to govern the exploration of natural
resources on the Moon and other celestial bodies. Thus, the
regime of the Area can be applied, in accordance with which
“the Authority”, that will be created by an analogy with Part XI,
Section 4 of United Nations Convention on the Law of the Sea
1982, will be established and will organise, carry out and
control mining activities on the Moon and celestial bodies.

If the States will decide to use the Antarctic regime, any
activities related to mineral resources, other than scientific
research, will be prohibited in accordance with Article 7 of The
Protocol on Environmental Protection to the Antarctic Treaty.

In case of using “the old Arctic regime”, each space power
will be given a territory (a sector), on which it will have
sovereign rights for the purpose of exploring and exploiting,
conserving and managing the natural resources.

However, it should be noted that the use of these treaties
by analogy will not involve all aspects of the governing the
exploitation of natural resources in outer space. Thus, there
are sfill uncertainties with mining activities on asteroids
because they are small. And this problem may be the most
important in the issue of mining activities in outer space due to
the fact, that the value of a single asteroid could be
somewhere in the trillions of dollars, or even higher.
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Raising the issue of the international regime on asteroids, it
can be proposed to recognise them in a future treaty as res
nullius and to allow States, in accordance with the developed
procedure, to explore and exploit natural resources on them.

Waiting for the lawsuit at International Court of
Justice, concerning mining activities on celestial bodies.
One of the most probable, but at the same time the most
controversial way of solving this issue, is to do nothing in the
field of making such an agreement among space powers. In
this instance we should wait, when one State will start mining
activities on celestial bodies and the others will file a lawsuit
against it with the International Court of Justice.

In connection with the fact that none of the space nations is
a party to the Moon Agreement 1979 the International Court of
Justice will proceed from the provisions of the Outer Space
Treaty and will interpret articles relevant to this issue.

However, it should be noted that in this case, such a
decision may not satisfy any of the parties because the
decision of the International Court of Justice will not contain the
will of any state.

Adopting a new Convention or a Protocol to Outer
Space Treaty. Taking into account the fact that the space
powers are unlikely to join the Moon Agreement, this option
might be the best solution to this issue.

This Convention or Protocol to the Outer Space Treaty will
have to contain provisions on the legal status and regime of
mineral resources, rules for their extraction, taking into account
the characteristics of the lunar environment, other provisions
relating to extraction and provisions on the authority to be
established for the purpose of the organisation, carrying out
and control of the mining activities on the Moon and celestial
bodies.

Thus, it can be concluded that international treaties in the
field of international space law existing today cannot give a
clear answer to the issues of the legal status and regime of the
lunar resources. In any case, space powers should find a
solution to this issue due to the fact that mining activities on
celestial bodies may already begin in the near future.

Legal status of a mining entity in the celestial body

In accordance with international space law, the exploration
and use of outer space, including the moon and other celestial
bodies, is the province of all mankind. In addition, the Moon
and its natural resources are the common heritage of mankind.
Thus, all States have equal access to parts of the celestial
bodies and their natural resources.

However, this does not exclude the need for state control
over such mining and processing plants, in order to ensure the
necessary safety and security, as well as the avoidance and
resolution of any conflicts and disputes between States. States
must be able to lawfully carry out "some form of ownership",
different from the rights of ownership of these stations, but that
is not "full sovereignty". Thus, such possession must be
permissible in the event that the state does not exercise "full
sovereignty".

The above is enshrined in article VIII of the Outer Space
Treaty, which provides that "A State Party to the Treaty on
whose registry an object launched into outer space is carried
shall retain jurisdiction and control over such object, and over
any personnel thereof, while in outer space or on a celestial
body".
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The main part of this provision relates to the period
preceding space missions and originates in the attribution of
law enforcement jurisdiction over a vessel on the high seas to
the flag state. In addition, international air law recognises a
similar principle for aircraft in international airspace law.
Jurisdiction in international law means "law and enforcement of
laws and regulations concerning persons and objects "
However, the competence of control is something more than a
technical possibility. The state of registry may "adopt technical
regulations for the mission of a space mission" and, if
necessary, "direct, stop, modify and correct elements of a
space object and its mission". The act of registration of a space
object is the exclusive source for the exercise of "jurisdiction
and control over such object and persons as in the case of
ships or aircraft, although the space object has no nationality
by registration other than that of ships or aircraft ".

Space activities have a strong impact on the environment.
This applies not only to the pollution of the Earth during the
production of launch vehicles and their launches into outer
space, but also to the negative impact on the environment of
celestial bodies and on outer space as a whole. Emissions
from a mining and processing plant, arising in the course of its
activities, will have an additional negative impact on the
environment of the celestial body.

The most negative impact on the environment of outer
space has space debris, various kinds of nuclear pollution,
space stations with a crew, as well as astrobiological pollution.
Abandoned space objects have the potential to pollute outer
space with all of the above elements. The threat of space
debris is the most likely: according to experts, there are about
100000 space objects of different sizes in the earth's orbit.
About 10000 objects are tracked, and less than 1000 of them
are operational.

Although there is no single concept of space debris in
international space law, some definitions have been developed
within the framework of the activities of international
organisations: the international Academy of Astronautics, the
scientific and technical Subcommittee of the Committee on the
Peaceful Uses of Outer Space, and the Inter-Agency Space
Debris Coordination Committee. The most general and
understandable definition is given by the Inter-Agency Space
Debris Coordination Committee, according to which space
debris are all artificial objects in earth orbit or in the
atmosphere that are not functional.

At the same time, such abandoned enterprises may
interfere with the radio communications of operating satellites
and other spacecraft and disrupt the receiving frequency bands
on which sensitive devices such as ground radio telescopes
operate. The damage that such a space object may cause may
range from a minor damage to the total loss of the spacecraft.
It can also lead to contamination with radioactive and other
harmful substances. The potential damage caused by even the
smallest particle of space debris circulating in outer space is
due to the fact that the impact speeds in orbits are enormous;
on average, debris moves several times faster than a bullet.

It is worth noting that the question of classifying an object
as space debris is in many cases more complex than it might
seem at first glance. Under the 1967 Outer Space Treaty, the
state on whose registry a space object is located has the
authority to exercise jurisdiction and control over that object. It
was suggested that the provision implied that only the state of
registration had the right to determine whether its space object
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was functional. While other States may perceive a space
object as completely useless, in fact it may, for example, be in
reserve for future activities, carry valuable classified
information or be of any other interest to other States.
Therefore, the criterion of "functionality" may not be the most
appropriate one to distinguish between space debris and other
space objects; even seemingly non-functional space objects
may be valuable assets.

However, it should be understood that a state that leaves
such an abandoned enterprise would violate the Space Treaty
provision, which enshrines the principle of free exploration and
use of outer space and free access to all areas of celestial
bodies on the basis of equality and non-discrimination.
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THE IMPACT OF OUTDOOR MINING ACTIVITIES ON ATMOSPHERIC AIR QUALITY IN
NEARBY SETTLEMENTS

Nikolay Kolev, Plamen Savov, Maya Vatzkitcheva, Kalinka Velichkova, Dimitar Dimitrov, Blagovesta
Vladkova, Svetlana Toncheva

University of Mining and Geology “St. Ivan Rilski’, 1700 Sofia; nic_k@abv.bg

ABSTRACT. Wind erosion breaks down toxic impurities and enables their transport over long distances, thus polluting air, soils and water over vast areas around
mines and in surrounding settlements. The purpose of this study is to investigate and analyse the atmospheric air and the concentrations of fine particulate matter in
open pits and quarries, and to analyse different types of pollutants. The studies will take into account the pit geometry and the type of the underlying substrate defined
by the mined minerals. Specific weather parameters, such as wind pattern defining the direction of transfer, and the temperature profiles defining the temperature
inversions which retain the pollution over the region, will be considered as well. The aim is to track the overall process of emission, transmission and sedimentation of
aerosol impurities and fine particulate matter concentration in the mine area and in nearby settlements.

Keywords: air pollution, particulate matter, weather conditions, open pit, quarry

BINUAHUETO HA OTKPUTU MUHHU PASPABOTKN BBHPXY KAYECTBOTO HA ATMOC®EPHUA Bb3AYX B BITU3KO
PA3MONOXEHU HACEINEHU MECTA

Hukonali Kones, lnamex Caeos, Maiiss Baykuyesa, Kanunka Benuyukoea, Qumumsbp Qumumpos, bnazoeecma Bnadkoea,
CeemnaHa ToHyega

Murto-2eonoxku yHusepcumem "Cs. MeaH Puncku”, 1700 Cogpus

PE3IOME. BetpoBaTa epo3ust Bofy [j0 pasnpallaBaHe Ha TOKCUYHUTE MPUMECH W Bb3MOXHOCT 3a MPEHACAHETO UM Ha roniemMn pasCTosHWS, KOeTo NpUYMHSABaA
3aMbpCcsiBaHe Ha Bb3fyXa, MOYBIUTE W BOAUTE Ha OOLUMPHM palioH OKONO MUHHUTE TEPEHN W B HACeneHuTe MecTa fjo Tax. Llenta Ha HacTosWoTO n3cneagaxe e aa
Ce MpOyYM M aHanuavpa aTMocepHUs Bb3AyX M KOHLEHTpaLuMTe Ha (uHu npaxoBi yactuum (®MY) B paitoHa Ha OTKPUTU PYAHULM W Kapuepu, Kakto 1 Aa ce
aHanuaupaT pa3nuyHu BuAoBe 3ambpcuTenu. [Mpu Tean macnefpaHust Lie ObAaT OTYETEHM reomeTpusiTa Ha pyAHWKA, BUAA HA MOANOXHATa MOBBPXHOCT B
3aBUCMMOCT OT NOME3HNTe U3konaemu, kouto ce Aobuear. LLle GbaaT OTYETEHM U KOHKPETHUTE METEOPONOTAYHI YCIIOBYS, KaTo po3aTa Ha BeTpoBeTe onpefensa
HanpaBneHNeTo Ha NPeHoca M TemnepaTypHUTe NPoduUN ONPeAensLLM HAaNMYMETO Ha TeMNEepaTypPHUTE MHBEPCIM 3aAbpXKaLLy 3aMbpCABaHETO Haf paoHa. Lienta
€ [ja Ce Npocneay LANOCTHNA NPOLIEC Ha eMUCHS, MPEHOC 1 yTasBaHe Ha aepo30MHUTE MPUMECH U KoHLUEeHTpaums Ha @MY B aTMoctepaTa B paiioHa Ha pyaHuKa 1
Bnu3k1Te Hacenexn MacTa.

KniouoBu AYMU: 3aMbpCABaHe Ha Bb3ayxa, TBbPAN YaCTULW, KMUMaTU4HI YCNOBUA, OTKPUT PYAHUK, Kapuepa

Introduction Digital models for simulation and predictions of hazardous

events in quarries (3, 4 and 5) are being developed alongside

Open pit mining and quarrying generate significant experimental research.

amounts of particulate matter (PM) and harmful gasses. The present study investigates and discusses the
Particulate matter of varying sizes is generated by rock and concentrations of differently sized fine particulate matter in the
soil fragmentation, with particularly high quantities being atmosphere of the open gravel quarry of the Balsha AD Mine
emitted by blasting. Machines operating on the sites are the extractive factory. The main weather parameters such as wind
main source of aerosol and gas pollution. Measuring the levels direction and velocity, temperature, and solar radiation, have
of pollution and determining their dependence on quarry- been considered. The stratification of aerosols was outlined
specific activities is important both in protecting the health of better by two types of study - measurements in a nearly-
the workers and in ensuring a quality of life in nearby horizontal plane were carried during the first day, and vertically
settlements. at different heights along the quarry slope - during the second

Pollution spreading is highly affected not only by in-pit day.
operations, but also by the micro-climate specifics of the site.

The main meteorological parameters to be monitored are Experimental site and equipment
temperature stratification, the site-specific wind patterns,

humldlty and solar radiation. A number of studies conducted The quarry is situated 3 km to the north-west of the Balsha
during the recent decades have researched the relation village and is 1 km long from east to west, and 500 m at its
between aerosol impurity dispersion and the regional widest (eastern) part from north to south. lts slopes are vertical
meteorological features and orography (2, 6, 7, 8, 9 and 10). and its west-facing wall has 6 benches, the highest difference
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in elevation between them being 160 m. The lowest lying
western part of the quarry is at 800 m a.s.l., and its eastern
endis at 960 ma.s.l.

Figure 1 presents a map of the region with designated
measurement points. These data have been taken over two
13t and 141 of June 2019, with the following
points 1

days,
arrangement of the measuring devices: June 13t -

through 4, June 14t - points 5, 6, 3, and 7. The difference in
level between the first four points is very little (not more than
20 m). The points of the second day were distributed at height
- the lowermost points (5 and 6) were at the quarry bottom, and
points 3 and 7 were spaced 30-40 m apart vertically along the
eastern slope.

Fig. 1. A map of the quarry with measurement points and pollution sources

The employed devices

Laser particle counters were used during the experimental
campaign — one six-channel HHPC-6 (MetOne, USA) with
particle size channels at 0.3 ym, 0.5 pm, 0.7 um, 1 ym, 2 um,
5 pum and three two-channel BQ20 (TROTEC, Germany) with
particle size channels at 2.5 um and 10 um for particle number
and mass concentration measurements.

The meteorological data were obtained from the multi-
functional weather station with four sensors (temperature,
precipitation, relative humidity, air pressure, wind direction and
speed).

Experimental data

Meteorological data for 13t of July 2019

On this day, meteorological parameters were measured in
points 1, 2, and 4. The least change in temperature occurred at
point 1, where a slow rise from around 25 degrees to around
26 — 27 degrees was measured at noon. The temperature at
point 2, approximately 200 m away from, and 15 m higher
than, point 1, rose from 23°C at the beginning of the
measurement, to 30°C at lunch. This range was 22-30°C in
point 4. A most substantial change in relative humidity
occurred at point 4 (at around 30%), and the least change, by
less than 10%, was noted at point 1. At noon, the solar
radiation reached a high of 850 W/m2 which is typical of a clear
summer day.
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The PM counter data
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Fig. 2. Numerical concentration of fine particulate matter of

varying sizes at point 1 on the 13th of June 2019

Figure 2 shows that the number of particles measured at
point 1 by all channels was falling as the day advanced. This is
especially true of the finer fraction (0.3 and 0.5 um) where the
number of particles dropped from around 70 000 N/L to around
4 500 N/L. A similar trend was observed at point 2 where the
mass concentration for two sizes of fine particulate matter, 2.5
and 10 um, was measured. No easily discernible trend in the
change of mass concentration is present at point 3 (Figure 3).
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Fig. 3. Mass concentration of 2.5 and 10 pum fine particulate matter at points 2, 3 and 4 on 13 of June 2019

Meteorological data for 14t of July 2019

The second day of the experiment was also clear and
sunny, with a monotonous rise in solar radiation up to around
750 W/m?2 at 11 o'clock. On this day, the main meteorological
parameters - temperature, relative humidity, wind direction and
wind velocity, were measured at each point.

The temperature profile ranged mainly between 25°C and
30°C, with the beginning temperature being lower, at around
22°C, only at point 5. The relative humidity dropped from 65 to
45%.

In all four points the average wind velocity was 1 - 2 m/s,
with a slow decrease at experimental point 6 down to around 0
in the afternoon hours. With the exception of point 6 with a
predominantly north-north-easterly winds, the wind direction
was rather unstable.
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Counter data

On this day, the number of fine particulate matter at the
beginning of the experiment was around 90 000 N/L, while the
coarse particles varied from 800 N/L down to several scores at
the end of the experiment.

As the day progressed, the mass concentrations
decreased in point 6 as well. Almost no decrease was
measured in the two remaining points, 3, and 4.

Discussion

Orographic forms such as an open quarry predicate
changes in the evolution of thermal fields and the characteristic
circulation of air flows. If the average background wind velocity
is not so high (below 5 m/s), the background wind modification
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is mainly a change in the predominant wind direction along the
axis (usually the longest) of the quarry. However, this is typical
of long and shallow quarries, the circulation being referred to
as straight-through, but the flow becomes much more complex
in quarries as deep as their horizontal axis is long, where the
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so-called recirculation pattern forms, with the flow in the
windward part of the quarry running counter to the main wind
at height. Such a pattern is referred to as recirculation pattern.
In our case the circulation is straight-through.
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Fig. 4. Numerical concentration of 2.5 and 10 um fine particulate matter at point 4 on 13t of June 2019

On June 13t the wind measured at point 1 was predominantly
south-western (Figure 5), with velocities of up to 2 m/s.
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Fig. 5. Wind direction at point 1 on 13t of June 2019

This means that the wind was transferring the aerosol
impurities to the north-east from the main pollution source - the
automotive plant around the excavator and the near-by
pneumatic hammer. In a relatively calm atmosphere (no
precipitation or storms), the distribution of fine particulate
matter is described rather well by the Gauss distribution law.
Examples of Gaussian curves consistent with the predominant
wind are shown on Figure 1. The maximum pollution levels
follow the central axial line along the wind direction. As this line
runs closer to point 3 than to points 2 and 4, the pollution levels
measured there were higher (by a factor of 3 or 4) than in the
two other points. We believe that the absence of a clear
downward concentration trend at point 3 was also caused by
the wind direction during that day.

Measurements of the number of particles in one litre of air
were made at point 1. A comparison was made possible by the
fact, that the same measurement was carried out at point 4,
Figures 2 and 4 show that the different concentrations of fine
particulate matter (2 — 2,5 um) had dropped from around 700
N/L to around 100 N/L at point 4, which is around 200 m away
from point 1.
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The machines stopped working at around 11:30 h,
meaning that the main source of pollution has disappeared, as
can be seen on Figure 2, point 1, and on Figure 3, points 2 and
4 where mass concentration was measured. High pollution
levels continued to be observed at point 3 and may have been
caused by the specific orography generating local circulation
and retaining the impurities in that area.

On the next day, the measurement points were arranged to
determine the distribution of aerosol impurities at height. Point
5 was lowermost, around 50 m below the highest point, 7. The
two other points, 6 and 3, were at 15 and 30 m respectively,
above point 5. The source of pollution was at the same place
as on 13t of June until 9:30 h, when work was stopped and the
machines were relocated to the place marked on Figure 1.
Figure 6 presents five measurement channels from the counter
at point 5 and shows results with similar values.
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Fig. 6. Numerical concentration of fine particulate matter of
varying sizes at point 5 on 14t of June 2019

The concentration of the finest particulate matter (0.3 um)
varies between 91,000 N/L and 63,000 N/L. One point of
interest is that the number of particles along the entire
spectrum in point 5 was 30 — 40% higher than that in the
preceding point 1, although the source of pollution was,
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initially, at the same place. Subsequently, as the day
progressed, the pollution decreased quickly, reaching its levels
from the previous day. This means that the temperature
inversion had ‘caught’ the particles and retained them in the
bowl on the bottom until the morning. Temperature inversions
were registered also by the measurement of the profile at
height. A difference of around 2 degrees at the ground level
and at a height of 5 m was determined. This is a very strong
inversion (4 deg/100 m).

Following the rising of the sun, this inversion, strong but
shallow, started to disintegrate and the impurities began to
scatter at height, and their ground-level concentration
decreased as well.

Preparations for blasting started after 9:30 using other
plant, located around point 1 on the previous day. The
proximity of the source to points 3 and 4 meant that the level of
pollution was 5 to 10 times higher than the level of pollution
observed on June 13" Air pollution at point 6 was
comparatively low, similar to the levels at point 2 on the
previous day. This is explained with the position of this point -
15 m below the level of the operating machines.

Fig. 7. Picture of the open quarry for extraction of ballast
materials at Mining Company ‘Balsha’ AD

The quarry of Balsha AD Mining Company presented in
Figures 7 is located 25 km north of Sofia. Open-air quarries are
characterised by the generation and typical circulation of
airflows. The analysis of the data shows that the concentration
of PM in the area of "Balsha" AD Mining Company is within the
norm and for similar days of the same month are even lower
than the concentrations of PM in the region of Sofia. The study
did not detect any contamination and the measured
concentrations of PM in the air in the quarry were below the
thresholds for human health protection.

Conclusion

The measurements of fine particulate matter in air in the
Balsha quarry lead to the following conclusions:

- Horizontal and height re-distribution of impurities is
caused by the specific orography of the region.

- A clear vertical stratification of aerosol impurities is
present and, therefore, dispersion is affected more by the
vertical positioning of FPM sources within the quarry (the
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transferring of particles over the quarry walls being harder)
than the horizontal movement of machines.

- Given the particular weather (a clear summer day with a
relatively light wind), the concentration of aerosol impurities
several hundred meters from the source was not above the
admissible air pollution limit values, which, according to the EU
directive (1) apply to average daily concentration of particulate
matter with a radius of up to 10 pm — 50 pg/m? and 2.5 ym -
40 ug/m3, although we had asked that the roads over which
the trucks hauling waste rock were moving should not be
sprayed for the experiment.
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THE REQUIREMENTS FOR CONCRETE LINING OF A SEWAGE COLLECTOR TUNNELS

Elena Kulikova

National University of Science and Technology MISIS, 119991 Moscow; fragrante@mail.ru

ABSTRACT. This article assesses the existing requirements for concrete lining of collectors, identifies weaknesses in each of the studied factors and presents the
main directions for increasing the durability of structures. The main emphasis is made on the wear of the lining under the influence of filtration and aggressive media
as the main reason for failure and destruction of such tunnels. The basic requirements for concrete lining of collector tunnels are: correct selection of dense
waterproof concrete composition (i.e. method of calculation of waterproof concrete composition); choice of additives providing increased density, strength, and water
resistance of concrete; investigation of some parameters of concrete mixtures compositions ensuring their resistance to abrasion; the choice of means and methods
of protection of concrete lining against water-jet wear and corrosion of concrete caused by the aggressiveness of the media flowing through the tunnels.

Keywords: manifold tunnel, wear, concrete lining, fracture, corrosion

M3NCKBAHUA KbM BETOHHATA OBJIMLUOBKA HA KAHAITU3ALMOHHUTE KOJNEKTOPU
Enena Kynukoea
HauuoHanHeH uzcnedosamerncku mexHonoauyeH yHusepcumem MUCuC, 119991 Mockea

PE3IOME. B cratusTa Ce OLeHsBaT CbLyeCTBYBALLMTE M3MCKBAHMS 3a 6eTOHHa 0bMMLIOBKa Ha KONEKTOpUTe, MOCOYBAT Ce CnabocTuTe Ha BCEkW OT M3cneaBaHuTe
chakTOpU 1 CE NPEeACTaBAT OCHOBHUTE HaMpaBNeHUs 3a NOBWULLIABAHE Ha bNrOTPANHOCTTa Ha KOHCTPYKUMMTE. OCHOBHUST aKLEHT Ce NOCTaBsi BbPXY M3HOCBAHETO Ha
0bnuuoBKaTa nog BNMSHWE Ha UNTpaLMsiTa U arpecuBHUTE CPEaM KaTo OCHOBHA MPUYMHA 3@ NOBPEaV W pa3pyLuaBaHe Ha Takuea TyHenu. OCHOBHUTE U3MCKBAHWS
33 BeTOHHA 06MMLOBKa Ha KOMEKTOPHW TyHEnM ca: npaBureH 136op Ha NITbTEH BOAOYCTOMYMB CbCTaB Ha GETOHA (T.e. METOA 33 W3YUCTISIBaHE Ha CbCTaBa Ha
BOAOYCTONUMBMS 6ETOH); M3bop Ha [06aBKM, OCMTYPsIBALLM NO-TONsSiMa MITLTHOCT, SIKOCT W BOLOYCTOMYMBOCT Ha OETOHA; W3CMeABaHE Ha HSKOM napameTpu Ha
CbCTaBa Ha GETOHOBUTE CMECH, OCUrypsiBally TsIXHaTa YCTOAYMBOCT Ha W3HOCBaHe; M36Op Ha cpeacTBa M MeToaM 3a 3awuTta Ha 6eToHHaTa obnuuoBka OT
M3HOCBAHE OT BOAHM CTPYM U KOPO3Wst Ha GETOHA, MPUYMHEHN OT arpecBHOCTTA Ha cpeAaTa, peMUHaBalla npes TyHenuTe.

Kniouosu AYMWU: KONEKTOop, M3HOCBaHe, 6eToHoBa OﬁﬂMLlOBKa, cyynBaHe, Kopo3ua

Introduction Considering the water resistance of the concrete lining, it
should be noted that the transfer of moisture in the concrete
The main requirements for the lining of sewer collector can be viscous or capillary flows, as well as due to diffusion
tunnels can be divided into the following: transfer. In the first two cases, the transfer of the liquid itself
«  waterproofing properties; with all the substances dissolved in it is carried out. The
«  mechanical resistance: movement of the liquid through the pores and capillaries
«  corrosion resistance: caused by its evaporation is determined by the expression:
»  resistance to hydro-abrasive wear.
Currently, there is no information about the quantitative i=Xy-Ay, (1)
parameters of the above-mentioned requirements neither in
the literature _nor in the practice of underground urban  where X, is the coefficient of liquid capillary conductivity;
construction. This leads to uncertainty in the creation of new
means of protection of concrete lining from external factors and 2r,
aggressiveness of media flowing through the collector tunnels. X = 7g J‘rz £5(r)dr 2
Further research in terms of improving corrosion and water v ' @)
resistance, strength and wear resistance of the lining of the To
collector tunnels demands the assessment of the above-
mentioned requirements.
| Al/l=iﬁ(£—i} (3)
Vg \h I

Waterproofing properties of lining

where yy — specific gravity of liquid; - liquid viscosity; r12 —

Waterproofing properties of lining of sewer collector radius of curvature of meniscus.

tunnels should ensure their sufficient water resistance,
including by stopping the capillary movement of moisture in the

pores of concrete A number of authors theoretically and experimentally

proved that all three types of transport occur at the following
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filtration coefficients of materials (table 1). Thus, only
Kr = (3+4)-107 sm/h can ensure necessary and sufficient
quantitative level of waterproofing protection of the collector
tunnel.

Table 1.Types of liquid transport

Fluid transfer mechanism | Coefficient of filtration Kz, sm/h
Molecular diffusion 3.48-107
Capillary flow 3.48-10-7+-3.48-105
Viscous flow 3.48-10-5+-3.48-104784

The strength of the concrete lining of sewer
tunnels.

The load-bearing capacity of the lining of the collector
tunnels is to a certain extent determined by the strength of the
material. Since the working conditions of the construction of
the collector tunnel lining vary depending on the dynamics of
the rock pressure and the nature of the interaction of the rock
mass with the support, the strength properties of the lining
material should be changed accordingly. In this regard, each
material should be considered in terms of its ultimate strength.

Fig. 1 shows the dependence of some indicators
characterizing the strength of the collector tunnel lining on the
structural parameters of the bearing elements.

As the practice of underground urban construction shows,
in the construction of the lining of sewer collector tunnels the
most widespread concrete class is “B 40", depending on the
geological conditions.

i th

L,mm

c o

K, mm/year®s

tt

I

o
100 208 400 600 800 1000 KD
D, mmlyear
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Fig. 1. The dependence of the time of the beginning of cracking
(t/ts) in the construction of the tunnel: a — on the thickness of the
protective layer of concrete L; b — on the coefficient of carbonation k; ¢
- on the diffusion coefficient of ions Cl; d — on the time of failure of
waterproofing ¢ ¢ — the average time of the beginning of cracking,
years; tr - the time corresponding to the beginning of the decline in the
reliability of the collector lining, t/ = 18.3 years
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An examination of the state of sewer collector tunnels
lining in Moscow showed that in some cases the concrete
lining of collectors does not satisfy the specified strength.
Therefore, to ensure the necessary strength of concrete, it is
necessary to overestimate its projected strength by 1.2-1.4
times, and in complex hydrogeological conditions even more.

Corrosion resistance of collector tunnels
concrete lining

Statistics of failures of engineering equipment of cities
shows that the frequency of accidents of sewer networks is
increasing every year. There are frequent accidents, causing
significant material damage associated with the failure of
roads, the collapse of buildings, structures, and sometimes the
death of people. Often failures of sewage facilities are
accompanied by contamination of the soil and groundwater
contained in the construction, discharge of domestic sewage
into water bodies. Therefore, the fight against violations
(failures) of sewer networks is relevant.

One of the aspects of failure control is the task of timely
detection of corrosion damage of reinforced concrete
structures of collectors.

Direct inspection of concrete structural elements of wells
and concrete pipes, the measurement of strength parameters
and rate of destruction of reinforced concrete elements under
the influence of aggressive gas environment, gives the
opportunity to prevent the deterioration of structures, to define
the terms of their service and to carry out repair and
construction works in proper time.

The corrosion resistance of the lining material has the
greatest impact on the durability of the collector tunnels’ lining.
The calculation of the effect of corrosion weakening of
concrete on the bearing capacity of the collector tunnel‘s lining
shows that the loss of the bearing capacity of the lining occurs
when the strength of concrete is reduced 2 times compared to
the design (under appropriate mining and geological
conditions). The thinness of the concrete mostly contributes to
the development of the corrosion processes of concrete.

The results of the quantitative assessment of the degree of
corrosion resistance of metal and reinforced concrete
structures are shown in table 2.

Table 2. The degree of corrosion

Metal construction Reinforced concrete structure
2 Average annual loss of bearing
s = capacity during operation in %
g o g
5 5 5
=g € =
23 = £
2 E g 3s Underground >
55 c 5 g construction ‘B
88 2 23 Re;
5 8 25 23
o S S £ O =
2 ° == - =
53 E &©° S S
° L2 ® c 2
2 5 g 2w
< 3
o
Poor Upto 5 3 5
0.1
Middle | 0.1-0.5 10 5 10
Strong More 15 8 15
than 0.5
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It is assumed, that the structure is subject to major repairs
or replacement with a loss of bearing capacity of 40-60 %.

The presence of additives in the concrete affects the
degree of corrosion resistance of the reinforcement cage (table
3).

Table 3. Corrosion rate of steel in concrete in humid

atmosphere
Concrete Mass loss, The maximum
g/m2 per year | depth of corrosion
of ulcers for the
year, mm
Normal, no additives:
o dense 0 0
e porous 13-210 0.48
With chloride additives 10-660 1.63
Carbonated 30 -

The degree of corrosion of the reinforcement depends on the
presence and magnitude of crack opening K in the body of the
concrete lining of the underground structure, which clearly
demonstrates Fig. 2 and formula (4):
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where L — the thickness of the protective layer of concrete, m;
d — diameter of reinforcement, m; & - crack opening, m.
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Fig. 2. Dependence of the degree of corrosion of the lining on the
reduced crack opening in concrete

The value of corrosion of the reinforcement is a boundary
condition for the transition of the structures of an underground
building from one technical condition to another. Thus, at the
corrosion value K(t) = 2% there is a transition of structures
from [st to lInd category of technical condition, at K(f) = 7% -
from 1Ind to [l category, K(t) = 15% — from Il to [Vt category,
K(t) = 25% — from IVth to Vth category.

Corrosion of concrete also causes filtration of soft water
through the lining of the tunnel. Leaching of 25% CaO from
cement leads to a sharp drop in strength and to the complete
decomposition of concrete in the future. If we assume that the
average consumption of cement per 1 m3 of concrete is 350 kg
and that an average of 1 m3 of concrete accounts for 210 kg of
Ca0, we can conclude: leaching 52.5 kg of CaO per 1 m3 of
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concrete lining of the collector tunnel can lead to its
destruction.

Studies have found that the process of decomposition of
organic compounds in wastewater leads to the appearance of
carbon dioxide, ammonia, hydrogen sulfide, methane and
other gases in the surface part of gravity reservoirs.

In aerobic decomposition processes (involving oxygen),
carbon dioxide is mainly released, and in anaerobic (oxygen-
free) processes, hydrogen sulfide and methane are the main
decomposition products, with the largest percentage being
hydrogen sulfide. The appearance of hydrogen sulfide in the
atmosphere of the surface part of the collector is accompanied
by the development of thionic bacteria on its walls, under the
action of which hydrogen sulfide is oxidised to sulfuric acid and
acts as an acid condensate on the arch of the collector.

Chemical analysis of concrete corrosion products shows
that they consist mainly of gypsum, silica, aluminum
hydroxides and iron compounds. In the water-saturated state,
corrosion products have a consistency of liquid dough and
easily fall off from the ceiling and vertical surfaces.

The corrosion rate of concrete depends on the
concentration of hydrogen sulfide and sometimes reaches up
to 20 mm per year. This leads to the fact that such sections of
the collector fall off after 5-10 years of operation.

In addition to the leaching aggression, aggression of
flowing wastewater also acts on the concrete lining. As a result
of the action of the gas condensate and microorganisms, which
develop well in the mucous film covering the channel walls, on
the concrete lining of sewage, there is a significant decrease in
the content of CaO in concrete from 60-64% to 12% and an
increase in sulphates from 1.5% to 42%. On average, the
corrosion depth of concrete lining of collector tunnels is
estimated at 6-13 mm per year.

Therefore, it can be assumed that the service life of the
concrete lining according to the corrosion resistance factor
varies between 20 to 35 years. However, it is known that the
corrosion of concrete can have an avalanche character, which
probably could lead to rapid destruction of the lining.

Currently, it is possible to control the characteristics of
concrete (to increase its density and reduce porosity) by
introducing additives (super-plasticizers to reduce the water-
cement ratio, micro-silicates) or covering the concrete surface
with materials that promote pore colmatation (Xypex, Squid,
Penetron, etc.). This helps to increase the water resistance of
concrete tunnel lining, its resistance to aggressive influences.
However, this is not enough to prevent the destruction of
concrete when exposed to an aggressive environment.

Protection of concrete lining from corrosion damage can be
carried out in two directions: either increasing the density of
concrete, or protecting the concrete with anti-corrosion
coatings.

Conclusion

The abrasion of the concrete lining is determined by the
amount of loss of the initial weight related to the surface of the
abrasion area. Due to the impact of abrasive materials in the
wastewater at speeds of more than 2 m/s there is an intensive
abrasion of the tunnel tray.

As shown by estimations of the influence of the hydro-
abrasive wear the tray part of the concrete lining on the
bearing capacity of the collector tunnel’s lining, when the
abrasion is 40-60% of the thickness of the trough part of the
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tunnel lining, it loses its bearing capacity. On the basis of
statistical data processing it was found that an average of 1.2
cm of the tray is worn out yearly. Consequently, the period of
possible operation of the collector tunnel according to the
factor of abrasion is within the range of 10-12 years.
Water-abrasive wear of the collector tunnel’s lining begins
with the washing out of the cement stone and the separation of
grains of large and small aggregate, as a result the lining of the
tunnel becomes rougher, and this in turn exacerbates wear.
Having considered the basic requirements for concrete lining
of collector tunnels, we can assume that the main direction for
increasing the durability of concrete lining sewer tunnels is:

« correct selection of dense waterproof concrete
composition (i.e. method of calculation of waterproof
concrete composition);

« choice of additives providing increased density,
strength, and water resistance of concrete;

* investigation of some parameters of concrete
mixtures’ compositions ensuring their resistance to
abrasion;

» the choice of means and methods of protection of
concrete lining against water-jet wear and corrosion
of concrete caused by the aggressiveness of the
media flowing through the tunnels.
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ENVIRONMENTAL SUSTAINABILITY IN THE DEVELOPMENT OF URBAN
UNDERGROUND SPACE
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ABSTRACT. The application of reliability theory and risk in the field of underground construction permits on the basis of statistical processing of results of laboratory
and industrial research to establish the laws of probability distribution of the studied parameters of the rock mass around an underground object. The obtained
regularities, in turn, enable the prediction of durability of underground structures in order to introduce rational approaches in their design. This involves the following
tasks: identification of ways to ensure ecological and technological reliability of underground objects depending on the applied technology of their construction and
possible risks; modelling of construction technology in order to assess the safety and risk of development of underground space; development of ideas about the
enforcement mechanism and criteria for eco-technological reliability of urban underground structures; optimisation of structural parameters of underground structures
based on the concept of acceptable risk and technological and environmental safety; comprehensive assessment of the reliability of underground structures by using
different technologies and methods for their construction.

Keywords: geoecological model, rockmass, underground construction

YCTOWYMBOCT HA OKOJTHATA CPEQA MPU PA3BUTUETO HA TPALCKW NOA3EMHU NPOCTPAHCTBA
Enena Kynukoea, AnexcaHobp MeaHHuKoe
HayuoHaneH uscnedogamencku mexHonoauyeH yHugepcumem "MUCuC*, 119991 Mockea

PE3IOME. MpunaraHeTo Ha TeopusTa 3a HaeX[HOCTTa 1 pucka B obriacTTa Ha MoA3eMHOTO CTPOMTENCTBO N03BONsBA Ha 6asaTa Ha cTatucTuyecka obpaboTka Ha
pesyntatute OT na60paTopHV| W NpOMULLNEHN U3CnefBaHuA Aa Cce YCTaHOBAT 3aKOHWTE Ha BEPOATHOCTHOTO pasnpefeneHue Ha u3cneaBaHuTe napameTpu Ha
ckanHata mMaca okono nogsemeH obekT. MomyyeHnTe 3aKOHOMEPHOCTM OT CBOSI CTPaHa AaBaT Bb3MOXHOCT 3a MPOrHO3VpaHe Ha W3JPBXINBOCTTA Ha MOA3EMHUTE
KOHCTPYKLMM C Lien BbBEXAaHe Ha paLMoHanHi Moaxoam Npy TAXHOTO NpoekTUpaHe. Toa BKMKOYBA CeAHNUTe 3afauu: UaeHTUDNULMpaHe Ha HauWHK 3a OCUTypsiBaHe
Ha eKonornyHa u TeXHonor4yHa HagexaHoCT Ha NoA3eMHN 00€eKTI B 3aBUCUMOCT OT npunoXeHara TEXHONOMA Ha MU3rpaxaaHe U Bb3MOXHW pUCKOBE,; MoaennpaHe
Ha CTPOMTENHUTE TEXHOMOrMN C Lien oleHka Ha 6esonacHocTTa W pucka OT pasBMTME HA MOA3EMHO MPOCTPaHCTBO; pa3paboTeaHe Ha uoen 3a MexaHusma 3a
npunaraHe M KpUTEPUM 33 EKOTEXHOMOTMYHA HafEXOHOCT Ha rpajckuTe MOA3EMHM CTPYKTYPW; ONTUMM3NPaHE Ha CTPYKTYpHUTE napameTpu Ha MoA3eMHuTe
KOHCTPYKLMM Bb3 OCHOBA Ha KOHLiENUWsATa 32 MPUEMIMB PUCK W TEXHOMOTUYHA W eKonoryHa Be3onacHoCT; LANOCTHA OLieHKa Ha HafeXAHOCTTa Ha NOA3eMHUTe
KOHCTPYKLMM Ype3 M3Nnon3BaHe Ha pa3nnuyHu TEXHONOMMKU U METOAM 3a TAXHOTO U3rpaxaaHe.

Knto4yoBm gymu: reoekornormyeH Mogen, ckasHa Maca, NoA3eMHO CTPOUTENCTBO

Introduction Moscow require annual overhaul due to failures of the lining
caused by the aggressive impact of external and internal
Sustainable development of society is impossible without environment and other operating conditions [1]. About 40-45
ensuring environmental sustainability, which is understood as ~ thousand rubles per 1 m of the tunnel are spent on major
the ability of the ecosystem to preserve its structure and repairs of such structures. Up to 30% of the initial cost of
functional characteristics under the influence of external and construction in the operation of communication tunnels is spent
internal factors. At present, urban underground construction is on the elimination of failures that occur much earlier than the
becoming much more active in the world. Urban underground estimated period. The consequences of failures are failures of
structures are the only real means to solve radically planning, the earth's surface, pollution of groundwater by industrial and
transport and communal problems of urban areas. However, domestic sewage, subsidence of buildings and underground
large-scale development of underground space of megacities structures themselves [3].
requires substantial financial resources, a significant share of It should be taken into account that over the past 5 years,
which is spent on combating infiltration of groundwater into the number of industrial and domestic water discharges has
underground structures and sanitation. The fight against water increased  significantly (in Moscow, up to 9 million m* of
flows into the construction and operation of underground wastewater is discharged into sewer tunnels per day). In
facilities in dense urban areas is associated with considerable addition to quantitative changes in wastewater, there was also
difficulties and requires the use of special measures. a qualitative change (the presence of a large percentage of the
Materials and design of the lining do not always provide the content of aggressive impurities). The latter is most often
necessary reliability of underground structures, and, manifested in the enhancement of the aggressive properties of
consequently, their normal operation during a given service life the medium [3]. As a result of the development of high-rise
period. Thus, up to 5% of the operated sewer tunnels in construction in large cities, inevitably there are significant loads
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on the lining of operated underground structures located in the
construction zone.

According to [4], up to 70% of the garages, 60% of the
warehouses, up to 50% of the archives and various storage
facilities, up to 30% of the cultural institutions, up to 3% of the
buildings of research institutes and universities can be located
in Moscow below the level of the earth's surface [2], [3]. The
city has more than 200 built underground passages and
transport tunnels, among which the operated part of municipal
tunnels exceeds 160 km. The annual input of such tunnels
exceeds 15 km.

It is obvious that environmental sustainability in the
development of the underground space of cities, which means
the preservation of high operational reliability of underground
facilities throughout their service life, is a very urgent task.
Therefore, it is necessary to develop a geoecological model of
underground construction on the basis of criteria of
technological reliability and acceptable risk.

Problem definition

Reliability indicators include quantitative characteristics,
which are introduced according to the rules of the statistical
theory of reliability. Methods of the statistical theory of reliability
at underground construction allow establishing requirements to
reliability of components and elements of the underground
construction on the basis of requirements to reliability of the
natural and technical geosystem “rock massif — technology -
underground construction — environment” as a whole.

The statistical theory of reliability is an integral part of a
more general approach to the calculation of the reliability of
technical objects, in which failures are considered as a result of
the interaction of the object as a physical system with other
objects and the environment. Thus, in the design of
underground structures and their structures, it is necessary to
take into account, in explicit or implicit form, the statistical
spread of mechanical properties of materials, elements, as well
as variability in time and space parameters characterising the
external loads and effects on the system “rock mass —
technology — design of underground structures — environment”.
[5].

Most reliability measures are fully meaningful even with a
more general approach to the estimated reliability. In the
simplest model of calculating the design of an underground
structure for strength according to the scheme “load parameter
— strength parameter”, the probability of failure-free operation
coincides with the probability that within a given period of time
the value of the load parameter will never exceed the value
that takes the strength parameter. Both parameters can be
random functions of time.

The development of the underground space of cities is
associated with complex physico-chemical and physico-
mechanical transformations based on non-deterministic values
and phenomena, so the technology of construction of the
underground structure can be represented as a stochastic
system, as evidenced by the following provisions [6]:

+ underground construction is associated with a variety
of random variables of prescription, technological,
operational nature, factors of interaction of rock mass
and the environment and external loads;
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+ such random factors in their relationship affect the
reliability of the structures of the underground facility;

+ rock mass around the underground structure is an
anisotropic  discrete medium, with components
representing random variables. Variability of mining
and hydrogeological conditions, soil properties,
impact on the design of underground structures from
the environment are random;

+ soil softening in time — the result of interaction with
the external environment. Failures occurring during
the operation of structures of underground facilities
are random events.

Thus, to determine the reliability of underground facilities, it
is not enough to know the physical and chemical processes
taking place at the same time and to rely on these practices. It
is necessary to proceed from the general theory of reliability,
applying its laws to calculate the degree of reliability and
analytical prediction of changes in the reliability of structures.

For underground facilites of the city, which can be
considered as a potential source of danger, an important
concept is safety. Although safety is not a general concept of
reliability, it is closely related to this concept under certain
conditions (for example, when a violation of the working
condition of the structures of an underground structure can
lead to conditions harmful to people and the environment).

The concept of “risk” is directly related to the concept of
safety, as if the reverse side of the latter. The existing methods
of substantiation of technological parameters of structures of
underground buildings based on deterministic models do not
take into account the random nature of the filtering soil massifs
and compositions used. Such a deterministic approach does
not allow assessing the reliability of calculations of residual
water inflows and the risks associated with the creation of the
system ‘rock mass - technology — underground structure —
environment”. Consequently, there is no possibility to optimise
properly the technological parameters of underground
construction. However, taking into account the risks and their
factors is a very urgent task, especially in the context of
optimising the technological parameters of the underground
structures.

Modern approaches to safety and risk problems

Danger in underground construction is considered as a
condition inherent in the natural and technical geo-system
‘rock mass - technology - lining — environment™. It is
implemented in the form of damaging effects on humans and
the environment in the event of its occurrence either in the
form of direct or indirect damage in the normal operation of
underground facilities.

The simplest optimisation formulation of the problem in the
theory of safety and risk can be considered as a probabilistic
modification of the usual least cost criterion. This model allows
generalisations that take into account the costs associated with
the diagnosis, prevention of failures of underground structures,
repeated failures, repair and restoration, planned capital costs,
etc.

The following factors are the disadvantage of optimisation
approaches to safety and risk tasks:

+ insufficient development of economic models,
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+ conditional character of numerical values of cost
indicators,

+ fundamental difficulties in assessing accidents in
underground construction related to environmental
and social damage.

To avoid such difficulties, optimisation approaches that do
not use economic categories can be used. For example, if the
safety of an underground facility can be ensured by purely
technical measures that do not lead to high costs, the criterion
of optimal safety is exempt from cost restrictions. As a result,
we come to the principle of the minimum probability of an
accident in underground construction.

In many cases, in urban underground construction, the
cheapest solution corresponds to the highest risk and vice
versa, the solution with limited risk requires high costs. This
inverse relationship of risk and cost can determine the order of
technical decision-making when justifying the method of
strengthening the rock mass around the underground object.

When designing a particular underground facility with
certain technical characteristics, the designer must take into
account the issues of reliability. Specific tasks for reliability and
evaluation of their implementation at all stages of the creation
and operation of underground facilities allow to identify the
weakest points and solve a number of tasks for optimal design,
reservation, selection of quality of spare parts, establish the
frequency and degree of preventive measures. To do this, all
the information on the operation of the underground facility
must be used.

Any requirement for reliability should be justified not only
technologically, but also from an economic point of view. The
choice of parameters of underground structures and structures
that ensure efficiency, and safety of their operation, determines
the need to obtain quantitative estimates of reliability or risk.

Research task

The application of the theory of reliability and risk in the
field of underground construction on the basis of statistical
processing of the results of laboratory and industrial research
allows to establish the probability distribution laws of the
studied parameters of the rock mass around the underground
object. The resulting patterns, in turn, make it possible to
predict the durability of underground structures and to achieve
rational approaches to their design.

In this regard, the following tasks arise:

+ identification of ways to ensure environmental and
technological reliability of underground facilities,
depending on the technologies used for their
construction, and possible risks;

+ modelling the construction of geotechnology objects for
safety and risk assessment of underground space
development;

+ development of ideas about the mechanism and
criteria of ecological and technological reliability of
urban underground structures;

+ optimisation of design parameters of underground
structures based on the concept of acceptable risks
and technological and environmental safety;

+ comprehensive assessment of the level of reliability of
underground structures in the application of various
technologies and methods of their construction.
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Comprehensive analysis of geological
conditions of construction

The choice and justification of the technology of
construction of underground structures should be carried out
only on the basis of a comprehensive system analysis of
mining conditions of construction according to the main
determining factors, including:

1. Technical and technological solutions of underground
facilities for the period of operation. This group of factors
include:

« functional purpose of the underground structure;

+ internal dimensions of the underground structure;

+ operational load indicators;

+ initial requirements for technical and technological
reliability.

2. Engineering-geological and hydrogeological conditions
of construction and operation of underground facilities. In this
group, the determining criteria for the choice of construction
technology include:

* initial requirements for technical and technological
reliability;

+ geological structure and engineering-geological
characteristics of soils containing the object;

+ the depth of the structures;

+ influence of hydrogeological conditions on the
construction and operation of the underground
facility.

3. Social and ecological conditions of underground
construction placement in the formed urban environment. This
group of factors mainly considers the possible harmful effects
of the environment and the construction (operated)
underground facilities. The most significant features include:

* nature of the earth's surface;

« the presence of underground communications and
structures;

+  provision of existing transport and pedestrian routes;

+ reducing the impact of negative construction
processes on the urban environment.

4. The climatic conditions of the construction.

5. Economic conditions of construction. The defining
indicators of this group are:

« amount of capital investments;

+ preliminary cost of 1 m of the route of the passed
underground construction;

+ terms of construction, etc.

6. The state of the technical base of the construction
organisation.

Environmentally friendly construction
technologies

The main objective of a scientifically based approach to the
development of underground space, taking into account all
environmental requirements, is the use of high technologies in
underground construction.

High technology implies:

+ the expansion of mechanised shield driving;

« broader use of the shield method of tunnelling
underground structures in combination with advanced
methods of strengthening of the array of the host rocks;

+ greater use of Novoushitskogo method of tunnelling;
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+ expansion of the use of railway entries into the

underground space to protect the environment of cities;

+ application of various methods to prevent possible

precipitation of the earth's surface during underground
construction;

screative use of the underground space of cities for the

development of underground infrastructure, taking into
account environmental requirements.

The up-to-date situation during the underground space
development in the world is characterised by a number of
features. In particular, the world practice of tunnel construction
is focused currently on the placement of public infrastructure at
an increasing depth. The need for deeper placement of
underground structures is associated with the following main
aspects:

+ the near-surface levels are already quite saturated

with various structures of urban infrastructure;

+ the service life of many collectors has expired or is
about to expire, making them hazardous in case of
overloading with ever-increasing volumes of
wastewater,

+  the possibility of increasing the capacity of reservairs;

+ the possibility for more “painless” repair and
reconstruction of underground structures by placing
them at a greater depth;

+ the need to eliminate the environmental crisis in a
complex system of “‘rock mass - technology -
underground structure — environment”.

The upper tier of the underground space of cities is a
chaotically branched network of utilities, where sewage and
heating systems and other communications are located without
taking into account possible emergency releases to nearby
water bodies. About 1500 tons of oil products, at least 500 tons
of salts of heavy metals and more than 22 000 tons of organic
pollutants are discharged into the Moscow reservoirs annually,
bypassing the treatment facilities. Thus, despite the ability of
the natural ecosystem to ensure self-purification and balance,
the Moscow region can become an ecological disaster zone in
the coming decades. Therefore, the development of a new
approach to the placement of underground structures and new
environmentally friendly technologies and methods of their
construction is extremely relevant.

Sustainable construction

From the standpoint of environmental safety, the most
acceptable technologies can be justified only with a
comprehensive approach to all aspects of the development of
the city’s underground space, which includes:

1. Improving the quality of engineering-geological surveys
of the subsoil for underground construction, followed by taking
into account their results in the design and development of
solutions to ensure the stability, reliability, durability of
underground facilities and water resistance of their supporting
structures. It is necessary:

+ to substantiate the environmental compatibility of the
technologies with the changing nature of the interaction
between the elements of PTGS;

+ to combine the high technologies and ways of
strengthening the rock mass with the aim of increasing
the rate of penetration of workings;
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+ to ensure computer modelling and calculation of
parameters of technical and technological solutions
based on a comprehensive assessment of the
properties of rock mass and their compliance with the
properties of the lining;

+ to ensure complex consideration of the main factors
characterising the current state of the system “rock
mass - technology - underground structure -
environment”; to identify the optimal combination of the
parameters characterising the state of the system as
safe;

2. Expansion of underground infrastructure

construction of new generation underground facilities.

3. Increasing the durability of underground structures
based on the use of modern knowledge of rock mechanics,
geomechanics, environmental aspects of the development of
the underground space of the city, construction geotechnology.

4. Risk reduction in underground construction based on the
analysis of risk situations in the natural and technical
geosystem "rock mass — technology — underground structure —
environment" and the forecast of changes in the environmental
situation in general when using a particular technology of work.

An integral part of the processes that create conditions for
sustainable development is the “sustainable construction”,
including the underground one. This concept appeared
relatively recently, and at the first International conference
“Construction and environment” (USA, 1994) it was formulated
as follows: “Sustainable construction means the creation and
responsible maintenance of a healthy artificial environment
based on the effective use of natural resources and
environmental principles”.

and

Geo-ecological modelling

The basic environmental principles and concepts that form
the basis of the concept of sustainable, environmentally safe
underground construction can be formulated as follows:

+ minimisation of negative impacts (pollution, excessive
noise, vibration, electromagnetic fields, etc.) on natural
ecological systems and natural landscapes at all
stages of functioning of the natural and technical
geosystem "rock mass — technology — underground
structure — environment;

+ restoration and maintenance of biodiversity in
construction and urban areas;

+ the use of environmentally friendly architectural and
planning solutions of underground structures;
ecological reconstruction of the urban environment;
attention to the aesthetic component of the urban
complex;

+ application of environmentally friendly  building
materials and underground construction technologies;

+ construction of underground facilities in accordance
with "high" technologies;

« making  underground  structures  food-grade,
biodegradable properties that allow them to blend and
clean up the environment; create a healthy artificial
habitat;

+ waste reduction in underground construction;
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+ reclamation of the territories disturbed during the
creation of the construction site and conducting works
in the open way;

« the use of environmentally friendly man-made raw
materials for the manufacture of building materials and
products;

+ implementation of environmental monitoring systems
for underground construction at all stages of the life
cycle of the underground facility;

« comprehensive and highly effective environmental
control of technological decisions at all stages of the
life cycle of the underground facility (environmental
support).

In addition, the most important conditions for sustainable
underground construction, compatible with the environment,
are:

+ recognition of the presumption of ecological danger of
any planned activity on the development of
underground spaces of the city;

« improvement of the regulatory framework to ensure
sustainable and environmentally sound underground
construction;

« organisation and development of a system of
continuous environmental training for decision - makers
in the field of underground construction;

+ participation of scientific, design, public and other
associations in solving problems related to the planned
activities for the development of underground space.

A structural geo-ecological model of natural and technical

geosystem “underground construction — the environment” is
shown in fig. 1.

The specification of underground
structures and the environment

]

Specification of the main or
possible options for improving
the underground structire

Specification of l
objectives and possible
solutions

Analysis of technological
requirements to the system
“underground construction —

environment”

Evaluation of the ‘

selected option of Analysis of economic
safety of the system requirements to the system

underground “underground construction —

construction — \ environment”
Analysis of environmental

requirements to the system

“underground construction —
environment”

!

Multivariate analysis I

]

Decision on the choice of
construction technology

environment”

Analysis of the sensitivity
of the system to changes
in the parameters

y

Fig. 1. Structural geo-ecological model
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The choice of strategy and tactics for the implementation of
sustainable underground construction is a very difficult task,
requiring joint creative work of designers and builders, as well
as specialists of other services, primarily environmental. All this
places high demands on the level of professional training of
future mining engineers in the field of environmental
knowledge.

Conclusion

The formation of geo-ecological models of objects of
underground construction on the basis of criteria of reliability
and technological risk tolerance will allow to obtain the
following results:

o Creation of theoretical developments to substantiate the
mechanism of environmental and technological reliability of
urban underground structures;

e Geo-environmental and geotechnical rationale for the
choice of strategic directions for the development of the
underground space of cities under the current and future level
of development of science, techniques and technologies of
underground construction;

e Modelling of parameters of geological and technological
reliability on the basis of admissible risks criteria and safety of
natural and technical geosystem (Fig. 1).

The results will shed some light on modern approaches
related to the design of underground structures in large cities,
seek innovative potential of environmentally friendly
technologies for the construction of urban underground
structures, and ensure environmental sustainability in the
development of underground space of megacities.
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NEED FOR FIXED FIRE FIGHTING SYSTEMS IN ROAD TUNNELS

Diana Makedonska, Michael Michaylov

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia

ABSTRACT. Road tunnels with heavy traffic are expected to have in place specific emergency measures for prevention and mitigation of effects of road accidents
and other critical events associated with fires which might endanger human life, tunnel structure and facilities or cause environmental pollution. It is known that risk
management in the event of road tunnel fire cannot be ensured solely by means of emergency ventilation. Fire control systems can save human lives and maintain
acceptable environment for evacuation of tunnel users. Fire impact mitigation and reduction of heat release rates are essential also for preservation of tunnel facilities.
The purpose of this work is to assess fire dynamics in road tunnels taking into account response time of Fire & Rescue Services and to provide rationale for the use of
fixed firefighting systems therein as well as for the need of training of Fire & Rescue personnel involved in suppression and rescue operations in these underground
sites.

Keywords: tunnels, fire dynamics, FFFS

HEOBXOAMMOCT OT CTALIUOHAPHW NOXXAPOIACUTENTHU CUCTEMU B MbTHU TYHENU
Juana Makedoncka, Muxaun Muxalinos
Murto-eeonoxku yHusepcumem “Ca. Mear Puncku®, 1700 Cogpusi

PE3IOME. B nbTHUTE TyHeNM ¢ ronsim Tpadvk ce ovaksa NpesnpuemMaHeTo Ha KOHKPETHU aBapuitH MEpKW C LN a ce NpefoTBpaTaT U orpaHuyaT nocneauuute ot
MbTHOTPAHCMOPTH NPOUSLLECTBUS U APYTU KPUTUYHW CbONTUS, CBBP3aHM C MOXapy, KOUTO MOraT [ja 3acTpallaT YOBELLKUS KMUBOT, KOHCTPYKLUMSITA N CbOPBXEHUSITA
B TyHemna unv Ja npeausBukaT 3ambpcsiBaHe Ha OKonHaTa cpefa. /3BeCTHO e, Ye yrpaBNEeHWETO Ha pucka MU Bb3HUKBAHE HA NOXap B MbTEH TYHen He ce
ocurypsiea B Heobxogumara CTeneH camo C W3non3BaHe Ha aBapuitHa BeHTUnaums. CucTemMuTe 3a KOHTPOM Ha MoXapu MoraT Aa CracsiT YOBELLKWS KWBOT, kaTo
3aMassT HACKO HYBOTO Ha MOLLHOCTTA Ha NoXapa M NOALbPXAT NpuemMnnBa Cpeda 3a eBakyauus Ha MbTHULWUTE B TyHena. OrpaHu4aBaHeTo Ha pasMepa Ha noxapa
V1 Ha TeMna Ha HapacTBaHe Ha HeroBaTa MOLLHOCT MMaT 3HauuTemNHa Nnoraa v 3a ona3BaHe Ha TEXHUYECKUTE cucTemu B TyHena. LlenTa Ha HacTosilwata paboTa e fa
Ce Npocreau AMHamuKaTa Ha NoXapuTe B MbTHU TYHENW, kaTo Ce OTYeTe BpeMeTo 3a peakuws Ha cnyxbute 3a MB3H u ce obocHoBe HeobxoaumocTTa OT
W3MON3BaHETO Ha CTALMOHAPHM MOXaporacuTenHM CUCTEMM B TSIX, KakTO M 3a MpoBEXAaHeTo Ha ofydeHue 3a MoadbpxaHe W akTyanuaupaHe Ha TakTudeckaTa
noaroToBka Ha cbetasa oT PCTMB3H, ocbluecTBsBaLL, NOXaporacuTeNHa U aBapuitHo-CiacuTenHa AeNHOCT B Teal NoA3eMHMU 0GeKTH.

KniouoBu AYMU: TYHeNN, AMHaMUKa Ha noXxapu, CTalUoHaPHN NoXaporacuTenHu cuctemn

Fire dynamics in road tunnels ignkon | growtn [ stablo burming _| suppression |

| |

HR Rmax | |
—

Fire dynamics is essential for the design of emergency
ventilation mode, fire alarm and fire suppression in tunnels. It is
described by the time of growth tg, until reaching of stable
burning at maximum rate tmax, and time of decay td,
associated with fire load of design fires as detailed in Table 1.
Fires where no fuel spills are involved could reach high heat
release rates as well. For instance, a fully loaded heavyweight
vehicle catching fire may reach a heat release rate of 100 MW,
albeit in longer growth time (Fig. 1) until reaching the maximum
heat release rate HRRmax (Michaylov, Makedonska, 2017).

uricontrofed fwe

suppression

acceleration

drencher activation

heai refease rate [T

— docay
dreticher-conirofied fire

0 time

Table 1. Fire dynamics scenarios Fig. 1. Fire development stages
HRRmax Duration of fire stages [min] Fire load
[MW] tg tmax td [MJ] There are several methods of calculation of heat release
8 5 25 20 18 000 rate of a material. It may be defined by the formula:
15 5 60 15 63 000
30 5 0 45 50 000 -m" —kpD
30 10 50 30| 125000 Q=m"AHC,; (1-€™"") Ay (1)

100 10 60 20 450 000
200 10 60 30 960 000 where: Q — heat release rate [kW]

m" — mass fuel burning rate per unit area [kg / m2.]
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AHc,eff - effective fuel burning heat [kJ/kg]

A =A,, -fire area (area where evaporation occurs)) [m?]
ks — empiric constant [m-"]

D - fire diameter (diameter involved in evaporation,
assumed to be a circle), [m].

The heat release rate, HRR is a major characteristic of fire
dynamics. It predicates generation of undesired effects of the
fire and its products which increase as HRR increases. This
means that toxic gases, smoke and other fire hazards increase
in parallel with heat release rate (table 2).

Comprehensive study of dynamics (HRR in time) of design
fires may help prevent human life hazards and property
damage.

Table 2. Burning data of different fuels

m" AHc,eff )
Fuel komes] | [kkg | @M

Benzene 0.055 43700 2.1
Kerosene 0.039 43 200 3.5
Diesel 0.045 44 400 2.1
Transformer oil 0.039 46 000 0.7
Crude
petroleum 0.0335 42 600 2.8
Lubricant 0.039 46 000 0.7

Tunnel fire risk is evaluated on the basis of representative
statistical data about the frequency of road tunnel fires and
modelling of consequences of each individual design fire.
Design fire development and effects thereof constitute the fire
scenario.

It is known that any scenario of design tunnel fire is a unique
combination of events and is the result of certain set of
circumstances associated with passive and active fire
protection measures (Chochev, 2003). Design fire scenario is
defined in consideration of the following factors:

a) Tunnel geometry (cross sections, gradients, tube
connections, evacuation and service workings);

b) Type, size, dimensions, and location of ignition source;

c) Fuel type in the vehicle;

d) Fuel quantity and distribution thereof in vehicle
structure;

e) Type of combustible material — liquid, solid or gaseous
fuel;

f) Fire growth rate and time (Fig. 1, Table 1);

g) Maximum heat release rate of design fire (HRRmax) —
please refer to Table 3 and Fig.1;

Table 3. Dimensional severity of design fires

Vehicle tvoe on fire Maximum fire Fire load

yP severity, [MW] |  [GJ]

One car 5 11

2-3 cars 8 18

One van 15 63

Ong bus or light commercial 20 50

vehicle

Heavyweight truck without 30 195

dangerous load

I-!eavng|ght truck or 100 450

cistern with dangerous load

Clste(n with hydrocarbons 200 960

or trailer
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h) Tunnel ventilation system and design fire ventilation
mode for the scenario;

i) Weather conditions at tunnel inlet and outlet;

j)  Fire alarm activation — manual and/or automatic;

k) Firefighting installations (type, distribution), fire water
supply, foamer, and primary extinguishers (Haggkvist,
2009);

[) Human intervention for
emergency ventilation control.

fire suppression and

Response time of Fire & Rescue Services

Table 4 presents information about tunnels of length > 100
m on the territory of Bulgaria and their specific characteristics:
length, distance to the responsible Regional Fire & Rescue
Service, and travel time of fire vehicles to each tunnel.

Response time of Fire & Rescue Services is correlated to
the time of free fire development which is defined by the
equation (Stojanov, 2016):
tce = t().c + tu3 + t()e + t6.p (2)
where:

t,, — time to fire detection — assumed to be 2-3 [min] for fire

alarm installations, and 6 min for manual alarm;

t , - departure time of fire vehicle- 1 [min];

t,, — travel time of fire vehicle to the tunnel (Table 4);
ts,~ deployment time - from 3 to 5 [min] depending on

deployment area, fire location in the tunnel, and type of
vehicles and extinguishing agents used.

Fire detection time is essential for the start of evacuation of
tunnel users and the response of Fire & Rescue Services.
Major characteristics of fire alarm equipment include reliability
and accuracy of fire site localisation.

Smoke detectors fail to meet these requirements due to the
smoke spreading mode within the tunnel. Smoke spreading
may render difficult even for CCTV cameras to detect fire
location and follow vehicle travel in dense smoke environment.

In such circumstances, application of thermal cables with
semi-conductor maximum-differentiated  sensors installed
along the entire tunnel length is successful. The distance
between addressable sensors may be selected from 7 m to 10
m. Dire detection reliability is achieved by simultaneous
reaction of two sensors. The threshold value is set at two alarm
levels: maximum- for instance up to 50-600°C, and differential
— 30°C/20s. Thus, fire detection time of 120-150 s can be
achieved. Thermal-cable- based systems also allow for setting
of one pre-alarm level of maximum temperature and of
temperature rise rate. Reliability and accuracy of fire
localisation render thermal cables particularly suitable for
automatic switching of the ventilation system in emergency
mode and activation of drencher-type fire suppression system.
This is mandatory for tunnels without operative management
on site.

In recent years a great deal of research has taken place
internationally to ascertain the types of fire which could occur
in tunnel and underground spaces. This research has taken
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place in real tunnels, in laboratory conditions, and via
numerical modelling. As a consequence of the data obtained
from these tests, a series of time/temperature curves for the
various exposures have been developed as detailed.

Cellulosic time/temperature curve, as defined in various
national standards, e.g. ISO 834, BS 476: part 20, DIN 4102,
AS 1530 etc. This curve is based on the burning rate of the
materials found in general building materials and contents.

Standard curve - Standard fire tests to which specimens of
constructions are subjected, are based on the use of the

Table 4. Response time of Fire & Rescue

Distance b/n .
iniial | "€l | Regional F& | Regional FRS | avel | Time
Ne REGION TUNNEL ON ROAD Ne . length . time tes
kilometer R Service and tunnel . .
[m] lkrm] [min] [min]
1 SOFIA Vitinya RT- Hemus Highway 32+260 1195 Botevgrad 20.50 27.33 33.33
2 SOFIA Topli Dol RT - Hemus Highway | 39+562.30 883 Botevgrad 23.3 31.07 37.07
3 PLOVDIV RT RELOCATION OF 880 Devin 16 21.33 27.33
EXISTING ROAD 111-868
“DEVIN-MIHALKOVO’, tunnel
at Lyaskovo Village
4 SOFIA Praveshki Hanove RT - Hemus 54+672 834 Pravets 34 453 10.53
Highway
5 SOFIA Echemishka RT - Hemus 41+904 820 Botevgrad 9 12.00 18.00
Highway
6 SOFIA Trayanovi Vrata RT — Trakia 53+297 685 Ihtman 15.3 20.40 26.40
Highway
7 GABROVO 111-5004 “Detour of Gabrovo, 12+420 540 Gabrovo 10 13.33 19.33
Stage Three, Tunnel Ne 1, size
9/10.5 from km. 12+420 to
13+020
8 PERNIK Golyamo Buchino RT - Lyulin 14+680 490 Pernik 20.5 27.33 33.33
Highway
9 SOFIA Malo Buchino RT - Lyulin 7+712 440 06 Regional 13.3 17.73 23.73
Highway FRS
10 |SMOLYAN 1-86 97+079 421 Smolyan 5 6.67 12.67
11 LOVECH 1I-35 RT at Lovech 43+298 413 Pravets 23 30.67 36.67
12 |SOFIA Kashana RT - Pirdop- 380 Zlatitsa 15 20.00 26.00
DISTRICT Etropole Road
13 |BLAGOEV- Zheleznitsa RT on Road I-1/E- 370+430 360 Blagoevgrad 13 17.33 23.33
GRAD 79
14 |KYUSTENDIL | Levski RT- Struma Highway — 82+890 350 Rila 15 20.00 26.00
KocherinovoTown
15  |PERNIK Middle RT - Lyulin Highway 10+562 350 Pernik 25.8 34.40 40.40
16 |BLAGOEV- Kresna RT on Road I-1/E-79 388+848 343 Blagoevgrad 30.8 41.07 47.07
GRAD
17  |GABROVO 111-5004 “ Detour of Gabrovo, 28+930 290 Kazanlak n.a.
Stage Five, Tunnel Ne 4, size
9/10.5 28+930 to 29+020
length — 90 m and tunnel Ne 5,
size 9/10.5 from km 29+120 to
29+410
18  |KYUSTENDIL | Struma Highway 56+176 280 Dupnitsa 11 14.67 20.67
19  |KYUSTENDIL | RT on Road I-1/E-79 - 328+100 272 Dupnitsa 4 5.33 11.33
Dupnitsa
20 |GABROVO 111-5004 “ Detour of Gabrovo, 27+800 240 Kazanlak n. a.
Stage Five, Tunnel Ne 3, size
9/10.5 from km. 27+800 to
28+040
21 |PLOVDIV Konnika RT on Road I1-86 32+419 215 Asenovgrad 5.5 7.33 13.33
Asenovgrad-Bachkovo
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Distance b/n .
inital | """ | Regional F& | Regional FRS | avel | Time
Ne REGION TUNNEL ON ROAD Ne Ki length . time tes
ilometer R Service and tunnel . !
[m] lkrn] [min] [min]
22  |SMOLYAN RT on Road IlI-35 Grohotno - 83+488 178 Devin 10 13.33 19.33
Devin
23 |VELIKO RT Ne1 on Road I-5 Ruse- 103+524 178 Veliko 3 4.00 10.00
TARNOVO Veliko Tarnovo, Detour of Tarnovo
Valiko Tarnovo
24 |PLOVDIV Martvitsa-4 RT on Road 1I-86 33+426 165 Asenovgrad 6.5 8.67 14.67
Asenovgrad-Bachkovo
25 |GABROVO 111-5004 “ Detour of Gabrovo, 22+720 160 Kazanlak n.a.
Stage Five, Tunnel Ne 1, size
12/13.5 from km. 22+720
26  |BLAGOEV- RT at llinden Border 106+259 149 Gotse 20 26.67 32.67
GRAD Checkpoint on Road 1I-19 Delchev
Bulgaria - Greece
27  |VELIKO RT Ne2 on Road I-5 Ruse- 103+814 141 Veliko 35 4.67 10.67
TARNOVO Veliko Tarnovo, Detour of Tarnovo
Valiko Tarnovo
28  |PLOVDIV RT on Road I1I-866 Mihalkovo 97+793 132 Stamboliyski 22 29.33 35.33
— Krichim
29 |GABROVO Dyado Nikola RT on Road I- 150+814 112 Gabrovo 5 6.67 12.67
5/E-85 in Gabrovo
30 |GABROVO Dryanovski Monastery RT on 133+387 112 Dryanovo 7 9.33 15.33
Road I-5/E-85 between
Dryanovo and Gabrovo

The temperature development of the Cellulosic fire curve
(1ISO-834) is described by the following equation:
T=20+345xlog (8xt+1) (3)

Hydrocarbon curve - Although the standard curve has been
in use for many years, it soon became apparent that the
burning rates for certain materials e.g. petrol gas, chemicals
etc., were well in excess of the rate at which timber would burn
(SOLIT Safety of Life in Tunnels, 2012). As such, there was a
need for an alternative exposure for the purpose of carrying out
tests on structures and materials used within the petrochemical
industry, and thus, the hydrocarbon curve was developed.

The hydrocarbon curve is applicable where small petroleum
fires might occur, i.e. car fuel tanks, petrol or oil tankers,
certain chemical tankers etc.

The temperature development of the Hydrocarbon (HC) fire
curve is described by the following equation:
T=20+1080x (1-0,325 x e 0167 - 0,675 x e -251) 4)

Hydrocarbon Modified curve - Derived from the above-
mentioned Hydrocarbon curve, the French regulation asks for
an increased version of that Hydrocarbon curve, the so-called
HydroCarbon Modified curve (HCM).

The maximum temperature of the HCM curve is 1300°C
instead of the 1100°C, standard HC curve.

However, the temperature gradient in the first few minutes of
the HCM fire is as severe as all Hydrocarbon based fires
(RWS, HCM, HC), possibly causing a temperature shock to the
surrounding concrete structure and concrete spalling as a
result of it.
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The temperature development of the Hydrocarbon Modified
(HCM) fire curve is described by the following equation:
T=20+1280x (1-0,325 x e 0167xt 0,675 x e 25xY) (5)

RABT ZTV curve (https://www.promat-tunnel.com) - The
RABT curve was developed in Germany as a result of a series
of test programmes such as the Eureka project. In the RABT
curve, the temperature rise is very rapid up to 1200°C within 5
minutes. The duration of the 1200°C exposure is shorter than
other curves with the temperature drop off starting to occur at
30 minutes for car fires.

RWS (Rijkswaterstaat) curve - The RWS curve was
developed by the Rijkswaterstaat, Ministry of Transport in the
Netherlands. This curve is based on the assumption that in a
worst-case scenario, a 50 m? fuel, oil or petrol tanker fire with a
fire load of 300 MW could occur, lasting up to 120 minutes.
The RWS curve was based on the results of testing carried out
by TNO in the Netherlands in 1979.

Figure 2 presents comparison of the Standard
time/temperature curve 1SO 834 and various curves defining
tunnel fire development.

The comparison between the response time of Fire &
Rescue Services (Table 4) and the fire curves (Figure 2)
characterising ire dynamics leads to the conclusion that
firefighting in the tunnels under review may only commence
after fires have reached maximum heat release rate, i.e.
firefighting would proceed at reduced effectiveness and
efficacy.

In support of those arguments, results of foreign studies may
be pointed out as detailed on Figure 2.


https://www.promat-tunnel.com/
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Fig. 2. Fire curves describing fire dynamics
Tstandard — Standard time/temperature (cellulosic) curve;
Thydrocabon  — hydrocarbon curve in North  European
countries;
Trws — time/temperature curve used in Dutch regulations;
TragtizTv — curve according to the German Directive on

tunnel equipment and operation;
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The issue under review is further aggravated by the fact that,
in the event of fire, the tunnel ventilation will be increased to
ensure safe evacuation of those present in the tunnel thus
increasing fire severity.

Figure 3 provides graphic illustration of the data presented in
Table 4 demonstrating that, in 29% of tunnels in Bulgaria, Fire
& Rescue teams would start firefighting up to the 15t minute
after receipt of fire notification. In the remaining 71% tunnels
located in the country, firefighting would start after the 15t
minute from receipt of fire notification when fires would have
reached maximum severity.

30%

29%

£ go 15 min

B 15-30 min

E30-60 min

41%

Fig. 3. Response time of Fire & Rescue Services in the event of
tunnel fire

The aforementioned circumstances call for tunnel protection
by a water-based fixed firefighting system or other suitable
means for creating a favourable environment for safe
evacuation and access to emergency help. Such need is
supported by the short time of fire growth (Fig. 2), after which
suppression becomes more difficult because it is impossible for
firefighting personnel to sufficiently approach the burning area.
The situation is further aggravated by the increase of
ventilation flowrate to enable safe escape of tunnel users. This
impacts fire rate m” in (1) and fire severity.
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Response and travel times of fire vehicles (Table 4), for
almost all tunnels, is much greater than the growth time for
most tunnel fires (Fig. 2).

The main hazard is for the fire to spread to adjacent vehicles
(Liu et al., 2007). The fixed firefighting system, in the worst-
case scenario, will keep the fire at very low energy level (HRR
on Fig. 1) and will facilitate evacuation and suppression.

After consideration of all impacting factors, at this stage
installation of such systems may be recommended in:

e longer tunnels with heavy traffic and long escape
routes;

e tunnels with two-directional traffic equipped with
longitudinal ventilation systems and long escape
routes;

o tunnels associated with too long response time of
Fire & Rescue Services.

With reference to the specifics of road tunnel fire occurrence
and growth, regular training and upgrade of firefighting skills is
necessary for fire and rescue teams operating in underground
facilities.

Training should be organised and held in two major
directions: theoretical training and practical training.

Theoretical training should include specifics of fire
suppression in road tunnels, core principles and methods of
training and practical application thereof.

Practical training should aim at acquiring knowledge and
skills that are necessary for proper assessment of fire situation,
selection of the most appropriate firefighting agents and skilful
management of firefighting personnel and means.

Training should employ all possible organisational methods
and forms of tactical approach to firefighting.

Response time to beginning of active fire suppression by
Fire & Rescue Services should have higher weight in risk
assessment.

Emergency ventilation includes two functional and modal
stages:

= Stage 1 - includes the first 15 min after fire occurrence.

During this initial period “self-rescue” and evacuation of
tunnel users is of the utmost importance. Evacuees
must be protected, by means of ventilation
manoeuvres, from smoke exposure — toxic gases,
reduced visibility and high temperature. In such cases,
ventilation system operation may be controlled
automatically to ensure fast response;

Stage 2 - ventilation assists fire suppression via
effective suction of smoke from fire area or via
unilateral smoke exhaustion from the fire area. At stage
2, ventilation control should be coordinated with rescue
personnel involved in fire suppression.

Conclusion

Given the fire dynamics in road tunnels and response time of
Fire & Rescue Services in the Republic of Bulgaria, installation
may be recommended of fixed firefighting systems in tunnels to
keep low energy level of the fire and facilitate evacuation and
fire suppression.

After consideration of all impacting factors, at this stage
installation of such systems may be recommended in:

= unidirectional road tunnels of length exceeding 900
meters;
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= tunnels with two-directional traffic and length
exceeding 600 meters, and
= tunnels with lengthy escape routes due to the

absence of connection workings therein.
Fixed firefighting systems can control fires, preserve tunnel
structure and prevent linear spread of tunnel fire.
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EXPERIENCE OF DIMENSION STONE EXTRACTION BY QUARRY CUTTING MACHINE IN
POKOSTOVSKY DEPOSIT, UKRAINE

Vasyl Mamray, Valentyn Korobiichuk, Volodymyr Shlapak

Zhytomyr State Technological University, 10005 Zhytomyr; mamrayv@ukr.net

ABSTRACT. Modern technology for the extraction of dimension stone in Ukraine involves mining operations with high bench up to 6 m. The separation of a monolith
from the massif is carried out mainly by diamond-wire cutting. This technology involves the throwing of the monolith onto a pillow of crushed stone, which causes
additional losses and use of special equipment for the dumping of monoliths. Today, diamond-wire cutting machines are replaced by disk saw cutting machines. That
is why in this paper the working parameters and technological methods of disk saw cutting machines operations are considered. The analysis of dimension stone
extraction technologies has been made showing that the disk saw extraction technology of hard natural stone makes it possible to reduce natural stone waste by 30—
40 %. This technology increases the productivity of natural stone blocks extraction up to 1.12 times due to the increased productivity of cutting planes; reduces the
cost of blocks extraction by using cheaper diamond disk saws in comparison with diamond wire; improves productivity by reducing time for natural stone blocks
sorting and shaping.

Keywords: extraction, dimension stone, technological methods

ONMUTBLT NPU NOBMB HA OBNULIOBYHU KAMBHU YPE3 KAMEHOPE3HU MALUMHW B HAXOAWULLE "MOKOCTOBCKN®,
YKPAUHA

Bacun Mampeii, BanenmuH Kopobuiivyk, Bonodumup LLinanak

Xumomupcku dbpxageH mexHonozudeH yHugepcumem, 10005 Xumomup

PE3IOME. CbBpemeHHaTa TexHororus 3a aobusaHe Ha obnuUOBBYEH kambk B YkpaiiHa BkmnouBa [oOWBHM paboTu cbe cTbnana go 6 m. PasgensHeTto Ha
MOHONNTHU ONIOKOBE OT MacuBa Ce M3BbPLUBA [MTABHO Ype3 psidaHe C AMAaMaHTEHO Bbke. Ta3u TEXHONOrus BKIMKOYBA XBbPMSHE HA MOHOMUTHWS GROK BbpXY
Bb3rMaBHULA OT HATPOLLEH KaMbK, KOETO BOAM [0 JOMbHUTENHM 3arybn 1 13non3eaHe Ha cneuuanHo o6opyaBaHe 3a XBbprsiHe Ha MOHONUTHUTE brokose. [Hec,
peXeLLnTe MaLLMHU C AMaMaHTEHW BbKeTa Ca 3aMEHEHM OT [AMCKOBO (PE3HU kaMeHope3aHn MalumHu. ETo 3alLo B Tasn cTaTtvs ca pasrneaaHu paboTHuTe napameTpu
1 TEXHOMOTMYHUTE METOAM 3a paboTa Ha LMPKYNsIPHW kKaMeHOpe3HW MaluvHW. HanpaseH e aHanu3 Ha TexHomorunTe 3a [o6uB Ha OBNMLOBBYHM KaMbHU, KOMTO
nokasea, 4Ye TeXHomorvsiTa 3a 40OMB Ha TBbPZ ECTECTBEH KaMbK C LIMPKYNsSp NO3BOMsBa HamMansBaHe Ha 3arybute Ha ectecTeH kambk ¢ 30-40%. Taau TexHonorvs
yBenu4aBa NpoWU3BOAMTENHOCTTA Npu [O6MB Ha BMOKOBE OT eCTECTBEH kaMbK 40 1,12 MbTW NOpagy NoBWLLEHATA MPOU3BOAUTENHOCT HA PEXELLUTE NOBBPXHUHK;
HamansBaHe Ha pa3xoauTe 3a 40OMB Ha GMOKOBe Ypes M3NON3BaHe Ha MO-eBTUHU AUaMaHTEHN LMPKYNSpU B CPABHEHWE C AWaMaHTEHOTO BbXe; nogobpsiBaHe Ha
NpOM3BOANTENHOCTTa Ypes HaMansiBaHe Ha BPEMETO 3a COpTMpaHe U 0(hopMsiHE Ha GrIoKOBETE OT eCTECTBEH KaMbK.

KniouoBu AyMU: nobws, 06ﬂMMOBbHeH KaMbK, TEXHONMOrM4HM MeToau

Introduction ceramic and clay materials, and also natural and engineering
stones), (EU-European Commission, 2010).

The stone industry around the world records significant The output of blocks after the extraction of natural stone is 25-
volumes of stone production (about 35 million tons per year)_ 40% of the rock mass. The main factor that influences the
China is currently occupying the leading position, followed by output of natural stone blocks (Sobolevskyi et al., 2016) is
ltaly, Turkey, India, Brazil, Spain and Greece. Ukraine holds natural and man-made fracturing. The second factor is the
the seventh place in the world by the number of granite direction of extraction in relation to the direction of cracks.
quarries. Together with other building materials, the extraction Quantitative operational losses in the extraction of decorative
of natural stone has a significant impact on the environment. stone blocks are insignificant, usually up to 10%, and
The extraction of raw materials from the earth's surface leads qualitative losses  (colour ~ change, development  of
to a change in the landscape, vegetation and fauna, and the microcracks) of stone reach considerable volumes. At the
relief of the territory. For these reasons, quantitative beginning of the last century, the extraction of natural stone
assessment and management of the relevant environmental used a blasting method, which led to significant losses of raw
impacts is becoming more and more important. Thus, the materials, both qualitative and quantitative. In some dimension
European Commission, with the support of experts from both stone deposits the explosive mining technology reduced the
academia and industry, is currently implementing a revision of output of blocks to 50%. In recent years, the diamond wire
the EU criteria for the environmental label of hard coverings cutting technology has become widespread in granite quarries
(which include building materials from cement, concrete, (Levytskyi, Sobolevskyi, Korobiichuk, 2018; Korobiichuk et al.,

2016; Ozcelik, Yiimazkaya, 2011; Yurdakul, Hirriyet, 2012;
Ersoy, Atici, 2004; Yurdakul, 2015).
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The use of mechanical cutting methods has led to
reduction of technological losses of natural stone. That is why,
the improvement of the mechanical technology of extraction is
a substantial scientific and applied problem. Until now, disk
saws were used for the extraction of soft rocks - tuffs,
limestone and so on. In China, disk machines for the
extraction of hard and medium-hard rocks have been
developed and manufactured. The technology of natural stone
extraction by using disk machines has become widespread in
Chinese granite deposits. It should be noted that most of the
Chinese granite deposits have rocks with higher porosity and
less compressive strength than Ukrainian ones. Due to the
difference in physical and mechanical properties of the rocks,
it is necessary to adapt this technology to Ukrainian deposits.

The main exposition

The main technology for natural stone extraction for
Ukrainian granite deposits involves the use of diamond wire
cutting machines and drilling rigs. Extraction is carried out
according to a two-stage separation system of natural stone
blocks (Fig. 1).

a

primary monolith =

L.

S
e

Mocks

Fig. 1. Two-stage system of separation with fallen down of the
primary monolith: a - separation of the primary monolith; b -
separation of fallen down primary monolith into blocks

\é

To join together the ends of the diamond wire, two
opposite holes are drilled so that they converge at one point
(Fig. 2). In this case, drilling can occur in a horizontal and a
vertical plane when cutting in a vertical plane or two wells in a
horizontal plane when cutting in a horizontal plane.

Fig. 2. Scheme of drilling converged holes: L - length of the
monolith; B - width of monolith; H — monolith height; 1 -
horizontal hole; 2 - vertical hole; 3 - vertical cutting plane; 4 -
horizontal cutting plane

In the primary monolith, firstly the horizontal plane is cut
and then the vertical one (Fig. 3, a). Secondly, the vertical
side of the monolith with the largest area is cut, and in the last
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turn the vertical side with the smallest area. After that, the
monolith is thrown onto a pillow of crushed stone. At a height
of a monolith from 5 to 6 m, there are losses of natural stone
during falling of the monolith due to the decomposition of the
monolith into smaller pieces.

reeeccc—————
.

Fig. 3. Scheme of cutting by diamond wire machine: a -
horizontal cutting, b - vertical cutting

The use of disk saws involves mining operations with
height of the bench of about 1.2 m. The most optimal
(minimum) parameters of the monolith for the estimation of
technology is a monolith with a length of 10 - 16.0 m and a
width of 3 m at its height of 1.2 m. The volume of such a
monolith is 36-57.6 m3.

The technology for separating monoliths includes the
following operations:

1) formation of two vertical separating planes (droplet
knife) 1.2 m deep along the front of the work - 15.0 m at a
distance of 3 m apart with using a saw cutting machine with a
disk @ 2.6 m, followed by cutting with a saw with a diameter of
3.5m;

2) drilling of vertical holes @ 32.0-50.0 mm along the edge
points (corner) of the monolith by a perforator for cutting sharp
corners;

3) insertion of a diamond wire into a slit along the
perimeter of the base of the monolith for cutting the sole;

4) wedges hammering in the formed plane, so that the
monolith does not catch the diamond wire;

5) formation of a horizontal plane in the base of the
monolith using the diamond wire cutting machine (cutting the
base);

5) formation of vertical holes @ 32.0 mm with a distance
between the centres of holes 15.0-20.0 cm to the width of the
monolith along the line of planned cutting by a drilling
machine.
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6) direct separation of the monolith to blocks by means of
metal wedges or a hydromachine.

i
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Fig. 4. Implementation of the technology of cutting by disk saw
machine at Pokostovsky granite deposit (Ukraine)

The technology of extraction of natural stone blocks by
using the disk saw machine in China involves the drilling of
horizontal holes for separating the blocks. The application of
the bore-wedges technology to create a horizontal plane at
Pokostovsky deposit has caused significant loss of natural
stone and has complicated the technology for separating the
monolith from the massif. Therefore, for the formation of a
horizontal plane, a diamond wire has been used (Fig. 5).

Fig. 5. Scheme of the natural stone block extraction using a disk
saw machine: 1 - disk saw machine; 2 - diamond wire machine;
3 -holes

By using a disk saw machine in cracked massif the bottom
plane of the monolith is separated by a bore-wedge method.
The disk saw machines require a liquid for cooling the
diamond saw in a quantity of 140 I/min. It complicates the
work of the disk machine when opening a quarry. During this
period, there is no debit of natural water in the quarry.

For a disk saw machine, an important factor is the length
of the front of the work. The longer the cutting length of the
disk saw, the higher the performance of the disk saw machine
is. When the front of the work increases from 5 to 60 m, the
productivity increases up to 2.8 times (Fig. 6).
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Fig. 6. Dependence of the productivity of the disk saw machine
at Pokostovsky deposit on the length of the cutting

Under this technology, the loss of natural stone when cutting
the base of monolith with a diamond wire technology is less
than 10 times due to the absence of drilling operations
(boreholes for wire laying). The absence of drilling works
increases the productivity of the diamond wire by
27%compared to the existing technology (Fig. 7).
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Fig. 7. Productivity of a diamond wire machine at Pokostovsky
deposit 1 - technology of natural stone extraction by disk saw
machine; 2 - technology of natural stone extraction by diamond
wire machine

In general, the disk saw extraction technology (when
working on one disk machine) has a higher productivity 12%
compared to the existing technology (Fig. 8).
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Fig. 8. Productivity of blocks extraction at Pokostovsky deposit
1 - technology of natural stone extraction by diamond wire
machine; 2 - technology of natural stone extraction by disk saw
machine.
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The disk saw technology has quantitative losses of granite
of 35% less than with existing technology. This is due to the
lack of drilling operations for the diamond wire laying (Fig. 9).
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Fig. 9. Specific losses of natural stone at Pokostovsky deposit:
1 - technology of natural stone extraction by diamond wire
machine; 2 - technology of natural stone extraction by disk saw
machine

However, for the effective extraction by disk saw machine,
a large area of extraction is required. This extraction
technology limits the height of the blocks to 1.2 m. Also, when
using disc saw machines it is difficult to take into account the
fracture of the massif and inclusions of natural defects. Cracks
can reduce the output of blocks from the massif.

Conclusion

The natural stone extraction technology by using disk saw
machines requires a large area of the bench surface.
Therefore, the application of this technology in small quarries
with height of the bench of 6 m is complicated. This
technology limits the height of blocks of natural stone to 1.2 m.
However, this technology of extraction has a high productivity
and allows the production of blocks with flat surfaces. The
natural stone extraction technology with disk saw machines
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has higher productivity and lower specific losses of natural
stone than the diamond wire technology.

References

Ersoy, A., U. Atici. 2004. Performance characteristics of
circular diamond saws in cutting different types of rocks. —
Diamond and Related Materials, 13, 1, 22-37.

EU-European Commission. 2010. International reference life
cycle data system (ILCD) handbook. General guide for life
cycle assessment. Detailed guidance, Institute for
Environment and Sustainability.

Korobiichuk et al. 2016. Peculiarities of natural stone
extraction technology with the help of diamond wire
machines. — International  Multidisciplinary ~ Scientific
GeoConference: Surveying Geology & Mining Ecology
Management, 649-656.

Levytskyi, V., R. Sobolevskyi, V. Korobiichuk. 2018. The
optimisation of technological mining parameters in quarry
for dimension stone blocks quality improvement based on
photogrammetric ~ techniques of  measurement. -
Rudarsko-geolosko-naftni zbornik, 33, 2, 83-89.

Ozcelik, Y., E. Yimazkaya. 2011. The effect of the rock
anisotropy on the efficiency of diamond wire cutting
machines. — International Journal of Rock Mechanics and
Mining Sciences, 48, 4, 626-636.

Sobolevskyi, R. et al. 2016. Cluster analysis of fracturing in
the deposits of decorative stone for the optimisation of the
process of quality control of block raw material. -
Vostochno-Evropeyskiy zhurnal peredovih tehnology, 5, 3,
21-29.

Yurdakul, M., A. Hirriyet. 2012. Prediction of specific cutting
energy for large diameter circular saws during natural
stone cutting. — International Journal of Rock Mechanics
and Mining Sciences, 53, 38-44.

Yurdakul, M. 2015. Effect of cutting parameters on consumed
power in industrial granite cutting processes performed
with the multi-disc block cutter. — International Journal of
Rock Mechanics and Mining Sciences, 76, 104-111.



Journal of Mining and Geological Sciences, Volume 62, Number 2, 2019

NEW INSIGHTS INTO THE IMPACT OF BLAST WAVES ON THE HUMAN BODY
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ABSTRACT. Blast damage is a major problem in both military and civilian practice. For effective protection, we need an assessment of the forces and threats that act
on a person exposed to an explosion. In general, the victim can be exposed to rapid changes in pressure (shock wave), fragments and debris (pieces) and bodily
displacement, resulting in internal injuries and shear effects. The scale, frequency and clinical significance of the different types of injury depends on the nature of the
environment (e.g. open or closed), the type of the explosive device, the protection worn by the victim (which can provide greater protection against one aspect of the
threat) and the distance from the explosion. This article presents blast wave effects in predicting blast damage through computer modelling of impact. The results
obtained are important for improving the explosion protection.

Keywords: shock wave, explosive, blast trauma, detonation

HOBW BWXXOAHUA 3A BNUAHUETO HA B3PUBHATA BbJTHA BbPXY YOBELLKUA OPTAHU3BM
3dpaska Monnosa
MurHo-eeonoxku yHusepcumem “Ca. Mear Puncku®, 1700 Cogpusi

PE3IOME. B3pvBHUTE MopaxeHus ca BCe N0O-ronsM npobnem, kKakto BbB BOEHHATa, Taka W B rpaxaaHckaTta npakTvka. 3a epekTMBHa 3alumTa Ce HyxaaeM OT OLeHKa
Ha CUnuTe M 3annaxuTe, KOUTO AENCTBAT BbPXY NULE, U3MOXEHO Ha ekcrnnoauns. Haii-o6LLo, xepTBaTa Moxe fa ObJe U3NOXeHa Ha Pe3kv NPOMEHM B HansraHeTo
(ynapHa BbIHa), hparMeHTy! 1 OTNIOMKY (MapyeTa) U U3TnackeaHe Ha TANOTO, KOETO BOAM A0 BbTPELLHN HapaHsiBaHUs 1 edekTy Ha cpsiaBaHe. MalabbT, yectoTata
11 KIMHWMYHOTO 3HaYeHe Ha pasnuyHUTe BUAOBE HapaHsIBaHUS 3aBUCST OT OKOMHATa cpefa (Hanmpumep OTBOPEHa UMK 3aTBOPEHa), BUAa Ha B3PUBHOTO YCTPOWCTBO,
3alyMTaTa, HoceHa OT XepTBaTa (KOSTO MOXe [ja OCUrypu no-ronsiMa 3aluuTa Cpellly enH acnekT Ha 3annaxaTa) U pascTosiHUeTO A0 B3puBa. Tasu CTaTus npeacrass
eheKkTMTe OT B3pMBHATA BbIIHA NPU MPOTHO3WpaHe Ha LeTW OT B3pMB Ype3 KOMMIOTbPHO MOAENMpaHe Ha Bb3geicTaueTo. MonyyeHuTe pesynTatu ca BaxHM 3a
nopfo6psiBaHe Ha 3aluuTaTa OT eKCMo3us.

KniouoBu AYMU: yaapHa BbIHa, EKCNMo3snB, B3p/BHA TpaBMa, AETOHALMNA

Introduction Blast waves can be generally classified as simple or complex.
In recent years, explosive devices have become the The detonation of a typical high explosive in an open space
preferred weapon in the majority of terrorist attacks in war produces a simple, or so-called Friedlander wave, the name
zones and other regions of political conflict worldwide. Relative comes from the simple equation used to describe the pressure
ease of manufacturing and portability of Improvised Explosive history. The front of the wave, known as the shock front, has a
Devices (IEDs) make them the weapon of choice in terrorist pressure (overpressure) much greater than the region behind it
and insurgent activities. and thus, immediately begins to decay as the shock
Injuries that result from a blast are dependent on many propagates outward. The pressure may drop to below ambient
factors, including the type of explosive and explosive charge, atmospheric pressure causing suction. A simple blast wave
height of burst, reflecting boundaries or protective barriers, has an overpressure phase called the positive phase and an
distance between the victim and the blast, the surrounding underpressure phase known as the negative phase with an
environment, and the scattering of fragments or other assumed exponential form as shown in Figure 1.
projectiles. The physical environment in which an explosion P
occurs plays a significant role in the type and degree of injury
that may result. Blasts that occur in an enclosed space (e.g. a Ps

closed room, a bus, or a subway car) can intensify the effect of
the blast wave, resulting in more severe injury patterns than
those that occur in open air (e.g. a square, an open market, a
train platform). In addition, explosive events associated with
building collapse result in higher mortality and morbidity.

Blast Wave Dynamics and Forces Po

An explosion is caused by the rapid exothermic oxidation
of a solid or liquid material into gaseous reaction products b T T TIVE
resulting in a large energy release in the form of increased Fig. 1. Simple blast wave showing peak overpressure and the
pressure and temperature within the explosive compound. durations of the positive and negative phases
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Different authors have recommended the use of various
functions to represent the pressure-time history p(t) of the
simple blast wave, generally emphasising only the positive
phase. A complete function representing the entire positive
and negative phase is described by (Dharaneepathy, 1995) by
the following:

p(t) =po + s 1 —%]-exp [—b(t_T:“)] o ()

where:
t is the time measured from the instant the shock wave
arrives,
Po is the ambient atmospheric pressure,
p; is the peak overpressure,
T, is the duration of the positive phase,
t, is the wave arrival time,
b is a positive constant called the waveform parameter
that depends on the peak overpressure.

The most commonly used blast wave scaling is the cube
root scaling law, otherwise known as Hopkinson's Law (Baker,
1973). This law states that any pressure generated at a
distance R1 from a reference explosion with weight W1 will
generate the same pressure at a distance R2 from the same
explosive with weight W2 provided the charges are of similar
geometry and in the same atmosphere.

-2 -

The parameter A is referred to as the explosive yield factor.
It is customary to use the scaled distance, Z (m/kg1/3), rather
than charge distance when dealing with blast waves:

R,

™ @

= 7 ®

A complex blast wave is typically the result of wave
reflections and refractions resulting from interactions with the
local environment (e.g. a wall or enclosure). As an explosive
charge is detonated the high pressure wave travels outwards
from the center of initiation. The high pressure, high speed
wave makes contact with everything in its path. The contact
between the wave and objects in its path will result in
reflections, rarefactions and attenuations of the blast wave.
(Katz, 1998). Therefore, the resulting flow field of the blast is
not accurately represented by the Friedlander idealised blast
wave when an interaction with objects occurs. The exact
waveform cannot be determined empirically as it depends on
the geometry of the objects in the environment. In order to
determine the wave field in a complex environment, a
numerical simulation or an experimental simulation is required
to obtain the pressure at desired locations.

A charge placed above a flat reflecting surface, such as the
ground will produce a complex blast wave. The distance at
which the charge is placed above the ground is known as the
height of burst (HOB). A diagram of this example is shown in
Figure 2.

7

Charge 1.5kg C-4

1.5m HOB

Fig. 2. Bare spherical charge above ground (Cronin, 2004)

In this scenario the explosive is initiated and the blast wave
radiates outwards. When the blast wave travels a distance
equivalent to the height of burst it makes contact with the
ground. As the ground is infinitely rigid, the wave reflects off of
the ground and travels back into the initial blast wave. Using a
pressure gauge it is possible to measure the interaction
between the waves. In this example if a gauge is located
directly above the center of the charge, the resulting pressure
versus time plot will indicate the initial primary blast wave,
followed by the presence of a secondary pressure peak, which
represents the reflected blast wave from the ground. The
formation of these waves is shown in Figure 3. A characteristic
of complex blast wave is the presence of stepped waves,
indicating rise and drops in pressure, due to reflections and
rarefactions. This is in contrast to the idealised wave, which
only includes one peak pressure waveform. The pressure
history of the complex waveform shows the initial incident
waveform that would be visible in the free field, followed by the
waveforms from the reflecting surfaces. In this example there
is only one reflecting surface, however, where more reflecting
surfaces are present the resulting waveform will depend on the
geometry of the reflecting surfaces. The change in geometry
will affect both the magnitude and timing of the blast waves.

Path of Triple Point | ; h 2 |3

Mach Stem - D Triple Point

Fig. 3. Complex blast wave formed from ground interaction
(Cronin, 2004)

Blast waves can be reflected off a variety of surfaces,
including walls, floors and ceilings. As the blast wave impacts
the surface the reflected waves’ strength is related to the angle
of contact with the surface; low angles produce lower strength
reflection pressures, whereas perpendicular angles produce
very high reflected pressures. The strongest reflected wave
occurs when the high pressure wave impacts perpendicular to
the surface. At this point the blast wave is further compressed
on impact and a reflecting wave begins to travel towards the
incident wave. The region where this occurs is known as the
reflected region. It contains a very high pressurised zone as
compared to a region where no reflection has occurred. The
shock wave in this single reflected region can end up being 2
to 20 times greater than the incident shock. (Wightman, 2001)
Stronger and more complicated shocks are produced in
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enclosed spaces or when the shock makes contact with
multiple reflecting surfaces. In enclosed spaces the blast wave
may undergo repeated reflections from the interior walls and
any objects in the space.

A complex blast wave in an enclosure will lead to a longer
pressure-time history as compared to a blast in the free field.
The longer pressure time histories enable the gases to heat
and expand, filling the enclosure and then eventually venting
through any openings. One of the simplest scenarios that
produces complex blast waves is the detonation of an
explosive in an enclosed room. Even with the simple geometry
and a charge placed in the centre of the room the resulting
blast waves are complex and require CFD simulations to
predict the blast flow field (Stuhmiller, 1997).

Figure 4 displays a plot of three pressure signatures. In
Figure 4a, an idealised Friedlander curve is shown. Figure 4b
shows the pressure time history record from an actual gauge in
an experimental trial. This results show similarity to the
Friedlander curve, as can be seen by the near instantaneous
rise in pressure, the decay to ambient and the negative
duration phase. Noise and other artifacts are clearly visible as
the plot is not smooth. These slight variations in the plot can be
due to vibrations or the effect of placing a physical gauge in the
flow field. Figure 4c shows a plot from an actual complex blast
wave. This plot consists of an initial pressure and decay wave
followed by a number of secondary peaks and decays. The
secondary waves are a result of the interactions between the
initial wave and its surroundings. Reflections, rarefactions,
coalescing and attenuation of waves are all factors in the
pressure signature of the complex wave; the signature shown
is from a blast wave inside a military bunker (Josey, 2010).

Static Pressure

Time
Fig. 4. Blast wave comparisons: (a) idealised blast wave; (b)
actual blast wave recorded via a pressure transducer; (c)
complex blast wave (Mayorga, 1997)

Enclosed spaces allow the generation of complex blast
waves. The reflection of waves from walls, ceilings and floors
in enclosed environments enables the development of complex
waves with long durations. In terms of blast injury, this allows
for a greater transfer of energy to the body. This greater
transfer of energy as compared to an idealised blast wave
leads to increased bodily injury (Chaloner, 2005).

Blast Wave Interaction with Objects and the Human Body
When a blast wave encounters an object of higher density,
such as ground or a human body, it will both reflect off the
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object and diffract around it. The reflected wave travels back
toward the origin and the overpressure of the reflected wave
may exceed the overpressure of the incident wave. The
magnitude of the reflected pressure is related to both the angle
of incidence of the blast wave and to the incident shock
strength. The incident wave will also penetrate the object and
generate compression and shear stress waves within the
object. The exact behaviour depends upon the geometry of the
object, the angle of incidence, and the power of the wave.
When explosions occur indoors or in street canyons, standing
waves and enhanced differences in pressure occur because of
the additive effects of reflections from walls and rigid objects
(Liang et al., 2002). Figure 5 presents a scheme of an incident
shock wave interacting with a bodly, illustrating the propagating
shock wave, shock reflection and diffraction, and stress wave
transmitted through the body.

Incident

Quiescent
Air

Fig. 5. An example CFD simulations of a planar shock wave
diffracting over an elastic cylinder showing pressure contours at
a time instant when shock has just passed over the body

In this case, the sound speed in the elastic solid is larger
than the shock wave speed in the air and the elastic stress waves
inside the body, shownin Figure 5, propagate ahead of the shock
wave. The pressure field and the shock wave pattern are
shown, including the incident wave, reflected wave, and
diffracted waves (Mach stem) around the body, at a time instant
when the shock wave passes across the centre of the body.

Shock wave reflections from objects can be either normal,
when the wall-shock normal are at a zero angle, or oblique,
when the angle of incidence is small, less than about 40° in
air. When a blast wave strikes an object it will generate a
pressure on the surface of the object that is greater than the
peak static pressure of the wave. Intuitively this can be explained
by the fact that the forward moving air molecules are stopped
at the wall while the molecules behind will still compress the
ones on the stopped wave front. Mathematically it can be
expressed that, forthe normal reflection of an ideal gas from a
rigid wall, the total pressure on the object wall (the peak reflected
pressure, p,.) is the sum of the static pressure, pg and the
dynamic pressure q = pv?/2:

pr=2ps+ (¥ —1Dg )
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where y istheratio of specificheats (y =1.4forideal gas). Using
Rankine-Hugoniot relations (Baker, 1974; Smith, Hetherington,
1994) relating mass, momentum, and energy of the incoming
wave before the impactand at the wave reflection instant one can
eliminate q and relate the reflected pressure to the peak
overpressure and the ambient pressure:

P, =2p,((7p, + 40, ) (7P +05)) ()

For an object such as a human body, the blast wave reflected

pressure (p,.) load on the front (proximal) side for a short
period of time will be much largerthanthe peakoverpressure, ps.
The side walls, parallel to the shock propagation direction, will be
loaded as the wave passes over them with the ps. Therefore,
the time for loading can be calculated from the blast wave
velocity. The rear side loading begins after the blast wave
passes the object and after the diffractive waves meet at the
centre back side. Inaddition to the pressure loading, the object
will also experience friction drag forces, Fp, induced by the
blast wind:
Fp, =Cp.q(t). 4, (6)
where q(t) is the dynamic pressure ( g = pv (t)?/2) of the
wind, A is the friction wall area loaded, and C, is the drag
coefficient of the object, which depends on its shape. The drag
force will appear after the pressure force and its duration will be
longer. Therefore, the total transverse force on an object is a
sum of the forces caused by the reflected pressure and drag
force.

This cursory analysis of shock wave patterns and the
reflected pressure levels, p,, indicate that blast waves are far
more lethal near reflecting surfaces. A person next to a solid
wall will be exposed to not only the forward shock wave but
also to even stronger reflected waves. Blast injuries in a
confined space are particularly severe as the person is
exposed to multiple reflected waves coming from various
directions. Blast loads on large rigid objects will create strong
crushing forces but cause little or no object translocation.
Smaller objects, such as explosive casing, debris, and even
human beings, will be propelled in the air by pressure and blast
wind loading. The translational force will last for a brief time but
the drag loading will have a longer duration and can lead to
significant body translocation in addition to the overpressure
damage.

When a shock wave impacts a living body, a series of
instantaneous physical events take place. The body is affected
by the primary incident wave, by the wave reflected at the body
surface and by the diffracted waves on the side and at the
back of the body. From the human injury viewpoint, the most
important part of the wave energy is the one that is transmitted
into the body in the form of both positive (compression) and
negative (tension) stress waves as well as shear stress waves.
Normal stress can be defined as the perpendicular force per
unit area applied to an object, in a way that compresses
(compressive stress) or stretches (tensile stress) the object.

73

Shear stress, or simply shear, is similar to stress, except that
the force applied is such that the material is sheared or twisted.
It should be noted that the pressure entering the tissue may be
higher than in the primary wave, due to a damming up of
pressure against the body surface. In air, high frequency
acoustic waves and shock waves are decaying due to viscous
dissipation, producing heat. In tissues, the steep gradient
pressure waves will also be absorbed by viscoelastic damping
and tissue plastic deformation (tearing, breaking), resulting in
mechanical injury. When the pressure wave crosses material
interfaces with different densities, large perturbations in stress
and deformation take place. A wave impacting denser material
will compress it, creating larger stress (pressure), and when it
emerges from denser to lighter material it will create large
deformations. Therefore, in the human body organs and
tissues of different densities are accelerated at different
relative rates, resulting in displacement, stretching, and
shearing forces. For those reasons the most vulnerable parts
of the body are the air- and gas-containing organs, such as the
ear drums, lungs, and intestines. In spite of the relatively
uniform density and protective barriers, including the scalp,
skull, meninges, and subarachnid cerebrospinal fluid, the brain
is also susceptible to blast wave injuries. Highly anisotropic
material properties in the brain and immense vascular
perfusion will result in nonuniform absorption of the wave
energy, stretching and breaking neural axons and the capillary
blood brain barrier. Other homogeneous solid viscera transmit
the pressure wave to the distal side of the body and are much
less susceptible to blast wave injury. In general, the risk of
injury is related to the blast energy delivered to the body and
the absorption by various tissues.

Free-standing objects exposed to the blast wave (shock
wave and the blast wind) will also be displaced. The time
integral of the total pressure (p + % v2) and the viscous drag
loads integrated over the entire surface of the object will result
in a net force and moment causing object translation and
rotation in space. The extent of the movement depends on the
object mass (inertia), and the magnitude of the total force and
moment according to Newton’s law. Typically, solid objects
such as shrapnel, debris, and human bodies will experience
translational motion after the shock has already passed. The
time delay depends on the inertia of the body. Current
explosive devices are often loaded with metallic objects, which
are accelerated by the detonation and blast waves, to inflict
penetrating injuries in addition to the blast wave (Elsayed,
Atkins, 2008).

Based on this physical description of the blast wave
events, explosions have the potential to inflict three injury
types: primary blast injury (PBI) due to the shock wave,
secondary injuries due to blast-propelled debris fragments
causing blunt or penetrating ballistic trauma, and tertiary
injuries due to human body translocation by blast loads and the
resulting impact on rigid objects, thus resulting in blunt force
trauma. Quaternary injury often refers to all other types of
injury including burns, environmental wound contamination,
among others. For ease of reference, a summary of the
possible injuries is given in Figure 6.
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Blast effect

1
[ I 1 |

Primary Secondary Tertiary Quaternary

| | Penetrating
fragments

Blast lung — Head injury | Burns

Toxic exposure

Blunt trauma |i— and asphyxia

Blunt trauma |

Eardrum rupture| —

|| Gastrointestinal

travrma Bone fracture |{—
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Complications
of existing
conditions

. Traumatic
Concussion amputation

Fig. 6. Blast injury categories (Stewart, 2006)

Primary blast injuries are caused when the blast wave
compresses the tissues of the internal organs containing air,
such as the lung, ear and gastrointestinal tract. Of these three
organ systems, the ear is the most easily damaged. Primary
injuries are also commonly referred to as the direct effects of
the blast on a human being, opposed to the indirect effects
where not the blast wave itself but another phenomenon
related to the explosion causes harm.

Secondary blast injuries are much more common than
primary blast injuries. They are caused by flying objects that
strike people. These can produce both penetrating and blunt
trauma, depending on their size and travelling speed. The
penetrating injuries occur most often in the exposed areas,
such as the head, neck, and extremities, but thoracic and
abdominal injuries may occur as well. As distance from the
blast centre increases, the effect of the blast itself is reduced,
and the effect of fragments and debris propelled by the
explosion becomes more important.

Tertiary blast injuries are caused when the victim’'s body is
propelled into another object by the blast winds. This effect is
formally known as whole body displacement. If vulnerable body
parts such as the skull, the torso or extremities hit a rigid
structure, this can obviously cause considerable trauma.
Quaternary blast injuries encompass all other injuries caused
by the explosion, including burns from fire or radiation,
poisoning from carbon monoxide or other toxic products and
inhalation of dust. Crush injuries associated with structural
collapse also fall under the quaternary or miscellaneous
injuries. Although the loss of structural integrity is observed at
rather low overpressure, it is often fatal for the occupants.
(Debroey, 2015).

Conclusions

Injuries from explosive materials due to terrorism or other
causes are a constant threat that happen worldwide, and they
present unique triage, diagnostic, and management
challenges. The causes of fatality and injury due to an
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explosion may range from impacts of fragments and debris, to
thermal effects and blast loading of the human body. Blast
related injuries include ear drum rupture, traumatic brain injury,
acceleration of the body followed by blunt impact, and injury to
the air filled organs like the lungs and the gastrointestinal tract.
Understanding the mechanisms behind such blast-induced
injuries is of great importance considering the recent trend
towards the use of explosives in modern warfare and terrorist-
related incidents. This article describes the mechanism of
propagation of the blast wave and its interaction with objects
and the human body. Understanding these phenomena is
essential to define appropriate safety distances and to
minimise the risk of handling explosives. The knowledge is
also important to design protection measures for civilians and
military against deliberate explosive attacks.
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BLAST LOAD ANALYSIS AND EFFECT ON BUILDING STRUCTURES

Zdravka Mollova
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ABSTRACT. The increase in the number of terrorist attacks especially in the last few years has shown that the effect of blast loads on buildings is a serious matter
that should be taken into consideration in the design process. The analysis and design of structures subjected to blast loads require a detailed understanding of blast
phenomena and the dynamic response of various structural elements. This paper presents a comprehensive overview of the effects of explosion on structures. An
explanation of the nature of explosions and the mechanism of blast waves in free air is given. Designing the structures to be fully blast resistant is not a realistic and
economically viable option, however better understanding of the mechanism of blast load will enable us to make blast resistant building design much more efficient.

Keywords: explosion, blast wave, terrorist attacks, shock wave, blast load

AHAIN3 HA B3PUBHOTO Bb3AENCTBUE BLPXY CTPOUTENTHUTE KOHCTPYKLIMK
30paska Monnoea
Munto-2eonoxku yHusepcumem “Ca. Mear Puncku®, 1700 Cogpusi

PE3IOME. YBenu4aBaHeTo Ha Bposi Ha TEPOPUCTUYHUTE aTaku, 0COGEHO Npe3 MOCNEeAHUTE HAKOMKO FOAMHM, NOKA3a, Ye e(heKTbT OT B3PUBHOTO Bb3AEHCTBUE BbPXY
crpaguTe e cepro3eH npobriem, KoiTo Tpsbea Aa ce B3eMe Nog BHUMaHe B MPOLEca Ha MPOeKTMpaHe. AHaNM3bT NPY MPOEKTUPAHETO Ha KOHCTPYKLIM, MOLTIOKEHM
Ha B3PUBHW HATOBapBaHWs, U3UCKBAT OGCTOMHO pasbupaHe Ha B3PUBHUTE ABMEHUA U AVHAMUYHATA PEaKUMA Ha Pa3NNuHUTE CTPYKTYPHU eneMeHTi. Tasu cratis
npeacTaBs nperneq Ha ePeKTTe OT B3pUBA BbPXY KOHCTPYKUMMTE. [laBa ce 06ACHEH!e 3a 3aBUCUMOCTTa Ha OCHOBHUTE MapamMeTpyu Ha B3pUBa M MEXaHU3MUTE Ha
yfapHaTa Bb3gylHa BbHa. MPOEKTMPAHETO Ha KOHCTPYKLM HaMbIHO YCTOMYMBI HA B3PUB HE & PeanucTUYeH 1 MKOHOMUYECKV ONpaBaaH BapuaHT, Ho No-4oGpoTo
rnosHaBaHe Ha MexaH13Ma B3PUBHOTO Bb3AECTBYE Le NO3BOMYM Aa HanpasiM YCTOMYMBOCTTA Ha CTPaauTe MK B3PUB MHOTO M0- edheKTUBHA.

Kniouosu AYMU: eKcnnosna, B3puBHa BbITHA, TEPOPUCTUYHI aTakK, yaapHa BbHa, B3pUBHO Bb3gencTame

Introduction Explosions and Blast Waves
The use of explosives by terrorist groups around the An explosion can be defined as a very fast chemical
world that target civilian buildings and other structures is reaction involving a solid, dust or gas, during which a rapid
becoming a growing problem in modern societies. Bomb release of hot gases and energy takes place. The
explosion near the building can cause such amount of phenomenon lasts only some milliseconds and it results in
pressure and produces a large amount of heat resulting in a the production of very high temperatures and pressures.
high strain loading on a building and its elements. Such a During detonation the hot gases that are produced expand in
high strain loading can cause catastrophic damage on order to occupy the available space, leading to wave type
building’s external and internal structural frame, collapsing of propagation through space that is transmitted spherically
walls, blowing out large expense of windows and shutting through an unbounded surrounding medium. Along with the
down of critical life safety systems. produced gases, the air around the blast (for air blasts) also
Due to the threat from such extreme loading conditions, expands and its molecules pile-up, resulting in what is known
during the past three decades efforts have been made to as a blast wave and shock front. The blast wave contains a
develop methods of structural analysis and design to resist large part of the energy that was released during detonation
blast loads. The analysis and design of structures subjected and moves faster than the speed of sound.
to blast loads require a detailed understanding of blast
phenomena and the dynamic response of various structural Blast wavefront parameters
elements. The aim of this study is to review the work carried Of particular importance are the blast wavefront
out in past few years on blast effects on structures. This parameters. Analytical solutions for these quantities are first
article includes introduction and detailed explanation on blast given by Rankine and Hugoniot in 1870 (Rankine, 1870) to
wave phenomenon. describe normal shocks in ideal gases and are available in a

number of references such as Liepmann and Roshko
(Liepmann & Roshko, 1957). The equations for blast
wavefront velocity and maximum dynamic pressure are given
below:
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6ps+7D
Us = /T".ao 1)

s @
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where:

ps— peak static wave front overpressure, bar

po — ambient air pressure (atmospheric pressure), bar
a, - speed of sound in the air, m/s.

The analysis due to Brode (Brode, 1955) leads to the
following results for the peak static overpressure in the near
field (when the p is greater than 10 bar) and for medium to
far field (when the p, is between 0.1 and 10 bar):

ps = % +1,bar; (ps > 10 bar) )
ps =2+ 2+ 22— 0.019 bar 4)

(0.1 < p; < 10 bar)

where Z is scaled distance,

R
= W

R - distance from the centre of a spherical charge, m
W - charge mass expressed in kilograms of TNT.

Use of the TNT (Trinitrotoluene) as a reference for
determining the scaled distance, Z, is universal. The first step
in quantifying the explosive wave from a source other than
the TNT, is to convert the charge mass into an equivalent
mass of the TNT. The simplest way of achieving this is to
multiply the mass of explosive by a conversion factor based
on its specific energy and that of TNT. Conversion factors for
a number of explosives are shown in Table 1 adapted from
Baker (Baker et al., 1983).

Table 1. Conversion factors for explosives

Explosive Specific TNT

energy equivalent
Qx / kJlkg Qx/QTNT

Compound B (60% RDX, 40% 5190 1.148

TNT)

RDX (Cyclonite) 5360 1.185

HMX 5680 1.256

Nitroglycerin (liquid) 6700 1.481

TNT 4520 1.000

Blasting Gelatin (91%

nitroglycerin, 7.9% 4520 1.000

nitrocellulose, 0.9% antracid,

0.2% water)

60% Nitroglycerin dynamite 2710 0.600

Semtex 5660 1.250

An equivalent TNT weight is computed according to
Equation (6) that links the weight of the chosen design
explosive to the equivalent weight of TNT by utilising the ratio
of the heat produced during detonation (Karlos, Solomos,
2013):
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where, W, is the TNT equivalent weight (kg),
Weyxp is the weight of the actual explosive (kg),
ngp is the heat of detonation of the actual explosive

(MJ/kg),
HZ%yr is the heat of detonation of the TNT (MJ/kg).

Table 2 provides estimates of the produced heat of
detonation of some common explosives as defined in (TM5-
1300). These values can be used for the calculation of the
equivalent TNT weight with the use of Equation (6).

Table 2. Indicative values of heat of detonation of common

explosives
Name of explosive Heat of detonation
(MJ/Kg)
TNT 4.10-4.55
C4 5.86
RDX 5.13-6.19
PETN 6.69
PENTOLITE 50/50 5.86
NITROGLYSRIN 6.30
NITROMETHANE 6.40
NITROCELLULOSE 10.60
AMON./NIT.(AN) 1.59

Other important blast wave parameters

Other significant parameters include to, duration of the
positive phase (the time when the pressure exceeds the
ambient pressure) and is the specific impulse of the wave
which is the area beneath the pressure-time curve from the
moment of arrival, ta, to the end of the positive phase and is
given by expression (Mays, Smith,1995):

_ tatto
is= J,7 ps (Dt )
P
Pst f------
P()
Positive Pressure
Negative Pressure
=3
P min
o ¥ 1

te T LT TIME

Fig. 1. Pressure-time profile for blast wave in free air

A typical pressure- time profile for a blast wave in free air
is shown in Figure 1 were p~ is the greatest value of
underpressure (pressure below ambient) in the negative
phase of the blast. This is the rarefaction or underpressure
component of the blast wave. Brode's solution for p~ (bar) is:

0,35

P == bar; Z>1,6 (8)
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and the associated specific impulse in this phase ig is given
by:

is ~i5.(1-5) 9)

Blast wave scaling laws

The most commonly used blast wave scaling is the cube
root scaling law, otherwise known as Hopkinson's Law
(Baker, 1973). This law states that any pressure generated at
a distance R1 from a reference explosion with weight W1 will
generate the same pressure at a distance Rz from the same
explosive with weight W2 provided the charges are of similar
geometry and in the same atmosphere.

1
B ()
Ry Wy

The parameter A is referred to as the explosive yield
factor. Hopkinson's Law approach leads readily to the
specification of the scaled distance Z (m/kg'?), introduced
above.

(10)

Hemispherical surface bursts

The foregoing calculations refer to free- air bursts remote
from any reflecting surface and are usually categorised as
spherical  airbursts. When attempting to  quantify
overpressures generated by the detonating of high
explosives sources in contact with the ground, modification
must be made to charge weight. Surface bursts produced
blast waves that appear to come from free air bursts are 1-8
times the actual source energy. It should be noted that if the
ground was a perfect reflector and no energy was dissipated
(in producing a crater and groundshock) the reflection factor
would be 2 (Mays, Smith, 1995).

Blast wave pressure profiles

The pressure-time history of a blast wave is often
described by exponential function such as the Freelander
equation (in which the b is the parameter of the waveform):

p® =ps(1-1)exp(-1) (11)
where, p, is the peak overpressure,

t, is the positive phase duration,

b is a decay coefficient of the waveform and

t is the time elapsed, measured from the instant of
blast arrival.

For many purposes however, approximations are quite
satisfactory. Thus, linear decay is often used in design where
the conservative approach would be to present the pressure-
time history by a line (Fig. 1).

Blast wave interactions

When blast waves encounter a solid surface or an object
made of a medium denser than air, they will reflect from it
and, depending on its geometry and size, diffract around it.
The simplest case is that of an infinitely large rigid wall on
which the blast wave impinges at zero angle of incidence. In
this case the incident blast wave front travelling at
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velocity U, undergoes reflection when the forward moving
air molecules are brought to rest and further compressed
upon meeting an obstacle. Rankine and Huguenot (Mays &
Smith, 1995) derived an equation for refracted
overpressure p,-:

pr =2ps+ (¥ + 1).qs (12)

Substituting (2) into the equation (12):
(7p0+4-ps)
7po+Ds

If the rectangular structure is exposed to an explosion, it
will be exposed to pressures on all of its surfaces. Each
surface suffers two concurrent components of the load.
Diffraction of explosion around the structure will enclose a
target and cause a normal force to any exposed surfaces
(Fig. 2). The structure is pushed to the right if the left side is
loaded, while simultaneously pushed slightly to the left as the
diffraction ends. Drag force pushes the structure from the left
side and that is followed by the suction force on the right
when the dynamic pressure crosses (blast wind) over and
around the structure. As the shock front expands in the

surrounding volume of the air, the peak initial pressure is
reduced and the duration of the pressure increases.

pr = 2ps (13)

Initial wave front Wave front
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Refracted wa ﬁ/ Side surfaoe
Refracted
pressure
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- M
Side surface[d

Side sun‘ace\i

Fig. 2. Behaviour of the wave during its pass around the
structure

W .
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Explosion and blast-loading types

Air blasts phenomena can be separated into three
categories: free air burst, ground reflection effects and
surface air burst. (Blanc et al., 2005)
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Free Air Burst

Free air burst occurs when the incident wave reaches the
structure before being reinforced. The main wave
reinforcement takes place during ground impact.

| HORIZONTAL |
SHELTER
| DISTANCE | (&~

GROUND SURFACE

Fig. 3. Free air burst configuration (TM5-1300)

Ground reflection

It is necessary to take in account the ground effect when
the incident wave is reinforced by it. Two phenomena can
occur: either a classical reflection (Fig. 4) or a reinforcement
reflection (Mach Front, Fig. 5).

«— Incident shock

Pl Shelter

« = ANGLE OF INCIDENCE INCIDENT WAVE

REFLECTED WAUE
PATH OF TRIPLE POINT

! SHELTER
1 i

GROUND

EERO R 6 ‘

I 1
Fig. 5. Ground reflection configuration — Mach Front (TM5-
1300)

The Mach front is formed by the interaction between
incident and reflected pressure waves. This interaction
depends on the angle of incidence between ground and
incident wave. The critical angle is around 40°. The
pressure-time variation of the Mach front is similar to that of
the incident wave except that the magnitude is somewhat
larger.

Surface burst

Surface air burst occurs when the charge detonation
takes place close to or on the ground. Unlike what happens
in an air burst, the incident and reflected wave are merged
near the detonation point to form a single reinforced wave.
The created wave is hemispherical.
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This wave merging can also take place very far from the
detonation point when the height of burst is important
(Kinney, Graham, 1985).

A

Fig. 6. Surface burst configuration (TM5-1300)
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Structural Loading

The forces acting on a structure associated with a plane
shock wave are dependent upon both the peak pressure and
the impulse of the incident and dynamic pressures acting in
the free-field.

For each pressure range there is a particle or wind
velocity associated with the blast wave that causes a
dynamic pressure on objects in the path of the wave. In the
free field, these dynamic pressures are essentially functions
of the air density and particle velocity. For typical conditions,
standard relationships have been established between the
peak incident pressure, the peak dynamic pressure, the
particle velocity, and the air density behind the shock front.
The magnitude of the dynamic pressures, particle velocity
and air density are solely functions of the peak incident
pressure, and, therefore, independent of the explosion size.
Of the three parameters, the dynamic pressure is the most
important for determining the loads on structures.

For design purposes, it is necessary to establish the
variation or decay of both the incident and dynamic
pressures with time since the effects on the structure
subjected to a blast loading depend upon the intensity-time,
history of the loading as well as on the peak intensity. The
form of the incident blast wave is characterised by an abrupt
rise in pressure to a peak value, a period of decay to ambient
pressure and a period in which the pressure drops below,
ambient (negative pressure phase).

The rate of decay of the incident and dynamic pressures,
after the passage of the shock front, is a function of the peak
pressure (both positive and negative phases) and the size of
the detonation. For design purposes, the actual decay of the
incidental pressure may be approximated by the rise of an
equivalent triangular pressure pulse. The actual positive
duration is replaced by a fictitious duration which is
expressed as a function of the total positive impulse and
peak pressure:

The above relationship for the equivalent triangular pulse
is applicable to the incident as well as the reflected
pressures; however, in the case of the latter, the value of the
pressure and impulse used with Equation 2-6 is equivalent to
that associated with the reflected wave. The fictitious
duration of the dynamic pressure may be assumed to be
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equal to that of the incident pressure.

For determining the pressure-time data for the negative
phase, a similar procedure as the one used in the evaluation
of the idealised positive phase may be utilised. The
equivalent negative pressure-time curve will have a time of
rise equal to 0.25, whereas the fictitious duration ¢, is given
by the triangular equivalent pulse equation:

toy =20 /p"

where i~ and p~ are the total impulse and peak pressure of

the negative pulse of either the incident or reflected waves.

The effects of the dynamic pressure in the magazine phase

region may usually be neglected.

For any given set of free-field incident and dynamic pressure

pulses, the forces imparted on an above the ground structure

can be divided into four general components:

o the force resulting from the incident pressure,

o the force associated with the dynamic pressures,

e the force resulting from the reflection of the incident-
pressure impinging upon an interfering surface, and

o the pressures associated with the negative phase of the
shock wave. The relative significance of each of these
components is dependent upon the geometrical
configuration and size of the structure, the orientation of
the structure relative to the shock front, and the design
purpose of the blast loads (TM5-1300).

Front Wall Loads

The blast face (or faces) is described as the area or face
on a structure which is directly loaded by the incoming blast
wave either from an incident wave or from a wave hitting the
structure after undergoing reflection off the ground surface.

A point on the blast face loaded by the incoming blast
wave will experience a sudden rise in pressure to the
reflected overpressure followed by decay. The time required
to relieve the reflected pressure, known as the clearing time
can be expressed as:

poo s
¢ (1+R).C,

(14)

S —length of the "clearing", is equal to the height of the
structure, H or a half-width of the structure, W/2, whichever is
less (Fig. 7),

R - ratio S/G, where G is the height of the structure, H or
half-width of the structure, W/2, whichever is less,

C,— speed of sound in refracted area

Direct impaci} ‘

ty & Lot o

02515
-~

Fig. 7. The load on the front surface of the structure
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The pressure that acts on the front surface after the time
fc is the algebraic sum of the initial pressure pg and drag
dependent pressure, Cp. q:
p=ps+Cp.q (15)

The drag coefficient C;, connects the dynamic pressure
and the total translational pressure in the direction of the
wind-induced dynamic pressure and varies with Mach
number (or Reynolds number in the area of low pressure),
and depends on the geometry of the structure. It can be
taken as = 1.0 for the front facade, while for the side, rear
and roof surfaces it can be taken < 1.0 (Table 3).

The fictitious length of the refracted wave front, ¢,.f, is
calculated according to the formula:

2i,

by = 2 (16)

where p,- is the refracted peak pressure.

Table 3. Drag coefficients

Loaded surface Co
Front 08+1.6
Rear 0.25+0.5

Side and roof
(depending pressure, kN/m?)

0+172 -0.4
172 + 345 -0.3
345 + 896 -0.2

Roof and side walls

As the wave encloses the structure, the pressure on the
top and sides of the structure is equal to the initial pressure
and then decreases to a negative pressure due to the drag
(Fig. 8). The structural part that is loaded depends on the
magnitude of the initial pressure wave front, the location of
the wave front and the wavelength of the positive and
negative phases.

Py | Wave front
T attime ¢
—F D B
*—L‘Lg—:
Pt
c
L
t
Py -
i A Lt

tett,+0,2585

Fig. 8. The load on the roof and side surfaces of the structure

The initial peak pressure on the roof surface is reduced
and the wavelength increases when the wave encloses the
structure. The equivalent uniform pressure increases linearly
from the wave-arrival time ¢ (point F on the element) to the
time t; when the wave reaches the peak value and gets to

the point D. At the point B the equivalent uniform pressure is
reduced to zero.
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The load coefficient Cg, increases time and duration of
an equivalent uniform. It is a ratio of the wavelength and
range, Lwf /L. The peak pressure that acts on the roof, pg,
is the sum of the equivalent uniform pressure and the drag
pressure:

Pr = Cg-Psor + Cp-qo (17)
where are:

Psof — the initial pressure at the point F,

qo — a dynamic pressure corresponding to Cg. Pso ¢

Rear wall

As the wave passes over the ends of the roof and the
side surfaces, pressures are spreading, thus creating a
secondary wave that continues to spread across the rear
surfaces of the structure. The secondary waves that enclose
the rear surface, in the case of long structures, are the result
of a wave "overflow" from the roof and side surfaces. They
are amplified due to the refraction of the structural surfaces.
The increase of the waves from the roof is caused by the
refraction of the ground at the bottom of the rear surface, and
the increase of the waves "overflowed" from the side surface
is caused by their mutual collisions in half the length of the
surface, or collision with a wave "overflowed" from the roof.

For the loading analysis the procedure equivalent to the
procedure for the loading determination on the roof and side
surfaces (Fig. 9) can be used. The peak pressure for
pressure-time history is determined using the peak pressure
on the extreme edge of the roof surface, psop. Dynamic drag
pressure corresponds to the pressure Cg.p, ,, while the
preferred drag coefficients are equal to those for the roof and
the side surfaces.

PA Wave front =
. E c

Celost Gy

L [+

CePit Coy

Fig. 9. The load on the rear surface of the structure
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Conclusions

Blast resistant design is an important topic of study and
therefore requires careful understanding of the blast
phenomena and its effect and impact on various structural
elements. Technical information has been collected, adapted
and presented in this article for the calculation of the external
explosion loads to be considered in the blast protection
design of a structure. Empirical methods for the prediction of
blast loads have been chosen as this is closer to the
traditional engineering design approach. Simple expressions
are presented for the calculation of the blast load on building
structures. Of course, more complicated cases of blast
loading, where obstacles are involved and wave shadowing
and channeling phenomena take place, cannot be handled
through this approach. The material presented can be used
to introduce the subject, and in most cases, it can form a
basis for initiating a reliable blast assessment of a structure.

References

Baker, W. E., P. A. Cox, J. J. Kulesz, R. A. Strehlow, P. S.
Westine. 1983. Explosion Hazards and Evaluation.
Elsevier, 826 p.

Baker, W. E. 1973. Explosions in Air. University of Texas
Press, 268 p.

Brode, H. L. 1955. Numerical solutions of spherical blast
waves. — Journal of Applied Physics, 26, 6, 766—775.
Blanc, G., M. Adoum, V. Lapoujade. 2005. External blast
load on structures — Empirical approach. — 5th European

LS-DYNA Users Conference. 5¢-39.

Dragani¢, H, V. Sigmund. 2012. Blast loading on structures.
— Tehnicki vjesnik, 19, 643-652.

Karlos, V., G. Solomos. 2013. Calculation of Blast Loads for
Application to Structural Components. Joint Research
Centre. 58 p.

Kinney, G. F., K. J. Graham. 1985. Explosive Shocks in Air.
Springer Science+Business Media, 281 p.

Liepmann, HW., A. Roshko. 1957. Elements of Gas
Dynamics. John Wiley, New York, 460 p.

Mays, G. S., M. Smith. 1995. Blast Effects on Buildings:
Design of Buildings to Optimise Resistance to Blast
Loading. Thomas Telford, 129 p.

Rankine, W. J. H. 1870. Philosophical Transactions of
the Royal Society, 160, 277-288.

U.S. Department of the Army. 1990. Structures to resist the
effects of accidental explosions, Technical Manual 5-
1300.


http://adsabs.harvard.edu/cgi-bin/author_form?author=Brode,+H&fullauthor=Brode,%20Harold%20L.&charset=UTF-8&db_key=PHY

Journal of Mining and Geological Sciences, Volume 62, Number 2, 2019

DYNAMIC ASCENT OF A MINING DUMPER ON A ROAD WITH LONGITUDINAL SLOPE

Stefan Pulev

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; st_pulev@yahoo.com

ABSTRACT. The dynamic ascent is achieved via an initial (reached), sufficiently high, velocity. By using the inertial force, the ascent of relatively short sections with a
higher slope becomes possible without the risk of flipping over backwards. The ascent of a mining dumper truck travelling with a constant acceleration along an
inclined section of a road without bumps is investigated. The truck is described using a one-mass dynamic model with one degree of freedom. The differential
equation of the longitudinal angular vibrations is derived and solved analytically. It is assumed that a rear overturn happens when the angle of rotation reaches a
maximum and the normal force of the road on the front set of wheels reaches zero. The critical inclination that can cause an overturn is calculated.

Keywords: dynamic ascent, mining dumper truck

AUHAMWYHO U3KAYBAHE HA PYOHWYEH CAMOCBAI NO HAKITOHEH MbT
CmecpaH lynes
Munro-2eonoxku yHusepcumem "Cs. Mear Puncku”, 1700 Cogpus

PE3IOME. [IHaMM4HOTO W3KauBaHe Ce peanuavpa C MpesBapuTeriHo passuTa (QOCTUrHaTa) [OCTAaThYHO BUCOKA CKopocT. C MoMowTa Ha MHepuuMoHHaTa cuna
CTaBa Bb3MOXHO M3KAYBAHETO Ha MO-CTPBMHM HAKMOHEHN Y4acTbLy CbC CPABHUTENHO Marka AbMxiuHa Ge3 onacHOCT OT npeoBpbliaHe Ha aBToMoGUa Hasaf.
Pasrnexpa ce u3kauyBaHe Ha PYAHUYEH CAaMOCBaN C MOCTOSHHO YCKOPEHWE MO HAKMOHEH y4acTbk OT MbTs Ge3 HepaBHOCTW. Toil € MPeacTaBeH MocpeaCcTBOM
€0HOMacoB MOZEN C efHa CTeneH Ha cBOGOAA, M3BbPLIBALL HAAMBXHU BITIOBU TPENTeHus. AudepeHLManHoTo ypaBHEHE Ha MankuTe TPENTEHUS € MOMyYeHo u
peLleHo aHanuTuyHo. Mpuema ce, ye npeoBpbliaHeTo Ha caMocBana Ha3aj HacTbNBa KOraTo bIb/TbT HA 3aBbPTaHe € MaKcUMarieH W peakuUaTa Ha MbTs BbpXy
npeaHuTe Konena cTaHe paBHa Ha Hyra. Taka ce onpefens KpUTUYHUS HaKmoH Ha MbTS, NPKU KOWTO & Bb3MOXHO [ja HaCTbNM NpeoBpbLuaHe.

Kniouosu AYMU: JMHAMWYHO U3Ka4BaHe, pyaHW4eH camocBan

|ntr0duct|0n accfle[aticn qu=mn5t

- B y=const deceleration
Mining dumpers are used under very harsh conditions. The —t

technological roads in open-pit mines are characterised by
extreme unevenness, longitudinal and transverse gradients.
The mining dumper truck can climb evenly (at a steady speed)
on an inclined road only under the action of the engine thrust.
The distance travelled in this case may be unlimited. But
overcoming the slope can also be done by pre-accelerating
and reaching a high enough speed to enter the slope. The gas
supply is then discontinued and the dump truck ascends with
the help of inertial forces. Thus, in addition to the thrust of the
engine, the accumulated kinetic energy is also used. In this
case it is possible to climb steeper sections of the road with a
shorter length and it is gaining popularity as a dynamic
overcoming of slopes. This increases the capacity of the
mining dumper in extreme conditions.

Figure 1 (Vahlamov, 2006) shows the stages of a dynamic
ascent. In the first section AB, the driver supplies gas, the

e e e
s

Fig. 1. Stages of a dynamic overturn

Dynamic model

We consider the climbing of a mining dumper (Fig. 2) along
a section of the road with an inclination ¢ without unevenness

dump truck increases its speed, and acceleration is observed. (Pulev, 2012). The deceleration a s constant and the
Thus, a sufficiently safe speed is reached in section BC, with direction of inertial force

which the mining dumper enters section CD that represents the

ascent itself. Then the speed starts to decrease (section CD) d=ma

and deceleration occurs. There is an inertial force whose

direction coincides with the direction of movement. It is coincides with the direction of movement. The following
opposed to a possible roll over of the mining dumper truck. inscriptions have been made:

This makes it possible to overcome larger slopes.
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Fig. 2. Dynamic model

| - moment of inertia of the mining dumper truck relative to the
transverse axis passing through the centre of gravity;
M - aggregate mass of the mining dumper;

C,, C, - elasticity of front and rear suspension;

N,, N, — normal road reaction to the front and rear
wheels respectively;

T,, T, — tangential road reaction on the front and rear
wheels respectively;

h — height of the centre of gravity of the mining dumper;

|l - distance from the front suspension to the centre of gravity;

|2 - distance from the rear suspension to the centre of gravity.
As a generalised coordinate, the rotation angle ¢ of the

mining dumper around the transverse axis passing through the
centre of gravity is introduced. The vertical oscillations are
neglected because there are no vertical external disturbances.
It is assumed that the mining dumper is symmetrical, i.e. there
is no connection between jumping and galloping.

In the position of static equilibrium, in both springs static

deformations &, o, 0, and elastic forces  C,.0, 4,
C,.0, o occur. The equations

I,mg cos o I,mg cos o
Cl.é;_’o :L and C2.§2’0 :lrng+

(L=1,+1,) are obtained from the equilibrium conditions.

At any moment of the movement, the elastic forces in the
two springs are respectively

01(51’0 - Il.(p) and C, (52’0 + Iz.go).
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In order to have an equilibrium in the area of contact of the
wheels with the road, the normal reactions must be equal to
the elastic forces in the springs, i.e.

l,mg cos )

clo,

N, = Cl(é‘l,o - Il-(P):

_limg cos o

N, =C2(§210+|2.g0)— +C,.1,.0.

The tangential reactions T, and T, act in the opposite

direction to the possible slip of the mining dumper on the
inclined road. The equation

T,+T,=Gsin a— .

is a condition for the equilibrium of tangential forces. The
forces on both sides form a couple with an arm h and a
moment

M =h(Gsin a—®)=hm(gsin a—a).
The differential equation of the longitudinal angular

oscillations of the mining dumper is obtained using the second
order Lagrange equation and has the form

. ClZ+c,l? hm(gsin o —a
¢)+ llI 22.¢: (g I ) (2)

This is a non-homogeneous second-order differential
equation with constant coefficients. Its common solution is the
sum of the solution of the homogeneous equation and a
particular solution.
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The solution of the homogeneous equation is

@, =C, coskt+C, sin kt,

where C, and C, are integration constants, and the own
frequency of longitudinal angular oscillations is

‘= lc, 12 +c,.l?
I .
A particular solution of the following kind is necessary:
n=A, 5=ij=0.

After substituting 77 in the differential equation (2), the
following equation is obtained

A hm(gsin a—a)
c. i +c, 2

The general solution of the differential equation (2) is

[c.12+c,.I2
p=¢,+n=C,cos, 122 I 22t 4
e 12 +c,.1?
+C,sin |4 I 22t 4

Under zero initial conditions for integration constants is
found that:

c - hm(gsin a—a)
' .12 +c,.?

hm(gsin a—a)
c.lf+c,.I?

and C, =0.

Therefore, the law on transverse angular oscillations is
given by the following expression:

hm(gsin a—a c.l?+c,.I?
Q= (gz > ) 1_COS 171 2 2t .
c.ly +c,.l5 I

It is known that

2 2
—-1<cos Mt <1.
| |

Then, the maximum value of the coordinate is obtained
when the expression in the brackets of the law for transverse
angular oscillations becomes equal to 2. It is

_ 2hm(gsin a-a)

©)
¢l +c,.?

max
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A rear overturn happens when the tipper deviates as much
as possible from the static equilibrium and the front wheels
lose contact with the road. The following conditions must be
met:

®=¢., and N, <0. 4)

The normal reaction (1) of the road in contact with the front
wheels is determined by the expression

_I,mgcosa o

2hm(gsin a—a)
L 1-11- :

Nl
.l +c,.I2

(5)

The critical inclination ¢, that can cause an overturn is
determined by the equality

2hm(gsin a, —a)
¢ 12 +c,.12

l,mgcosea,

: 1. -0.

(6)

After mathematical transformations, the equation (6)
acquires the following form:

2hgLcl, sin —Izg(cl.ll2 +c2.I22)c05aK =

(7)
=2hLcla

If the substitutions are made

Sin u — 2hLc),
l//_ 212-2)2 2 2 2 ,
JARLZG12 4 12(G, 12 +c, 12
s L (c 12 +c,12)
V= 212,212 , 12 2 2R
JARZLECRIZ +12(c, 12 + ¢, 12
sin ¢ = 2hLcla

gy AnPLEG? +12(G, 12 +c, 12
the equation (7) becomes:

sin (e, —y)=sin ¢.

The solution to this trigonometric equation, which is of
practical significance, is

o, =@p+y. (8)

The value of deceleration has the determinant influence on
the critical inclination ¢, . The size of the load transported also
influences it. The higher the load, the greater the height h of
the centre of gravity and the probability of an overturn
increases. The increasing of h requires a reduction of a,.
It's also different for the different dump models.
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Numerical experiment and discussion

Using the formula (8) obtained, the critical inclination ¢,
value can be calculated for a mining dumper with the following

characteristics:

L=53m, 11 =3.551m, I,=1.749 m,

¢,=10.93x10° N/m, ¢, = 22.2x10° N/m,

h =5 m.

25
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Fig. 3. Influence of deceleration on critical inclination
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Figure 3 shows changes of the critical inclination ¢,
depending on the deceleration values. Acceleration values of

15m/s? to3.5m/s® are recommended.

The dynamic ascent of a mining dumper ensures safe
climb of steeper sections of the road with a shorter length. It
mostly depends on the driver's abilities, skills, experience,
wisdom and quick responses.
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INCREASING THE ECONOMIC EFFICIENCY OF MINING COMPLEX STRUCTURAL GOLD
DEPOSITS

Aleksandr O. Rodionov

Saint-Petersburg Mining University, 199106 Saint-Petersburg; Rodionov.a.o@mail.ru

ABSTRACT. At present the deterioration of geological and engineering conditions of the ore deposits, entails increase of losses of minerals, increasing the mineral
production and processing costs. With consideration of the specified limiting conditions, the net present value of deposit mining will be achieved with minimal
economic loss resulting from the mineral losses and dilution. According to the results of the research, conclusions were made that the economic loss related to the
losses and dilution, increase in direct proportion to the increase of bench heights; the mode of horizon preparation significantly influences the value of losses and
dilution and the economic losses related to them; the value of losses and dilution increases with increase of the bench height, and the current stripping ratio reduces.
In order to determine the optimal bench height, joint consideration of the losses and dilution with the current stripping ratio, is required. The conducted technical and
economic calculations result in recommending the bench height in an ore zone to be 5 m while maintaining the rock bench height of 20 meters.

Keywords: Losses, dilution, loss-rationing, separate excavation

YBEJTUYABAHE HA UKOHOMUYECKATA E®EKTUBHOCT NMPU PASPABOTBAHE HA KOMMJIEKCHU 3NTATOCBObPXALLU
HAXOOMULLIA

AnekcaHdsp O. PoduoHos

CaHkmnemepbypacku MuHeH yHugepcumem, 199106, CaHkm [Temepbype

PE3IOME. MoHacrosiem ce Habnioaaea TeRAeHLWS KbM BIOLLABAHE Ha re0NOXKATE U MHXEHEPHN YCIOBUS NpW pa3paboTBaHETO Ha PyAHN HaxoawLLya, KOeTo BOAK
10 yBenu4yaBaHe Ha arybute u obeaHsiBaHe Ha NonesHUTe M3konaemu, yBenuyaBaHe Ha pasxoanTe 3a NPOWU3BOACTBO 1 npepaboTka Ha MMHepanu. KaTo ce B3emat
npeABuA onpeaeneHnTe OrpaHuNTENHM YCOBIS, MakcuManHaTa HeTHa HacTosLLa CTOMHOCT Ha J0OMBa OT AafeHO Haxoauile Le Bbae nocTurHata ¢ MUHUManHM
MKOHOMMYECKM 3arybu, npoustnyaiyym ot 3arybute n obeaHsBaHeTo Ha pyaaTa. B pesyntar Ha nscneaBaHeTo MOXe Aa ce 3aKitouu, Ye UKOHOMUYEeCKUTe 3arybu,
CBBbP3aHM CbC 3arybute 1 0beHABAHETO Ha pyAa, HapacTBaT NPSKO NPOMOPLMOHANHO Ha YBENYaBAHETO Ha BUCOYMHATA Ha CTbnanata. HauuMHbT Ha NOATOTOBKa Ha
XOPU3OHTA 3HAYUTENHO BNUSiE BbPXY CTOMHOCTTA Ha 3arybuTe 1 0beaHsBaHETO 1 CBbP3aHuTe C TAX KOHOMUYECKM 3arybu; CTORHOCTTa Ha 3arybute v obefHaBaHeTo
Ce yBenu4aBa C yBenu4yaBaHe Ha BUCOYMHATA Ha CTLNAMNOTO, @ TEeKyLMST KoedULMEHT Ha OTKpUBKA Hamansea. 3a Aa ce onpefent onTUManHaTa BUCOYMHA Ha
CTBNanoTo, & HeobX0AMMO CHBMECTHO OTYMTaHe Ha 3arybute 1 06eHABAHETO CbC CerallHMs KOeULUNEHT Ha OTKpUBKa. MpoBEaEHNTE TEXHUYECKN N MIKOHOMUYECKH
134nCTIEHNs BOAST 0 MPENopbYBaHE BUCOUNHATA Ha CTbNANOoTo B pyAHa 3oHa Aa 6bae 5 m, kaTo ce NoaAbPXa BUCOYMHATA Ha CTbNANo Ha ckanata ot 20 MeTpa.

Kniouosu AyMmu: 3ary6m, 00efHsIBaHe, CbOTHOLLEHME Ha 33Fy6VITe, oTaeneH gobus

Introduction excavation; (vii) when loaded into transport vessels due to
spillage; (viii) in the process of transportation; (ix) when stored
One of the most important problems in the rational use of in temporary warehouses; (x) at reloading points; (xi) at
mineral resources is the improvement of existing methods for landslides of sides and ledges.
the complete extraction of minerals from the interior. The In a specific production environment, certain types of
effectiveness of monitoring the compliance of the quantity and losses can be absent or new ones added to this list. For
quality of recoverable reserves determined by the standards example, in coal deposits due to spontaneous combustion of
depends both on the reliability of the data and on the certain coals, in the case of improper mining operations, coal
accounting methodology used. The indicators controlling the losses from fires occur. In the case of draperies, there are
quantitative side of the process of mining of mineral resources losses in interstep and inter-path ladders, etc.
are the absolute and relative losses of balance reserves, as In addition to quantitative losses, mining often leads to
well as the absolute and relative magnitude of the amount of depletion of minerals. The total amount of the diluting mountain
clogging rocks in the mined ore. mass is determined by the clogging of the conditioned minerals
with an empty rock or substandard grades, and by the blending
Types of losses of mineral resources of valuable varieties with less valuable ones during drl”lng and
The losses of mineral resources are divided into the blasting operations, and also as a result of local caving of the
following types: (i) in redeemed ledges (sides) of the quarry; (ii) ledges. Insolvency leads not only to a decrease in the content
in unfinished areas; (iii) in the soil and roof of the deposit; (iv) of useful components in mined minerals, but also to a
with separate excavation; (v) in the process of drilling and deterioration in recovery rates at concentrating mills and
blasting works; (vi) in the internal dumps during the re- metallurgical plants.
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Production of blasting

The normalization of losses and dilution includes the
issues of operational testing, the organisation of drilling and
blasting and excavation, the selection of effective blasting
schemes with separation of ores and rocks, using schemes for
initiating borehole charges, taking into account the position of
ore bodies in the space aimed at achieving maximum
preservation of the initial, geological structure or minimising the
displacement of contacts of ore bodies and rocks during their
joint blasting and subsequent excavation shipment.

Floating trench traverses the ore zone with drilling and
blasting operations. The width of the split trench is determined
by the parameters of the applied technological equipment, as
well as by the number and consistency of the contour of ore
bodies. In gross blasting, all three sizes of the blast block
(width, length and height) or some of them are set regardless
of the position of contacts with different types of rock on the
basis of technological considerations.

Separate blasting should be used when it is possible to
perform a simultaneous or selective blasting of ore bodies and
rocks. The multi-row co-rapidly delayed gross blasting of the
block can be carried out on a selected face, in a clamped
medium and with a retaining wall.

The advantage of multi-row explosion of charges on the
open front with a uniform initiation of charges is to ensure the
quality of rock crushing. The disadvantage is the material
breach of the initial settings lay down deposits of ore bodies.

Multiple explosion in the clamped medium provides a more
complete preservation of the parameters of occurrence of ore
bodies after the explosion due to the lower rock openness after
the explosion (Kp = 1.05 + 1.2), but for the same reason
increases the energy intensity of the excavation and the
duration of the excavator cycle (Trubetskoi, 2001). Explosion in
a jammed environment requires the use of commutation
schemes with longitudinal cutting. What is characteristic for the
driling and explosive preparation of rock mass is the
thickening of the well grid by 10-15%, which limits the minimum
width of the blast block.

In the case of a multiple-row explosion without a retaining
wall, the disintegration coefficient of the blasted rocks varies
along the width of the blast block: for the first row of wells, it is
the largest and reaches 1.6, for the second and third rows the
value of Kp in comparison with its value in single-shot blasting
decreases by 8-10%, for the fourth to fifth rows - by 12-15%,
for the sixth to eighth series - by 20-30%. The explosion of
rocks in a clamped medium (with a retaining wall) leads to a
decrease in the opening ratio. The horizontal power of the
buffer of the previously infiltrated rock mass should be taken
within 10-15 m with a bench height of 10 m.

Organisation of technological processes
The complex structure of mineralisation sets increased
requirements for the organisation of all technological
processes of mining. Separate excavation in the form of
exploded rocks can be simple or complex. In this case, the
extraction of valuable ores is carried out under the following
basic conditions:
- he explosion of rock and ore is mainly carried out by
the gross method;
- he position of the contact "ore-rock” and grades of
ores is determined by the geological service with the
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setting of reference points on the collapse of the
blasted rock mass;

- he excavation of rock mass in a complex face is
always carried out from the hanging side of the ore
body to the bed, with the least loss and dilution of
ores. The elimination of ore bodies from the
recumbent side of the deposit to the hanging one is
unadvisable;

- epending on the conditions of the occurrence, the
development of a mining ledge should be envisaged
in two 5-meter steps and a 5-meter-high damming
subdivision. To increase the level of selective
excavation in the development of low-power ore
bodies, a 5-meter long canopy can be worked up by
two layers 5 m;

- n accordance with the accepted technology of gross
explosion, all three sizes of the blast block (width,
length and height) or some of them are set
regardless of the position of the contacts and the
number of ore bodies on the basis of the required
volume of the finished blown rock mass;

- he part of the camber is initially shipped along the
roof of the ledge, with the passage of the first step on
the rock from the side of the hanging side of the ore
body.

The sorting is carried out only on the width of the face with
a complex split notch. In case of a complex separate seizure,
the quality of the mined minerals is achieved by the correct
choice of the method, the thorough preparation of the face for
the explosion, and the installation of the excavator as close as
possible.

Losses and dilution of minerals with a simple separate
excavation occur when the roof of the mining ledge is scraped,
because of the mismatch between the tractor's scooping of the
excavator bucket with the contacts of the deposit and the
surrounding rocks, and also during loading.

The methods of complex sorting are: separate scooping,
managed collapsing and their combination. With the method of
complex sorting with separate scooping of ore and rock, it is
advisable to separate the face into 4-5 m tall sub-steppes, and
each lead should be worked by layers 2-2.5 m high (Arsentiev,
2002).

Combined methods used in the faces with complex
intermittency of ore and rock are combinations of separate
scooping with controlled caving or one of these methods with
simple segregation or simple sorting methods (by isolating
subterranean strata in individual sites, trench excavation of
individual sections of the collapse), as well as sorting by
fractions, the allocation of diverse and diverse grades of
minerals and waste rock with temporary segregated storage in
cone-shaped stacks in the bottomhole space.

Opening and preparation of production blocks is carried out
on the blown up mountain mass, when dividing a ledge 10 m in
height into two 5 m steps, depending on the choice of the
technological scheme.

To reduce losses and dilution, it is advisable to use a
technologic scheme with backhoe type excavators. Figure 1
shows an example of the excavation of two ore bodies using a
PC-400 excavator. The technology includes sequential mining
of the rocks by the fork of the hanging side, then the ore.
Managed collapse is produced by working the bottom of the
face in an order that depends on the location of the useful
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object in the collapse. In the lower part of the face, in a
staggered manner, trough-shaped notches are formed, into
which the rock mass from the top of the face is brought down,
it is shipped and then the protrusions between the recesses
are worked.
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Fig. 1. Scheme of development of the sub-stages excavator PC-
400

Planning of mining operations

At the current planning stage, quality indicators and
quantities of extracted ore are determined using operational
exploration data and subsequently, after blasting the block,
they are specified taking into account the collapse of the
blasted rock mass and excavating ditches for its development.
The boundary of ore grades is defined as the distance between
drilling and blasting wells along the slurry, at which operational
exploration is carried out in proportion to the gold content in
adjacent wells by the formula.
A =L (C2-Cp)/(C2- C1), (1)
where:

C+ and C2 are the contents of two adjacent wells,
respectively; Cy is the specified airborne content;
L is the distance between the wells.

Based on the forecast results of the ores’ grades for the
disintegration of the blown up mass, excavating moves are
planned and a passport of the mining excavator is developed.
In the excavator passport, in addition to the known parameters
and the order of organisation of work, the axis of the excavator
stroke, the order of excavation and loading of ores of various
qualities should be shown.

To achieve minimum losses and dilution of ores, it is
necessary that the excavation of the contact zones of the ore
body is carried out with the formation of a slope of the face in
accordance with the drop in contact of the ore body. The most
unfavourable conditions of excavation with an inconsistent
incidence of contact and profile of the slope of the face should
be avoided in every way when planning excavating moves.

The angle of the slope of the working face, on which the
possibility of qualitative excavation in contact zones depends,
is determined by the physical and mechanical properties and
the granulometric characteristics of the blasted rock mass. The
sequence of constructing the contours of the excavating cavity
is as follows: n the plan for the collapse of the blown up block,
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the contours of grades of ore are displayed, taking into account
the displacement of their boundaries after the explosion;
xcavation starts are planned for block development; ections
are plotted along the characteristic cross-sections of contact
zones, on which the rational position of the excavating contour
is carried out.

Schemes for constructing excavation contours on sections
and determining the amount of removal of the excavation
contour from the contour of the ore body to the surface are
determined from the height of the upper triangle of losses of
the normative variant of the development of the contact zone.

For the normative losses and dilution of the mineral such a
level is taken that is technically possible and economically
justified with the current state of the technology of mining and
processing of ores in the enterprise.

With the high value of minerals, it is necessary to pay close
attention to the magnitude of losses and dilution, which
decrease with the decreasing height of the ledge. However, a
decrease in the height of the ledge leads to a smoothing of the
slope of the working bead and, consequently, to an increase in
the current stripping ratio.

Thus, the rational height of the ledge can only be found by
a joint examination of losses, dilution and the current stripping
ratio.

Conclusions

To achieve the minimum values of loss and dilution of ores,
it is necessary the excavation of the contact zones of the ore
body to be carried out by: multiple explosion in a clamped
medium, which provides a more complete preservation of the
parameters of occurrence of ore bodies after the explosion due
to a lower rock release rate after explosion (Kr = 1.05 + 1.2);
the method of complex sorting with separate scooping of ore
and rock, with the division of the face into 4-5 m high, and the
development of each approach to be carried out by layers 2-
2.5 m high; formation of the slope of the face according to the
drop in the contact of the ore body.
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DEVELOPING A MEASUREMENT PLAN TO STUDY BLASTING STRESS WAVES
INDUCED BY THE EXPLOSIVE BREAKAGE OF ROCK IN THE CHELOPECH
UNDERGROUND MINE

Dragomir Stefanov?, Tsvetan Balov?, Ivaylo Koprev?

1.3 University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia
2 Dundee Precious Metals Chelopech EAD, 2087 Chelopech; Tsvetan.Balov@dundeeprecious.com

ABSTRACT. Determining the peak particle velocity (PPV) in the near-blast impact zone is a key factor in explosive breakage management. The most reliable way is
to obtain actual PPV data through in-situ measurements. Such measurements, however, are difficult to conduct and have features of their own. Therefore, it is
necessary to review the current practical experience, select appropriate instruments and create an optimal measurements plan. This study reflects the experience
from PPV measurements in the world’s leading mining countries such as Australia, Canada and the USA, and in Bulgaria as well, to clarify the mechanism of
explosive breakage in the near-blast zone. The objective is to conduct, based on the international experience, successful measurements and obtain real | values for
the Chelopech mine. From the resulting shape of the stress wave and the PPV values the parameters of the stress waves, the duration of the compression phase,
and the blast energy and impulse will be derived. These data will enable management of the blasting effect to improve ore production.

Keywords: blasting effect, stress waves, parameters, measurements

PA3PABOTBAHE HA UBMEPUTENHA CXEMA 3A U3CJIEABAHE MAPAMETPUTE HA BBJTHUTE HA HANPEXEHUA NMPU
B3PMBHOTO PA3PYLLUABAHE HA MACUBA 3A YCITOBUATA HA PYOHUK YENOMEY

[Apazomup CmedpaHos?, Ljeemar banoe?, Ueaiino Konpeg?

1.3 MunHo-2eonoxku yHugepcumem “Ce. WeaH Puncku®, 1700 Cogpusi

2*[TbHAu Mpewnc Memanc Yenoney® EAL, 2087 Yenoney

PE3IOME. YcraHoBsiBaHeTO Ha nukoBaTta ckopocT (PPV) Ha yactuuute B 6rm3kata 30Ha Ha [elicTBUe Ha B3pWBa € KMHYoB (hakTop 3a ynpaBneHue Ha B3PUBHOTO
paspylasaHe. Hai-CUrypHUSIT HauvH Aa ce monyyaT peanHu AaHuu 3a PPV e upes uamepBaHus in sifu. Tean namepsanus obade ca TpyaHW U umaT ceouTe
ocobeHocTy. Mopaau ToBa, e HeobxoAnUMo fia Ce NPoyy4M OMMTBLT OT NpaKTUkaTa, Aa ce 13bepaT NoAXOASLLM M3MEPUTENHN ypeau U Aa Ce CbCTaBu ONTUMaIHa cxema
Ha u3MepBaHe. B HaCTOALLOTO N3cneaBaHe € 0Tpa3eH OnNUTBLT OT U3MepBaHMs Ha PPV BbB Bofelm B MUHHOTO AENo CTpaHu B ceeTa — ABcTpanus, KaHaga, CALL,
kakTo 1 B Bbnrapus, no 13scHsBaHe Ha npoLieca Ha B3pUBHOTO paspyluaBaHe B Bnuakata 3oHa. LienTa e, Bb3 OCHOBa Ha CBETOBHWS OMUT [ia Ce U3BBbPLLAT YCMeLHN
W3MepBaHWs 1 Ce MOMy4aT peanHu pesynTatu 3a ycrnosusiTa Ha pyaHuK Yenoned. OT nonyyeHaTa copma Ha BbiHaTa Ha HanpexeHWs W OT CTOAHOCTUTE Ha
nMKoBaTa CKOpOCT Lle GbAaT onpeAeneHn napameTpuTe Ha BbIHUTE Ha HAaNPeXeHUst NPOALIMKUTENHOCT Ha (ha3aTa Ha HaTUCK, eHeprus M uMNync Ha Bapuea. C Tean
AaHHW CTaBa Bb3MOXHO [e/ICTBIETO Ha B3puBa Aa Obae ynpaBnsBaHo 3a NOCTUraHe Ha no-Aobpu NPoM3BOACTBEHN pesynTaTy.

Kniouosu AyMu: [JelcTaume Ha B3pWBa, BbJIHW HA HANPEeXeH!d, napameTpu, M3MepBaHua

Introduction of movement coincides with the direction of response of the
unit.

While various devices, referred to as geophones, used for
measuring of the far-zone blast-seismic fluctuations, are
present on the market, no near-zone measurement sensors
were available on the market during the studies.

This study reflects the experience from studies in the
world’s leading mining countries such as Australia, Canada
and the USA, and in Bulgaria as well, to clarify the mechanism
of explosive breakage in the near-centre blast zone. The aim is
to use the global experience in order to obtain in-situ results
specific to the Chelopech-mine about the stress wave forms
and the PPV values which can be used to determine the
duration of the compression phase and the blast energy and
impulse. These data will enable management of the blasting
effect to improve ore production.

Knowing the peak particle velocity (PPV), especially in the
near-blast impact zone - within the line of the least resistance,
allows for assessment of the operation of each individual
charge in the line or fan-pattern, and of the distribution of
energy within the breakage zone. Therefore, measuring it and
obtaining its actual values in situ are of key significance in
explosive-breakage management. Such measurements have
their specific features and, therefore, it is necessary to review
the current practical experience, select appropriate instruments
and create an optimal measurement plan. Furthermore,
adequate results require pre-defining of the expected velocity
in order to select a suitably sensitive recipient of seismic
fluctuations, to determine the method for its fastening onto the
rock surface or in a borehole, and to ensure that the direction
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A study of the US Bureau of Mining (USBM) to
determine the effect of charge diameter on
explosive performance

The US Bureau of Mines carried out a large-scale study
(Nicholls, 1966) on the effect of the charge diameter on
explosive performance. Three different explosives were
detonated in three different charge diameters. Three linear
arrays of holes were drilled with 13 holes in each. Each array
contained six shot holes, and the remaining were gauge holes
with strain gauges suspended in them (Fig. 1). The experiment
was used to measure relative deformation (microinch/inch).
The shot-to-gage wave arrival time was measured, as well as
the time of entry of the signal into the gauge, the deformation
rise and fall times, the compression phase length, and the
maximum compression and strain amplitudes. These data
were used to infer the pulse types. Three wave types were
registered (Fig. 2). It was concluded from the processing of the
data that small-diameter charges are much less effective in
producing strain waves in rock than larger diameter charges of
the same explosive.
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Studying of strain-wave parameters during ore
blasting in Bulgaria

In 1990, a study of stress wave parameters was carried out
(Stefanov, 1993) in the S. Stefanov shaft mine of the
GORUBSO-Zlatograd company. The aim was to determine the
stress wave parameters during production blasting in situ and
to use the study results to optimise the explosion patterns.

The explosive breakage effect in and outside the near-blast
zone and, also, the effect of energy dissipation at distance
were determined by measuring the peak particle velocity at
different distances from the explosion centre. The particle
velocity and stress in the near-blast zone are high and the
gauges, which were subject to high loads, had to be specially
designed.

While various devices (geophones) used for measuring of
the far-zone blast-seismic fluctuations, are present on the
market, no near-zone measurement sensors were available on
the market during the studies. Such a gauge, converting the
mechanical motion to electrical signals, can be of an induction
type in which case it should ensure that the measured value is
proportional to the induced electromotive voltage. Such a
gauge was designed for the study (Stefanov, 1993).

When installed, the gauge must be rigidly connected to the
rock. As the blast wave reaches the gauge, its body is dragged
along with the moving media. Inertia and reduced friction leave
the magnet immobile but move the coil, whereby electromotive
voltage is generated. The special coil ensures that the resulting
electromotive voltage is proportional to the movement velocity.

A H117 magneto-electric light-ray oscilloscope (rotating-
mirror oscillograph) was used as a measuring instrument. It
transformed the electrical signal from the gauge through a
reflecting galvanometer (the rotating mirror) into a light ray
tracing a photographic film or light-sensitive paper moving at a
certain speed.

When studying single fast-flowing processes such as
explosions, it is important to synchronise the measuring
instrument with the time of explosion. After the oscilloscope is
energised, recording the studied signal requires time for the
film to reach the required speed, before the explosion pulse is
sent. A synchronisation device comprising a time-setting, a
power supplying and an implementing unit and with the rele-
vant signalling capabilities was constructed for this purpose.

The schematic diagram of the measuring system is shown
on Figure 3.

!
I

[ J

-

6
—
)

Fig. 3. A system for direct measurement of stress-waves in
rocks. 1 - Gauge; 2 - Measuring instrument (rotating-mirror
oscillograph); 3 — Synchronisation device; 4 - Power-supply unit;
5 — Explosion circuit; 6 — Sub-level gallery
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The studies were conducted during production blasting of
boreholes in a fan arrangement with one sequential and one
diagonal cut-shots. The gauges were positioned at increasing
distances from the blast centre: 0.5W, 1W, 1.5W (W - line of
the least resistance), along an axis perpendicular to the fan
plane, at the level of the blast centre.

One resulting seismogram is shown on Figure 4. The
signal-recording equipment (using film reel, below ground)
does not always allow for good recording quality but the
resulting record is readable and usable. The film shows the
stress wave emitted from the borehole in the centre of the fan
and registered by 3 consecutively positioned gauges, as
shown on Figure 3. The record allows for measurement of the
amplitudes (A1, A2 and As) which are the peak particle velocity
at three different distances, the duration of the compression
phase (t1, t2 and ts), and, also, the time of entry of the wave into
the second and the third gauges (T+2 and T23). The stress
rising and falling times can also be read.

As

Fig. 4. A record of the stress wave emitted from the central fan
borehole

Peak velocities ranging between 0.20 m/s and 4.12 m/s
were registered, with a positive phase duration of 1 ms to 4
ms.

These results underlie the dependency between the peak
particle velocities and the distance from the blast centre in both
blasting patterns used during the study.

A study by the Australian Centre of
Geomechanics of the stress wave parameters to
determine their effect on support systems

In 2006, the Australian Centre for Geomechanics published
an article (Heal, D., et al. 2004) with results from a study of the
performance of underground support systems subjected to
rockbursts simulated by explosives. The energy absorbed by
the support systems was assessed by a study of the explosion
effect.

The rockburst simulation layout is presented on Figure 5. A
discontinuous line shows the test wall to which two support
systems and measuring instruments are attached.

Three blastholes are drilled parallel to and 5 m from the
wall for the rockburst simulation.
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Fig. 5. Rockburst simulation layout

The measurement was conducted using 14 Hz SM6
geophones (25.4 mm in diameter and 35 mm long) connected
to a 16 channel monitoring system. Sixteen geophones (2
three-axial and 14 uniaxial) were installed in different places
relative to the source of energy. The two triaxial geophones
were cemented into 64 mm wide and 2 m deep boreholes
drilled perpendicular to the test wall. Six horizontal uniaxial
geophones were mounted on the surface of the test wall to
measure the stress waves at the rock-air interface. Eight
horizontal uniaxial geophones were end-mounted onto 2.4 m
long conical rockbolts of one of the support systems. This is a
method to assess the dynamic response of the rockbolts and
the rock mass.

The highest PPVs, of 2,65 m/s and 3.14 m/s, were
produced by exploding of an 8 kg emulsion charge and a 16 kg
charge, respectively. Also, the duration of the positive wave
phases produced by blast 1 at around 4 ms and blast 2 at 2.5
ms were recorded by the seismographs.

Measurement of stress wave parameters in
rocks and in paste fill stopes at Cannington Mine
in Australia

In 2006, a study (van Gool, Bronwyn, 2007) of PPV in ore
rocks and in a paste-fil stope was carried out in the
Cannington Mine in Western Australia. The study was intended
to determine the critical peak velocities at which the artificial
massif remains stable and involved two cycles. The first cycle
entailed recording of production blasting in adjacent stopes, i.e.
blasting in the remote zone. The measuring instruments were
positioned so that the geophones could measure the PPV both
in the paste fill and in the ore.

The second cycle entailed blasting the holes drilled into a
gallery specially made into the paste fill, and the geophones
were used to measure peak velocities from explosions in the
near-impact zone.

Six three-axial geophones connected to a Blastronics BMX
monitor were used. Four geophones were installed into the
shot hole. The two remaining geophones were cemented in
holes drilled from the side of the gallery, one in the wall
adjacent to the blast holes, and the other in the rock, also near
the blast holes but at a depth of 1 m.

The resulting data show that the PPVs from the same blast
and at the same distances from the blast location vary. In this
case this is caused by the reflection and refraction of the wave
at the ore/paste-fill interface where two materials with different
densities meet.

It is a known fact that waves are partially reflected and
refracted at such interfaces. The higher the difference in
densities between the two materials, the larger the portion of
refracted or reflected wave energy will be. Paste fill is far less
dense than the ore and, therefore, much of the wave energy
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(up to 90% according to the Cannington Mine study) released
from a blast inside it, will reflect and remain in the paste fill and
only a small part will enter the rocks. If the blast occurs into the
rocks, then much of the wave will reflect back into it and a
small part will move into the paste fill.

The PPV results and predicted values at the ore - paste fill
interface show that the paste fill is expected to cave from a
blast impact with PPV above 2.5 m/s.

Measuring of fan borehole blast energy in the
INCO Mine in Canada

The performance of individual charges in the fan-pattern at
the INCO shaft mine in Canada was studied to determine the
extent to which charges release their energy (Mohanty B., et
al., 2013). Instantel Minimate units, available on the market,
were employed to record the blasting fluctuations together with
three-component seismographs (geophones) and
accelerometers. The recording data were extracted using a
data collection analogue system.

The geophones and accelerometers were installed into
galleries at certain distances from the blast location which was
within the near-impact zone. As required, the units were
attached to the rock surface by solid connection.

Summarised results from multiple blasts show that 56% of
all shot holes release less than 20% of the expected explosive
energy and that only 44% release nearly all of their energy.

Discussion

Understanding the blast effect and determining the method
of its management requires obtaining of in situ measurement
data of the following blast-induced stress wave parameters: a)
Duration of positive phase (compression), 1, s; b) Wave length,
A m; ¢) maximal radial velocity of particle fluctuation behind the
wave front (peak velocity) v, m/s; d) maximum radial stress
or, Pa; d) displacement of particles u during the positive wave
phase 1. e) relative positive phase pulse, Pa.s; f) relative
energy, J/im2.

The maximum radial velocity of particle fluctuations behind
the wave front (peak velocity) and the duration of the positive
phase (compression) are determined directly from the
seismogram, while the relocation and the relative energy are
derived by graphic integration.

The summarised results from the above studies show that
peak particle values v=(4.12+0.2) m/s have been measured in
strong rocks at relative distances of R/Ro = (30+200) (where R
is the distance from the blast centre, and Ro is the charge
radius). The positive phase of the wave varies - 1=(1+4) ms.
The particle movement velocities were measured at 2.65 m/s
for an 8 kg of explosive charge and 3.14 m/s for a 16 kg
charge. A study of PPV in ore rocks and in paste fill using 69
mm wide production shot holes, each charged with
approximately 98 kg of explosive, showed peak values
measured at 32 to 55 m from the blast centre of 19.2 mm/s to
32.5 mm/s in rocks and 13.6 mm/s to 78.1 mm/s in paste fill.
The higher velocities in the paste fill may be explained with the
interference of the stress wave from the first shot hole with
those of the subsequently blasted shot holes. PPVs of 80 to 90
mm/s were obtained from other studies, at a distance of
approximately 60 m from the blast centre.

Good-quality results during field studies require rigid
connection of the gauge to the rock, consistency of the signal-
receiving gauges and the measuring equipment with the
expected stress-wave parameters, and, also, consideration of
the local geological conditions of the locations in which the
studies take place.

A measurement pattern for the Chelopech Mine
in Bulgaria

The analysis of such measurements practised worldwide
underlies the pattern for the forthcoming measurements in the
Chelopech Mine (Fig. 6).
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Fig. 6. Location of the geophones at levels 225 a) and 260 b)
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This pattern features six geophones, of which three are
installed at an upper level and three at a lower level. Each
geophone will measure the particle displacement velocity and,
being placed at varying distances from the blast centre, the
geophones will allow determination of the energy dissipation
law. The measurement will be carried out during the end stope
forming stage, at which time the highest stress will be
transferred through the rocks whose integrity will not have
been disrupted by other blasting. The geophones will be
positioned at a distance of 20 m from the charge centre. The
stope will be positioned between mined and subsequently
paste-filled spaces. The fans within the end stope will be
positioned 1.3 m apart, and the remaining fans will be 2.3 m
apart. This decision was imposed by the need for more rock-
fracturing energy when opening up the end stope.

Conclusion

The PPV study is key for the understanding of the blast
effect and for the necessary management measures.
According to the global experience of such practices, gauges
capable of resisting high acceleration are used in the near
blast-impact zone, or breakage zone, and geophones are used
at different distances from the near and far zones to measure
the seismic effect.

The analysis of such measurements practised worldwide
underlies the pattern for the forthcoming measurements in the
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Chelopech Mine, where also geophones will be used at
different distances from the blast centre. This will enable
measuring the particle displacement velocity and determining
the energy dissipation law in the Chelopech Mine conditions.
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INNOVATIVE FORMULATIONS FOR A NEW GENERATION OF LOW-SPEED EXPLOSIVE
COMPOSITIONS, DESIGNED FOR BLASTING IN TENDER CONDITIONS AND FOR
EXTRACTION OF ROCK-CLADDING MATERIALS

Nadezhda Stoycheva, Peter Shishkov
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ABSTRACT. There are some fields in mining, or construction at industrial and urbanised territories, where application of regular commercial explosives and high
explosives is not enough safe for the surrounding objects with regard to the generated fly-rocks, air-blast, toxic fumes, seismic waves and vibrations. The main
reasons for these harmful impacts of explosion are the velocity and mechanism of the chemical reaction of explosive mixture’s decomposition. The industry redirects
its attention from the detonating explosives to the deflagrating pyrotechnic mixtures and propellant compositions. Utilisation of aged military arms is a good source of
cheap materials for the explosive industry. The production of low explosive non-detonating mixtures from long term stored single base propellants (SBP), double base
propellants (DBP) and ammonium nitrate prills in different configurations, as well as popular flash-powder compositions was studied. The samples of different
cartridge casings, filled with non-detonating propellant mixtures, or flash-powder compositions was investigated by two methods for velocity of propagation. The
blasting cartridges were made from the investigated materials and were examined via field tests. General information on dimension stones as well as brief information
about the explosives involved in their extraction is presented.

Keywords: non-detonating blasting cartridges, single base propellants, double base propellants, cautious blasting, dimensional stone extraction

WHOBATWBHW PELIENTYPU 3A HOBO NOKONEHUE HUCKO-CKOPOCTHW B3PUBHW CbCTABW, MPEAHA3HAYEHU 3A
PA3PYLLUABAHE B YCINIOXHEHW YCNIOBUWA U NPU AOBUB HA BEKOPATUBHU KAMBHH

Hadexda Cmolivesa, llembp Luwkoe

Murxo-eeonoxku yHusepcumem “Cg. Mear Puncku®, 1700 Cogpusi

PE3IOME. ChluecTByBaT 06NacTv B MUHHOTO AENO MMM NpW CTPOUTENCTBOTO B MHAYCTPUANHW v ypbaHuavpaHu TepUTopum, KbeTo MpunaraHeTo Ha obuyaitHuTe
MPOMULLIIEHN EKCTINO3MBY HE & [OCTaTb4HO Ge3onacHo 3a OKOMHMTE 0BEKTH, MO OTHOLIEHME HA PasneT Ha KbCOBE, YAapHO-Bb3AyliHa BbHA, TOKCUYHM rasose,
CEU3MMYHY BbIHN W BUBpPaLMM. OCHOBHATA MPUYMHA 33 BPEAHOTO Bb3AENCTBIE Ha EKCTINO3NSATA Ca CKOPOCTTA M MeXaHu3Ma Ha NPOTUYaHe Ha XMMMYHATa peakuns
Mpu pasnafaHe Ha B3puBHaTa cMec. MPOMULLIIEHOCTTa NPEHACOBA BHUMAHWETO CY OT AETOHMpALLUTE EKCMINO3UBY KbM AecbrarpupalluTte NMpoTeXHUYECK CMECH 1
GapyTHM CbCTaBU. YTUNM3aUWsATA Ha OCTApenu UM HeHyxHu Goenpunacy e AoGbp M3TOUYHWMK HA eBTWUHM MaTepuanyu 3a B3puBHaTa MpoOMMLLIEHOCT. Bele
W3CNE[BAaHO MPOWU3BOACTBOTO HA HUCKO-CKOPOCTHU (HELETOHMPALUM) B3PUBHW CMECU OT MPOLLIKUTENHO CbXPaHsIBAHW E[HOOCHOBHW M ABYOCHOBHW Gapytu
MopbO3Ha aMOHWEBA CENUTPA B PasinuyHi CHOTHOLIEHUS, KaKTO 1 3BYKOBO-CBETIIMHHW NMUPOTEXHUYECKM ChbCTasW. MpoGu OT pasniyHu KOpMyCH, HaMbHEHU C
HeAeTOHVpaLy 6apyTHU CMecH, WNK MUPOTEXHUYECKW CbCTaBy Bsixa TecTBaHW Ype3 [Ba METOAA 3a CKOPOCT Ha BapuBsiBaHe. OT W3cnefBaHUTe MaTepuany ca
13paBoTeHN B3PUBHU MATPOHM, C KOWTO ca MpOBEEHM NoneBu ManuTaHus. MpepcTaBeHa e o6la MHGOpPMALMs 3a [eKopaTWBHUTE KaMbHW, KAKTO W kpaTka
UHHOPMALWS 3 EKCTINO3NBMTE, M3NON3BAHN 3a TEXHIUS JOGHB.

KntouoBu AyMK: He[eTOHVPALLY B3PUBHY NATPOHM, EJHOOCHOBHY GapyTy, ABYOCHOBHW GapyTu, NpeLyaHo B3puBsiBaHe, OGUB Ha CKanHO-06NMLOBLYHY MaTepuany

Introduction indicator of the explosive's ability to perform a good
fragmentation.
Deflagration is a subsonic reaction of the chemical

About explosive chemical decomposition decomposition of the explosives. It is typical of all types of

The velocity of detonation (VOD) is the rate at which the gunpowder and solid rocket fuel. They act on the environment
detonation wave moves through the explosive charge. The by the pressure generated by gaseous products during a
higher this speed, the greater the "force" or the crushing effect chemical reaction and practically have almost no "shock
of the explosive. Explosives vyith high chemical decompositipn energy". In practice, such an effect occurs when a charge of
rates are better sglted to worklr)g on hard rocks, and those with blasting gunpowder is ignited in an appropriately tamped blast
a slower detonation to work in a soft and cracked rock. In hole.

general, "low-speed" explosives tend to release gaseous
products for a relatively longer period of time, and therefore, its

action is more "heave". The detonation rates of different Dimension stone extraction and blasting in tender

industrial explosives are between 2500-7500 mjsec. The ~ conditions o .
detonating pressure is the pressure in the reaction zone when Rock cladding materials is a common term for various
the explosive molecules break down. The last is an important natural stones used for construction or for decorative purposes

in buildings and monuments. The determining characteristic of
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a dimension stone is that, unlike other mineral raw materials,
which have a value mainly due to their physical properties, the
physical properties of the rock are only the minimum
qualification to determine its suitability for use as a rock
cladding material. Some authors prefer the term "decorative
stone", which emphasises the ornamental aspect of its use. In
fact, the rock cladding material is defined as “a natural rock
material cut, shaped, or selected for use in blocks, slabs, sills
or other structural elements with specialised shapes and
sizes”. Therefore, the decorative stone has a value due to its
size and appearance, emphasised by a set of minimal physical
properties (among them are various strength parameters,
workability, polishing ability and resistance to physical and
chemical influences).

The use of explosives in quarries for decorative stones is a
rather delicate issue. During the extraction of rock-cladding
materials, drilling and blasting operations are carried out, both
for removal of poor layers of soil and rocks (stripping) and for
the initial separation of large slabs from the rock body and their
splitting into smaller blocks suitable for transporting and post-
processing of finished products. Across the globe, popular
industrial explosives are used to break up unnecessary rock
and soil layers, but when approaching high-quality stone
deposits, blasting technologies must be more precise and
prevent costly material from being destroyed.

In such cases, the high explosives are successfully
replaced by low-velocity explosives. There are other areas in
the mining industry or in construction in industrial and urban
areas, where the use of ordinary industrial explosives is not
safe enough for surrounding sites in terms of fly-rocks,
shockwave formation, toxic gases, seismic waves and
vibration. The main cause of the detrimental effect of the
explosion is the speed and mechanism of the chemical
reaction of the explosive mixture decomposition. It is exactly
the detonation that causes the fragmentation and the formation
of cracks in the rock body. The surfaces of the stone blocks
must not be deeply damaged by the blast wave with micro-
cracks, as this will lead to financial losses due to the high value
of the qualitative decorative stones. They should only be
affected by the creation of single cleavage cracks in one, two
or three planes, depending on the technological needs.
Therefore, the use of industrial explosives and high-explosives
for dimension stone extraction is not preferred by the owners of
such quarries.

The industry is shifting its attention from detonating
explosives to deflagrating pyrotechnic mixtures and propellant
compositions, which suddenly create a large volume of
compressed hot gaseous products with no shock wave and
really little solid residue. The charges of these new explosives
must be resistant to moisture, shock, heat, friction and
electrical discharge. In the past, the usual solution was the
black powder. The so called “blasting gun powder” (BGP) was
applied orderly for dimensional stone extraction and in other
cases - for cautious blasting in tender conditions. But its
sensitivity to various influences (flame, heat, moisture, friction,
shock) in combination with the lower energy of reaction, the
toxic fumes and the solid products induced scientific research
for more advanced and safer alternatives. Nowadays, the most
important requirement of the industry to the explosive
manufacturers is the safety of their products regarding storage,
transportation and usage. Another important question is the
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price. Utilisation of aged military arms is a good source of
cheap materials for the explosive industry.

Waste smokeless gunpowders

It is well known, that single based propellants (SBP) in
general are pelletized or extruded porous grains in different
sizes and shapes, which usually contain 93-97% pyroxylin and
3-6% additives like dibutylphtalate or dimethylacrylate or
camphor (phlegmatizers), diphenylamine (stabilizer), KNOs or
K2SO;4 (pore-forming salt), graphite, remaining alcohol-ether
solvent, etc. DBP are mixtures of nitrocellulose (NC), 2-8%
additives (similar to these in SBP) and nitro-esters usually
nitro-glycerine (NG). The content of NG is about 10-38%. The
boiling point of NG is 500C. Double base propellants (DBP)
may have higher energy content than SBP. Their caloric
content varies between 3800 and 5200 kJ/kg depending on
their type. The grains of DBP are also with different sizes and
shapes. They could be compact or porous. The application of
DBP for obtaining an adhesive effect in low-explosive mixtures
is a possible approach against the stratification of the
ingredients, which are with different sizes and weights. The
prices of waste SBP and DBP in Bulgaria are around 0.10
BGN/kg.

Experiments

The used secondary propellants were produced in 198 at
Arsenal EAD, Bulgaria, and were aged in dry atmosphere
without any light.

n

Fig. 1. General image of DBP type NDT-3 18/1 and SBP type 18/1
(down)

The nitro-glycerine gunpowder (DBP) with the brand name
NDT-3 18/1 and the 18/1-branded pyroxyline SBP with long
tube-shaped bodies should be further processed by grinding
after the extraction from the unnecessary army munitions. The
size of propellant grains should be similar to the size of the
porous prills of ammonium nitrate as protection against
stratification of the ingredients. This implies the development of
a facility for safe and effective milling of these brands of
gunpowder before their further usage.
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Il=ig. 2. General image of DBP and SBP type after grinding in the
mill

For this purpose, a special facility - a mill has been used.
After grinding, the grains pass through a 4 mm, 2 mm, 1 mm,
0.8 mm, 0.4 mm and 0.2 mm clear screen. Figure 2 shows the
resulting powdery grains after grinding with a particle size of up
to 0.2 mm.

e 44
Fig. 3. General appearance of the grinding mill for secondary
smokeless gunpowder

Three different low-explosive compositions were prepared
and loaded in testing cartridges:

- Mixture #1: “flash-powder composition” 65% KCIO4 +
35% Al (dark) with Oxygen Balance = -1.12%;

- Mixture #2: 80% gridded DBP + 20% NH4NO3 prills with
Oxygen Balance = -7.92%;

- Mixture #3: 70% gridded SBP + 25% NH4NO3 + 5% Al
(dark) with Oxygen Balance = -5.19%;

The ready compositions were loaded in aluminium testing
tubes, plugged from the both sides, with the following
dimensions:

- 320 mm /10 mm inner diameter/ 1 mm wall thickness;

- 320 mm /20 mm inner diameter/ 1 mm wall thickness.
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Each pipe has three drill holes: first for electric ignition,
second for sensor #1 (located at 3 cm from the first hole) and
third for sensor #2 (located at 25 cm from the second hole).
The ignition of the samples was made by using regular
commercial electric “bridge-wire” igniters with smooth burning
fuse-head for fireworks and professional pyrotechnic purposes,
manufactured by “META PYRO" s.r.0., Czech Rep.

Fig. 4. Loaded and plugged aluminium pipes with el. igniter -
ready for test samples

The deflagration velocity was measured by two different
devices:

- the “Trio Chronos” apparatus, manufactured by “TRIO
Electronics” Ltd., Republic of Serbia, using optic fibre sensors;

Fig. 5. Apparatus for measurement of VOD optical sensors

- the “CNT-66 Pendulum” apparatus, manufactured by
“BRL Test” Inc., USA, using a contact wire impact sensor.

Fig. 6. Apparatus for nr‘leasuremer‘\'twof \;OD with an impact sensor

Sensors and an electric starter were connected to the
testing equipment. All laboratory experiments were conducted
at the laboratory testing area of “Minproekt”, Dragichevo.

After open-air laboratory experiments, a field test at the
stone quarry was carried out.
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Fig. 7. Principal schedule for extraction of rock-cladding
materials - from primary blocks to smaller sized slices, which
will be further divided to commercial blocks

Results and discussion

The results from testing of the deflagration velocity of
different samples are given in Table 1.

Table 1. Results from testing of the deflagration velocity of
different samples

Sample Ne Inner Type of Velocity of
diameter of mixture reaction
the testing [m/sec.]
tube [mm]

1 10 #1 224.46
2 10 #1 7.42
3 10 #1 637.59
4 10 #2 182.23
5 10 #2 251.46
6 10 #2 190.12
7 10 #3 208.67
8 10 #3 334.44
9 10 #3 267.16
10 20 #1 531.32
11 20 #1 1847.70
12 20 #1 897.37
13 20 #2 451.45
14 20 #2 390.08
15 20 #2 407.92
16 20 #3 536.88
17 20 #3 467.14
18 20 #3 537.89

It is visible from the results that Mixture #1 (flash-powder)
gives higher velocities of explosive decomposition and
because of thein bigger diameters of the charges it is prone to
pass from combustion to detonation, which is not suitable to
the industrial requirements for low-explosive charges. Mixture
#2 (with SBP) and Mixture #3 (with DBP) are increasing their
velocities of deflagration with enlarging the diameter of the
charge, but the samples containing DBP and Aluminium are
releasing more energy, as expected.

An approach for exploiting the flash powder energy
(Mixture #1) without a risk of transition from deflagration to
detonation was invented for the field tests at the stone quarry.
It is well known, that the main reasons for this transition are the
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high temperature, the high pressure and the big volume of the
charge. Small amounts of flash powder (4 g.), accommodated
in well plugged paper tubes with a tiny hole, were separately
used for the preparation of pyrotechnic petards with zero-
delay. Ready petards were applied for the creation of
decoupled chain charges with different gaps (air-spacing), by
fixing them to a wooden stick and connecting them with a quick
fuse. Thus, very low concentrations of the explosive charge in
the drill-holes (between 0.040 and 0.065 kg/m) were achieved.
Hard casing of the petards and air-gaps between adjacent
charges, as well as air-gaps between the charges and the
walls of the bore-hole do allow the so-called “flash over”, nor
increasing of the pressure to dangerous rates for the transition
to detonation. Reliable inert stemming from the top charge to
the mouth of the blast-hole assured the necessary conditions
for enough pressure of gaseous products, which ensures the
needed crack in the desired plane.

g e
Fig. 8. Field test with decoupled chain-charges for smooth
splitting at stone quarry

These de-concentrated chain-charges become suitable for
really smooth blast-splitting of thin stone slabs, preventing the
risk of undesirable fractures and micro-cracks in the material.
For successful blast-cutting without undesirable losses of
expensive stone material, a very important condition for at
least four free surfaces should be accomplished. Otherwise,
some curvatures in the direction of the planned crevices could
be expected.

o~ 8 R : o : ’\
Fig. 9. Effect after experimental cautious blast-splitting of stone
slice with divided chain-charges

For the field tests at the stone quarry, mixtures #2 and #3
were used for the preparation of 100 g charges in thin plastic
bags, fitted to the diameter of drilled holes. The length of the
blast holes was 1.60 m. For better distribution of the energy of
compressed gases, the explosive charge was separated in two
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parts with inert stemming between them and simultaneous
ignition.

Fig. 10. Ready for loading charges of propellant-based non-
detonating compositions

The initial impulse of each charge was provided by fast-
speed-deflagrating pyrotechnic booster for better performance
of the propellant mixtures. A single petard, containing 4 grams
flash composition (Mixture #1) with an electric igniter, was a
good solution for that “pyro-booster”. The weight of the bottom
charge was 0.200kg. The second charge, located in the middle
of the hole’s length contained 0.100 kg mixture. The total
explosive quantity in each blast-hole was 0.300kg propellant
mixture. Reliable inert stemming between the charges and
especially from the second charge to the mouth of the blast-
hole assured the necessary conditions for enough pressure of
gaseous products. That guarantees the best possible crack
formation for splitting. In order to achieve smoother and more
even cracks in the necessary cut-planes, the spacing and
collaterality between the drill-holes should be very precise.

Fig. 11. Results after the experimental blasting with propellant-
based non-detonating compositions (Mixtures #2 and #3)
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The price of the applied materials was 0.6 BGN for the
production of one testing cartridge.

Conclusion

The application of waste SBP and DBP after utilisation of
old and unnecessary ammunitions is studied for obtaining non-
detonating explosive cartridges, suitable in dimension stone
mining, as well as for blasting activities in tender and
complicated conditions. The velocities of propagation of the
reaction of chemical destruction of the tested three different
high-energetic compositions were between 180 and 600
m/sec. depending on the diameter of the charges and the
ingredients. The propellant based samples did not show any
tendency for transition from deflagration to detonation in case
of ignition with a soft burning electric fuse-head. The results
from the blast-splitting tests in a stone quarry were satisfactory.
There were no undesired cracks in the treated rock bodies. No
fumes emission, air-blast or fly-rocks were detected after the
explosion of propellant-based compositions #2 and #3. The
flash-powder (Mixture #1) showed higher velocities of
deflagration and because of the bigger diameters of the
charges it is prone to pass from combustion to detonation,
which makes it useful only for “mini-pyro-boosters” or multi-
deck charges from chained small diameter petards.

Acknowledgements. Cordial thanks to the management and
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“RIOLIT-B”, Plovdiv for the provided sites, workers and equipment
during the laboratory and field experiments of the samples.

References

Bozhilov, N. 2018. Proizvodstvo na vodosadarzhashti
promishleni eksplozivi, sensibilizirani s bezdimni baruti,
polucheni ot utilizaciyata na nenuzhni boepripasi. PhD
Thesis (in Bulgarian).

Mitkov, V. 2007. Proizvodstvo na eksplozivi za grazhdanski
tseli (in Bulgarian).

Mitkov, V. 2010. Bezopasnost pri proizvodstvoto | upotrebata
na eksplozivi (in Bulgarian).

Shishkov, P., N. Stoycheva. 2018. Savremenni vzrivni tehniki
za dobiv na skalno-oblicovachni materiali. - Mining and
Geology Magazine, 10-11, 42-49 (in Bulgarian with
English abstract).



Journal of Mining and Geological Sciences, Volume 62, Number 2, 2019
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ABSTRACT. The use of sites in old or active mining regions or with natural openings in the ground includes an elevated technical risk, as constructions can be
constrained due to unplanned deformations of the subsoil. Typical failure modes include pothole subsidence or earth falls, when failing soil masses are displaced and
loosened stepwise toward a collapsing opening in the ground. The displacement process continues until a stable static equilibrium is reached and a further
propagation of displacements is prevented. In order to determine the failure probability on a given site due to pothole subsidence, an efficient generalised
computational prognosis method for the practical estimation of the expected subsidence volume is required and proposed based on simple geotechnical assumptions
for multilayer sites and general primary failure volume configurations.
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PE3IOME. ExcnnoaTupareTto Ha 06eKTH 1 KOHCTPYKLMW B CTAPU UMM aKTUBHW MUHHW PaOHM B 38MSATa BKITIOYBA MOBULLEH TEXHUYECKW PUCK, Thil KaTO KOHCTPYKLMUTE
morat fia 6baaT orpaHuyeHn nopaav HennaH1paru aechopmaLym Ha NOAMOYBEHUTe CroeBe. TUMMYHITE paspyLuaBaHus BKIOYBAT MyMaa Ha CrisraHe Unu CpyTuLa,
koraTo obpyLuaBaLyuTe NOYBEHM MacK Ce N3mMecTBaT v oTcnabeat CTbnanoBnaHo kbM 06pasyBanoTo ce cpyTuLe. MpoLeckT Ha M3MecTBaHe NPOAbITKABa, [OKATO
Ce NocTUrHe cTabWnHO CTaTMYHO paBHOBECME U Ce MPefoTBPaTH MO-HATATLLIHOTO PasnpoCTPaHeHWe Ha nponadaHnaTa. 3a fa ce onpefeny BEpOSTHOCTTA 3a
pa3pyLueHue Ha fafeH obekT nopaau MynaaTa Ha crsraqe, e Heobxoaum edekTBeH 0606LLEH N3YMCTIMTENEH NPOTHO3EH METOZ 3a NPaKTUYECKOTO U34MCNSBaHe Ha
ovakBaHus obem Ha cnsraHe. TakbB METOf, € NpearnoxXeH, OCHOBaH Ha MPOCTY Fe0TEXHUYECKN NPEANONIOKEHNS 38 MHOTOCTONHN 0BeKTV 1 0BLLM KOHUrypaLum Ha
obema Ha MbpBUYHI pa3pyLLaBaHs.

KntouoBu gymu: pyaHuk, cisirake, Mynaa Ha crisirade, AecopMauus, NporHosa

Introduction

The use of sites in old or active mining regions or with
natural openings in the ground includes an elevated technical
risk, as constructions can be constrained due to unplanned
deformations of the subsoil. Typical failure modes include
pothole subsidence or earth falls, when failing soil masses are
displaced and loosened stepwise toward a collapsing opening
in the ground. The displacement process continues until a
stable static equilibrium is reached and a further propagation of
displacements is prevented.

In order to determine the failure probability on a given site
due to pothole subsidence, an efficient generalised
computational prognosis method for the practical estimation of

the expected subsidence volume is required and proposed Fig. 1. The concept of the Generalised Failure Volume Balance

based on simple geotechnical assumptions for multilayer sitts  method (GFVBM) in the first layer above the initial volume
and general primary failure volume configurations.
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Generalised Failure Volume Balance Method

The simple and robust concept of the Generalised Failure
Volume Balance Method (GFVBM) for computational pothole
subsidence analysis on a site with multiple layers can be seen
in Figure 1. The method is a straightforward extension of the
Failure Volume Balance Method (FVBM) (Meier etal., 2005;
Tamaskovics etal., 2017).

In an artificial or natural void space with the height of h and
inclination a, a local failure with an assumed elliptical cross
section takes place in the roof over a length of 2a, and width of
2by. The void space inclined with the angle a is filled with
failing masses, where a primary (initial) volume V,=Vj,
develops with a typical bulk friction angle . In the subsoil, a
failure zone extends vertically in all layers consecutively
towards the ground surface.

During the failure process, the material volume is
increased with a material specific loosening factor s; in each

layer “i” that is well known from extensive long term field
observations on different types of geogene materials (see
Table 1).

If the failure process reaches the ground surface, a
secondary (surface) subsidence volume Vs will result and can
be computationally estimated with the simple theoretical
framework of the Generalised Failure Volume Balance Method
(GFVBM).

Table 1. Typical loosening factor values derived from extensive
long term field observations (Sroka et al., 2018)

Author Value of the
loosening factor s [1]

Kuzniecow (1950) 1.15 - 1.35 (for Russian
conditions)
Lisnowski (1959) 1.40-1.80
Salustowicz and Galanka (1960) 1.01-1.25
Chudek (Borecki, Chudek, 1972) 1.30-1.60

Czechowicz, Kuzniecow,
Dawidianic, 140

Kilaczkow (Borecki, Chudek, 1972)

Znanski (1974) 1.08 (shales) -

1.35 (sandstones)

Niemiec (Jarosz 1977) 1.23 £ 0.064
Staron (1979) 1.35-1.40
Peng (1986) 1.10-1.50
Whittaker and Reddish (1993) 1.33-1.50
Mazurkiewicz, Piotrowski, 1.15-1.50
Tajdus (1997) (for Polish conditions)
Das (2000) 1.05
Piechota (2003) 1.35-1.45
(shales and other rocks with
low strength parameters)
1.40-1.60
(hard rocks with medium
strength parameters)
1.45-1.80
(hard rocks with high
strength parameters)
Heasley (2004) 1.05-1.35
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Theoretical concept

The theoretical concept of the generalised failure volume
balance method (GFVBM) is based on the governing volume
conservation equation

n
Vd,i =Vp —_Zth,i (si -1), [m°], (1)

where a deficit volume V; is systematically computed at each
layer boundary “i" from the failure mass volume Vi the
material specific loosening factor s; and the layer thickness t; .

At each layer boundary, the propagation of the failure
process is assumed to continue, if the resulting deficit volume

Vg, in a layer “i" is positive

Vd,i >0, [m3].' @)

In layers with full propagation of the failure process, the
form of the failure zone is assumed as a cylinder with an
elliptical horizontal cross section. The propagation of the failure
process is assumed to cease, if the resulting deficit volume Vai
in a layer “i” is negative or vanishes

Vd,i <0, [m3]. ()

In all layers with ceasing propagation of the failure process,
the form of the failure zone is assumed as a half ellipsoid with
elliptic horizontal cross section.

If the pothole failure process propagates up to the ground
surface through all “n” layers in the subsoil, a secondary
(surface) failure volume Vg is expected to develop
VsSn =Vd,n >0, [m°] (4)
that can be estimated with equations (1) and (4) from the
primary failure volume V,, the consecutive failure volumes Vi

and loosening factors s; in the individual layers

(%)

n
Vg = i[vp _-ZELVt’i (Si —1)}, [m3].
i=

Sn

Fig. 2. Initial (primary) failure volume prognosis
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Primary failure volume prognosis

The primary (initial) failure volume in a linear void space,
like a mine road or tunnel with a height h, inclination a, bulk
friction angle of the failing mass ¢, elliptic failure aperture with
surface area Aj and void space cross section area Ay, can be

easily estimated from the general equation (see Figure 2).

tan(p—a)+tan(p+a) (6)

3
2tan(p—a)tan(p+a)’ (1.

Vp =Vh = Agh+ Agh

Similar equations can be derived for different volumetric
failures in caverns and mine roads or tunnel crossings (Meier
et.al., 2005). The accuracy of the primary (initial) failure volume
is essential for the quality and reliability of a computational
pothole subsidence prognosis.

Failure aperture surface area

Under assumption of an elliptic form, the surface area Ao of
the failure aperture with a length of 2a, and width of 2by, in the

roof of the void spacecan be estimated (see Figure 2).

Ay =aghor, [M?] (7)

Timber securing

In case of a classical timber door securing of failing mine
roads with a roof width of 2by and a side inclination angle B to

the vertical, the cross section area Ay, of the primary (initial)
failure volume V, =V}, can be derived from (see Fig.2)

Py =bgbsh, [m?] ®

where b4 is the width of the road base

by =bg +htan g, [m*]. ©)

Roads and tunnels with elliptic or circular cross section

The cross section area of a tunnel with elliptic form with a
height of 2d; and a width of 2c; can be calculated from the

equations

h<dg: Ay =2codos—cd, [m?] (10)

and

h>dg: Ay =2cd S +cd, [m?] ()

depending on the height of the void space h. The height d and
the width ¢ are obtained from the geometry of the elliptical road
cross section of dy half height and co half width. In the
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preceding equations, the angle 6 is assumed to be symmetric
to the vertical direction and must be inserted in radians.
In case, that the half height dy and half width co coincide,

the equations (10) and (11) transform to the case of a tunnel
with circular cross section and radius r=cq=d,.

Table 2. Computational pothole mine subsidence analysis with
the practical application of the Generalised Failure Volume
Balance Method for the case of a timbre door secured mine
road failure in @ multi-layer site

Half length of failure aperture ap= 1.1 [m]
Half width failure aperture bo= 0.9 [m]
Height of failing mine road h= 2.0 [m]
Inclination of failing mine road a= 5.0[°]
Inclination of timber door = 10.0[°]
Bulk friction angle Q= 30.0[°]

Primary (initial) failure volume V=V, = 21.602 [m?]

Layer: Height: Loosening Deficit
factor: volume:
I ti S Vd,i
[1] [m] [1] [m?]
1 7.0 1.10 +19.433
2 8.0 1.15 +15.663
3 9.0 1.20 +10.008
4 10.0 1.25 +4.772

Secondary (surface) failure volume V¢ = 3.818 [m?]

Practical application

The practical application of the Generalised Failure Volume
Balance Method (GFVBM) is demonstrated in an example
calculation for a failing timbre door secured mine road in a
multi-layer site. The input values and calculation results can be
seen in Table 2.

The mine road with a height of h=2.0[m], a side inclination
of B=10[°] and a base inclination of a=5[°] is assumed to fail in
its roof over an elliptic failure aperture with a half width of
by=0.9[m] and a half length of ag=1.1[m], being filled with failing
masses depositing with a bulk friction angle of =30[°]. In the
individual layers in the subsoil with heights t; and loosening

factors s;, consecutively positive deficit volumes Vy; indicate

the propagation of the pothole subsidence failure process up to
the ground surface, leading to an expected secondary
(surface) failure volume of V=3.818[m3].

Summary and Conclusions

The use of sites in old or active mining regions or with
natural openings in the ground includes an elevated technical
risk, as constructions can be constrained due to unplanned
deformations of the subsoil. Typical failure modes include
pothole subsidence or earthfalls, when failing soil masses are
displaced and loosened stepwise toward a collapsing opening
in the ground. The displacement process continues until a
stable static equilibrium is reached and a further propagation of
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displacements is prevented. In order to determine the failure
probability on a given site due to pothole subsidence, an
efficient generalised computational prognosis method for the
practical estimation of the expected subsidence volume is
required and proposed based on simple geotechnical
assumptions for multilayer sites and general primary failure
volume configurations.

The simplistic theoretical framework and low number of
required input parameters make the practical application of the
Generalised Failure Volume Balance Method (GFVBM) very
easy and advantageous for inverse analyses, probabilistic
studies or risk evaluations with mathematical methods
(Tamaskovics, 2019). Based on available long term
observations and field studies, the proposed prognosis method
can be applied independently from the geogene material in the
subsoil (see Table 1).
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ON THE DISTORTED CONTOUR OF AN ELLIPTICAL OPENING PASSING A ROCK MASS
WITH A HORIZONTAL PLANE OF ISOTROPY

Violeta Trifonova-Genova

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; violeta.trifonova@yahoo.com

ABSTRACT. The question of determining the displacements in transversal isotropic rock mass is discussed in the article. The plane of isotropy is horizontal. The
specified class of tasks is solved by the complex variable theory. According to this method, it is necessary to solve two tasks for determining the displacements inthe
environment under consideration. In the first task the rock is undistorted, but in the second task it is expressed after advancing the opening. The displacements in the
first task are known and those inthe second task are expressed by two complex potential functions of stresses. These functions and the displacements themselves in
involved form at points of the surrounding rock mass around the opening have been identified in a previous work by the author. Displacements’ values on a contour of
elliptical opening for a real transverse isotropic rock mass have been obtained. The deformed contour of the opening is depicted through them. The presented solution
complements the idea of changing the type of contour.

Keywords: elliptical opening, transversal isotropic rock mass, displacements

BBbPXY AE®OPMUPAHUA KOHTYP HA ENUNTUYHA U3PABOTKA, MPEMUHABALLA MACUB C XOPU3OHTAITHA
PABHMHA HA U30TPONKA

Buonema TpugpoHoea-I'eHosa

Murto-eeonoxku yHusepcumem “Cg. UeaH Puncku®, 1700 Cogpusi

PE3IOME. B cratusita ce pasrnexaa BbnpoChbT 3a OnpefensHe Ha NPemMecTBaHusTa B TPaHCBEP3aNHOM30TPONEH MAcyB OKONO enunTuyHa n3paboTka. PaBHuHaTa
Ha M30TPONUS € XOPU3OHTaNHA. YKa3aHUAT Knac 3afaum ce peLuasa c Teopust Ha (PyHKUMSTa Ha KOMNekcHa npomeHnmuBa. Cnopen Hero € HeobxoauMo aa ce pelat
[Be 3a/la4y 3a OnpejensiHe Ha NpeMecTBaHusTa B pa3rnexaaHata cpefa. B mbpeata 3afjava ckanata € HeHapylleHa, a BbB BTopaTa 3afava Ts Ce pasrnexaa cnes
npokonaeaHe Ha oTBopa. peMecTBaHUsITa B MbpBaTa 3afaya ca U3BeCTHY, a Te3W OT BTopaTa 3afaya ce 13passiBaT 4Ype3 e KOMMNEKCHU NOTEHLMANHN (yHKLMN Ha
HanpexeHusiTa. Tean yHKUMM U camuTe MPEMECTBaHUS B SIBEH BWA B TOYKW OT OKONHATa CKalHa Maca OKOfo OTBOpa Ca OnpefeneHu B npeguwHa pabota Ha
aBTOpa. 3a peaneH TpaHCBEP3aNHOM30TPOMNEH MacKB Ca MOMy4eHN CTOMHOCTATE Ha MPEMECTBAHMSATA MO KOHTYpa Ha enunTuYHa u3paboTka. Ype3 Tax e n3obpaseH
[AedopMUpaHnst KOHTYp Ha uspaboTkata. [peAcTaBeHOTO pelueHye AoMbrBa NpeacTaBaTta 3a NpoMsiHaTa Ha BIUAA Ha KOHTYpa.

KniouoBu AYMU: enunTu4Ha I/I3p360TKa, TpaHCBepP3anHoM30TPONeH MacuB, NpeMeCTBaHNA

Introduction 1961; Minchev, 1960). This solution is also developed for an

elliptical opening (Savin, 1961; Minchev, 1960a; 1960b) and for

In order to examine the displacements of the rock mass in a square opening(Lei et al., 2001; Guangpu et al., 2015).

underground mining opening it is necessary to periodically When the rock mass has the horizontal plane of isotropy
determine the mutual position of individual points of its profile and the opening is elliptic, the expressions of stresses are
and compare with their original location in ground. Study and obtained in (Minchev, 1960b). In this work the expressions of
tracking of displacements is done by organising and the displacements aren’t given. This made it necessary to write
conducting instrumental measurements over a fixed period of ~ the analytical expressions of the complex potential functions
time according to the observed process of deformation. Special (Trifonova-Genova, 2018a) and to determine the expressions
observing stations are used for this purpose. The geodesic and of the displacements in involved form(Trifonova-Genova,
mine surveying methodshave an important role in the study 2018b). Thus,the deformable contour of the hole for real rock
(Tzonkov et al., 2018a; 2018b). Specific software packages, mass can be obtained and this is the purpose of the present
software products of a more general nature and separate paper.

programmes are used to process measurement data.
In addition to these methods, classical methods of the elasticity

theory are known. In these methods the solution depends on Methods

an appropriate function of stress. This function in (Nikolaev et

al., 2016) is presented in an infinite ascending order. The Formulation of the problem

function in (Muskhelishvili, 1963) is a sum of two functions of a A horizontal opening in the form of an ellipse is drawn in
complex variable (England, 1971; Denis, 2011).These the rock mass at a sufficiently large depthH.The beginning of
functions have been output for a single round hole passing the coordinate system is selected to bein the centre of the
through an isotropic rock mass (Sahoo et al., 2014; Savin, opening. The rock mass is transversally isotropic with a

103



Journal of Mining and Geological Sciences, Volume 62, Number 2, 2019

horizontal plane of isotropy. The vertical stress in undistorted
rock massQ is obtained after multiplying the volumetric weight

y and the depth Hof the opening (fig.1). The coefficient k1 of

the lateral pressure participates in the expression of horizontal
stress in same rock mass.

y
0 .
kQ L L
B L5 o
Y i 10—
— El.lul e
N+

Fig. 1. Horizontal elliptic opening in rock mass with a horizontal
plane of isotropy

Expressions of the displacements

To solve the problem the plane elastic complex variable
function methodis used.The displacements area sum of the
displacements in undistorted rock mass and the displacements
as a result of work progress (Trifonova-Genova, 2018a;
Minchev,1960a):

Uy =Uy + ZRe[pchl(Zl)+ pzq)z(zz )]
uy = uyo + 2 Re[qlcbl(zl)_'_ qZCDZ (ZZ )]’

where
Z, =X+Sy; 1=12.

Here x and y are coordinates of a point of rock mass, U,

uy is the

displacement of the direction y, S, and S, are the roots of

characteristic equation of the field (Minchev, 1960a).
The components of the displacements in undistorted field
which take part in equation (1) are:

Uy, = {klcll + ClZ}Q X
Uy, = (k1C12 +C22)Q y .

is the displacement of the direction X,

(2)

Here U, is the displacement of the direction X, Uy, is the

(o]

displacement of the direction y .
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In expression (2) C i arethe reduced coefficients of the

deformation, whose expressions can be seen in (Trifonova-
Genova, 2012; Minchev, 1960a). They are expressed by the
physical and the mechanical characteristics of the rock mass.
These characteristics are two types: in the direction parallel to
the plane of isotropy and in the direction perpendicular to the

plane. The first type includes the Young's modulus E, and the
Poisson’s ratio: £¢ . In the second type, the Young's modulus:

E,, the Poisson’s ratio £z, and the shear modulus G,
participated.
The two functions

@ of equation (1) are complex

potential functions. They are analytical in the region S
occupied by the elastic material (Fig.1). To transform this
region into an outer region of a unit circle the transformation
given in (Minchev, 1960a) is used. The limit values of complex
potential functions and their expressions in the outer region of
the unit circle ¢ are determined. Then they are replaced in the

expressions of the displacements. The latter are a function of
the polar angle @ :

u, =2u,cosé; u, = (u'yo +2u'y)sin 0, (3)
where

u =Red,+Red, +Red,+RedD,,;
u, =M, +IMd,, - IMd, —Imd,;
Uy, =(kCp, +C,, )Qb.

The expressions of 5“ (J=1+4;1=212) are given

(4)

in (Trifonova-Genova, 2018b). The horizontal displacements in
the undistorted rock are small and therefore not included in (3).

Numerical example
An opening in the shape of an ellipse hasa width of

2b = 3mand a height of: 2a = 4.8m . It draws at a depth
of: H =300m . The volumetric weight of the material of the
rock is: ¥ = 0.28.10 > MN / m® . The vertical stress in situ
is:Q =15MPa.

The physical and the mechanical characteristics of the rock
mass can be seenin Table 1.

The formulas of the coefficients of deformation can be
seen in (Trifonova-Genova, 2018a; Minchev, 1960a). They

participate in reduced coefficients C il of deformation as well

as in the coefficients of the lateral pressure (Trifonova-Genova,
2018a). Their values are given in Table 2.

Table 1. The physical and mechanical characteristics of the
rock mass

E, Hy E, H G,
10° 10 10
MPa MPa MPa
14.5 0.105 415 0.3 8.24
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Table 2. Reduced coefficients of deformation C;,

Cll ClZ C22 C66 k1
10°° 10°° 10°° 10°°
cm?/kg | cm?/kg | cm?/kg | cm?/kg
6.7 -0.94 2.2 12.15 0.34

These coefficients participate in the characteristic equation
of the rock mass. The roots of this equation are imaginary

numbers: S, = 0.885i ands, =1.9708i . Here | is an
imaginary unit.

The coefficients: D,
complex variable function, can be seen in (Trifonova-Genova,
2018a; 2018b).In the appendix tothe first article the expression
of real and imaginary parts of the coefficients, used in equation

(1), is given. The values for a concrete rock mass are given in
Table 3.

related to the determination of the

Table 3. Coefficients P; and (;

J Re p; Img;

10° 10°
1 -6.193 -3.317
2 -26.963 -2.969

The second appendix in the same article describes the
expressions of real and imaginary parts of the coefficients:

g; and Gjl . They have thefollow values:

[0.115 6.848
1.886 —0.416
0.416 0.177
refo, ] 6.848 0540 |
1962 1421
10.789 1421
0.115 -0.177
| 1.886  0.540 |

Im|.ngJ= 0; ImlG“J: 0; ImlG(j+2)|J= 0;

[ —0.709 -184.638]
~11.678 11.212
—2576 —4.759
RelG, |- —42.412 14562
112,148 -38.325
—-66.824 —38.324
-0.709  4.759
| -11.678  14.562 |
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The real and imaginary parts of the coefficients D i and

(O] jiare calculated by an expression, given in the second

article. The numerical values of these coefficients can be seen
in Table 4.

Table 4. Coefficients D J-

j D, j D,
10° 10°°
1 2.576 5 1.379
2 42412 6 22.713
3 -38.325 7 -4.220
4 -38.325 8 -4.220

The numerical values of the complex variable functions

Ej, (]=12;1=12)are:

|m|:q)ll (Dlz_ — 0; Re|:q)31 (DSZ} — 0;
(D21 CD22_ 41 (D42
| —14.414 -12.824
Re[o,|=10 ;
| —266.007 —30.538
| 5457 -6.868
|m[CD(J-+2)| ]:10 .
—29.289 -3.362

These functions are involved in expressions for constants:

—647.564.10°, u'y =27.204.10°°

. s _
Uy, =67.593.10™ of equation (4). The components of

displacements by contour of the opening are obtained by (3).
Their values in 7 points have reference to the vertical stress in
undistorted rock mass and the results are given in Table 5.

The part of the final contour of a cross section for a shallow
elliptic hole (Fig. 2) is drawn using the values in the table. This
part is symmetricaltothe vertical and horizontal axis of the hole.
The final contour is given in a continuous line, but the initial
contour is in interrupted line.

u;( and

Table 5. Results

point o u, U_y
Q Q
10°° 10°°
m?3 m?3
kN kN
1 0 4317 0
2 15 -41.70 1.64
3 30 -37.39 3.16
4 45 -30.52 4 .47
5 60 -21.59 547
6 75 1117 6.10
7 90 0 6.32
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As can be seen in the figure, the contour is moved. The
highest point rises, the low point goes down and the horizontal
points move inwards in the hole. Thus, the contour of elliptical
workmanship takes a curvilinear look.

'1 ;

X

4 -

Fig. 2. Initial and final contours of the tunnel cross section for a
shallow elliptic tunnel

Conclusion

The components of the displacements after advancing the
opening are expressed by two complex potential functions of
stresses. These potential functions are expressed by long
formulas. This requires the use of modern means for
calculating them (computer, Excel, etc.).These means are
affordable and have a low price.

The algorithm implemented in the numerical example can
be used in future work to determine the displacements in rock
mass with an inclined isotropic plane.

The task under consideration can be solved by the
numerical method of finite elements. The area around the hole
occupied by a continuous elastic and homogeneous
environment divides into triangular elements. The nodes of the
elements are recorded equations of mechanics of the
continuous environments. These equations are differential.
Their numeric solution gives us the displacements in the
nodes. This is doneby software packages or a separate
programme. Such a programmeis given in (Mihaylov and al.,
2013), applied in the solving of plane and elastoplastic tasks.
They measure the body’s stability with the failure criteria of
Hock-Brown, Mohr Coulomb andthe modified stability criterion.
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MINE SURVEYING ACTIVITIES IN MANAGEMENT OF GEOMECHANICAL PROCESSES

Alexander Tzonkov

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; altzon@abv.bg

ABSTRACT. When investigating and managing geomechanical processes, the activities of the mine surveyor are limited to: receiving primary information; office data
processing; creation of intermediate and final documents; preparation of recommendations and instructions for conducting process management events in the massif.
To make the work of the mine surveyor efficient, all activities need to be automated, i.e. to create an automated system for managing the geomechanical processes in
the array. It should be part of the overall system "RUDNIK". It will contain several modules: 1. "MODEL" - model of natural conditions and model of mining. 2.
"TECHNOLOGY" - after taking into account the actual conditions for a particular site, the research technology, the measurement methods, the type and accuracy of
the instruments, the intervals between the observations, etc. will be chosen. 3. "MASSIF" - based on the results of the measurements, the data on the physical and
mechanical indicators of the rocks, etc. The type of the stress-deformable state of the massif will be determined. The proximity of the array state to a known
theoretical model of the environment will be assessed according to set criteria. 4. "PROJECT" - prognosis of the anticipated manifestations of the geomechanical
processes will be carried out, zones of influence and dangerous impact of the mining works will be determined, etc.

Keywords: geomechanical processes, management, mine surveying works

MAPKLUAMAEPCKO OCUIYPAABAHE B YMPABNIEHUETO HA FEOMEXAHUYHU MPOLIECU
AnekcaHdsp LjoHKo8
MurHo-eeonoxku yHusepcumem “Ca. Mear Puncku”, 1700 Cocpusi

PE3IOME. IMpu n3cneasaHe v ynpaerieHne Ha reoMexaHuyHin npoLeck AeMHOCTUTE Ha MapKliaiaepa Ce CBeXaT [O0: MoryvaBaHe Ha MbpBUYHA MH(OpMaLKS;
kaHLenapcka 06paboTka Ha AaHHUTE; Cb3aaBaHe Ha MEXOVHHN 1 KPaHW JOKYMEHTH; U3rOTBSHE Ha NPenopbKW U MHCTPYKLMK 3a MPOBEXAaHe Ha MeponpusTMs no
ynpaBneHre Ha npolecuTe B MacuBa. 3a Aa 6bae TpyAbT Ha MapKlaiidepa edekTuBeH e HeobXoaUMo BCUUKK AeiHOCTM Aa 6baaT aBToMaTuaupanm T.e. fa ce
Cb3fafe aBTOMaTM3MpaHa CUCTEMaA 3a YNpaBNieHWe Ha reoMexaHuYHWUTE npouecs B MacuBa. Ta Tpsbea ga Obge yact oT usanoctHata cuctema ,PYOHUK. Lle
cbabpxka Hakonko mogyna: 1. ,MOJAEN" - mogen Ha NpupoaHuTe yCroBus U MoAen Ha MuHHUTE uapabotku. 2. , TEXHOIOMMA” — cnen otuuTaHe Ha peanHute
YCIOBMS 3a KOHKpeTeH 00eKT Lue ce 3bupa TEXHONOrMATa Ha U3CneaBaHNsTa, METOAUTE Ha M3MepBaHe, BUA M TOYHOCTTA HA MHCTPYMEHTUTE, MHTEpBanuTe Mexay
HabniogeHusta u T.H. 3. ,MACUB” — Bb3 0CHOBa Ha pe3ynTaTuTe OT M3MEPBaHWsl, AaHHUTE 3a (DU3MKO-MeXaHUYHNUTE NokasaTeni Ha ckanute u gp. LLe ce onpegens
BMAA Ha HanperHato-aechopMMpyemMoTo CbCTOSHNE Ha MacyBa. 1o kpuTepum Le ce oueHsiBa 6rn30cTTa Ha CbCTOSHNETO Ha MacKBa A0 MO3HAT TeopeTMYeH Mofen
Ha cpepata. ,[IPOEKT” — we ce u3BbpLLUBA NPOrHO3MpaHe Ha O4YakBaHUTE MPOSIBU HA FEOMEXaHWUYHUTE MPOLIECH, LU Ce OnpesensT 30HUTE Ha BIIMSHUE M Ha OMacHO
BIMSIHWE Ha MUHHUTE paboTh U T.H.

KntouoBu Aymu: reoMexaHu4HI NpoLiecH, ynpaBneHue, MapKLUaiaepcko ocurypsisaHe

Introduction making adequate and realistic decisions about the
development system, the order of work in the space and the
The development of mining is based on continuous time of the individual jobs, safety measures, in order to
improvement of the scientific knowledge of the extraction reasonably foresee the risks in specific situations.
environment, the physical and mechanical processes taking The notion of the interaction between the different
place in it, the possibilities for improving the efficiency and elements of the environment allows solving the problem of
safety of the work, for legitimate and reasonable management building the most adequate models of the processes in the
of the mineral resources reserves. mining production. Decisions in this regard require experience
This implies a very good knowledge of the relationships and knowledge in different areas. To study the reasons for the
between the different elements of the complex system of occurrence and the characteristics of the processes in the
mining. Its management requires constant monitoring of the array, it is also necessary to accumulate a multitude in terms of
behaviour of every work place and every process at every quantity and type of data (Valkov, 2011).
stage of underground mining. Analysing the specific situation The knowledge of mining technology, the laws of rock
at a given point in time should lead to a decision on preserving mechanics, the relationships and dependencies of the
or changing the processes and the links between them to processes in the array, as well as the accumulated information
ensure the normal operation of the enterprise. from multiple observations on specific objects, allows
Regardless of whether the exploitation is conducted in an successful solving of the engineering tasks. Modelling options
open or underground way, a number of processes take place offer variants that are evaluated according to different criteria.
in the rock massif, the knowledge of which would lead to Based on estimates, the best one is chosen. It should

characterise the trend of change in time and the extent of the
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studied phenomena and processes in view of the management
of the open pit or underground mine.

The baseline information needed to provide rational
solutions and relevant analyses is mainly gathered from
studies and measurements under natural conditions. In
addition to methods known to the rock mechanics to determine
the physical and mechanical characteristics of the massif and
its behaviour, mine surveying's methods are widely used to
determine spatial variations of characteristic points from the
rock massif and the ground surface by judging changes in rock
massif due to natural or technological factors.

The block diagram, shown in Figure 1, shows a basic
model for studying the behaviour of the rock massif and the
application of the mine surveying's methods for this purpose.

The possibility to use the results of the mine surveying's
measurements to assess the state of the rock massif or object
is based on observations in the natural environment, which
determines the reality of the obtained values for the specific
technical, mining-technical and geological conditions.

Mine surveying's measurements define the characteristics
of the deformation processes that relate to larger areas in the
rock massif due to the easier and quicker acquisition of the
required data than other known methods requiring more time,
labour, and specialised equipment.

Mining and construction

‘-.
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environment
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Movements:
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- horizontals
Speeds and more

Observations and

measurements

-

Analysis
Mathematical
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| SN —_—1

I‘-
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Fig. 1. Principal model for studying the behaviour of the rock
massif with mine surveying methods

The main objects of the geomechanical studies in the
extraction of underground resources are (Yoffis, 1985):

- the rock massif and the earth's surface;

- mining works;

- mechanical processes induced in the rock massif from
natural or artificial impacts;

- the factors affecting the mechanical properties of the rock
massif and the mechanical processes in it;

- the means of regulated engineering impact on the rock
massif for purpose alteration of its properties and condition.

The rock massif as an environment in which
geomechanical phenomena and processes are evoked and
manifested is the main object of the research. Its important
characteristic is the change in its tense state as a result of the
mining works. This tense state is changed from a tri axial - in
an unbroken massif, to a two axial or close to it - to the contour
of the workings.

An overriding interest in mining geomechanics is "rock
pressure". Rock pressure, as a phenomenon, is a collective
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concept combining the set of tension states that form in the
massif due to a number of natural and technogenic impacts.
The determining factor is gravity, as a permanent and
ubiquitous natural phenomenon, and the additional ones are
the tectonic processes, the human activity in the extraction and
the construction of different facilities.

The common methodology for exploring the processes in
the rock massif consists in the extensive use and analysis of
observations in natural conditions and at the same time also in
modelling and analytical methods based on the theoretical
aspects of the main sections of modern mechanics and the
mathematical and physical analogies.

The geomechanical stability of the ‘"rock massif-
underground works" system is determined (lvanov, 2006;
2007) from the interaction of three main factors:

1. Deformed state of the rock massif;

2. Geological structure, structural features and physical
and mechanical properties of rocks;

3. Effects of the technological impacts on the above
factors.

Surveying and mechanical methods can be used for their
determination.

Surveying methods identify the displacements to fixed
points (in absolute coordinates) or to points in the area of
influence of mining operations (in relative coordinates).
Horizontal and inclined lengths, horizontal and zenith angles,
line deviations, angular deviations, exceedances determined
by geometric or trigonometric level are measured. It is also
possible to apply photogrammetric methods (Ivanova, 1991).

The angular-linear and height measurements applied for
studying the deformation state of the rock massif are used to
determine (fig.2):

- the linear dimensions of the zones in the rock massif with

a different deformation state;

- the boundaries of undermine zones and overmine;

- the parameters of the rock movement process;

- the change in the size and shape of the mining works.

During the various stages of the deformation processes,
the following are established:

- absolute and relative displacements;

- moving speeds.

Through the determined displacements in the space of
observation points  (Tsonkov, 2018) the invariant
characteristics of the deformations: can be calculated

- relative change of area - dilation 9;

- form change - maximum displacement y,,

- main deformation values Es and Ezin the T1and T

directions of the main axes.

In mechanical methods in the rock massif embed in depth
repers or repers in the contour of the work section or on their
fastening; devices are used to determine the relative
displacements of different points from the surrounding rocks.
Specialised equipment is used to define elements of the
strained-deformed state of the rock massif or to monitor the
behaviour of the system "Rock - Support".

General scheme of mine surveying measurements and
their results in underground and open groundwater
development in connection with studying the geomechanical
state of the rock massif and the earth's surface.
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Fig. 2. General scheme of mine surveying measurements and
their results in underground and open groundwater development
in connection with studying the geomechanical state of the rock
massif and the earth's surface

Based on the results of the studies with the two groups of
methods, a mathematical model of the studied geomechanical
processes can be created.

The model, though idealised in some ways, due to a
number of assumptions and insufficient knowledge of the
environment, should serve as a description and as a means for
managing the researched object.

The matching of the chosen model with the nature of the
research process is done through continuous correction after
introducing new elements and results from experimental data.

The adequacy of the model is based on the formation of
accurate assessments and their correct use for impact on the
real object of the study.

If necessary, according to established methodologies,
forecasts of the stress, displacement and deformation values
at selected rock massif points are made. Actions for rational
deployment of preparatory and extraction works, safe mining,
reduction of stresses in the massif, ensuring the safety of
facilities and objects on the surface and in the massif are
recommended.

System for mine surveying activities in the
management of geomechanical processes

With the introduction of new techniques and technologies
in terms of apparatus, tools and methods of mine surveying
mapping (Begnovska et al., 2014) and the processing of huge
amounts of data, numerical models have already been created
in many mines. They are mainly used to visualise the spatial
position of the ore bodies and the layers and mining works.
Measurements are made only at distances and angles.

In order to make the work of the mining company more
efficient, the results more accurate and complete, and in order
to achieve the unity of the decisions and the control of their
implementation, it is necessary to create a unified automated
management system in the mine. It should contain subsystems
or separate modules that can provide adequate real-time
management. As part of this system called "MINE", for
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example, there should be also a mine surveying system for
geomechanical processes.

The objectives of the mine surveying system must lead to
or be part of the objectives of the “MINE” system.

From a structural point of view, the mine surveying system

for geomechanical processes must contain  several
subsystems.
MODEL Subsystem

This subsystem has two components:

- "model of natural conditions";

- "model of mine workings".

In order to get effective real solutions, the model needs to
meet several conditions:

- to be "adequate" to existing nature mineral deposits;

- to be "technological" - to reflect truly and really the
dynamics of technological development processes in mining
operations;

- to have the "reversibility" property of numerical type and
to be able to pass quickly and accurately in graphic mode and
vice versa;

- to be "informative” - to allow only unambiguous answers.

The MODEL subsystem has to create and maintain the
mining model by converting the information from the surveying
image capture into a numerical model (Begnovska, 2016).

This can be done with specialised or non-specialised
software.

The relationship between the geological study and the
information on the environment and the numerical model of the
mine works is carried out by the model of natural conditions. It
binds the numerical spatial arrangement of mining work with
that of the underground treasures, its properties, the physical
and mechanical state of the massif, the type of rocks, the
geological disruptions and all other natural assets. This
requires continuous updating of both models.

In general, the model of mining works and the model of
natural conditions form the information level - the "database" of
the system.

The MANAGEMENT subsystem

This subsystem must have three modules: "MASSIF",
"TECHNOLOGY" and "PROJECT".

Module "MIASSIF"

Based on the results of the measurements, the data on the
physical and mechanical indicators of the rocks, the knowledge
of analogous conditions, etc., the type of stress-strained state
of the rock massif is determined. The proximity of this state to
a certain theoretical model of the environment - elastic, plastic,
rheological, model of continuous, layered, block etc. is
assessed. Upon confirmation of such proximity, further
forecasts, recommendations and events are made on the basis
of this theoretical model. If no close theoretical model is found,
the medium is considered stochastic as it is.

Module "TECHNOLOGY"

With the application of modern scientific achievements and
optimisation methods, after taking full account of the actual
conditions of the particular site, in accordance with the
technical norms for conducting measurements (lvanova, 2012),
it is possible to choose the way of observation, to design an
observation station (location, number of observed points,
stabilisation, etc.), to define the intervals between the
measurements, the measurement accuracy, etc. The module
should also choose suitable measuring equipment.
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Module "PROJECT"

After determining the type of strain-strained rock massif
condition and after analysing the results of experimental
studies and measurements, it is possible to:

- forecast the expected displacements and deformations;

- determine the dimensions of the zones of influence and of

dangerous influence;

- determine the degree of undermine of the rock massif

and on the Earth's surface;

- assesse the state of the sites, facilities and the rock

massif as a whole;

- define the parameters of the supports.

The module should offer actions:

- to reduce the harmful impact of mines works;

- to prevent accidents in the mine;

- to ensure normal and safe work;

- for environmental protection;

- rational use of the stocks of underground minerals.

Figure 3 shows a block diagram of the system for mine
surveying activities in the management of geomechanical

processes.
Since information on the environment of occurrence of
geomechanical processes is always insufficient and

incomplete, much of the decisions and forecasts will be taken
and done by the operator. This will be based on his
experience, knowledge and engineering intuition. The "human-
machine" dialogue is an important link in the management of
geomechanical processes.

MINE

Mine surveying activities in
management of
geomechanical processes

——

S
_— ™~
e ~
MODEL MANAGEMENT
“N\ VS
\\\ // .
% N 4 ~y —
ROCK
ENVIRONMENT MINE WORKINGS VASSIF TECHNOLOGY PROJECT

Fig. 3. Block diagram of the system for mine surveying activities
in management of geomechanical processes

The geomechanical process management system will not
exist on its own. As an important unit of the "MINE" system, it
participates and will actively support the management and
planning of the development of mining operations. The
complete and accelerated use of the available information, the
application of the most suitable methods for its processing, the
avoidance of intermediate processes and the optimal solution
(Mazhdrakov, 1983) of the assigned tasks determine the
effectiveness of its work.

Conclusion
In recent years there has been a change in mineral

extraction in Bulgaria. With the concession of different types of
mineral resources’ deposits, investments in the mining industry
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have been increasing, the introduction of new high-yielding
mining equipment, increased production, and full seizure of
stocks have been put in place. Extraction works are carried out
at a greater depth, often in very complex mining, technical and
geological conditions.

In line with these changes, mine surveying in mining and
quarrying companies seeks to assist and technically direct the
proper development and maintenance of mining. Together with
proven methods and technologies, new instruments and
apparatus are based on the achievements of modern science
and technology. Their capabilities provide high accuracy, huge
data, speed and reliability of the information received.

In order to achieve the desired results in terms of quantity
and quality of the mining company's output, it is necessary to
have good specialists, reliable and productive modern
equipment for all units in the enterprise, high level of safety
technique, good organisation and control.
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ANALYSIS OF SELECTIVE DESTRUCTION CRITERIA OF IRON ORES USING
PROVISIONAL MAGNETIC PULSE TREATMENT
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ABSTRACT. The paper considers the process of selective pre-destruction of interphase boundaries in iron ores by using magnetic pulse treatment. When analysing
the stress-strain state and viscous fracture, the relative similarity of the fracture criteria in the main minerals of iron ores due to magnetostrictive deformation of
magnetite grains is shown. It has been established that the strength and toughness of the destruction of magnetite exceeds the analogous properties of calcite in the
composition of skarn iron ores, the strength and toughness of quartz fracture exceeds the analogous properties of magnetite. A difference in the character of the
destruction of skarn ores and ferruginous quartzites is presented. The criterion for estimating the degree of softening of interphase boundaries in iron ores due to the
magnetic-impulse action based on the probabilistic approach is formulated. A theoretical estimate is made of the degree of selective softening of iron ores under
magnetic pulse treatment, considering the strength and magnetostriction properties of magnetite. The results of experiments on nanoindentation of interphase
boundaries before and after magnetic pulse treatment are presented. By analysing the lengths of developing microcracks under the influence of a nanoindenter, the
possibility of reducing the fracture toughness after a magnetic pulse treatment of iron ore is shown.

Keywords: mineral processing, iron ores, magnetic pulse treatment

AHANU3 HA U3BUPATENHU KPUTEPUWU 3A PA3PYLLABAHE HA XXENE3HU PYOU YPE3 U3NON3BAHE HA YCNTIOBHO
TPETUPAHE C MATHUTEH MMNYINC

lMaeen AHaHbes', AHHa [TnomHuKoea?

" HayyHo-ob6pazogamerneH ueHmbp "OCHOBHU UHOBAUUOHHU mexHomoauu®, 119991 Mockea

2 HayuoHaneH yHugepcumem 3a Hayka u mexsonoauu "MUCuC", Pycus, 119991 Mockea

PE3IOME. PasrnesaH € npouechbT Ha u3bupaTenHo npeaBapuUTernHO paspyllaBaHe Ha Mexayda3oBuTe rpaHuLM B Xensi3HaTa pyda C MOMOLLTA Ha MarHUTHO-
umnyncHa obpaboTka. Mpu aHann3a Ha HanperHaTo-4eOpPMUPAHOTO CLCTOSHIE W BUCKO3HOTO pa3pyllaBaHe Ce OTKpWBA OTHOCUTENHO CXOACTBO Ha KpuTepuuTe 3a
paspyluaBaHe B OCHOBHUTE MWHEpanM Ha Xens3Hata pyga, nopagy MarHUTOCTPUKTMBHATa AedopMaLyst Ha 3bpHaTa MarHeTUT. YCTaHOBEHO e, Ye SIKOCTTa W
M3OPBHXIMBOCTTA HA pa3pyllaBaHe Ha MarHeTUTa HA[BMLLABAT CXOLHWTE CBOMCTBA HA KanuuTa, KaTo AKOCTTAa HA paspyllaBaHe Ha KBaplLa HafBuLIaBa CXOQHUTE
CBOWCTBA Ha MarHeTuTa. [peficTaBeHa e pa3nukaTa B HAYMHA Ha pa3pyLlaBaHe Ha CKapHOBMTE pyau U kenesHuTe ksapuuTu. GopmynupaH e KpuTtepuii 3a oLeHka Ha
CTEMEeHTa Ha OMEKBaHe Ha Mexayha3oBuUTe rPaHULM B Xens3HaTa pyaa, No4 MarHUTHO-UMMYTCHO Bb3aeicTame. M3BbplueHa e TeOPETUYHA OLiEHKa Ha CTeneHTa Ha
136MpaTenHo OMEKOTSIBaHe Ha Xens3HaTa pyaa Mo BpeMe Ha UMMyncHo-mMarHuTHa obpaboTka, kaTo ce B3emaT MpedBuA SKOCTHUTE W MArHUTHU CBOWCTBA Ha
marHeTuTa. MpefcTaBeHu ca pe3ynTtatuTe OT eKCNepPUMEHTUTE MO HAHOWHAMKALMS Ha MeXaydhasoBuTE rpaHULM Npeau u Cnea MarHUTHO-MMMYNCHO obpaboTBaHe.
Ypes aHanuavpaHe Ha AbMKUHUTE HA 0Dpa3yBalLuTe Ce MUKPOMYKHATUHW MOL Bb3AEACTBMETO HA HAHOMHAEHTOP CE LEMOHCTpUPa Bb3MOXHOCTTA 3@ HaMarsBaHe
Ha M3OPBHKNMBOCTTA HA NYKHATUHATA CeA MarHUTHO-UMMYNCHOTO 06paboTBaHe Ha xensisHaTa pyaa.

KntoyoBm pymu: 06paboTka Ha MUHEpany, XensaHa pyaa, MarHuTHo-umnyncHa obpabotka

Introduction separation according to physicochemical characteristics
(Gutsche, Fuerstenau, 2004; Mwanga et al., 2017). Non-
The whole technological process of ore preparation for mechanical methods of energy impact are very promising in
enrichment is aimed at the development of conditions that order to overcome the persistence of ores and intermediate
ensure maximum extraction of the useful component and products, the disclosure of finely disseminated mineral
minimise all possible resources (Curry et al., 2014). Inorderto ~ complexes (Usov, Tsukerman, 2000). .
optimise the extraction of the useful component, it is necessary With a comparable size of grinding, ore and non-metallic
to perform ore b|ending propeﬂy’ then the mixture should be minerals of hardly-rich ores are revealed to a lesser extent with
passed through all the necessary crushing and grinding stages respect to averagely and easily enriched ores. A lower amount
to a particle size corresponding to the grain of the useful of free ore grains and an increased amount of phenocrysts
component and only then it should be extracted by physical or ~ should be noted for the hard iron ores (Clout, Manuel, 2015).
chemical method optimal for this technology (Clout, Manuel, The influence of mineralogical and petrographic factors on
2015). the enrichment is manifested in the nature of the structural
When minerals are enriched, the main role of disintegration features and correlation relationships of the material
consists in the complete disclosure of mineral intergrowths with ~ composition and ore structure parameters with the enrichment
the formation of free grains of components for their subsequent indices (Jankovic, 2015).

1M
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Objects and research methods

The object of research is the process of ore preparation
using preliminary magnetic pulse treatment (MPT). Research
methods are based on the theoretical comparison of the
criteria for the destruction of known power models, including
the energy criteria for the destruction of the Balandin theory
and the theory of viscous fracture by Irwin. Experimental
studies are based on the analysis of cracking process by the
method of nanoindentation.

Results and discussion

It is known that the softening effect of magnetic pulse
treatment (MPT) can be determined by a number of physical
phenomena, such as the magnetostriction of magnetite grains,
the inverse non-metallic phase piezoeffect (for ferruginous
quartzites), the movement of charged dislocations, etc.
(Golovin et al., 1997; Ananiev et al., 2008; Plotnikova, 2013).

MPT is carried out as an intermediate operation of ore
preparation before mechanical grinding. Thus, the
development of fracture cracks under the action of mechanical
loads, at the stage of crushing and grinding, is largely
determined by the elastic-plastic properties of the rock. The
selectivity of destruction will be determined by the degree of
softening of ore and non-metallic phase fusion boundary.
Therefore, the magnitude of the contact stresses generated by
the MPT at the boundary of ore and non-metallic phases is of
great importance.

The criterion of destruction according to the Balandin
theory (Karkachadze, 2004) has the following form:

2, 2, 2 _
0, +0, 105 -0,0,70,0,-0,0; (0, =0y, )0, 40, +03) =

@

= Uten.acom.

where 01, 02, 03 — main stresses;

Oten., Ocom — the limits of tensile and compressive strength.
During magnetostrictive  volumetric  deformation  of

magnetite grain at the phase separation boundary,

compressive contact stresses arise in the radial direction Gcont.

and tangential tensile stresses, the magnitude of which is two

times less than the contact stresses. Then the criterion of

destruction will take the following form according to Balandin

theory:

o-ten .GCOI’T].

(2)

2
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where Ocont is the magnitude of contact stresses at the
boundary of the ore and nonmetallic phase caused by
magnetostrictive deformation of grain.

If condition (2) is fulfilled, complete destruction will occur at
the phase separation boundary. In case of non-fulfilment of the
condition (2), partial softening of the boundaries may occur.
Table 1 shows the values of critical contact stresses for the
main minerals of iron ores.
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Table 1. The value of the critical contact stress for various
minerals

Mineral o The value of
Ne Ocom, MPa e | critical contact
name MPa
stress
1 | Magnetite 52 14 17.99
2 | Quartz 120 21 33.47
3 | Calcite 16 4 5.33
4 | Hematite 30 6 8.94

It should be noted that the strength characteristics of rocks
and minerals determine the conditions for the destruction of the
massif, but do not fully characterise such technological
properties as, for example, grindability. This is due to the fact
that when an array is subjected to critical loads, a macrocrack
develops, the length of which is many times greater than the
characteristic size of the mineral grain (Winiarski, Guz, 2008).
During crushing and grinding multiple acts of destruction take
place. Thus, the disintegration process is characterised by the
energy costs for the newly formed surface. So, for example,
the Rittinger criterion is used, which characterises the amount
of energy costs for destruction directly proportional to the
newly formed surface (Bilenko, 1984; Lojkowski, Fecht, 2000):
the energy costs for the newly formed surface are
characterised by the value of y (J/m2) - the energy of the newly
formed surface unit. The value of y is related to the fracture
toughness (Irwin coefficient) and mechanical properties as
follows (Karkachadze, 2004; Winiarski, Guz, 2008; Arutyunyan,
Arutyunyan, 2014):

-(1— % ) K?
Y=

2-E
where E is the mineral elasticity modulus;

K - the coefficient of fracture toughness by Irwin, N/m32
v — Poisson coefficient.

Table 2. Calculated values of the specific energy of the newly
formed surfaces for various minerals

. E, K, 108
Ne | Mineral name v MPa | Nim32 | ¥ Jim?
1 Magnetite 0.3 215 1.25 3.3
2 Quartz 0.08 96.4 1.6 13.2
3 | Calcite (skarn) 0.3 83 0.75 3.1
4 Hematite 0.14 212 1.8 75

On the basis of the studies cited in (Goncharov et al.,
2006), Table 2 shows the calculated values of the specific
energy of the newly formed surface - y for individual minerals.

Let's compare the fracture criteria for various minerals
according to Balandin and Irvine’s theories. At that, let's take
the properties of magnetite as a standard unit. The comparison
results are shown in Table 3.
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Table 3. Comparison of the mechanical properties of minerals
with respect to magnetite according Balandin and Irvine’s

criteria
Balandin’s Irvine’s
Ne | Mineral name criterion criterion
0'cr./0'cr.mag. Y/Y mag-
1 Magnetite 1 1
2 Quartz 1.86 3.99
3 Calcite 0.30 0.93
4 Hematite 0.50 2.27

The analysis of the table shows that the difference of the
main mineral strength properties according to Balandin and
Irvine's criteria have the same character with respect to the
properties of magnetite.

As was shown in (Goncharov et al., 2006; Gridin,
Goncharov, 2009) the maximum magnitude of the
magnetostrictive deformations of magnetite makes A = 0.6 x
10-4 and is insufficient for the occurrence of critical contact
stresses. Therefore, MPT can only provide selective
prefracture of ore and non-metallic phase fusion boundary.

Prefracture may begin when plastic deformations occur in
the weakest points of mineral fusion zones in a rock
(Lojkowski, Fecht, 2000). As a rule, this occurs at the loads of
0.4-0.66 of the critical stress value (Lavrov et al., 2004;
Shatemirov, Tilegenov, 2006; Arutyunyan, Arutyunyan, 2014).

Then we assume that the degree of weakening is
determined by the following formula:

ko

O, cr.

W = —cont. —

Oy, — kGcr.

(4)

Let's assume that k is in the range of 0.4-0.66 of acr,
which allows us to estimate the degree of intergranular
softening (Goncharov et al., 2006). The calculated values of
softening degree of softening lies in the range from 0 to 20%.

Table 4. Results of ferruginous quartzite nanoindentation with
MPTs and without MPTs

Sample | Processing Ice‘rnailr(\ c Coroc/ A=(Kcproc)/

Ne type mc% ' Ceont (KC cont)
Control
(without 29543 *

1 processing) ' 1.12 1.19
MPT 1 3?"1'121
Control
without | %29%

2 processing) ' 1.01 1.02
MPT 2 322'47*
Control
without | %95%

3 processing) ' 1.07 1.11

MPT 3 290'5 *

In (Turin et al., 2013), were shown the results of
ferruginous quartzite magnetic pulse treatment influence
studies on the fracture toughness coefficient at the magnetite
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and quartz fusion boundary. The evaluation of fracture
toughness coefficient (Kc) at the phase boundary was carried
out by nanoindenter introduction into the region of magnetite
and quartz fusion (Turin et al., 2016).

The analysis of Table 4 results shows that the reduction of
the fracture toughness coefficient with MPT is from 2% to 19%.

Conclusions

The difference of basic mineral strength properties according
to Balandin and Irvine's criteria, with respect to the properties
of magnetite, are of the same nature. So, it is permissible to
use the Balandin's force model to analyse the nature of
selective destruction.

It was established experimentally that there is a decrease in
the fracture toughness coefficient within the range from 2% to
19% with MPT, which corresponds to the calculated estimate
according to the formula (4), with the following properties of
magnetite: magnetostrictive deformation A = 0.6 x 104, ultimate
compressive strength 0com, = 52 MPa, tensile strength Oten. =
14 MPa.
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REGRESSION ANALYSIS OF FACTORS AFFECTING MICROBIAL FUEL CELL
EFFICIENCY

Anatoliy Angelov, Ani Stefanova, Katerina Nikolova

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; tonyagev@mgu.bg

ABSTRACT. In a laboratory installation of a Microbial Fuel Cell (MFC), based on the process of microbial sulphate reduction in the anodic chamber of the cell, the
factors influencing the efficiency of the fuel element have been investigated. Under the conditions of a planned laboratory experiment, the temperature, pH, H2S and
sulphate concentration in the anodic chamber, and the dissolved oxygen content in the cathodic chamber of MFC have been varied. Meanwhile, the Open Circuit
Voltage (OCV) and the maximum values of power in MFC are measured as possible target functions. A multifactorial regression analysis has been performed with
respect to the selected independent parameters and the target function. A mathematical model of the target function has been obtained from the selected
independent variables that can be used to optimise the operation of a microbial fuel cell based on the microbial sulphate reduction process.

Keywords: Microbial Fuel Cells, microbial sulphate reduction and multifactorial regression analysis

PEFPECUOHEH AHANN3 HA ®AKTOPUTE OKA3BALLIU BITUAHUE BBPXY E®EKTUBHOCTTA HA MMKPOBHA TOPUBHA
KNETKA

AHamonuli AHeenos, AHu CmechaHoea, Kamepura Hukonoea

MurHo-2eonoxku yHusepcumem “Cs. UeaH Puncku®, 1700 Cogpusi

PE3IOME. B nabopatopHa mHCTanauus Ha mukpobHa ropusHa knetka (MIK), basupaHa B aHogHaTa 3oHa Ha npoueca Ha MCP, ca u3cneasanu caktopute
OKasBaly BMusHWE BbPXYy e(EeKTMBHOCTTA Ha ropuBHWS enemeHT. Mpu ycnosusiTa Ha nnaHupaH nabopaTopeH eKCMepUMEHT Ca BapupaHW CTOMHOCTUTE Ha
Temnepatypata, pH, koHueHTpaums Ha HzS u cyndatv B aHoAHaTa 30Ha M CbAbPXKAaHMETO Ha Pa3TBOPEH KMCMOpoA B kaTofHaTta 3oHa Ha MIK.MapanenHo ca
M3MepBaHM kaTo Bb3MOXHM LieneBn (yHKLMM - HanpexeHneTo Ha oTeopeHa Bepura (OCV) n mMakcumanHata CTOMHOCT Ha MOLJHOCTTa Ha MukpobHaTa ropusHa
kneTka. HanpaseH e MHOrothakTopeH perpecoHeH aHanua no OTHOLLEHWE Ha M3bpaHuTe He3aBMCHMKM MapameTpy U Lienesata yHKLMs. MonyyeH e MaTemMaTiecku
Mofien Ha Lienesata (PyHKLMS OT NoAGpaHNTe He3aBUCUMI MPOMEHMMBY, KOMTO MOXe fia Ce W3MoN3Ba 3a onTMMM3aLms Ha paboTtata Ha MMKpOGHa ropuBHa KneTka,
6asnpaHa Ha npoLieca Ha MUkpoBHa cyndaTpeayKums.

KntouoBu gymu: M1kpoBHI ropuBHY KNeTki, MUKpoGHa cyndaTpeaykLmst U MHOrodakTopeH perpecoHeH aHanms

Introduction Some of the studies in recent years have been focused on
the application of the microbial sulphate-reduction process in
the anodic chamber of MFCs, used for the treatment of
sulphate-rich wastewaters (Angelov, et al., 2013). Wastewaters
with high sulphate contents (of over 3 g/l) are typical of the
mining and the ore processing industries and form a major
environmental problem (Johnson and Hallberg, 2005). The
microbial fuel cells based on the process of microbial sulphate
reduction (MSR) in the anodic zone provide the opportunity to
remove sulphates from the incoming water together with the
generation of electricity. In this process an oxidation of the
hydrogen sulphide on the anode to an elemental sulphur and
other final products is performed.

The analysis of the factors affecting the chemical, the
electrochemical and the biological processes occurring in
MFCs is essential in order to optimise their performance and to
demonstrate the applicability of this type of fuel elements in
practice.

The main objective of the present study is to perform an
analysis of a selected set of technological factors, affecting the
operation of a microbial fuel cell, based on the process of
microbial sulphate reduction in the anodic chamber of the fuel

The environmental issues associated with the use of
carbon-based fossil fuels and the increasing role of renewable
energy sources are becoming more urgent in the development
of modern civilization. It has been proven that microbial fuel
cells (MFCs) are a promising innovative technology for energy
generation and wastewater treatment due to their low costs
and sustainability (Chouler et al., 2016). These are systems
where electroactive microorganisms using different energy
sources (mainly organic compounds, but also some inorganic
substrates such as hydrogen, sulphide, iron or ammonium)
convert this energy directly into electricity. The efficiency of this
type of system for energy generation shows a continuous trend
to improvement, but it is still low compared to conventional
energy sources.

It has been found that a significant set of factors influences
the efficiency of MFCs, such as these related to the
constructive features and the choice of suitable materials, as
well as those determined by the environmental conditions in
the anodic and cathodic chambers of the biological fuel
elements (Stefanova et al., 2018).
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element. For this purpose, under the conditions of a planned
experiment, the influences of temperature, pH, sulphate and
H2S concentrations in the anodic zone and oxygen content in
the cathodic one, on the open circuit voltage (OCV) and the
maximum power values (Pmax) of the MFC are studied.

Materials and methods

For the conduction of the experiments a laboratory-scaled
installation of the microbial fuel cell is used and the scheme is
presented in Fig. 1. The microbial fuel cell is constructed in 2
equal in sizes sections, anode and cathode, located in a U-
shaped construction, separated by a cation-exchange
membrane. The volume of the anodic and cathodic chambers
is of 0.48 dm3 each. For the separation of the anode from the
cathode, a cation-exchange membrane type CMI-7000S
(Membrane International Inc.) with an area of 0.0012 m2 is
used. Graphite rods with a diameter of 8 mm and a length of 9

A ocv
Y

cm are used as electrodes. The surface geometric area of one
electrode is 0.0028 m2. Approximately half of the volume of the
buffer tank (the vessel is with a volume of 0.7 dm3) is filled with
0.3 kg of modified zeolite(4). The same is a sulphidogenic
bioreactor sequentially connected to the anodic chamber of the
fuel element. The modified zeolite plays the role of a biofilm
carrier from the SRB bacteria and other metabolically related
groups of microorganisms.

A modified Postgate nutrient medium with a volume of 1.1
dm? is added to fill the anodic chamber volume and the
sulphidogenic bioreactor. The inoculation of the microbial cell
was performed with 50 ml of a mixed culture of sulphate-
reducing bacteria (SRB). After the formation of an active
biofilm of SRB, it begins a feeding of the nutrient medium for
the continuous cultivation of the bacteria. The medium from the
tank (1) feeds into the fuel cell with a regulated flow through
the peristaltic pump (2). The homogenisation in the microbial
fuel cell is accomplished by means of a recirculating pump (5).

- I'Al
[ .

L 3 2 ‘ 5 ]

£1p 4
1 o \@f‘ -

aip | =
1
2

8

Fig. 1. A scheme of the laboratory-scaled installation of MFC, where experiments are conducted to determine the impact of T, pH,
dissolved oxygen, SO4 and H2S contents through the method of the linear regression analysis.

1 - feeding solution in anodic area, 2 - dosing peristaltic pump, 3 - microbial fuel cell, 4 - bioreactor, 5 - recirculation pump, 6 - electricity
chain with a consumer, 7 - air flow in cathodic area, 8 - collector tank.

The solutions outgoing from the settler are collected in a
collecting tank (8) with a volume of 3 dm3. For the achievement
of the required temperature in MFC, a thermo-regulated water
bath is used. The used nutrient medium has the following
composition, in g I: K2HPOs - 0.25, NH4Cl - 0.5, wt. Na2SOs -
2.0, CaClI2 - 0.1, MgS04.7H20 - 4.0, Na - lactate - 6.0, yeast
extract - 0.25 and has a pH of 6.5.

For the purpose of the linear regression analysis,
experiments with the MFC under abiotic conditions are
conducted, thus it is possible to maintain the values of the
independent parameters (T, pH of the anolyte, dissolved
oxygen in the catholyte, SO+ and HzS in the anolyte) constant
for the time of the tests. The obtained values of the dependent
parameters (OCV and Pmax) under abiotic conditions are
compared with those, obtained under biotic MFC operational
conditions.
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For the purpose of the linear regression analysis with the
change in the values of each of the independent parameters,
the values of the rest were kept constant. The selected
constant values of the independent parameters are T - 24°C,
pH 7.5, SO4Z - 3g/l, H2S-360 mg/l and dissolved oxygen
content in the catholyte - 6.8 mg/l in an open air mode. For the
appropriate temperature variation range, the experiments are
carried out under thermostated conditions.

The concentration of sulphates in the medium is changed
to 4 variants - 0.5, 1.5, 3.0 and 4.5 g/l. Respectively, in order to
determine the influence of the H2S in the anolyte 4
concentrations are maintained - 150, 250, 350 and 450 mg/l by
the addition of an appropriate amount of Na2S in the anolyte.
The pH value is also changed in 4 variants - 5.5, 6.5, 7.5 and
8.5 by adding 0.1 N HCI solution and/or 0.1 N NaOH solution.
A 100 mM solution of Ks [Fe (CN) ¢] in a 67 mM phosphate
buffer solution at pH 7.0is used as a catholyte in the cathodic



Journal of Mining and Geological Sciences, Volume 62, Number 2, 2019

semi-element of the microbial fuel cell. In this case, a final
electron acceptor is the oxygen in the air, which in its reduction,
together with the protons present in the cathodic space, form
water. For this purpose, it is possible to aerate the cathodic
chamber, so the experiments are carried out in 4 aeration
modes - 0.5, 1.0, 1.5 I/s air and without aeration - in open air
mode.

The pH is measured using a pH electrodes (VWR) and a
pH meter HANNA HI 9021. The Eh is measured using a WTW
Electrode Sen Tix ORP. The electrical conductivity is
measured using the Conductivity Electrode WTW LF90.

In some certain points in the laboratory-scaled installation
the parameters pH, TDS and Eh are measured. Corresponding
to the same sampling points, the concentrations of sulphates
by BaCl; reagent at 420 nm and hydrogen sulphide using
Nanocolor 1-88 / 05.09 at 620 nm are determined
spectrophotometrically. The electric parameters of the fuel cell
are measured with a Keithley 175 digital multimeter, with a
precision potentiometer with a maximum value of 11 ki, used
for a load resistor (consumer). The maximum power value Pmax
is measured by the plotting of polarisation curves for each of
the tested variants. Using a NI Sensor DAQ controller (DAQ
Board) and a software based on the Virtual Instrumentation
LabViewR (Mironescu et al., 2007), the parameters pH, T,
Electrical conductivity, OCV and Pmax are monitored.

Result and discussion

The purpose of the planned experiment is to achieve an
analytical dependence by the appropriate processing of the
experimental data, through a multifactor regression analysis- a
mathematical model that would allow an assessment of the
weight of each of the independent factors on the process. To
obtain a correct model in the regression analysis, each one of
the independent parameters must be varied, while the
remaining ones are kept constant (He et al., 2016).

For the purpose of the regression analysis an experiment
is planned, whereas the values of the independent parameters
- T - 240C, pH 7.5, SO42% - 3g/l, H2S - 360 mg/l and dissolved
oxygen content in the catholyte - 6.8 mg/l are kept constant at
the independent variation of each one of them. At the same
time, the values of the dependent parameters - OCV and Prax,
the target functions of this multifactorial linear regression
analysis, are monitored. The selected ranges for the variation
of the independent parameters correspond to their possible
real values, in the MFC operation based on the MSR process
in the anodic chamber. The results obtained for the two target
functions, OCV and Pmax, and the selected ranges of variation
of the independent parameters are presented in Table 1. The
measured values of OCV and Prmax are averaged, as from 3 to
5 reiterations are made.

The regression analysis is performed with both
programmes - StatPlusR and XLStatR (Zar et al., 2007) and
similar results are obtained. From the various possible variants
for the type of resultant regression equation, a multifactorial
linear regression of the following type is chosen:

Y, =a+b.X +c.X,+d. X, +e.X, + f.X; (1)
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Table 1. Data for the target functions OCV and Pmex in the
laboratory-scaled installation of MFC for the purpose of the
regression analysis

pH- 7.5, S04 - 3g/l, HaS- 360 mg/l, O- 6.8 mg/

T, °C (X1) 10 24 32 4
OCV, mV (Y1) 650 708 778 820
Pmax, MW (Y2) | 0457 | 0.556 0.613 0.724
T- 24°C, SO4 - 3g/l, H2S- 360 mg/l, Oz- 6.8 mg/l

pH, (X2) 5.5 6.5 75 85
OCV, mV (Y1) 654 690 749 782
Pmax, MW (Y2) | 0.385 | 0.419 0.490 0.529
T- 24°C, pH- 7.5, H2S- 360 mg/l, O2- 6.8 mg/l

S04, g/l (Xs) 0.5 15 3.0 4.5
OCV, mV (Y1) 516 620 708 781
Pmax, MW (Y2) | 0.393 | 0432 0.568 0.643
T- 24°C, pH- 7.5, SO4 - 3g/l, O2- 6.8 mgll

H28, mg/l (X4) 113 237 360 561
OCV, mV (Y1) 614 661 720 779
Pmax, MW (Y2) | 0.330 | 0.418 0.546 0.577
T- 24°C, pH- 7.5, SO4 - 3g/l, H2S- 360 mgl/l

02, mg/l (Xs) 6,8 79 8,8 9,6
OCV, mV (Y1) 655 682 736 775
Pmax, MW (Y2) | 0452 | 0.555 0.627 0.762

Accordingly, the accepted indications are as follows: Y-
OCV (mV), Y2- Pmax (mW), X1 - temperature (°C), X2- pH the
anolyte, Xs—sulphates concentration in the anolyte (g/1), Xa-
H2S concentration in the anolyte (mg/1), Xs—dissolved oxygen
content in the catholyte (mg/l).The values of the obtained main
regression indicators are presented in Table. 2.

Table 2. Main regression indicators

Y1 (OCV) Y2 (Pmax)
Correlation coefficient - R 0.9432 0.9304
Determination coefficient - R2 0.89 0.87
Uncertainty coefficient 0.15 0.19
Standard error - S, % 28.9162 0.0492
Number of observations 20 20

The final variant of the obtained regression equations is as
follows:

Y, =-127,59+5,9114.X, +34,17.X,
+68,07.X,+0,38.X, +14,89.X,

Y, =—1,063+0,0094.X, +0,062.X,
+0,058.X, +0,0006.X , +0,073.X
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The results obtained from the regression analysis confirm
the adequacy of the choice of the independent variables and
their expected significance for the selected target functions
(OCV and Pmax). The value of the correlation coefficients (Ry1 =
0.94, Rv2 = 0.93 - Table 2) is in the range 0.9-1, which gives
reason to believe that the obtained regression equations give
functional dependencies between the dependent and the
independent variables.

On the basis of the calculated values of the regression
coefficients, it can be said that the factors with the greatest
influence on the value of the OCV are the pH of the anolyte
and the sulphate content therein, followed by the concentration
of dissolved oxygen (in the cathodicchamber), the temperature
and the concentration of HzS in the anode. Regarding the
influence on the value of Pmax, it is found that the influence of
the dissolved oxygen in the cathodicchamber is the most
serious factor, the other independent parameters are arranged
in the order mentioned above. This is also confirmed by other
studies, in which the influence of oxygen in the catholyte, the
conductivity of the anolyte, the influence of pH and
temperature are established (Nikolova et al., 2013). It should
be kept in mind that for the accurate maintaining of the
independent factors values, the OCV and Pmax are measured
under abiotic conditions and therefore the influence of the
biomass on the electrically active SRBs and other
metabolically related microorganisms is not taken into account.
The valuesof the determination coefficients R? (89% for OCV
and 87% for Pmax), indicating the percentage of changes in
target function values due to the selected independent factors,
again leads to a strong dependence between the selected
independent and dependent parameters. The resulting
regression equations are valid only in the selected ranges of
variations of the independent factors.

Conclusion

The obtained results from the study confirm that a great
number of factors influence the efficiency of MFC based on the
process MSR in the anodic chamber. In the multifactorial linear
regression analysis, are driven models to determine the
influence of the temperature, pH, the concentrations of
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sulphates and H2S in the anode and the oxygen content in the
cathodic zone, on the values of OCV and Prax.
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VOLUMETRIC COEFFICIENT OF OXYGEN MASS TRANSFER ANALYSIS IN A COLUMN
PHOTOBIOREACTOR

Anatoliy Angelov, Evgeni Kraichev, Marta Lecheva, Sotir Plochev
University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; tonyagev@mgu.bg

ABSTRACT. The oxygen mass transfer speed, as one of the technological factors influencing the growth and development of the phototrophic microorganisms
(microalgae), was researched in a column type photobioreactor. A series of experiments under different aeration conditions were performed where the corresponding
oxygen mass transfer coefficient values (Kia) were measured. The dynamics of basic technological parameters: temperature, pH, electrical conductivity etc. in parallel
with the dissolved oxygen concentration were monitored. The oxygen mass transfer coefficient value influence during the different photosynthesis phases, as well as
during the various phototrophic microorganisms’ cultivation stages, was determined.

Keywords: volumetric coefficient of oxygen mass transfer, microalgues, photobioreactor and bioenergy

AHAIKW3 HA OBEMHUA KOE®PULIMEHT HA MACOMNPEHACAHE MO KACNOPO B KOJTIOHEH ®OTOBUOPEAKTOP
AHnamonuli AHeenoe, EezeHu Kpaliuee, Mapma Jleyega, Comup lnoyes
Munto-2eonoxku yHusepcumem “Ca. Mear Puncku®, 1700 Cocpusi

PE3IOME. B konoHeH Tvn choTobropeakTop € u3cneasaHa ckopocTTa Ha MacorpeHacsiHe Ha KICMopoaa, KaTo eAnH OT TeXonornyHuTe (hakTopyu OKasBsall i BnsHIE
BbpXY pacTexa W pa3BuUTMETO Ha POTOTPOHUTE MUKPOOPraHnamu (anmi). HanpaBeHu ca cepusi OT eknepuMEHTW NpY pasniniHI YCNIOBUS Ha aepaLius, 3a KouTo ca
N3MepeHn CbOTBETHUTE CTOMHOCK Ha koeduLMeHTa Ha MaconpeHacsHe no kucnopop (Kia). Mpocneneqa e aHaMukaTa Ha OCHOBHM TEXHOMOMMYHM NapameTpi:
Temnepatypa, pH, enekTponpoBOAMMOCT M Ap., NapanenHo C KOHLEHTpauusiTa Ha Pa3TBOPEH KUCMOPOA. YCTAHOBEHO € BMUSHUETO BbpXYy CTOMHOCTTA Ha
koeduLMeHTa Ha MaconpesfasaHe no kucnopod (Kia), kakto npes pasnuuHuTe dasn Ha OTOCMHTe3aTa, Taka W Mpe3 pasnuyHuTe eTanu OT KyNTUBMpaHeTo Ha
(hOTOTPOHUTE MUKPOOPraHN3MM.

KntoyoBu pymu: ObemeH koeduLmeHT Ha MaconpeHacsHe Mo KUCIopoA, anm, dotobropeaktop 1 brnoeHeprus

Introduction dC,
dt

:kLa(CL_CL) (1)

One of the main factors for the successful functioning of
gas-liquid reactors is the mass exchange in the gas-liquid
system, which in turn depends on the hydrodynamic picture in
the reactors, the phase mixing and the physico-chemical
properties of the medium. Determination of the volume factor
Kia in gas-liquid bioreactors is essential in order to determine

The proportionality factor K.a is called the volumetric mass
transfer coefficient of oxygen and plays an essential role in
aerobic processes, C." and C. being the equilibrium and
current oxygen concentrations, respectively. It is only

the efficiency of aeration and to evaluate the effect of operating measured indirectly, and depending on the environment -

¢ th v to th tem (Zednikova et model or .cultural. A number of authors (Law at al., 2004;
gﬁre;rg;a 8<;rs on the oxygen supply to the system (Zednikova e Vandu, Krishna, 2004) have referred to the so-called “start-up

dynamic method” as one of the most effective for determining
Kva in bubble column reactors.

The use of microalgae for various purposes in
biotechnology has attracted considerable scientific interest in
recent decades because of its potential for use in wastewater
treatment, biofuel production and valuable pharmaceutical
products (Poonam & Sharma, 2017). The cultivation of
microalgae can be carried out in open (natural and artificial
lakes, lagoons, etc.) and in closed systems (photobioreactors -
PBRs). Different type of photobioreactors (PBRs) are
developed to optimise the various environmental factors and
technological parameters (Wang et al., 2012).

A major challenge is to develop a model that can well
describe the physical nature of mixing in two-phase reactors,
taking into account the influence of more parameters, and can
be consistent with a wide range of experimental data. The
contact between the two phases (liquid and gas) in the
bioreactor depends mainly on its type, on the stirring speed
and on the formation of gas bubbles.

Typically, the oxygen transfer rate is carried out over the
entire contact surface (a) and refers to the working volume of
the bioreactor. The driving force behind this process is the
difference between the equilibrium and the current
concentration of oxygen in the liquid phase (1):
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Oxygenic photosynthesis (Masojidek et al., 2013) in
microalgae includes the so-called. “Light” and “Dark reactions”
and photorespiration (Fig. 1 and equation 2). Photosynthesis
and respiration are processes that occur simultaneously in
microalgae, but nonetheless, the rate of respiration is low
compared to the rate of photosynthesis, leading to a net
consumption of carbon dioxide and oxygen production. In the
absence of light, algae respiration continues until
photosynthesis stops, leading to net oxygen consumption and
production of carbon dioxide (Masojidek et al., 2013;
Malapascua et al., 2014).

2H,0 3ATP co,
reactions | — 5 JECEMIGLE
0, C;H,,0;
2 NADPH,

Fig. 1. Light and dark reactions of photosynthesis

CH,,0, +60, —» 6CO, + 6H,0 +energy (2)
One of the important factors in the cultivation of microalgae
is the balance between the concentrations of dissolved carbon
dioxide and oxygen in the culture medium. Carbon dioxide
concentration is vital for the growth and development of
microalgae. The source of COz for microalgae in
autophototrophic culture can be a limiting factor if its
concentration is low in the supply gas (for example, when only
air is used as a source of COz). On the other hand, a high
concentration of dissolved CO2 would lead to a low pH of the
culture medium, which may be inhibitory for some microalgae.
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With respect to dissolved oxygen, some photobioreactors
(eg Tubular and Serpentine PBRs) have been shown to
accumulate oxygen and these higher levels of Oz in the culture
fluid can reduce the productivity of microalgae cultures. On the
other hand, at high dissolved oxygen concentrations and high
light levels, reactive oxygen species (ROS) can be formed,
which can have a toxic effect on microalgae (Weissman et al.,
1988).

The main objective of this study is to determine the effect
on the value of the mass transfer coefficient for oxygen (K.a),
both during the different phases of photosynthesis and during
the different stages of cultivation of phototrophic
microorganisms. At the same time, the dynamics of basic
technological parameters are also monitored: temperature, pH
and electrical conductivity, in parallel with the dissolved oxygen
concentration in the bubble column PBR.

Materials and methods

To achieve these goals, the experiments were carried out
in a laboratory installation (Fig. 2), including a bubble column
PBR, representing a Plexiglas tube with an inside diameter of
85 mm, a height of 630 mm and a working volume of 2.5 dm3.
For efficient flow of photosynthesis along the PBR, a plexiglas
tube with an internal diameter of 36 mm was installed in which
a 20W fluorescent lamp - type "SunGlo" was installed in light
illumination mode 12h light: 12h dark.

Fig. 2. Scheme of the laboratory installation: 1 - Photobioreactor (PBR), 2 - N2 bottle, 3 - CO2 bottle, 4 - Air pump, 5 - Recirculation pump,

6 - Fluorescent lamp, 7 - Buffer vessel, 8 - Magnetic stirrer
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The culture fluid was recycled at a flow rate of 10 dm3/ h
by a peristaltic pump (5) through a buffer vessel (7) with a
volume of 1 dm3. From the bottom of the photobioreactor
(PBR) through an air pump (4) the aeration was provided and a
CO:2 bottle was used (3).

For laboratory testing Chlorella sp. algae strain (wild-type)
was isolated from local freshwater. For the cultivation of
microalgae, the modified medium BG-11 (Adriano et al., 2015)
with the following composition was used for 1 L- 1.5 g NaNQOs,
0.5 g Na2COs, 0.04 g K2HPOq4, 0,075 g MgS04.7H20, 0.036 g
CaCl2.2H20, 0.045 g Citric acid, 0.0015 g, Ferric ammonium
Citrate, 0.045 g EDTA (disodium salt), and 1ml trace elements
solution consisted of 2.86 g/l HsBOs; 1.81 g/l MnCl2.4H:0;
0.222 g/l ZnSO4.7H20; 0.39 g/l NaMoO4.2H:0; 0.079 g/l
CuS04.5H20; 0.0494 g/l Co(NO3)2.6H-20.

Algae were inoculated at 10% (Vinocutation/Vmedia) in @ volume
of 3.5 dm3 of PRB together with the buffer vessel (Fig. 2).
Microalgae cultivation was carried out at room temperature in
the range 23-25°C. The photobioreactor (PBR) was aerated by
means of an air pump with a flow rate of 2.5 dm3/ h, without
further addition of CO: to the air.

A variant of the start-up dynamic method based on the
liquid phase oxygen balance (Vandu, Krishna, 2004) was used
to determine the Kia mass transfer coefficient in the
photobioreactor. For the purpose of measurement, constant
aeration conditions are maintained in the column
photobioreactor, whereby the dissolved oxygen concentration
reaches a stationary value.

The process is as follows: initially dissolved oxygen
dissolved in the liquid phase by purging the culture fluid with N2
to reach dissolved oxygen content up to 0.1- 0.05 mg/l O2. The
system is then aerated again by passing purified air through
the liquid (with an air flow rate of 2.5 dm3/60 s), immediately
measuring the dissolved oxygen concentration Cv over time (t)
using an oxygen optic sensor - DO-BTA VernierR and using the
LabQuestR interface.

The measurements are continued until the equilibrium
oxygen concentration is reached. The process is described by
equation (1) and after its integration at t = 0, CL* = const and
CL = C,0, assuming that at the beginning there is no oxygen in
the liquid phase Cu,0= 0, we obtain:

In *C—L = kLa.t
CL_CL

When plotted the graph - |”[C:/(CE—CL)J , as a

function of time () and the slope of the obtained lines, the
volume mass coefficient Kia is calculated.

A Burker counter with optical type microscope (Boeco BM-
800) was used to determine the number of microalgae and
parallel determination of the optical density (OD) of the cell
suspension during microalgae cultivation was measured at 650
nm and a red filter. The laboratory facility provides on-line
measurement of dissolved oxygen, pH, electrical conductivity,
temperature and illumination by using VernierR BTA sensors
and visualisation through the LabQuestR interface.

(3)

Cells x 105/ ml
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Result and discussion

PBR work continued in the laboratory and samples from
the culture suspension were taken to determine cell count and
optical density (OD) during a period of 30 days. The results
obtained in Fig. 3 show that the stationary phase was reached
up to 20 days, with the exponential (Log) phase continuing
between 5 and 20 days from the start of cultivation.

During the various stages of microalgae development, the
value of Kia was measured (using the start-up dynamic
method described above), at days 5, 15, and 25 respectively,
during the dark and light phase of photosynthesis.

The dynamics of oxygen concentration for the three cases
is shown on Fig.4. From the obtained results for the dynamics
of dissolved oxygen, it can be concluded that the higher values
of dissolved oxygen (in Light phase) in the medium during the
exponential phase (15 days) are probably due to the more
intense  photosynthesis, respectively the production of
photosynthetic oxygen.

At the beginning of the cultivation period (5 day), due to the
lower intensity of photosynthesis, no significant differences in
DO concentration were observed during the light and dark
phases. At the end of the cultivation period (25 days), the
equilibrium concentrations of dissolved oxygen C.*, have
values between the previous 2 cases (Fig. 4).

The results obtained with respect to the coefficient Kia
(Table 1) for the 3 periods of cultivation in PBR, cannot be
interpreted uniquely, but can serve to more effectively manage
the aeration systems in this type of PBRs.
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Fig.3. Growth curve and change in optical density (at 650 nm) in
PBR

It should be borne in mind that the concentration of
dissolved oxygen in the PBR, in addition to temperature, air
flow rate and pressure (parameters which are kept constant),
are influenced by the respiration rate and photosynthesis of
microalgae, as well as the total dissolved solids (TDS), which
increased from 1650 uS /cm to 2530 yS /cm (measured as
electrical conductivity in the culture fluid) during PBR
cultivation (30 days).

The calculated values of KLa (Table 1) showed variation
in the range 0.0060 - 0.0067 s-1, which is confirmed by other
studies conducted in bubble column PBR (Kazbar et al., 2019).
The relative difference of KLa values between the light and
dark phases is greatest in the measurements taken on the 15th
day from the beginning of the experiment, i.e. during the
exponential (Log) phase.
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Fig. 4. The dynamics of dissolved oxygen in determining Ka for
5, 15 and 25 days of microalgae cultivation
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Table1. Values of Kia at 5%, 15t and 25" days of microalgae
cultivation

Day 5 15 25
Kia, s
Dark phase | 0.0060 | 0.0061 0.0068
Light phase | 0.0062 | 0.0066 0.0071

Table2. Kia values at different air flow rates in the PBR

Q, L/min 1.0 25 4.5
Kia, s
Dark phase | 0.0061 | 0.0063 0.0083
Light phase | 0.0062 | 0.0068 0.0084

In the studies performed to determine the influence of the
degree of aeration (for 3 different air flow rates) on the value of
KLa, an increase from 0.061 to 0.084 s was found during both
phases of photosynthesis (Table 2 and Fig. 5). These
measurements were performed till the end of the microalgae
cultivation in the period (day 30) in PBR.

Undoubtedly, the optimisation of the aeration system and
the hydrodynamics of the flow in the bubble column PBR are
likely to have a positive effect on the production of microalgae
biomass. During the various stages of PBR operation, no
accumulation of high oxygen levels in the reactor volume was
detected.

For a more detailed study of the photosynthesis and
respiration processes of microalgae in PBRs, it is necessary to
consider both mass transfer and CO2 (Kazbar et al., 2019), as
well as the ratio of mass transfer rates for CO2 and O - Kia
(CO2) / KLa (O2).
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Fig. 5. Dynamics of dissolved oxygen during the determination of Kva, for different flow rates of the supplied air
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Conclusion

In the present bubble column PBR study, the rate of
oxygen mass transfer was examined as one of the
technological factors affecting the growth and development of
microalgae. The values of K.a in the real culture medium have
been established, both during the different phases of
photosynthesis and during the different stages of cultivation of
phototrophic microorganisms. The results obtained can serve
to optimise microalgue cultivation processes and refine PBR
design.
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CRUSHING CIRCUIT OPTIMISATION IN A LEAD-ZINC PROCESSING PLANT

Irena Grigorova, Marin Ranchev, Ivan Nishkov

University of Mining and Geology “St. Ivan Rilski”; 1700 Sofia; irena_mt@abv.bg

ABSTRACT. A mineralogical study in order to determine the mineral composition of the ore entering the Rudozem concentrator have been carried out. Polished
sections of ore samples from the three hydrothermal Pb-Zn deposits - Petrovitsa, Varba-Batantsi and Kroushev dol have been prepared. The studies were performed
using a MEIJI MT 9430 optical microscope equipped with a DK 3000 digital camera. Compared to the ores from the other lead-zinc deposits in the Madan ore field,
the ore processed in Rudozem plant contains harder to grind components, resulting in poor plant performance and limited production capacity. Therefore, it was
recommended to improve the old crushing and screening circuit (three stage crushing in closed circuit) with new modern equipment comprising of two stage crushing
and screening, including — jaw and cone crushers and one high throughput vibrating screen operated in open circuit. This study therefore sets out to assess the
benefits of the new equipment for the downstream processes.

Keywords: crushing, screening, open circuit, equipment

ONTUMU3UPAHE CXEMATA HA TPOLLEHE NPU NPEPABOTKATA HA ONTIOBHO-LIMHKOBW PYQIU
Upena Mpuzoposa, MapuH PaHyee, UeaH Huwkoe
Muro-2eonoxku yHusepcumem "Cs. MeaH Puncku”, 1700 Cogpus

PE3IOME. 3a onpepfensHe MUHepanHus CbCTaB Ha pyaarta, nocTbnealia Ha npepabotka B O® ,Pynosem” 6sxa npoBefeHM MUKpockomnckv uacnegsaqus. bsxa
M3roTBEHW MONMpPaHN MUKPOCKOMCKM NpenapaTit (aHLLnugu) OT Tpu ocpesHeHW, KBapToBaHW pyaHu npobu oT Haxoauwata letpoeuua, Bupba-bataHum u Kpywes
pon. MuKpocKonck1Te n3cneaBaHus Ha nmpenapaTuTe ca NpOBEeAeHW C MOMOLLTa Ha monspusaumoHeH mukpockon MEII MT 9430, okomnnektoBaH ¢ gurutanHa
kamepa. B cpaBHeHue ¢ pyauTe OT ApyruTe ONOBHO-LMHKOBM Haxoguiia B MapaHckoTo pyaHo mone, pyaata npepabortsaHa B OO ,Pynosem, cbabpxa TpyaHoO
CMUNaeM1 KOMMOHEHTH, KOBTO BOAM [0 HUCKM TEXHOMOIMYHN NOKa3aTeny U orpaH1yeHa NpousBoauTenHocT. Mopaau ToBa, Gelle npenopbyaHo cTapaTa cxema Ha
TPOLLEHe ¥ NpecsiBaHe (TpUCTagManHa cxeMa Ha TpOoLLeHe B 3aTBOPEH LMKbI) fa Obae noaMeHeHa ¢ HOBO MogepHO 060pyaBaHe, BKIIOYBALLO YEmnCTHA U KOHYCHa
TPOLLAYKa M BUCOKO MPOM3BOAMTENHO BMOPALMOHHO cuTO, paboTeluy B OTBOPEH LMKBA W [Ba CTaaus Ha TpOLLEHe M npecsiBaHe. B ToBa macrneasaHe ce npasu
OLieHKa Ha NpeAnMCcTBaTa Ha HOBOTO 0B0pyABaHe BbPXY NOCMeABALLMTE NPOLECH B TEXHOMOMMYHaTa Bepura Ha dabpukata.

KntouoBu aymm: TpoLLeHe, NpecsiBaHe, OTBOPEH Livkb, 06opyaBaHe

Introduction Petrovitsa, Varba-Batantsi and Kroushev dol are hosted in the
rocks of the Madan Unit - various gneisses, schists,
The largest, economically most important deposits of Pb- amphibolites and marbles.
Zn ores in Bulgaria are located in the Central Rhodopes, in the The predominant metamorphic rocks are represented by
Madan ore field. The polymetallic ore mineralisation in Madan biotite and amphibole-biotite gneisses, containing amphibolite
ore field is controlled by major six several steep ore fault bodies (metagabbro), irregularly alternating with marbles
zones, with length to 10-15 km and more, with NNW- SSE packages containing graphite and phlogopite. A characteristic
trending (Fig. 1). The Pb-Zn mineralisation has been feature of the Madan Unit is the abundance of quartz-feldspar
represented by three morphogenetic types of ore bodies —  Vveins, located both in parallel and crosscut on the
steep to subvertical ore veins (1 to 3 km wide, up to 7 km metamorphites. Among the migmatised biotite and amphibole-
long), marble-hosted metasomatic ore bodies and biotite gneisses, biotite gneiss-schists with and without garnet
disseminated stockworks. The metasomatic (skarn) ore bodies are established, forming irregular layers.
are developed by hydrothermal replacement at intersections of Comminution processes such as crushing and grinding
the ore-controlling faults with the marble horizons. constitute a significant proportion of capital and operating costs
The main ore minerals in the deposits are represented by in mineral processing plants (Napier-Munn et al., 2005).
galena, sphalerite, pyrite and subordinate amount of Crushing circuits are an essential part of most mineral
chalcopyrite, and non-metallic minerals - mainly of quartz, processing plants, with various production units such as
carbonates, johannsenite-hedenbergite skarns (in metasomatic crushers, screens, bins, conveyors and feeders. There are
ores bodies) and others. numerous configuration and number of units in each
The hydrothermal Pb-Zn deposits in Madan ore field are processing plant, as the main purpose of crushing is to prepare
hosted in the Rhodopean metamorphic complex, consisting the ore for further processing, i.e. to produce a certain amount
mainly of high grade metamorphic rocks of the Madan Tectonic of material of a certain size per day so that the grinding circuit

Unit (Madan Allochton) and Arda Unit. The Pb-Zn ore deposits has sufficient feed.
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Fig. 1. Simplified geological map of the ore deposits in the Central Rhodopes and location of the main Madan ore deposits (modified

from Vassileva et al., 2009, after lvanov, 2000)

According to Napier-Munn et al. (2005), the criteria for a
comminution optimisation campaign are usually determined by
the following objectives:

o Maximise throughput and maintain the existing final
product size specification;

o Change final product size and maintain the existing
throughput;

o Maintain existing throughput and final product size, but
minimise working costs.

Following the above mentioned objectives, the optimisation
of the old crushing and screening circuit will enable the ball
mills to take advantage of the finer feed (change of the final
product size) that is produced from the new crushing and
screening equipment.

The purpose of this research paper is to assess the
benefits of changing the three-stage crushing and screening
circuit to two-stage, by replacing the original (old) equipment
with new state of the art crushing and screening units.

Original three-stage crushing and screening circuit of the
Rudozem concentrator

The original crushing and screening circuit includes a
primary KKD-500/75, secondary KSD 1750 and tertiary KMDT
2200 cone crushers manufactured in Uralmash, the Ural Heavy
Machine Building Plant, Yekaterinburg, Russia, and the
vibrating screens type SB-350 manufactured in Monek-Yug
(former Komsomolec plant) Kardzhali, Bulgaria, have been in
operation for more than 50 years. The flowsheet of the original
Rudozem crushing and screening circuit is shown in Figure 2.
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Materials and Methods

Mineralogical studies

In order to determine the mineral composition of the ore,
polished sections of representative ore samples from the three
hydrothermal Pb-Zn deposits - Petrovitsa, Varba-Batantsi and
Kroushev dol have been prepared. Mineralogical studies of the
polished sections were performed using a MEIJI MT 9430
optical microscope equipped with a DK 3000 digital camera.

Particle size distribution of ball mill feed

Particle size analysis of the ball mill feed have been
conducted, in order to assess the performance of the old
(original) and the new crushing and screening circuit. The
laboratory sieve analysis was carried out with sieve shaker
Retsch AS 200 using the following test sieves (200 x 50 mm):
45, 40, 35, 20, 16, 14, 10, 5, 2 and 1 mm. Furthermore, the
total reduction ratio for both crushing circuits has been
calculated.

Reduction ratio

The reduction ratio of a crushing stage can be defined as
the ratio of maximum particle size entering to maximum
particle size leaving the crusher (Wills, Napier-Munn, 2006). All
crushers have a limited reduction ratio meaning, that the size
reduction will take place in stages (Metso Minerals®, 2002). In
order to compare the total reduction ratio for both circuits, data
from a plant survey conducted after the installation of the new
equipment have been analysed and the results are presented
below.
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Mineralogical studies

The data from the conducted studies in polished sections
by reflected light microscopy show that in the samples
examined there are fragments from both the quartz-sulphide
ore veins and the metasomatic ore bodies, formed in the
skarns and in the marbles, present among the host
metamorphic rocks.

The results obtained show that the main ore minerals in the
ores are represented by galena, sphalerite, pyrite and
subordinate amount of chalcopyrite and non-metallic minerals -
mainly of quartz, carbonates, johannsenite-hedenbergite
skarns, flaky phyllosilicate minerals (sericite, chlorite), clayey
phases and others (Fig. 3). The presence of pyrrhotite and
pyrite-marcasite pseudomorphoses after primary pyrrhotite is
also found in the ore from the Varba-Batantsi deposit.

Data on temperature of forming, distribution of main ore
minerals within quartz-sulphide mineralization and content of
trace elements in separate ore minerals suggest dome-like
type of zoning in the Madan ore field (Kolkovski, Dobrev,
2000). In the upper (outer) zone the mineralisation is quartz—
sulphide with a sphalerite prevailing over the galena, the
galena showing high content of Ag and Sb. In the intermediate
zone mineralisation is quartz-sulphide again, but galena
prevails over the sphalerite, with the galena being enriched
with Bi, as well as with Ag and Sb. At the lowest level of the
deposits barren quartz is found.

The host rocks, including the lead-zinc deposits in the
Madan ore field, also differ in lithological composition. Some of
the deposits such as Varba - Batantsi, Kroushev Dol and
Petrovitsa are located in the Madan Unit (Madan allohton),
occupying the upper parts of the metamorphic complex in the
Central Rhodopes. The Madan Unit is made up of a variety of
high grade metamorphic rocks — biotite and amphibole-biotite

126

containing graphite and phlogopite, etc. A characteristic
peculiarity of the Madan Unit is the presence of abundant
quartz-feldspar bodies and veins. Skarns and sulphide
mineralisation are often developed on the contact of pegmatite
bodies with the marbles included among the gneisses.

According to Grigorova et al. (2017), it has become
increasingly popular in large scale mineral exploration surveys
to use non-invasive geophysical methods for collecting more
accurate information about the location and the geological
properties of the ore bodies and surrounding area. This
information can be particularly important when presence of
components such as gneisses and other high grade
metamorphic rocks occur in the area of interest.

It is well known that the presence of components, such as
gneisses and garnet-containing gneiss-schists, amphibolites
(metagabbro), pegmatites, mica, chlorites, graphite etc., will
cause difficulties during ball mill grinding, due to the higher
bond work index (kWh/t) values, which they possess.
Therefore, in order to reduce the size of the ore particles
entering the ball mill grinding circuit and to decrease the
energy consumption required for ball milling, it was suggested
that a replacement of the obsolete crushing and screening
machinery should be realized.

Particle size distribution of ball mill feed

The results from the laboratory particle size analysis clearly
demonstrate the higher efficiency of the new crushing and
screening equipment, providing a product in the size range of -
16.00 +0.00 mm, which will favourably affect the performance
of the downstream processes, i.e. the ball mill grinding and
flotation. It is important to highlight the fact that despite the
contrast in P80 for both products, there is no significant
difference in the amount of finer sizes (-2.00 mm) as a result of
which the slime production in the circuit will be reduced. The
ball mill feed size distribution curve is shown on Figure 4.
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Fig. 3. Photomicrographs of the mineral assemblages from the Pb-Zn ores, processed in the Rudozem concentrator. Reflected light, N II,
width of view - 820 um: A) Galena (ga) and sphalerite (sph), corroded by carbonate (carb); B) Galena (ga), pyrite (py), sphalerite (sph)
and quartz (qz). C) Galena (ga), pyrite (py) and chalcopyrite (chp), corroded by carbonate (carb) veinlets; D) Sphalerite (sph) with
disseminated fine-grained inclusions of chalcopyrite (chp) among quartz (qz)

~a-New Crushing and Screening Circuit

~&-0ld Crushing and Screening Circuit

Pso 35 mm

Cum. % Passing
2

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48

Particle size, mm

Fig. 4. Comparing the ball mill feed particle size distribution

Reduction ratio

The results from the sampling campaign, involving a simple
size analysis of the crushed products from the original and the
new crushing and screening units are presented in Table 1
below:

The estimated total reduction ratio (R) for both circuits is
shown below:

o Old crushing and screening circuit: R1 = 2.4; R2=2.1;
R3=3.43;
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Table 1. Size analysis of the crushed products

Old crushing | New crushing
Product and screening | and screening
circuit: circuit:

Feed ore, mm 600 600
Primary crushed 250 70
Product, mm
Secondary crushed 120 Pao 14 mm
product, mm
Tertiary crushed
Product, mm Peo 35 mm )

o Total reduction ratio: R1xR2xR3 = 17.3

o New crushing and screening circuit; R1 = 8.57; R2=5.0

o Total reduction ratio: R1xR2 = 42.85

The results show that a higher reduction ratio with less
crushing equipment has been achieved, which is a prerequisite
for lower operating costs i.e. saving energy, mechanical
reliability, easy and safe maintenance.



Journal of Mining and Geological Sciences, Volume 62, Number 2, 2019

New state of the art crushing and screening circuit

The original crushing and screening circuit includes a
vibrating grizzly feeder, providing a continuous feed rate and
scalping of the ROM. The primary crushing of the ore is carried
out in a jaw crusher with actual feed opening depth of 700 mm
and 1060 mm width, with throughput capacity of around 160 —
190 t/h. The size control of the circuit is accomplished by an
incline double deck vibrating screen, with 30 mm top deck and

Feed
Bin
Grizzly
feeder
[ oo Jaw
=4 crusher
5
O O ©
Bin

Grinding circuit

+——— Pgy14mm

14 mm bottom deck apertures. The screen oversize and mid-
size fractions are fed to the cone crusher, the undersize
fraction combined with the cone crusher product is conveyed to
an intermediate stockpile and then fed to the ball mills. The
secondary crushing stage is carried out in a cone crusher with
14 mm closed side setting (stroke setting) and throughput
capacity of 110 — 170 t/h. A simplified block flow diagram of the
new crushing and screening circuit is shown in Figure 5.

Double deck

E screen

Undersize

Oversize

Cone
crusher

-7

Q

Fig. 5. New crushing and screening circuit of the Rudozem concentrator

Conclusions

Based on the results from the mineralogical studies, it can
be concluded that the improvement of the crushing and
screening circuit in the Rudozem concentrator, will provide a
finer ball mill feed product, thus boosting the grinding efficiency
of the harder to grind ore components and reducing the
specific energy consumption. Furthermore, the higher
reduction ratio, achieved by fewer machines, ensures an easy
maintenance, cost efficiency and safe working environment.
Taken together, the findings in this research highlight the
benefits of the new crushing and screening equipment installed
in the Rudozem concentrator.
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EXTRACTION OF RHENIUM FROM AMMONIACAL LEACHING SOLUTIONS OF COPPER
SMELTING SLAG AND MODEL SOLUTIONS
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ABSTRACT. It is known that copper ores and waste of copper production often contain rhenium. In some deposits or dumps, its quantity is sufficient to recognize this
raw material as profitable for obtaining rhenium in various forms. Rhenium has the status of a strategic raw material; it is used in the creation of refractory alloys and
catalysts of the oil refining industry. At the moment rhenium is not produced in the Russian Federation. One of the options for obtaining rhenium is its extraction from
leaching solutions of metallurgical slags. The most rational method of extraction is sorption on the ion exchange sorbent perrenate-ion. This process can significantly
increase the profitability of copper slag processing. In the course of the work, the effect of various components of the solution on sorption of perrhenate-ion on an ion-
exchange sorbent AV-17-8 was studied.

Keywords: perrhenate-ion, sorption, rhenium, hydrometallurgy

EKCTPAKLUWNA HA PEHWUYM OT AMOHAYHU U3NYXXBALLIA PASTBOPU HA PA3TOINMEHA MEHA LUJTAKA U MOOEJIN HA
PELLEHUA

AnekcaHdbp Wenamoeuy, feHuc Jlbkuit, Punam Kucmamynux

CaHkmnemepbypacku MuHeH yHugsepcumem, 199106 CaHkm lNemepbype

PE3IOME. M3BecTHo €, Ye MeAHWTE pyau W OTNagbLuTe OT NPOM3BOACTBOTO HA MeA YECTO ChAbPXaT PeHWil. B HAKoM Haxoauwa unn CMeTWLLa HeroBoTo
KOMMYeCTBO € JOCTaTbYHO, 3a Aa Ce NMpueme Ta3un CypoBMHA KaTo peHTabunHa 3a nomy4aBaHe Ha peHuii B pasniniyHu opmu. PEHUSAT ma CTaTyT Ha cTpaTternyecka
CYpOBWHA; W3non3Ba Ce Mpu Cb3[ABAHETO Ha OTHEYMOPHM CMMaBiM M KaTanusatopu B HedpronpepaboTeaTenHata NpOMULLNEHOCT. B MOMeHTa pehuit He ce
npoussexaa B PyckaTa cefepaums. EgHa oT Bb3MOXHOCTUTE 33 NOMyyaBaHe Ha PeHU e N3BMNYAHETO My OT Pa3TBOPUTE 3a W3NYXBaHE Ha METanyprudHu LWnaku.
Hait-paLmoHanHmusT MeTod 3a ekcTpakums e copbums Ha MOHOOBMeHHUS copbeHT neppeHaT-ioH. Tosu NpoLec MOXe 3HaUMTENHO Aa MOBULLM PEHTabWIHOCTTa Ha
obpaboTkata Ha MefHaTa wnaka.B xoaa Ha paboTaTa e u3crneABaHO Bb3AENCTBMETO Ha Pa3N4HM KOMMOHEHTU Ha pa3TBopa BbpXy copbuusTa Ha neppeHaT-MoH
BbpXY H0HO06MEHHMS copbeHT AV-17-8.

Knto4oBu pymu: neppeHat-ioH, copbuus, peruit, xuapomeTanyprus

Introduction rhenium at the moment in the Russian Federation. This makes
the issue of creating and implementing a cost-effective
technology for its production even more acute, since rhenium
is a strategic raw material. Rhenium is currently in demand in
the industry. A significant step in the production of rhenium is
the production of ammonium perrenate by sorption-elution
processes with further cleaning. In the future, ammonium
perrenate is converted in the form of metallic rhenium. Metal
rhenium is a strategically important raw material. 83.3% of the
produced rhenium is used to create heat-resistant alloys and
super-alloys used in the manufacture of rocket engine nozzles
and rotating parts of aircraft engines, as well as in energy.
9.3% of the produced rhenium is used in the production of Pt-
Re catalysts for oil refining processes, for example, the
production of high-octane gasoline, hydro desulphurisation
processes. Rhenium is wused in the production of
thermocouples, heating elements, electrodes, electrical
connectors, electromagnets, as well as in organic synthesis,
catalysis and medicine. The main forms of rhenium used are
rhenium, rhenium perrenate and renic acid.

In recent decades, the abundance of natural resources has
been significantly depleted. In addition, dumps and "waste"
deposits are a long-term source of environmental pollution due
to the spontaneous leaching of metals from them. Therefore, to
solve these problems, many copper smelters aim at the
introduction of technology for processing of copper smelting
slurries. The main advanced technology is hydrometallurgical
processing, namely the leaching of sludge. In addition to the
main component — copper, it can extract by-products such as
rhenium, which is found in the composition of copper-
molybdenum ores (Luganov, 2004).

Rhenium is a typical dispersed element that does not form
independent minerals. Mostly, rhenium is found in
molybdenum and copper-molybdenum ores, which are
currently its main sources.

The reserves of Russian rhenium are estimated at 310
tons, this is the 3rd place in the reserves worldwide. However,
according to some data, there is no mass production of
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Due to the fact that rhenium is a concomitant element,
methods for obtaining rhenium as a by-product are now in
demand since this can significantly increase the profitability of
obtaining waste elements such as copper.

The accumulated volumes of copper-containing
technogenic mineral resources in Russia practically
correspond to the volumes of minerals put on the balance of
deposits. Only in the metallurgical industry more than 95
million tons of slag are produced from them annually, more
than 10% are in the copper metallurgy. In this situation, it is
necessary to find ways to develop the copper raw material
base with the involvement of man-made mineral resources,
primarily through the improvement of existing technologies for
their enrichment.

One of the most accessible resources for copper is slag of
copper smelting metallurgical enterprises in the Urals. The Ural
region is called the "copper belt" of Russia and it has
accumulated a significant number of them over a long period.
The predominant factors of the involvement of slag in
processing are economic benefits, which are determined by
the possible profit of the enterprise and environmental
feasibility, which is expressed in terms of environmental
performance. In total, the Ural region has accumulated more
than 110 million tons of copper slag.

One of the most promising technologies for the associated
extraction of rhenium is the ion exchange sorption, as it is
effective for the extraction of dispersed components. In
addition, sorption processes can have high selectivity, and can
be easily integrated into the process cycle. To create the
technology and select the sorbent, it is necessary to determine
the thermodynamic and kinetic parameters of the ionite.

Review and selection of the analysis method

For the development of technologies related to the
recovery of rhenium from the leaching solution a methodology
is necessary to determine its content in the samples. It should
be noted that the content of rhenium in raw materials is
extremely low. What causes the choice of those techniques
that are able to provide high accuracy?

Spectrophotometry, gravimetry, kinetic, electrochemical,
extraction-fluorimetric methods as well as X-ray fluorescence
analysis are used as the main methods for the determination of
rhenium.

The main problems of most methods for the determination
of rhenium are their lack of sensitivity, reproducibility of the
results, and the interfering influence of accompanying
elements of the sample. In modern analytical chemistry,
methods such as inductively coupled plasma atomic emission
spectroscopy (ICP AES), inductively coupled plasma mass
spectrometry (ICP MS), as well as a number of electrochemical
methods are used to determine rhenium.

However, the main problem that a researcher encounters
when using these methods is the influence of incidental sample
components. In view of this, the question of concentrating
rhenium and separating it from the matrix is extremely
important.

Spectrophotometric methods make it possible to determine
the content of rhenium in a sample up to 10-2-10-5 wt. %. The
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advantage of these techniques lies in the simplicity, availability
of equipment and relatively high sensitivity. Spectrophotometric
techniques are based on the formation of coloured complex
compounds of rhenium with appropriate reagents. The
distributed methods use rodanide and thiocyanate ions,
thiourea. The disadvantage is the need for preliminary
separation of rhenium from interfering with the determination of
impurities (Mo, W, Cu). This is carried out by concentrating the
perrhenate ions by sorption or extraction.

Atomic emission spectroscopy with inductively coupled
plasma (AES-ICP) is used to determine rhenium in mineral raw
materials and metallurgical products. The advantage of AES-
ICP is high stability and reproducibility of results, a wide linear
range of concentrations. The method allows to determine up to
10~* wt. % rhenium. However, the correctness of the results of
analysis in atomic emission spectrometry with inductively
coupled plasma depends on many factors, for example, related
to the physical properties of the solutions — their viscosity,
surface tension, etc.; with chemical interaction of the sample
components; with the superposition of the spectral lines of the
sample components and with the negative effect of plasma
ionisation. The determination of rhenium by AES-ICP in
complex objects, for example, products of metallurgical
production, is a difficult task, since the emission lines of
rhenium are not very sensitive, moreover, they partially overlap
with the lines of accompanying elements.

Nowadays, ICP-MS allows rhenium to be determined at the
ng/g level. However, when using ICP-MS, a number of
problems arise associated with the influence of various factors
on the formation of an analytical signal. The accuracy of the
method is affected by the matrix, signal drift, saline
background, and isobar overlays.

Over the past decade, the X-ray fluorescence method
(XRF) has not lost its relevance for the determination of
rhenium. It is fast and often used for mass analysis in industry.
However, the method is not without flaws: firstly, the detection
limit of rhenium by XRF is low and is only 0.05-0.1 wt.%,
Secondly, there is a problem associated with interfering
influence from the associated sample components. The use of
concentration allows not only to lower the detection limit in the
X-ray phase analysis method, but at the same time to reduce
the influence of interfering elements on the rhenium signal. For
the concentration of rhenium the XRF methods often use
sorption of rhenium in the form of perrhenate ions.

A significant place in the analytical chemistry of rhenium is
occupied by the electrochemical methods, in particular, inverse
voltammetry. This method can determine up to 10-6-10-5 wt.%
rhenium. The first stage of the inversion voltammetry method is
the electrochemical reduction of perrhenate ions on the surface
of a graphite electrode, which takes place in two stages, while
rhenium is deposited in two forms - in the form of ReO2 and
Reo. Then, the precipitate concentrated on a graphite electrode
is subjected to anodic dissolution, while on the voltammograms
there are two anodic oxidation peaks, the peak currents and
the areas under the peaks are proportional to the concentration
in the analysed solution. In the determination of rhenium by the
method of inversion voltammetry, metal ions, which occupy a
position higher on the scale of standard potentials than the
perrhenate ion, interfere. (Lakernik, 1957; Evdokimova, 2012)
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Table 1. The composition of the solution after leaching the slag
with an aqueous solution of 3M ammonia

C, g/l C, mg/l
Cu | Zn | SOsz Fe Pb Re Ag
1741 23 | 618 | <01 | <01 | 1.0 | 237

Table 1 shows the main components of the leaching
solution, as well as their concentration. This composition
allows the use of photometric analysis methods for the solution
after the extraction of copper extraction. In addition, this
method is an affordable and effective option for the analysis of
model solutions.

For the selected method, the results were consistent with
the ICP MS results.

Dynamics of perrhenate sorption with the
sorbent AV-17-8

At this stage, a study was made of the dynamics of
sorption on the AB-17-8 anion exchange resin on model
solutions with varying composition of model solutions:

1) Model ammonium perrhenate solution.

2) Model solution of ammonium perrhenate in the environment
of ammonium hydroxide 3M.

3) Model solution of ammonium perrhenate in the environment
of ammonium hydroxide 1.2 M and ammonium sulphate 0.9 M.

0,050’ M
0,04 = P
0,03
0,02
0,01
V, ml
0
0 100 200 300

Fig. 1. Output sorption curve of solution N1

Anion exchanger AV-17-8 is a strongly basic ion-exchange
resin with gel structure. It is used in the technology for
softening and water desalination. AV-17-8 is pre-converted to
chloride form. The experiment was carried out in a
thermostated unit: T = 20°C sampling every V = 6 ml. The full
exchange capacity according to the regulations is:
FECtheory=1.15 mol/l.

As we can see, in the presence of sulphate ions, FDEC
remains at the same level. In addition, it was found that for
perrhenate ion the capacity of this ion exchange resin exceeds
the capacity declared by the manufacturer. This allows to
consider this resin for use not only in water treatment, but also
for extracting valuable components like rhenium. Also, a series
of trial experiments allows us to supplement this conclusion
with the fact that the ion exchange technology allows one to
selectively extract the perrhenate from the technological
leaching solution.
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Fig. 2. Output sorption curve of solution N2
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Fig. 3. Output sorption curve of solution N3
Figure 1-3 shows the results of sorption. Based on these

data, the values of full dynamic exchange capacity were
obtained. These data are presented in table 2.

Table 2. Full dynamic exchange capacity for different
compositions of the solution

ReO« ReOs + ReOs +
C(NHsOH)=3M |  C(NH:OH)=1,2M
C((NH4):S04)=0,9M
FDEC, | 191 1.78 1.91
mol/l

The obtained data will allow further comparison with other
ion exchange resins and calculate the technological installation
for the associated extraction of rhenium.
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MECHANICAL LOAD DURING SHREDDING OF TOUGH-PLASTIC MATERIALS WITH A
TWO-SHAFT SHREDDER

Malina Ivanova

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; malina_vatz@abv.bg

ABSTRACT. This article is dedicated to the forces and moments that are applied during shredding of tough-plastic materials. A practical task is solved, which
determines the magnitudes and directions of the forces and moments necessary for shredding of a particular type of waste, for the purpose of their further use. It
includes two directions. In the first direction, sample values of forces and moments are calculated. The equations describing the mechanical processes under
operating conditions are solved. In the second direction, the graph of applied forces and moments is analysed.

Keywords: forces, moments, tough-plastic materials, two-shaft shredder

MEXAHWYHO HATOBAPBAHE NMPU PA3OPOBABAHE HA XXUNABO-MJIACTUYHU MATEPWUANW C OBYBAIOB WUPEQEP
Manuna UeaHosa
MurHo-eeonoxku yHusepcumem “Ca. Mear Puncku”, 1700 Cogpusi

PE3IOME. Ctatusita € nocBETEHa Ha CUNMTE U MOMEHTUTE, KOWTO Ce MpunaraT npu LWpeanpaHe Ha XunaBo-nnactuiHn matepuanu. Tyk € pelueHa npakTiyecka
3agaya, C KOATO Ca ONpeJenieHn ronemMuHuTe U MocokUTe Ha CUIMTE U MOMEHTUTE, Heobxoaumu 3a pa3ppobsBaHe Ha onpedeneH Tvn OTNagbLu, C Len no-
HaTaTblHaTa M ynotpeba. T4 BKNOYBa ABE HaNpaBneHus. B NbpBOTO HanpaBneHue Ce U34MCnsBaT NPUMEPHU CTOMHOCTU Ha CUINTE U MOMeHTUTE. Peluenn ca
YPaBHEHWATa, ONMCBALYY MEXaHUYHUTE NPOLiecH Mpu PaboTHN ycroBus. BbB BTOPOTO HanpaBnieHue ce aHanuanupaxi pUoXeHNTE CUIi U MOMEHTW.

Kniouosu AYMU: CUNK, MOMEHTH, XMNaBo-NNacTUYHN MaTepuann, AByBanos Wwpeaep

Introduction e Not less than 55% and not more than 80% of the
weight of the packaging waste must be recycled.

The use of recycled or waste products of tough-plastic The fulfilment of these goals can be assisted by the use of
materials, which replace natural mineral forms as a source for ~ Shredding machines (shredders). ' _
making materials with practical applicability, greatly alleviates ~ The process of reducing the size of materials of different
environmental pollution. This creates more comfortable living ~ Origin to the desired size under the action of external forces is
conditions for the population and protects it from a number of called shredding. The technological purpose of shredding
factors harmful to life and health. A number of productions from  depends on the subsequent processes and processing stages
the construction, mining and chemical industries adhere to the or on the purpose of application of the products from
model of sustainable development. shredding. Shredding is the first step in reducing the geometric

Waste rubber, plastic, electronic equipment, kevlar, paper, sizes of the material during recycling. o
etc. are considered as tough-plastic materials. Shredders have a very wide field of application: from

European and national waste management policies provide hazardous and medical waste to tires, from plastics, wood,
for measures to be taken to increase the recycling and textiles and paper to metals, from construction and household
recovery of waste. Thus, it is of particular importance to study ~ Waste to electronic scrap. _
and improve the various machines for shredding the different The management of waste streams is a challenge because
waste streams. In the EU, the requirements for waste  Of the high value of the numerous manual operations, high
management, e.g. of packaging waste, are defined by transportation costs and the negative impact on the

Directive 94/62/EU on Packaging and Packaging Waste. environment.
The Directive has been transposed into the Bulgarian
legislation through the Waste Management Act and the Object of study
Ordinance on Packaging and Packaging Waste. There is also

a National Waste Management Plan for the period 2014-2020 The object of study in this work are the necessary forces
defining the following goals for packaging waste: and moments for shredding of waste products from tough-
e  Not less than 60% of the weight of the packaging plastic materials with a two-shaft shredder.

waste must be recovered;
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Fig. 1. Diagram of a shredding chamber of a two-shaft shredder

Fig. 1 shows the shredding chamber of the two-shaft
shredder for shredding of tough-plastic materials, in which the
permissible compressive stress of the destructed elements is
ox = 25 MPa (Borshchev, Dolgunin, Kormilytsin, Plotnikov,
2000), and its productivity is 10 t/h. The granularity of the
product obtained after shredding is (0 — 50) mm.

As the material is tough-plastic, shredders working on
shear and pressure are used (Sirotyuk, 1999).

SINGLE HOCK, 4140 HEAT TREATED — SHAFT SUPPORT FINGERS
KHIVES WITH CHROME CARE(DE Y (4) ONLY FOR SCAEEN APRLICATICNS
WELD OVERLAY —, L
Y yy LOW PROFILE CHAMBER
\-.. Y e FOR BETTER MATE AL

i FEEDING

#

™,

— INTEGRAL 2 1/4" SCREEN
[OTHER SIZES AVAILABLE)

CHAMBER CROSS SECTION

Fig. 2. Diagram of shredding with a two-shaft shredder

Fig.2 presents a diagram of shredding of
simultaneously working "destructive" teeth (Tokarskiy,
Yankiv, 2008).

The determination and calculation of the necessary
forces and moments for shredding of waste products
from tough-plastic materials with a two-shaft shredder will
be carried out using the following data:

- maximum compressive strength of the destructed
elements — 25 MPa;

- approximate dimensions of the area of the chamber -
900 x 700 mm;

- power supply of the shredder — flow, discrete, operator-
controlled;

- separation and loading of the shredded material - flow,
continuous, automatic;

- machine drive - hydraulic, from a pump / hydraulic motors /
cylinders and internal combustion engine / electric motor;

- approximate power of the drive — 100 kW.
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Concept for a model study

The purpose of the study is to determine and calculate the
necessary forces and moments for the shredding of waste
products from tough-plastic materials with a two-shaft
shredder, which is presented on Fig.3.

It was found that the pressure, which each carbide cone on
the disc teeth exerts on the destructed material, is 44 MPa. It is
nearly 2 times the disruptive tension of 25 MPa (Borshchev,
Dolgunin, Kormilytsin, Plotnikov, 2000). The pressure is
assumed as applied to an area of the tooth with a diameter of
30 mm. It is transformed into radial forces on the knives,
respectively torques (torsion moments) on the shredder shafts
(Pisarenko, 1993).

Fig. 3. Force and moments during shredding

Under the accepted condition for 3 simultaneously working
"destructive" teeth (Vatskicheva, 2016), the nominal torque of
each shaft at 25 rpm - 40 kN.m - is determined. In this case,
the appropriate heliocentric -type reducer is PG 3501 with gear
ratio i = 4.1. Accordingly, the drive hydraulic motor is a radial
piston one, with constant flow-rate, of type IAM.1600 H, with a
maximum speed of 250 min-1 and a torque equal to 7860 N.m
at a pressure of 300 bar.

The end conditions reflecting the mechanical load when
operating the steel structure (Borshchev, 2004, Tavakoli et al.
2008) include the following parameters:

- input power: Pinp= 90 kW;

- rpm (revolutions) of the working shaft:

nv= 25 min‘’;

- frequency of rotation of the working shaft:

wv=% = 2.62rad/s;

- torque of the working shaft:

M, =ul>)—n =35 kN.m,

where n=0,98 is the efficiency of the transmission;
- disruptive tension of the tough-plastic material:

15 = 60 MPa;
- shear force by one knife
My

F.= = 66.7 kKN:;
S 3.0,175

- moment of resistance of shredding by 1 knife: Mg; =
Fs.lg = 11.67 KN.m.

The mechanical load during operation of the structure is
presented on Fig.4 (Tokarskiy, Yankiv, Siryk, Gochko,
Kosenko, 2003).
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Fig. 4. Mechanical load during shredding of tough-plastic
materials

The required power W to drive the shredding shafts is
determined by the formula (Vatskicheva, 2017):

D
Pp.1L.St .Tt.z.n,,

W= 9554 (5)
W 25.10%.2.6.107*.0,15.8.25
9554
W =94.2 kW,
where:

- Po is the tension for shredding of the tough-plastic
material - 25 MPa

- St — the maximum contact area of each destructive tooth
~20 x 30 mm or 6.10-4m?;

- Z - number of simultaneously working discs - 8 / 4 from
one of the shafts and 4 from the other, with a total length along
the axis of the shafts - 320 mm, which is greater than the
maximum size of waste materials /

- Dt — diameter of the cutting discs 175 mm / distance of
the teeth from the shaft axis /;

- nv — rpm (revolutions) of the shafts 25 min-*;

- 1 — coefficient of power reserve equal to 2.

Numerical results

Table 1 summarises the results of the power (force) load
during shredding of tough-plastic materials.

Table 1. Change in the power load during shredding

N | F F, Alfa

[kN] [kN] [
1 | 2281 | 6268 20
2 | 2390 | 6227 21
3 | 2499 | 61.84 22
4 | 2606 | 61.40 23
5 | 27.13 | 60.93 24
6 | 2819 | 6045 25
7 | 2924 | 59.95 26
8 | 3028 | 59.43 27
9 | 3131 | 58.89 28
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Table 2 summarises the results of the momentary
(instantaneous) load during shredding of tough-plastic
materials.

Table 2. Change of the momentary load during shredding

Ne X Mt Mp

[mm] [kN.m] [kN.m]
1 45 40 10.97
2 310 0 10.90
3 390 0 10.82
4 470 -10 10.75
5 550 -10 10.66
6 630 -10 10.59
7 710 -10 10.49
8 790 0 10.40
9 870 0 10.31

Conclusions

The results of the model studies conducted justify the
following conclusions:

- the study determined the numerically necessary
forces and moments for shredding of waste products from
tough-plastic materials with a two-shaft shredder;

- the radial forces on the knives resulting from the
disruptive pressure applied to a surface from a tooth surface
are included;

- the nominal torque is obtained under a condition for
three simultaneously working "destructive" teeth.

- a solution is proposed to a practical problem related
to determining the mechanical load during shredding of tough-
plastic materials with a two-shaft shredder;

- the magnitudes and directions of forces and
moments for shredding of a particular type of waste are
determined;

- the problem (task) involves solving the equations
describing the mechanical processes under operating
conditions and analysing the applied load.
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MODERN APPROACH TO THE TECHNOLOGY OF THE BACKFILLING
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ABSTRACT. The article describes a modern approach to the technology of backfilling of working space, taking into account the sustainable development of mining.
The aspects of economic efficiency, safety and ecology are considered. A detailed analysis of various backfilling methods that are used in modem enterprises is
given. The advantages and disadvantages are given. The article describes in detail the work carried out in this area at the Mining Institute of NUST "MISiS". One of
the directions is the study of the possibility of using local natural materials or waste products as backfills. In particular, studies were carried out on the formation of
backfill arrays based on sulphide-containing and halite tailings. The influence of the granulometric composition and ratio of coarse and fine aggregateson the quality of
the backfill, as well as their quantity per unit of volume, amount of water (water binding ratio), method of preparation, transportation and styling, conditions
(temperature) and age of hardening are also considered.

Keywords: sustainable mining, backfilling, industrial waste, ecology

MOJEPEH NOAXxon KbM TEXHONOIMATA HA 3ANBJIBAHE

AnekcaHdbp UeanHukoe!, Konaap-CropioH Yelinew!, Anb6epm XalipymduHoe?, FOnus Tronsesa?
! HayuoHaneH yHusepcumem 3a Hayka u mexHonoauu "MUCuC", 119049 Mockea

2 Pycku yHugepcumem Ha dpyx6ama Ha Hapodume, 117198 Mocksa
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PE3IOME. CraTusita onucBa MOAEpPEH MOAXOA KbM TEXHONOrusiTa Ha 3ambiiBaHe Ha OTPabOTEHOTO MPOCTPAHCTBO, KaTO CE OTYMTA YCTOMYMBOTO Pa3BuTHE Ha
MWHHUTe paboTn. PasrnepaHy ca acnekTuTe Ha MKOHOMUYeckaTa epekTBHOCT, 6e3onacHocTTa 1 ekonorvsTa. [lafeH e nofpobeH aHanua Ha pasnuyHNTE MeToau 3a
3anbfiBaHe, KOUTO Ce M3Non3eaT B CbBpeMeHHUTe npeanpusaTis. MpeacTaBeHn ca npegumcTeata W Hepoctatbuute. CTatsTa omucea noapobHo pabotata,
u3BbplleHa B Taan obnact B MuHHMs uHeTUTYT Ha HYHT "MUCuC". EgHo oT HanmpaeneHusita e Mpoy4BaHeTO Ha Bb3MOXHOCTTA 3a M3MON3BaHe Ha MeCTHM
€CTEeCTBEHW MaTepuani Unu oTNafHN MPOAYKTY 3a 3ambriBaHeTo. Mo-cneuuanHo 6sxa npoBeaeHn NpoyyBaHns 3a hopMMpPaHeTo Ha 3ambrBalyy Maciem Ha 6asata
Ha CynduoHM M xanuToBMOTNaAbLM. Pasrmeaanu ca Cblyo BMMSHUETO HA rpaHyNOMETPUYHUS CCTAB U CHOTHOLIEHWNETO Ha rpybn 1 OUHW HEPTHW MaTepuanm
BbpXy Ka4ecTBOTO Ha 3ambriBaHe, KakTo W TAXHOTO KOMMYECTBO CIpAMO eAuHULa 06eM, Konm4ecTBOTO BOAA (CHOTHOLLIEHME HA CBbP3BaHETO C BOAA), METOA Ha
NpUroTBSIHE, TPAHCNOPTMPaHe U CTUAU3MPaHe, YCoBus (TemnepaTypa) v Bb3pacT Ha BTBbpAsBaHe.

KniouoBu AyMU: yCTOI;NVIBO pasBuTne, MUHHK pa60T|/|, 3anbnBaHe, TEXHONOIMYHU OTNadbLK, ekonorus

Introduction struggle for the minerals extraction completeness. Due to the
high value of the extracted raw materials, underground mines
Man-made disasters during the extraction of minerals mainly use systems with hardening backfilling based on the
occur more frequently. In 2007 there was acollapse of the cement binder component (Khayrutdinov, 2009; Khayrutdinov,
surface at BKRP-1 Uralkali, in2014 - water breakthrough at the Ivannikov, 2017). And in coal mines dry or hydraulic backfilling
"Solikamsk-2"mine, in 2017 - a breakthrough of water from a isused. At the same time, Coarse-ground rocks from Sinking,
spent pit to an underground mine at the Mir enterprise in finely crushed coal waste ore,specially mined sand are used.
Yakutia, etc. (Khayrutdinov, 2007; Khayrutdinov, Ivannikov, Hardening backfilling in coal mines is used only in exceptional
2017).This demonstrates the need for a more thorough cases: when extracting powerful, steeply dipping layersor
deve|0pment of techno|ogy at the mine design Stage_ redUCing endogenOUS fire hazard or when mining Iayers under
One of the ways to minimise man-made disasters is the guard  objects  (Khayrutdinov,  Shaymyardyanov, 2009;
use of technology with backfiling of working space Khayrutdinov, 2008).
(Khayrutdinov, 2009). The use of backfilling of working space allows the control
An analysis of global experience shows that up to 35% of of mining pressure and increasing the safety of mining
mines use development systems with backfilling. This is due to operations as well as simultaneous mining of the deposit by
the deepening of the mines and the complication of mining and underground and open methods. This increases the recovery
geological conditions. Especially in an environment of constant rate, and also reduces the negative impact of mining on the

environment (Khayrutdinov, 2008). In addition, the use of
backfilling in the extraction of minerals allows to the extraction
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of reserves, previously considered off-balance or left in the
pillars. This, in addition to reducing losses and improving the
quality of extraction, leads to an increase in the lifetime of the
mine that in turn allows to solve the social issue in the regions
where the mining enterprise is a city-forming one
(Khayrutdinov, Ivannikov, 2017).

Despite the advantages of underground geotechnology
with backfilling of working space, at the same time it increases
the cost of mining. And therefore, requires the improvement of
the relevant processes.

In most cases, the mines "Severny" (Murmansk region),
"International" (Yakutia), "Geko" (Canada) and some others
use a specially mined aggregate for filling the mines. It is
characterised by inconstancy of particle size distribution,
humidity, material composition, etc. Therefore, it is associated
with relatively high costs (Khayrutdinov, 2008).

Adding to the filling mixture an excessive amount of water
in order to increase its transportability leads to the separation
of the mixture during transportation. And, as a result, to reduce
the strength of the backfil array. For example, at the
Outokumpu mine (Finland), with the transition of refining
operations to deeper horizons, the side walls of artificial pillars
collapsed. In order to eliminate the negative effects of excess
water in mixtures, the consumption of the binder was increased
that led to an increase in mining costs (Khayrutdinov,
Ivannikov, Arad, Huang, 2017).In addition, it should be borne in
mind that the use of backfill in mining operations is associated
with the construction of backfill complexes. They require
significant financial costs as well as complicated technological
scheme of the process of mining (Khayrutdinov, 2007,
Khayrutdinov, Shaymyardyanov, 2009).

As can be seen, the use of technologies with backfilling is
associated with significant costs and is effective in developing
more valuable ores.

The use of local natural materials and waste products will
significantly reduce the costs not only for backfilling, but also
for the maintenance of various types of dumps and tailings.
Accordingly, land areas for mining allotments are reduced
(Khayrutdinov, 2007; 2009; Khayrutdinov, Votyakov, 2007a;
2007b; Khayrutdinov, Ivannikov, 2017).

The rational use of elements of backfilling with disposal in
laying the waste of mining and processing production will allow
to effectively develop less valuable mineral deposits.

As it was mentioned above, the use of waste not only
affects the technical and economic indicators of the mining
enterprise, but also helps to reduce the harmful environmental
impact on the environment (Yushina et al., 2019).

The application of the technology of hardening backfill with
the utilisation of waste from mining and processing production
will significantly reduce the cost of the process and will allow
the effective development of mineral deposits (Khayrutdinov,
2007; Khayrutdinov, Ivannikov, 2017).

Work on laying concrete mixes in underground workings
was carried out by our scientists before (Kulikova, 1994).But,
since 2000 research work has been carried out at the Moscow
State Mining University for evaluating the possibility of using
mining waste for laying the mined-out space in underground
mining of ore deposits. Studies on the formation of backfill
arrays on the basis of sulphide-containing and halite tailings of
enrichment showed that, if there are appropriate activation
methods, they can be successfully used as aggregate.
Analysis of the data obtained shows that there are no tailings
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that could not be used in the tab as inert aggregate and some
can be used as a binder component (Khayrutdinov, Votyakov,
2007a; 2007b; Khayrutdinov, Votyakov, 2007).

If spent mines are not intended to be used in any other
capacity, for example, for gas storage(Myaskov, Popov,
Popov, Gornyi Zhurnal, 2018), then the use of technology
development enterprises with a backfiling on the basis of
waste mining production allows to expand the raw material
base for the preparation of hardening bookmarks,to free up
part of the territory for its more efficient use for sowing or
building structures, to reduce the negative impact of tailings
and waste dumps on adjacent areas, as well as to reduce
irrational  transportation, reduce loading and unloading
operations and free up part of the rolling stock for the transport
of other goods (Khayrutdinov, 2007; 2009; Khayrutdinov,
Shaymyardyanov, 2009; Khayrutdinov, Ivannikov, 2017).

Thus, research on the use of mining waste, including those
with restrictions, is not only promising, but also solves a
number of economic and environmental problems.

The backfill array is characterised by a rather long setting
time (curing). This results in poor performance. In the same
time the use of various additives that regulate the setting time
increases the filling rate that sometimes leads to cases of
solidification of the solution in the pipelines (Khayrutdinov,
Votyakov, 2007; Khayrutdinov, Ivannikov, Arad, Huang, 2017).

The use of dry or hydraulic backfilling when mining
secondary chambers leads to the penetration of backfill
material into the ore and, accordingly, to an increase in ore
dilution.

Artificial backfill array is a foreign body inside the mountain
range. Its quality is determined by several indicators: strength,
compression, rheological properties, as well as stability in the
outcrop. It is very important to ensure those properties of the
backfilling that are acceptable for specific mining conditions
(Khayrutdinov, Votyakov, 2007a; 2007b; Khayrutdinov et al.,
2017).

The properties of a hardening backfill array are most
significantly influenced by: quality, particle size distribution, and
the ratio of coarse and fine aggregates as well as their number
per unit volume, amount of water (water binding ratio), method
of preparation, transportation and installation and also the
conditions (temperature) and the age of hardening
(Khayrutdinov, Votyakov, 2007).

Studies show that one of the determining factors for the
efficiency of a mixture is its water content. The technology of
backfiling at the mining enterprises is characterised by the
presence of a significant amount of water in mixtures (up to
550 kg/m3). This dramatically reduces the strength of the
artificial array and impairs the technical and economic
indicators of the use of development systems with a backfilling
(Khayrutdinov, Votyakov, 2007).

The increase in the mass fraction of the solid constituent in
the mixture is a significant reserve for reducing the
consumption of the binder.

The type and ratio of aggregates also affect the strength of
the filling mixture. The filler in the mixture is 70-90% (mass.). It
is significantly cheaper knitting. Therefore, it is economically
advantageous that the filling mixture contains as much
aggregate as possible and as little binder as possible.
However, economic considerations are not the only ones when
choosing a placeholder. For the stability of the artificial array
the grain composition of the aggregateis also important. It
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affects the moistening of the surface of the grains, the relative
volume of the aggregate, the good stowability of the filling
mixture, and its tendency to delamination (Khayrutdinov,
Votyakov, 2007).

An important characteristic of the backfilling is the
dynamics of strength in time. The pattern of growth of strength
is important in determining the minimum time to start working
out of the pillars. This affects the choice of parameters for
development systems. Studies have shown that the most
intense increase in strength is observed during the first 60
days of hardening. In the subsequent period (up to 3 months),
the increase in strength slows down somewhat (an increase of
10-17%). Over the next 3 months there is an even slower
increase in strength (by 3-5%). And over the next six months, it
increases by another 2-3% (Khayrutdinov, Votyakov, 2007).

Characteristics of the future backfill array largely depend
on the properties of the source materials. Therefore, their
correct choice is one of the most important factors in the
backfill technology. The setting time of the filling mass should
not be less than the required time for delivery of the mixture to
the space developed. This is especially important for mixtures
with coarse aggregate. As in this case, the stratification leads
to an uneven distribution of the constituent components in the
developed space and also to the heterogeneity of the artificial
array and reduced strength. The composition of the filling
mixture should be such that high temperatures do not develop
in the artificial massif, which have a detrimental effect on its
solidity. Theshrinkage of the mixture would be minimal
(Khayrutdinov, Votyakov, 2007; Khayrutdinov et al., 2017).

A series of experiments allowed to determine the influence
of the content of magnesia cement in the backfil on its
strength. For comparison, samples of hydraulic backfill were
simultaneously produced.

Halite waste and magnesia cement, taken in the required
amount relative to each other, were mixed for 3 minutes. The
mixture obtained was sealed with a saturated solution of halite
waste with a density of 1.35 g/cm3 at a temperature of 25°C in
an amount that provides the mobility of the mixture along the
Suttard taper of 20 cm. The resulting mixture was mixed for 2
minutes until a homogeneous mass was obtained. The results
of testing the strength of the uniaxial compression are given in
Table 1 and Figure 1.

Table 1. Mixture wastes based on enrichment waste with
different binder content

=
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g e 8 o
E| & Bas ks
S| =] 8 | 2| 7| 2860 |9
> )
= | 2
'_
11995 05 0.15 - 03 ] 07 |08
2 |99 1 0.15 | 0.05 | 0.65 1 1.25
3 |975] 25 015 [ 010 | 09 | 165 | 1.8
4 19 5 015 [ 025 | 1.7 | 26 | 28
5 (100 - 0.15 - 01 1025| 03

137

The graph in Fig. 1 shows that the strength of the studied
samples increases substantially in proportion to the content of
magnesia cement in the filling mixture.

When choosing a technology for extracting minerals from
the depths, it is necessary to take into account a combination
of many factors: economic, environmental and safety. The use
of technology with the backfilling of working space on the basis
of man-made waste, allows for more efficient use of natural
resources.

25
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Fig. 1. The kinetics of backfilling strength with differentbinder
content
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TREATMENT OF WATER CONTAMINED BY PETROLEUM PRODUCTS THROUGH
CONSTRUCTED WETLANDS WITH INTEGRATED PLANT SEDIMENT MICROBIAL FUEL
CELLS

Rosen Ivanov, Ani Stefanova, Anatoliy Angelov

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; rosen_iv@abv.bg

ABSTRACT. Oil exploration and exploitation activities contribute to global economic growth but often lead to pollution of the environment by oil and petroleum
products. Constructed wetlands are cheap, environmentally friendly and use biological processes based on photosynthesis process for treatment oil-contaminated
waters. Integration of Plant Sediment Microbial Fuel Cells (PSMFC) into them allows the generation of energy in parallel to water treatment. The purpose of this study
is to identify the treatment capacity of five variants of PSMFC planted with different vegetation (Typha latifolia, Phragmites, Spartina, mixed marsh vegetation and cell
without vegetation). A solution containing crude oil at a concentration of 100 mg/l is delivered to the PSMFC with a horizontal surface flow and a hydraulic retention
time of 14 days. From the chemical analyses performed, the highest treatment level was established in PSMFC 4 planted with Spartina and inoculated with mixed
culture oil-oxidising bacteria. At the end of the experiment the concentration of pollutant dropped to 0.052 mg/l. The same showed the best electrical parameters
during the experiment. The power density reached 11.56 m\W/m2 at a current density of 27.16 mA/m2and applied resistance of 300 Q. The open circuit voltage ranged
from 900 to 1100 mV. The results obtained show good prospects for application of plant sediment microbial cells in the passive treatment of waters polluted with
crude oil and petroleum products.

Keywords: constructed wetlands, plant sediment microbial fuel cells, passive wastewater treatment, oil and petroleum products pollution

MPEYUCTBAHE HA BOOU 3AMBPCEHU C HEDOTOMPOOYKTU YPE3 KOCTPYUPAHU BNAXHU 30HU C UHTEFPUPAHU
PACTUTENHW CEQUMEHTHU MUKPOBHW FTOPUBHU KNETKKU

PoceH UeaHos, AHu CmedpaHosa, AHamonuli AHzenoe

Murto-2eonoxku yHusepcumem "Cs. MeaH Puncku”, 1700 Cogpus

PE3IOME. [leitHocTiTe N0 Npoy4BaHe M ekcnnoaTauns Ha HedhTeHN HaxoauLLa AOMPUHACAT 33 MKOHOMUYECKW pacTex B CBETOBEH Mallab, HO YecTo Toa BOAM U A0
3aMbpcsiBaHe Ha OKonHata cpefa ¢ HedT u HedpTonpoaykTh. KOHCTpyMpaHuTe BnaxH! 30HW Ca €BTUHM, EKOMOTMYHO YWCTU M M3non3saTt BuonmornyHm npouecy,
GasnpaHn Ha npoleca OTOCHHTE3a 3a NpeYnCTBaHe Ha 3aMbPCeHN C HedT BOAW. VHTErpupaHeTo Ha pacTUTEeNHU ceaMeHTHN MUkpobHy kneTkn (PCMIK) B Tsx
no3BonsiBa reHepupaHeTo Ha eHepris Mpu napanenHo npeuucTBaHe Ha BoauTe. LlenTta Ha HacTOALIOTO M3criedBaHe € Aa Ce YCTaHOBM MpeuncTeatenHata
cnocobHocT Ha neT BapuaHta PCMIK, 3acapenn ¢ pasnuuHa pactutenHoct (Typha latifolia, Phragmites, Spartina, cMeceHa bnaTHa pacTUTENHOCT U kneTka 6es3
pactutenHoct) Kem PCMIK e nofasaH pa3teop cbabpaly HedT B koHUeHTpauyms 100 mg/l, npu xopu3oHTaneH noBbpXHOCTEH NOTOK W KOHTaKTHO Bpeme 14 axu. OT
HanpaBeHUTE XUMUYHW aHanU3n Ce YCTaHOBW Hali-BICOKa CTeneH Ha npeunctsaHe npu PCMIK 4 3acapeHa ¢ BnatHa TpeBa M MHOKynMpaHa CbC CMeceHa KynTtypa
HedhT-okucnsBawy Gaktepumn. B kpas Ha ekcnepuMeHTa KoHLEHTpaumsTa Ha 3ambpcuTens cnagHa Ao 0,052 mg/l. Celuata nokasa 1 Hait-gobpu enekTpudeckm
napameTpy Nno BpeMe Ha exkcrniepyMeHTa. MmbTHOCTTa Ha MOLLHOCTTa gocturHa Ao 11,56 mW/m2 npu nbTHOCT Ha Toka 27,15 mA/m2 1 MpUnoXeHo CbNpOTUBIEHWE
300 Q HanpexeHrueTo npu oTBOPeHa Bepura ce Asnxelue B rpaHnumute 900 — 1100 mV. MonyyeHuTe pesynTaTi nokassaT A0OPY NEPCNEKTMBM 3a MPUNOKEHNE Ha
pacTUTENHUTE CeAMMEHTHI MUKPOGHM KNETKV MU NacvBHO NPEYNCTBAHE Ha BOAW, 3aMBbPCEHI C HE(T U HedhTONPOAYKTY.

KniouoBu AYMU: KOHCTPYUPAHWN BNaXHW 30HWU, PaCTUTENHN CEAUMEHTHN MI/IKp06HI/I FOPUBHU KNETKW, NaCUBHO NPeYnCTBaHe Ha BOAK, 3aMbpCABaHe C He(i)T

Introduction productive at the time of their installation and lose their
efficiency after some time (Muhammad et al., 2019).
Crude oil is the world’s largest non-renewable energy Conventional methods of oil-contaminated water treatment
resource, accounting for about 33% of the total consumed based on physical and chemical processes are not feasible to
energy. Dr||||ng and extraction processes for oil and gas install due to their h|gh Capital, Operational and maintenance
generate huge volumes of oil-contaminated water. The costs (Shubiao et al., 2018).
worldwide demand for oil is expected to keep rising in the Using constructed wetlands (CW) with integrated plant
coming years, which will potentially increase the generation of sediment microbial fuel cells (PSMFC) is an innovative
oil-contaminated water. approach for the remediation of polluted water which requires
Worldwide, water contaminated with crude oil is usually only aquatic vegetation. They can be applied to any oil-
stored in evaporation p|tS before eventual discharge into the contaminated water stabilisation p|t with minimal financial
environment without any treatment. The remediation of such capital (Vymazal, 2014). Recent studies have revealed that the
oil-contaminated water has become a critical problem in oil- combined use of plants and bacteria in CW with PSMFC can
producing countries and requires immediate attention. enhance plant growth and pollutant degradation. Plants
Moreover, the majority of oil and/or gas wells are not highly provide nutrients to rhizospheric microbes through their roots
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exudates (Felix et al., 2019). These microorganisms have
major roles in the degradation of organic compounds, and their
efficiency in degrading hydrocarbons increase in the presence
of plants. (Rachnarin et al., 2017) Once the pollutant is taken
up by plant, endophytes are actively involved in the in planta
degradation. However, this combination of plants and
associated microorganisms has not yet been evaluated at
large scales for remediation of oil-contaminated water (Qing et
al., 2017).

Generation of energy from plant sediment microbial fuel
cells is additional advantage in using this technology for oil-
contaminated water treatment (Rasool et al., 2019). Most
PSMFC are open systems with anodes embedded in anoxic
sediment and cathodes placed in aerobic water layer. The
microorganisms in the sediment consume organic substrates
and transfer the electrons to the anode. Dissolved oxygen is
utilised as an electron acceptor and combines with protons to
form water and generate electricity (Panpan et al., 2014;
Boyue et al., 2019).

The aim of this study is to evaluate the treatment efficiency
of oil-contaminated water and electricity generation by applying
CW with PSMFC.

Materials and methods

For the purpose of the study five constructed wetlands with
integrated plant sediment microbial fuel cells were made
(Figure 1). The cells have a volume of 30 dm? and are planted
with different aquatic vegetation. (Table 1) The cells were filled
with 20 dm3 mixture of sediment and peat in a ratio 20:1.
Stainless steel electrodes with an area of 400 cm? are placed
on the bottom and in the surface layer. The cells are designed
to provide a different flow of water in the installation under
different operating modes.

—

3 R}"'/
LI

(A—

1
W)
J

-

Fig. 1. Scheme of the laboratory installation

1 - Incoming solution; 2 — Peristaltic pump 3 — Digital multimeter,
4 - Constructed wetland with integrated plant sediment microbial
fuel cell, 5 - Outgoing solution, A — anode, C - cathode

Before starting the experiment, screening of highly active
oil-degrading strains of the laboratory collection, suitable for
inoculum in the CW anoxic and aerobic zone, was made.

By peristaltic pump, a solution with a crude oil content of 100
mg/l (total oil content 14 mg/l and COD 39000 mg/l) was
delivered to the cells with hydraulic retention time of 14 days.
In order to establish the best treatment effect and energy

generation, four modes of operation of the cells were studied.
In Mode 1, clean water is flowed into the cells with a horizontal
surface flow. In Mode 2, synthetic solution with crude oil is
flowed into the cells with a horizontal surface flow. In mode 3,
synthetic solution with crude oil is flowed into the cells with a
horizontal surface flow. The cells are inoculated with a mixed
culture of oil-oxidising bacteria (Pseudomonas veronii,
Azoarcus communis, Pseudomonas chlororaphis,
Pseudomonas putida, Pseudomonas libanensis). In mode 4,
synthetic solution with crude oil is flowed into the cells with a
horizontal subsurface flow. The cells are inoculated with a
mixed culture of sulphate-reducing bacteria. After the
completion of each of the modes, basic chemical parameters,
total oil content and the electrical parameters of the cells were
measured.

Table 1. Scheme of the experiment

Cell Vegetation

Cell1 Without vegetation
Cell 2 Typha latifolia

Cell 3 Phragmites

Cell 4 Spartina

Cell 5 mixed marsh vegetation

Results and discussion

Table 2 shows the basic chemical parameters of the
constructed wetlands for the four modes of operation

Table 2. Basic chemical parameters of the constructed
wetlands

C
E Mode 1 Mode 2 Mode 3 Mode 4
L
EC EC EC EC

Ne| pH [uSlem| pH |[uSlem| pH |pSiem| pH | pS/icm
11712 | 612 | 6,78 | 1224 | 6.83 | 1105 | 7.21 | 1142
2682 | 825 | 722 | 1035 | 7.08 | 936 | 7.15 | 972
3725 | 80 | 714 | 997 | 717 | 952 | 6.95 | 1011
4| 704 | 734 | 692 | 894 | 687 | 789 | 6.79 | 846
51| 697 | 951 731 | 1012 | 6.79 | 960 | 7.03 | 999

NHst | POs% | NHs* | POsS | NHst | POs® | NHs* | POs>
Ne| mg/l | mgl | mg/l | mg/l | mg/l | mgl | mg/l | mgl
11335 | 328 | 189 | 319 | 114 | 216 | 1.05 | 1.70
21236 | 524 | 157 | 047 | 0.86 | 005 | 0.68 | 0.05
31 14 170 | 137 | 151 | 119 | 0.66 | 0.89 | 0.38
4| 154 | 375 | 146 | 189 | 1.08 | 0.01 068 | 0.01
51| 126 | 169 | 092 | 132 | 0.67 | 0.58 0.6 0.28
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For all cells, the pH of the water ranges from 6.78 to 7.35,
with no significant changes in the individual modes of
operation. The same can be said for electrical conductivity.
The concentration of nutrients NHs* and PO43* is low, with a
tendency to decrease over time due to their assimilation from
plants.

From the measured concentrations of total oil content, the
best results are found under mode 3 (Table 3). Cell 4 is
characterised by the highest ftreatment effect the
concentration of petroleum products is dropping to 0.052 mgl/l.
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Slightly higher concentrations of petroleum products are
measured in Mode 4, but again the lowest values are in Cell 4.
In Mode 2 the highest values of petroleum products in the
outgoing waters from the cells are measured. In the four
modes cell 1 is characterised by the lowest treatment effect.
Similar results have also been obtained for COD. The lowest
COD in all cells is measured in Mode 3, followed by Mode 4
and Mode 2. The COD values can be linked to the residuals of
petroleum products in the effluent from the cells in the
individual modes.

Table 3. Concentration of total oil content and COD in outgoing
water

c
E Mode 1 Mode 2 Mode 3 Mode 4
L

cop | (0RO} | oD | oiet | COD | Torent | OO | corint
Ne mg/ mg/l mg/ mg/l mg/ mg/l mg/ mg/l
11213 - | 363 | 021 | 188 | 0067 | 133 | 0.12
2126 | - | 186 | 043 | 143 | 0.067 | 158 | 0.098
30103| - | 188 | 041 | 163 | 0055 | 176 | 0077
4178 | - | 148 | 0071 | 108 | 0.052 | 126 | 0.06
5| 113| - | 153 | 015 | 138 | 0.089 | 156 | 0.1

Data for the measured electrical parameters are presented
in Figures 2-5. There are no significant differences in electrical
parameters between modes.
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Fig. 2. Polarisation curves in Mode 1

Maximum values of voltage and power density are
established in Mode 3. Cell 4 is characterised by the best
electrical performance by a power density of 11.56 mW/m2 at a
current density of 27.15 mA/m2 and applied resistance 300 Q.
The open circuit voltage ranged from 900 to 1100 mV.
Approximate values of the electrical parameters are measured
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in cell 3 - power density 9.87 mW/m?2 at a current density of
25.46 mA/m2 and applied resistance of 200 Q. The lowest
values of the electrical parameters are measured in cells 1 and
5.
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Similar electrical values were measured during Mode 1. Cell
4 again shows the best parameters - a power density of 9.71
mW/mz2, with a current density of 24.13 mA/m2 and an applied
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resistance of 400 Q. In cell 1, the lowest values of the electrical
parameters were found.
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Of the four modes, the lowest electrical characteristics of
all cells were measured during mode 2. A maximum power
density of 7.16 mW/m?2 at a current density of 17.45 mA/m2 and
a resistance of 200 Q was measured in cell 4.

Conclusions

In order to study the effect of applied high-activity oil-
degrading microflora on the purification of water from
petroleum products and energy production from constructed
wetlands with integrated plant sediment microbial fuel cells,
four technological modes of operation were studied. The best
treatment effect is achieved in Mode 3, where the cells are
inoculated with a mixed culture of aerobic oil-oxidising bacteria.
The lowest value of total petroleum product content — 0.055
mg/l is measured in the outgoing water from cell 4 which is
planted with Spartina.

From the research and the results obtained, it can be
concluded that the added highly active oil-degrading bacteria
play a significant role in the water treatment in the constructed
wetlands. The vegetation as well as the water flow in the
constructed wetlands are also essential.

From the measured electrical parameters of the cells in the
individual regimes, it can be seen that the concentration of the
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petroleum does not significantly affect the energy generated by
plant sediment microbial fuel cells. A more important factor is
the species of aquatic vegetation. In all modes, the highest
energy is generated in the cell planted with Spartina.

The results obtained show good prospects for application
of constructed wetlands with integrated plant sediment
microbial cells in the passive treatment of waters polluted by
crude oil and petroleum products.
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POSSIBILITIES FOR PNEUFLOT FLOTATION MACHINE APPLICATION IN COPPER-

PORPHYRY ORE PROCESSING PLANT

Tsvetelina Ivanova, Irena Grigorova, Marin Ranchev

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; irena_mt@abv.bg

ABSTRACT. In the current research work the pre-contact flotation possibilities for recovery of Cu and Mo from copper porphyry ores, have been evaluated. The study
was conducted in the form of laboratory flotation experiments with pneumatic flotation machine — PNEUFLOT® (MBE Coal & Minerals Technology). Much attention
was paid to the adjustable parameters of the flotation machine such as feed slurry flowrate (I/h); air flowrate (I/h); feed nozzles size (mm) and froth height (mm). Thus,
the optimal have been selected for the flotation test programme. Furthermore, in order to evaluate the effect of the reduced froth surface area, using a conical froth
crowder (booster cone) on the concentrate mass pull, grade and recovery, a series of flotation experiments with or without central froth crowder have been performed.
The obtained results show the possibilities for PNEUFLOT flotation technology implementation in the copper flotation plants.

Keywords: Pneuflot, copper-porphyry ore, flotation, parameters

BBb3MOXHOCTU 3A NPUNOXEHUE HA ®NIOTALIMOHHA MALLUUHA PNEUFLOT MNPU NPEPABOTKATA HA MEQIHO-

NOP®WUPHW PYOU
Lleemenuna UeaHosa, UpeHa Npuzopoea, MapuH PaHyee

MurHo-eeonoxku yHusepcumem "Cs. Mear Puncku”, 1700 Coghust

PE3IOME. B npeacTaseHoTo u3cnepgaHe 0sixa aHann3npanu Bb3MOXHOCTUTE 3a rioTauns ¢ npeasapuTeneH KoHTakT Ha Cu u Mo OT MeaHo-nopdmpHu pyau.
JlabopaTopruTe nscneasaHns 6sxa npoBefeHn ¢ NHeBMaTM4Ha cnoTauuorHa mawwmrHa PNEUFLOT® (MBE Coal & Minerals Technology). OcHoBHO BHUMaHKe belue
06bpHATO Ha MPOMEHNMBMTE MapamMeTpu Ha (hrioTalMoHHaTa MalvHa, kato fe6ut Ha nynna (I/h); nebut Ha Bb3gyxa (I/h); paswep Ha 3axpaHBalymTe Ao3u (Mm) u
BMCOYMHATA Ha Nennst crnoit (mm). 3a droTauuorHuTe TectoBe bsixa onpedenern v 13bpaHn ONTUMAMNHUTE TEXHUYECKM NapaMeTpu Ha (roTaLMoHHaTa MalLuHa.
[MpoBeseHn ca cepus OT hOTALMOHHM TECTOBE C OMTUMM3NPAHN TEXHUYECKM NapamMeTpu Ha droTayvorHaTta mawmHa PNEUFLOT, kato e koHTponupaHa nnotuTa
Ha ofLyaTa NoBbPXHOCT Ha NeHHaTa opMauys Ha noTauurorHaTa MalumHa. ObiyaTta NoBLPXHOCT Ha NeHHaTa hopMaLys Ce perynupa Ypes NocTaBsHETO Ha KOHYC
B ropHaTa 4acT Ha (hnoTaLMoHHaTa KneTka, koeTo AaBa Bb3MOXHOCT 3a HamanssaHeTo 1. MpoBefeHn ca ABa Bua (rioTaLMOHHN TECTOBE - CbC U 6e3 KOHyC.
[MonyyeHnTte pesyntaTv OT U3BbPLUEHUTE (hrIOTALMOHHI U3CNIeABaHMS, NOKa3BaT Bb3MOXHOCTUTE 33 BHeapsiBaHe Ha chrioTaumonHa mawmHa PNEUFLOT B megHo

npepaboTBaTENHUTE KOMMTIEKCH.

KntoyoBu gymu: Pneuflot, meaHo-nopdmpHa pyaa, dnotauus, napameTpu

Introduction

Flotation is one of the most important physico-chemical
separation processes, used largely in mineral separation
operations. In the last three decades the use of pneumatic
flotation machines (most common pneumatic flotation columns
- “short columns” - refer to other non-mechanical flotation cells,
variously referred to as novel columns, pneumatic cells and
high intensity cells) became wide-spread throughout the
mineral processing industry of metallic, non-metallic ores, coal,
etc. (Harbort, Clarke, 2016). Pneumatic flotation has developed
very substantially since the 1920’s, up to the new designs
proposed by Dr. Rainer Imhof in Germany.

The pneumatic pre-contact flotation machines are
representatives of a new generation of flotation machines with
a number of design features that improve the flotation process.
The mixing of the solid and gas phases in an aqueous medium
is carried out in advance, outside the volume of the flotation
cell, in heterogeneous devices designated by the various
manufacturers, such as aeration devices, mixing chambers,
and others. The elementary flotation act (attachment of
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hydrophilic solid particles to air bubbles) occurs in these
devices. Pre-contact flotation machines do not have an
impeller system which means there is no wear and tear in the
stator-rotor system. Another important feature is the ability to
create finer air bubbles and lower air consumption than
conventional pneumo-mechanical machines, resulting in
flotation of fine products and production of high-quality
concentrates.

Since 2009 MBE Coal and Minerals Technology GmbH
has been manufacturing and developing the PNEUFLOT
flotation machine. A brief description of PNEUFLOT operating
principles is presented below.

The flotation pulp is first directed to a single aerating unit
arranged in the vertical pipe above the flotation cell. The
aerator (self-aerated) is installed in the vertical feed pipe.
Following aeration, the pulp flows through the central pipe to
the slurry distributor ring located at the bottom of the cell where
it is vertically deflected upward through high wear resistant
ceramic nozzles. The air bubbles covered with hydrophobic
particles ascend to the upper cell area and form a froth layer
on the surface which flows off into a froth launder surrounding
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the cell like a ring. Particles not clinging to air bubbles are
discharged with the pulp from the bottommost point of the cell.
The pulp level is kept constant either by a level probe which
actuates a valve controlling the discharge or by a device
known as a “gooseneck discharge”. The necessary flow rate
and pressure are delivered by the appropriate slurry feed
pump. The pulp distributor injects the aerated pulp in an
upward motion into the flotation vessel. The cell is only
responsible for separating the remaining pulp from the froth
formed by the loaded bubbles. (Flotation Technology Brochure,
PNEUFLOT®, 2011).

The first PNEUFLOT pneumatic flotation plant was put into
operation in Pennsylvania in 1987. The installation, owned by
Pittstone Coal Co., is for coal flotation, and since then
PNEUFLOT has been widely applied in the processing of coal
and coal slimes, industrial minerals, iron minerals, and non-
ferrous metals such as copper, lead, nickel, and zinc and
precious metals - platinum, gold, silver and etc. A schematic
view of the PNEUFLOT flotation machine is shown in Figure 1.

Feed

Gooseneck
discharge

Concentrate

Pulp distributing

Vertical feed pipe device (feed nozzles)

Fig. 1. Schematic view of the PNEUFLOT flotation cell (MBE Coal
& Minerals Technology GMBH)

The aim of this study was to evaluate the optimal operating
parameters of PNEUFLOT flotation machine and to investigate
the influences of these operation variables on the recovery of
Cu and Mo during copper-porphyry ore flotation.

Materials and Methods

A series of flotation tests were conducted on the laboratory
PNEUFLOT (Figure 2) flotation machine in order to provide
data regarding the following operating parameters:

Optimal feed slurry flowrate (I/h);
Optimal air flowrate (I/h);
Optimal feed nozzles size (mm);
Optimal froth height (mm).

The feed slurry for the laboratory flotation tests was
collected from the hydrocyclone overflow stream, which enters
the Cu rougher flotation circuit. The assays for the flotation
programme comprised Cu, Mo, SiOz, Fe, S.
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Fig. 2. Laboratory PNEUFLOT flotation cell

Investigation of feed slurry flowrate (I/h)

In order to evaluate the optimal feed slurry flowrate (I/h), a
series of flotation experiments within the range of 210 to 400
I/h have been conducted. The operating parameters during the
flotation experiments are presented in Table 1.

Table 1. Batch laboratory tests operating conditions

Parameters Value
Feed slurry (1) 50
Solids concentration (%w/w) 30
Residual CaO concentration (mgll) 650
Flotation time (min.) 9
Air flowrate (I/h) 400
Feed nozzles size (mm) 2.70
Froth height (mm) 60

Investigation of air flowrate (I/h)

In order to evaluate the optimal air flowrate (I/h), a series of
flotation experiments within the range of 150 to 800 I/h have
been conducted. The operating parameters during the flotation
experiments are presented in Table 2.

Table 2. Batch laboratory tests operating conditions

Parameters Value
Feed slurry (1) 50
Solids concentration (%w/w) 30
Residual CaO concentration (mg/l) 650

Flotation time (min.) 9

Feed slurry flowrate (I/h) 350
Feed nozzles opening size (mm) 2.70
Froth height (mm) 70
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Investigation of feed nozzles size (mm)

In order to evaluate the optimal opening size of the feed
nozzles (mm), a series of flotation experiments with the
available nozzle: 2.7, 3.00 and 3.30 mm have been conducted.
The operating parameters during the flotation experiments are
presented in Table 3.

Table 3. Batch laboratory tests operating conditions

Parameters Value
Feed slurry (1) 50
Solids concentration (%w/w) 30
Residual CaO concentration (mg/l) 650
Flotation time (min.) 9

Feed slurry flowrate (I/h) 350
Air flowrate (I/h) 300
Froth height (mm) 70

Investigation of froth height (mm)

In order to evaluate the optimal froth height (mm), a series
of flotation experiments within the range of 40 to 100 mm have
been conducted. The operating parameters during the flotation
experiments are presented in Table 4.

Table 4. Batch laboratory tests operating conditions

Parameters Value
Feed slurry (I) 50
Solids concentration (%w/w) 30
Residual CaO concentration (mgl/l) 650
Flotation time (min.) 9
Feed slurry flowrate (I/h) 350
Air flowrate (I/h) 400
Feed nozzles opening size 2.7

According to Wang et al. (2015) the recovery of gangue
particles is greatly influenced by froth heights. As mentioned by
Szatkowski (1987) and Wang et al. (2015) a decrease in
recovery of gangue minerals occurs when there is an increase
in froth height. This is because the increase in froth height
extends the froth residence time and promotes drainage of
particles per unit mass of water in the froth phase back to the
pulp phase.

Investigation of froth surface area (with/without central
froth crowder)

The function of the crowder is to decrease the cross
sectional area at the top of the froth to improve the froth
removal dynamics in the flotation cell. The walls of a crowder
provide a surface to direct froth toward the overflow launder
(Cole et al., 2011).

The formation of the froth surface area is regulated by the
placement of a cone in the upper part of the flotation cell. In
order to evaluate the influence of the reduced froth surface
area on the recovery and kinetics efficiencies, a series of
flotation experiments with and without central froth crowder
have been performed.

The following section of the article will discuss the obtained
results from the flotation experiment with the investigated
operating parameters - feed slurry flowrate, air flowrate, feed
nozzles size, froth height and froth surface area.
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Results and discussions

Based on the results from the flotation experiments, the
optimal operating parameters of the PNEUFLOT flotation
machine have been determined (Table 5).

Table 5. Selected optimal PNEUFLOT machine operating
parameters

Operating parameters Value
Feed slurry flowrate 350 I/h
Air flowrate 300 I/h
Feed nozzles opening size 2.70 mm
Froth height 80.00 mm

Selected results from the flotation experiments regarding
the examination of the optimal operating parameters of the
PNEUFLOT flotation machine are presented below.

Investigation of feed slurry flowrate (I/h)

Throughout the flotation tests, the best Cu & Mo grade and
recovery were achieved when the feed slurry flowrate was set
to 350 I/h. The flotation test results are presented in Table 6-7.

Table 6. Grade results of flotation test for optimal feed slurry
flowrate

Products pull,% | SiO2 | Cu | Mo, glt| Fe S
Conc | 40.82 | 19.91 | 6.35 | 329.93 | 31.75 | 36.03
Tail 59.18 | 22.64 | 1.57 | 180.91 | 31.84 | 37.16
Feed | 100.0 | 2152|352 |241.74 | 31.8 | 36.7

Table 7. Recovery results of flotation test for optimal feed
slurry flowrate

Mass Recovery, %

Products | byt % [ Si0, [ Cu | Mo | Fe | S
Conc | 40.82 | 37.75 | 73.59 | 55.71 | 40.75 | 40.08
Tail 59.18 | 62.25 | 26.41 | 44.29 | 59.25 | 59.92
Feed 100 | 100 | 100 | 100 | 100 | 100

Investigation of air flowrate (I/h)

In the course of the experiments higher Cu & Mo grade
and recovery were achieved when the air flowrate was set to
300 I/h. The flotation test results are presented in Table 8-9.

Table 8. Grade results of flotation test for optimal feed slurry
flowrate

Mass Grade, %
Products | i, % | si0, | cu | Mo,gt | Fe | s
Conc | 36.14 | 164 |687 | 51082 | 31.40 | 40.08
Tall | 6386 | 2173|186 | 1905 |30.50 | 38.97
Feed | 100 |19.82 | 3.67| 3062.55 | 30.83 | 39.37

Table 9. Recovery results of flotation test for optimal feed
slurry flowrate

Mass Recovery, %

Products | o1, % [ S0, [ Cu | Mo | Fe | S
Conc | 36.14 | 29.98 | 67.69 | 60.28 | 36.81 | 36.79
Tail 63.86 | 70.02 | 32.31 | 39.72 | 63.19 | 63.21
Feed 100 100 | 100 | 100 | 100 | 100
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Investigation of feed nozzles size (mm)

During the flotation tests with variable feed nozzle the
optimum Cu & Mo grade and recovery were achieved with 2.7
mm opening size. The flotation test results are presented in
Tables 10-11.

Table 10. Grade results of flotation test for optimal feed slurry
flowrate

Mass Grade, %

Products pull, % | SiO2 | Cu | Mo, glt| Fe S
Conc | 3248 | 15.44 | 9.15| 386.22 | 31.49 | 38.30
Tail 67.52 | 29.48 | 1.54 | 215.38 | 31.76 | 35.66
Feed 100 | 24.92 | 4.01] 270.86 | 31.67 | 36.52

Table 11. Recovery results of flotation test for optimal feed
slurry flowrate

Products Mass Recovery, %
pul, % | SiO2 | Cu Mo Fe S
Conc | 3248 | 20.13 | 74.03 | 46.31 | 32.29 | 34.06
Tail 67.52 | 79.87 | 25.97 | 53.69 | 67.71 | 65.94
Feed 100 | 100 | 100 | 100 | 100 | 100

Investigation of froth height (mm)

Higher values of Cu & Mo grade and recovery while
maintaining the froth height around 80 mm were achieved
during the flotation experiments. The flotation test results are
presented in Table 12-13.

Table 12. Grade results of flotation test for optimal feed slurry
flowrate

Table 14. Grade results of flotation test with a central froth

crowder
Products Mass Grade, %
pul,% | Cu | Mo, g/t | Fe S SiO;
RoConc1(2)| 10.63 |10.46| 1939 | 28.57 |36.08 | 19.43
RoConc2(5)| 9.07 |829 | 2907 |2843 |33.99|21.16
RoConc3(7')| 7.46 | 668 | 3784 |2458|3.18 | 27
RoConc4 (9')| 947 | 465 | 4483 |24.67 |31.86| 29.19
RoConc | 36.64 | 7.65 |3212.04 | 26.71 | 27.77 | 23.92
Scavenger | a5 | 454 | 5153 | 2163 |30.83 | 31.94
Conc (18°)
Tail 4301 0.949| 806 |29.38 | 36.9 | 23.86
Feed 100.0 | 4.14 |2572.37 | 26.83 | 32.32| 25.53

Table 15. Recovery results of flotation test with a central froth
crowder

Mass Recovery, %

Products p},z" cu| Mo | Fe | s |sio
RoConc 1(2) | 10.63[26.90| 802 | 11.33 | 11.87| 8.09
RoConc2 (5) | 9.07 [18.19] 10.25 | 9.61 | 9.54 | 7.52
RoConc3(7') | 7.46 |12.06| 10.98 | 6.84 | 0.73 | 7.89
RoConc4 (9') | 9.47 [10.65| 1650 | 8.71 | 9.34 | 10.83

RoConc | 3664 |67.79| 4575 | 36.49 |31.48|34.34
Scavender | 5 a5 19934 | 4077 | 1641 |19.42 | 25.47
Conc (187)

Tail 4301 | 9.87 | 13.47 | 47.10 [49.10 | 40.20

Feed 100 | 100 | 100 | 100 | 100 | 100

Table 16. Grade results of flotation test without using a central
froth crowder

Investigation of froth surface area (with/without central
froth crowder)

Tables 14, 15, 16 and 17 below, presents the results from
the flotation experiments conducted with and without using a
conical froth crowder, attached on the top of the flotation cell.
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Mass Grade, % M Grade, %

Products pull, % | SiO2 | Cu | Mo,git | Fe | S Products puﬁ,s‘?/o Cu | Mo, ght Fe | S | SO
Conc | 26.96 | 12.43|7.46 | 4230.52 | 33.38 | 41.38 RoConc1(2’) | 12.33 | 10.23 | 1696 |30.67 | 37.57 | 15.73
Tail 73.04 | 22.08 | 2.36 | 2391 |29.95]|39.84 RoConc2(57) | 15.07 | 6.74 | 3302 |28.06|36.31 | 21.22
Feed 100 |19.48|3.73 | 2887.18 | 30.87 | 40.26 RoConc3(7°) | 9.61 | 456 | 4304 |26.31|34.97 | 26.05

RoConc4(9) | 8.78 | 3.15 | 4245 |25.85]33.26 | 23.61
Table 13. Recovery results of flotation test for optimal feed Ro Conc 4579 | 6.53 |3260.59 |27.97 | 35.78 | 21.21
slurry flowrate Scavenger

roducts Vass Recovery. % Conc(18‘) 17.74 13289 | 3060 |27.88 |36.98 | 23.49

pull, % | SiO2 | Cu Mo Fe S Tail 36.47 | 0979 | 830 |27.87| 33.7 | 27.26
Conc | 26.96 | 17.20 | 53.83 | 39.50 | 29.15 | 27.71 Feed 100.0 | 3.93 |2338.53 |27.92 | 35.24 | 23.82
Tail 73.04 | 82.80 | 46.17 | 60.50 | 70.85 | 72.29
Feed 100 | 100 | 100 | 100 | 100 | 100 Table 17. Recovery results of flotation test without using a

central froth crowder

Products Mass Recovery, %
pull, % | Cu Mo Fe S | SiO2
RoConc1(2) | 12.33 |32.08 | 8.94 | 1355 13.15| 8.14
RoConc2 (5) | 15.07 |25.83 | 21.28 | 15.14 | 15.53 | 13.42
RoConc3(7)| 961 |11.14|17.68 | 9.05 | 9.54 | 10.51
RoConc4 (9) | 878 | 7.03 |15.94 | 8.13 | 8.29 | 8.70
RoConc | 45.79 | 76.08 | 63.84 | 45.88 | 46.50 | 40.77
Scavender | 1774 | 1484 | 23.21 [17.72 | 18.62 | 17.49
Conc (187)
Tail 36.47 | 9.08 |12.94 | 36.41 | 34.88 | 41.73
Feed 100 | 100 | 100 | 100 | 100 | 100
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The results show that when using a froth crowder, due to
the reduced froth area size, a lower weight pulls (36.64%) was
achieved, but with higher Cu grade (7.65%) and nearly the
same Mo content (3212 g/t) compared to the experiment
conducted without froth crowder. The overall Cu recovery
(rougher + cleaner) from both flotation tests reached
approximately 90%. Noticeable difference in the Mo grade of
the scavenger concentrates from both experiments was found,
as in the experiment with central froth crowder the scavenger
concentrate assaying 5153 g/t compared to 3060 g/t, without
using a central froth crowder. A possible explanation for this
might be that during the flotation test with central froth crowder
the height of the froth was increased which led to longer froth
retention time which in turn contributed to decrease in the
recovery of gangue minerals by entrainment. According to
Zheng et al. (2006) with an increase in froth retention time,
more water and entrained particles (mainly gangue minerals)
are expected to drain out of the froth phase, leading to
improved concentrate grade.

Conclusions

The results presented in this paper clearly show the
applicability of PNEUFLOT flotation technology for Cu and Mo
recovery in the flotation of copper-porphyry ores. The Cu and
Mo recoveries in the rougher flotation concentrates during the
investigation of optimal parameters were acceptable, ranging
from 67 to 76% for Cu and from 39 to 60 % for Mo. Higher
molybdenum grades in the scavenger concentrate reaching up
to 5153 g/t were accomplished. It seems possible that these
results are due to the PNEUFLOT flotation cell hydrodynamic
creating a suitable condition for effective separation (higher
selectivity) of the sulphide Cu and Mo minerals from gangue
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(SiOg, clays, etc.) components. Thanks to the very small area
where the air injection to slurry is conducted before entering
the separation vessel, the flotation process needs less time
compared to other flotation technologies. It could be concluded
that the PNEUFLOT flotation machine is an effective solution
for flotation process plants.
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PRE-CONTACT PNEUMATIC FLOTATION OF COPPER PORPHYRY ORE FROM
ASSAREL DEPOSIT

Tsvetelina Ivanova, Marin Ranchev, Irena Grigorova, Ivan Nishkov

University of Mining and Geology “St. Ivan Rilski”; 1700 Sofia; irena_mt@abv.bg

ABSTRACT. The PNEUFLOT flotation machine is a representative of a new generation of pre-contact columns flotation machines combining the principle of
pneumatic spraying with the column flotation cell design. The PNEUFLOT flotation machine does not have an impeller system. This means no wear and friction in the
system stator - rotor. Another important feature is the ability to create finer air bubbles and lower air consumption than conventional pneumo-mechanical machines,
resulting in flotation of fine products and obtaining high-quality concentrates. Porphyry-copper ores in the "Assarel" deposit is characterised by a variable and complex
mineral composition and varying physical properties. In order to establish the possibilities for flotation with pre-contact on the ore, processed in the Assarel Flotation
Plant, a series of flotation experiments with selected products from the technological circuit of the plant were carried out. The flotation tests were performed at the
optimal technical parameters of the flotation machine and the experimental results obtained present the efficient flow of the selectivity of the flotation process, mainly
due to the hydrodynamic conditions in the PNEUFLOT flotation machine, which creates a prerequisite for efficient separation of the copper minerals and molybdenite
from the gangue.

Keywords: flotation, copper ores, Pneuflot, flotation machines

®JNIOTALNA C NPEABAPUTENEH KOHTAKT HA MEQHOMNOP®UPHA PYOA OT HAXOOMLLEE ACAPEN
LljeemenuHa NeaHosa, MapuH PaH4es, UpeHa puzopoea, UeaH Huwkos
Murto-2eonoxku yHusepcumem "Ca. MeaH Puncku”, 1700 Cogpus

PE3IOME. ®notauporHata mawmHa PNEUFLOT e npeactaButen Ha egHO HOBO MOKOMEHWE KONMOHHM (NOTALMOHHM MaLWHA C MpeaBapuTeneH KOHTaKT,
KOMOMHMPALLM NPUHLMNA Ha MHEBMATMYHOTO MyNBEpU3NpaHe B CbYeTaHNe C KONIOHHIUS Au3aliH Ha rioTauvmoHHaTa knetka. ®notauporHata mawwmnHa PNEUFLOT He
npuTeXaBa MMNenepHa cucTema, KoeTo 03HayaBa, Ye HsIMa U3HOCBaHe M TpUEHe B cUCTeMaTa cTaTop - poTop. [lpyra BaxHa XapakTepucTika e Bb3MOXHOCTTa Aa ce
Cb3faBaT No-thvHM Bb3AYLLHN MEXypyeTa 1 NO-HUCHK Pasxod Ha Bb3AyX B CPaBHEHWE C KNacuyeckuTe MHEBMOMEXaHWUYHW MaLLMHK, KOETO BOAK A0 droTauus Ha
(b¥HM MPOAYKTM W NONy4aBaHe Ha BMCOKOKAYECTBEHW KOHLiEHTpaTW. MeaHonopduvpHUTe pyan B Haxoauiue “Acapen” ce xapakTepusupaT C MPOMEHNMB W CTIOXEH
MWUHEparneH CbCTas W BapupaLuy nanyHm cBoicTBa. C Lien yCTaHoBsBaHe Bb3MOXHOCTMTE 3a (hroTaLys C NpeBapuTENeH KOHTAKT Ha pyaaTta, npepaboteaHa B O
LJAcapen*, ca npoBefieHn cepun OT HNOTALMOHHM EKCIEPUMEHTY C U3BpaHN NPOAYKTM OT TEXHONOrUYHaTa Bepura Ha oboraTuTenHus Komnnekc. PrnoTaumoHHuTe
TECTOBe Ca MPOBEAEHN NMPWU ONTUMAMHK TEXHWYECKU NapameTpu Ha (proTauuoHHaTa MalLMHa, KaTo NOMyYeHUTe eKCriepUMEHTanHU pesynTaTi SiCHO nokassar
€(heKTMBHOTO MPOTUYaHe Ha CENeKTUBHOCTTA Ha (PNOTALMOHHMS MPOLIEC, Ab/IKALLO Ce Hail-Beye Ha XMAPOAVHAMWYHUTE YCIOBUS BbB (hroTaLMOHHATa MaluvHa
PNEUFLOT, koeTo cb3nasa npeanoctaska v 3a Aobpo pasaensHe Ha MeHITe MUHepani U MonMbaeHUTa OT ckarnHuTe Npumec.

KntoyoBu gymu: cpriotaums, meaHa pyaa, Pneuflot, dpriotaumorHn MawwmHm

Introduction in several aeration devices, disposed along the flotation cell
feed slurry pipelines.

Flotation is an important and versatile mineral processing The main advantages of these devices are that the total
step used to achieve selective separation of minerals and height of the cell is reduced compared to conventional column
gangue. It utilises the hydrophobic nature of mineral surfaces machines, it can be self-induced with respect to air supply,
and their propensity to attach to rising air bubbles in water—ore there are no moving parts and flotation time is relatively fast.
pulp as the basis for separation (Biswas, A., Davenport, W., All this combined with the appropriate selection of flotation
1994). reagents will contribute to higher selectivity and production of

Metal sulphide minerals, for which this process was high quality concentrates.
originally developed, are generally weakly polar in nature and The study was conducted in the form of several laboratory
consequently, most have a hydrophilic surface (Wills, 1997). flotation experiments in order to assess the effect of the

The flotation reagent MINFIT is a unique complex of reagent MINFIT®, the optimal concentration of residual CaO
modified sulphites specifically developed for depressing iron (mg/l) and the pros and cons of adding a conical froth crowder
sulphide minerals (pyrite, pyrrhotite, marmatite, etc.). on the top of the flotation cell. The flotation tests were

In the pneumatic pre-contact column flotation machines, conducted in a PNEUFLOT pneumatic flotation machine —

such as PNEUFLOT® the contact between the solid phase PNEUFLOT® (MBE Coal & Minerals Technology).
(feed) and the air flow is performed in a mixing device at the
top of a vertical pipe, or in a separate agitating tank (reactor) or

148


mailto:irena_mt@abv.bg

Journal of Mining and Geological Sciences, Volume 62, Number 2, 2019

Materials and Methods

Table 1 presents the conditions of the flotation experiment
performed with PNEUFLOT laboratory machine. The flotation
experiment was carried out without using a conical froth
crowder.

Table 1. Flotation test conditions

Parameters Value
Solids concentration (%w/w) 32.00
pH of the pulp 11.76
Feed slurry flowrate (I/h) 350
Air flowrate (I/h) 300
Feed nozzles size (mm) 2.70
Froth height (mm) 70
Without using a conical froth N
crowder
Residual CaO concentration (mg/l) 588.00
MINFIT consumption (g/t) 200
Rougher flotation 2,
- . 5, 7.and 9 min.
Flotation time (min.) Scavenger flotation
18 min.

Table 2 presents the conditions of the second flotation
experiment performed with PNEUFLOT laboratory machine,
when using a conical froth crowder.

Table 2. Flotation test conditions

Parameters Value
Solids concentration (% w/w) 32.00
pH of the pulp 12.19
Feed slurry flowrate (I/h) 350
Air flowrate (I/h) 300
Feed nozzles size (mm) 2.70
Froth height (mm) 70
With using a conical froth crowder \
Residual CaO concentration (mg/l) 590.18
Consumption of MINFIT (g/t) 200
Rougher
flotation 2, 5,
Flotation time (min.) 7Sand 9 min.
cavenger
flotation 18
min.

Results and discussions

Tables 3-4 present the technological results from the
flotation test without using a conical froth crowder.

Table 3. Grade results of flotation test without using a central
froth crowder

Mass Grade, %

Products p;:t Cu | Mo, git | Fe S | AOs| SiO2
RO?ZE’;‘“ 1352|6036 | 1121 |27.97 |31.54 | 4.97 | 2353
"0yt 1318 |4172| 1261 | 2827|3025 501 | 2881
ROUNCS 757 | 300 | 1205 | 2007|3085 482 | 2334
RO?Q‘?;M 529 |2.376| 1097 |29.85|33.01 478 |23.48
Ro Conc [ 3955 | 4.36 | 1180.50 | 28.53 3117 | 4.93 | 23.58
Scavenger| 7 9 |5 151| 1299 |31.18[32.12| 479 | 21.79
Conc (18")

Tail  |5245] 062 | 232 |29.1833.37 | 548 | 23.7
Feed | 100 | 2.22 | 69245 | 29.08| 3240 5.21 | 23.50

Table 4. Recovery results of flotation test without using a
central froth crowder

Mass Recovery, %

Products | pull,
0,

" Cu

Mo Fe S | AOs3 | SiO2

Roé‘?;‘“ 13.52|36.71|21.88 | 13.00 [ 13.16 | 12.90 | 13.53

"7 1318 | 2074 | 2400 | 1281 1230 | 1268 1335

Ro Conc 3

(7) 1.57

10.52 | 13.17| 7.57 | 7.21 | 7.01 | 7.52

Rog?;m 529 | 5.66 | 8.38 | 543 | 539 | 4.86 | 5.29

Ro Conc | 39.55 | 77.63 | 67.43 | 38.80 | 38.06 | 37.44 | 39.69

Scavenger

Conc (18) | %2

7.74 11499 857 | 792 | 7.35 | 7.41

Tail 52.45|14.63 | 17.57 | 52.63 | 54.02 | 55.20 | 52.90

Feed 100 | 100 | 100 | 100 | 100 | 100 | 100
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Figure 1 presents the cumulative (%) recovery of the
chemical components versus flotation time (flotation kinetics).
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Fig. 1. Flotation time vs cumulative % recovery - flotation test
without using a central froth crowder

Figure 2 presents the relation between the cumulative
mass pull and the cumulative Cu recovery during the flotation
experiment without using a central froth crowder.
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Fig. 2. Cumulative weight recovery vs cumulative Cu recovery -
flotation test without using a central froth crowder

The technological results of the flotation test conducted
with a conical froth crowder are presented in Tables 5-6.

Table 5. Grade results of the flotation test with a conical froth
crowder

Mass Grade, %

Products p;!h Cu | Mo, gt | Fe | S |ALOs| SO

RO?Z‘?;‘“ 998 |6.186| 1046 |30.86 |35.47| 4.27 | 19.89
R°é‘?;‘°2 938 |4051| 1131 |28.87|3338| 4.92 | 2362
Rog’)”“ 568 |3452| 1173 |303435.75| 456 | 2231
ROg’;‘C“ 582 | 271 | 1018 | 208 | 355 | 479 | 23.37
Ro Conc | 30.87 | 4.38 | 1089.93 | 29.96 | 34.89 | 4.62 | 22.13
SCavenger | 15 17| 2.412| 1050 |30.45|33.28| 47 | 22.35
Conc (18)

Tail 54.0210.816| 227 ]30.09|3542]| 5.03 | 22.4

Feed 100 | 2.16 | 617.77 | 30.10 | 34.93 | 4.85 | 22.31

Table 6. Recovery results of the flotation test with a conical
froth crowder
Mass Recovery, %

Products p;!h Cu | Mo | Fe | S [ALO:| SO

9.98 |28.63|16.90|10.23 | 10.13| 8.78 | 8.90

Ro Conc 1
(2)
Ro Conc 2
(5)
Ro Conc 3
(7)
R°2399;‘°4 582 | 7.32 | 959 | 576 | 5.92 | 575 | 6.10
Ro Conc | 30.87 | 62.66 | 54.46 | 30.72 | 30.83 | 29.38 | 30.61
Scavenger | 4x 4o | 46 91 (2570 | 15.29 | 14.40 | 14.64 | 15.15
Conc (18")
Tail | 54.02|20.44 | 19.85 | 53.99 | 54.77 | 55.98 | 54.24
Feed | 100 | 100 | 100 | 100 | 100 | 100 | 100

9.38 | 17.62 | 17.17 | 9.00 | 8.96 | 9.51 | 9.93

568 | 9.10 |10.79| 5.73 | 5.82 | 5.34 | 5.68

Figures 3 and 4 present the results of rougher copper
flotation (9 min) and scavenger copper flotation (9 min)
whenusing a central froth crowder.
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Figure 3 presents the cumulative (%) recovery of the
chemical components versus flotation time (flotation kinetics).
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Fig. 3. Flotation time vs cumulative % recovery

Figure 4 presents the relation between the cumulative
mass pull and the cumulative Cu recovery during the flotation
experiment with a central froth crowder.
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Fig. 4. Cumulative weight recovery vs. cumulative Cu recovery -
flotation test with a central froth crowder

Figures 1 and 3 show the effect of MINFIT depressant. The
consumption of 200 g/t and hydrodynamic conditions of the
PNEUFLOT flotation machine results in higher selectivity
against pyrite.

Investigation of the influence of residual calcium oxide
(Ca0) concentration on the flotation process efficiency

A series of laboratory flotation experiments were carried
out during which the residual calcium oxide (CaO)
concentration was maintained and controlled within certain
limits, depending on the characteristic of the feed pulp entering
the rougher and/or scavenger copper flotation circuit.

The experiments were carried out with a representative
slurry sample from the mineral processing plant. The solids’
concentration varies between 30-35%, pH of the pulp varies
within the range of 12.30-12.66 pH, froth height varies between
60-80 mm and the grain size ranges within certain limits for the
individual tests. It was determined that the residual calcium
oxide concentration in flotation feed slurry is about 340 mg/l.
An appropriate amount of calcium hydroxide [Ca(OH)2] was
added to the feed pulp, in order to achieve a concentration of
residual calcium oxide in the range of 650-700 mg/l.

After rougher copper flotation (9 min), CaO content was
around 175 mg/l. In the rougher flotation tail product, calcium
hydroxide was added [Ca(OH)] in order to obtain a residual
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CaO0 concentration within the range of 650-700 mg/l. Tables 7-
8 present the technological results from the flotation test with
residual CaO concentration 700 mg/!.

Table 7. Grade results of the flotation test with residual CaO
concentration of 700 mg/l

Products

Mass

Grade, %

pull,
%

Cu

Mo, g/t

Fe

S

Al203

SiO2

Ro Conc 1
(2)

7.52

9.47

2867

34.82

41.51

2.38

10.7

Ro Conc 2
(5)

10.14

7.75

4899

33.38

411

2.71

12.87

Ro Conc 3
()

5.93

6.72

6308

35.05

39.85

247

12.74

Ro Conc 4
9)

5.23

5.55

6343

31.32

38.92

3.26

18.81

Ro Conc

28.82

7.59

4920.24

33.73

40.55

10.31

13.35

Scavenger
Conc (18")

19.04

2.96

5560

30.33

40.54

41

21.05

Tail

52.15

1.5

1024

29.6

38.77

4.83

23.54

Feed

100

3.53

3010.27

30.93

39.62

6.27

20.13

Table 8. Recovery results of the flotation test with residual CaO
concentration of 700 mg/l

Mass Recovery, %

Products | pull,
0,

" Cu

Mo Fe S | A0z | SiO2

RoConc1| 7.52 |20.17| 7.17 | 8.47 | 7.88 | 440 | 4.00

Ro Conc2 | 10.14 | 22.24 | 16.50 | 10.9410.52 | 6.75 | 6.48

RoConc3| 5.93 |11.28|12.42| 6.72 | 5.96 | 3.60 | 3.75

RoConc4 | 523 | 8.21 |11.01] 529 | 513 | 419 | 4.88

Ro Conc |28.82 | 61.90 | 47.10 | 31.42|29.49 | 18.93 | 19.11

Scavenger

Conc (18) | 1904

15.95|35.16 | 18.67 | 19.48 | 19.18 | 19.91

Tail 5215|2214 | 17.74 | 49.91 | 51.03 | 61.89 | 60.98

Feed 100 | 100 | 100 | 100 | 100 | 100 | 100

Figures 5 and 6 present the results of the flotation test -
rougher (9 min.) and scavenger (9 min.) copper flotation with
residual CaO concentration of 700 mg/.

Figure 5 presents the cumulative Cu recovery (%) versus
cumulative recovery of other components (Mo, Fe, S, Al20s,
SiO2).
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Fig. 5. Cu/Mo, Fe, S, Al20s, SiO2 selectivity as a function of
flotation time

Figure 6 presents the Cu and Mo grade of the obtained
flotation concentrates.
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Fig. 6. Cu and Mo grade in the obtained flotation concentrates

It was determined that the residual concentration of
calcium oxide in the flotation feed pulp was 436.66 mg/l. In
order to increase the concentration, an appropriate amount of
calcium hydroxide Ca(OH)2 was added to the pulp, establishing
a concentration of residual calcium oxide within the range of
650-700 mgl/.

After rougher copper flotation (9 min), CaO concentration
was 244.24 mg/l. An additional amount of calcium hydroxide
Ca(OH)2 was added to scavenger flotation feed in order to
maintain the concentration of residual calcium oxide in the
scope of 650-700 mg/!.

Tables 9-10 present the technological results from the
flotation test with maintained residual CaO concentration
between 650-700 mgl/!.

Table 9. Grade results of the flotation test with residual CaO
concentration of 677 mg/l

Mass Grade, %

Products | pull,
0,

", Cu

Mo, g/t | Fe S | AROs| SiOz

Rog?;‘“ 021 |947| 1692 |30.78 |38.52| 3.00 | 15.23

RO%";‘CZ 1188 [7.98| 2893 |29.66|37.89 | 4.23 | 18.97

R°89;°3 9.11 |5.25| 4658 |29.69 |38.65 | 4.37 |20.74

Rog;;m 11.30|3.20| 4801 |24.57[33.77 | 571 |29.42

Ro Conc | 41.50 | 6.41|3533.26 | 28.53 | 37.07 | 4.41 | 21.37

Scavenger

Cone (18 | 2%

2.56| 3075 |24.07|33.22| 5.57 |29.56

Tail 35.57 |1.04| 723 |26.76|32.06 | 6.22 | 28.87

Feed 100 |3.62]2428.61)26.88 | 34.41| 5.32 | 25.92
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Figures 7 and 8 present the results of the flotation test -
rougher (9 min.) and scavenger (9 min.) copper flotation with
residual CaO concentration of 677 mgl/l.

Figure 7 presents the cumulative Cu recovery (%) versus
the cumulative recovery of other components (Mo, Fe, S,
Al203, SiO2).
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Table 10. Recovery results of the flotation test with residual
CaO concentration of 677 mg/|

Mass Recovery, %

Products

PUL oy | Mo | Fe | S | AROs| Sio2

%

Ro Conc 1

) 9.21

2412 | 6.42 | 10.55(10.31| 5.35 | 5.41

RO%‘?;‘CZ 11.88 | 26.19 | 14.15 [ 13.11 | 13.08 | 9.44 | 8.69

R°?7‘?;‘°3 9.11 132117471006 1023 | 7.48 | 7.20

R°g.’)”°4 1130 | 9.99 |22.33[10.33[11.09 [12.13 | 12.82

Ro Conc | 41.50 | 73.50 | 60.37 | 44.05|44.71|34.40 | 34.22

Scavenger

Sone (18 | 2%

16.28 | 29.04 | 20.54 | 22.15| 24.01 | 26.16

Tail 35.57 | 10.22 | 10.59 | 35.41 | 33.14 | 41.58 | 39.62

Feed 100 | 100 | 100 | 100 | 100 | 100 | 100
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Fig. 7. Cu/lMo, Fe, S, Al:0;, SiO2 selectivity as a function of
flotation time

Figure 8 presents the Cu and Mo grade of the obtained
flotation concentrates.
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Fig. 8. Cu and Mo grade in the obtained flotation concentrates

Conclusions

The experimental results obtained during the flotation tests
of copper—porphyry ore, showed that when using MINFIT®
(200 g/t) depressant in the hydrodynamic conditions of the
PNEUFLOT flotation machine, the flotation process proceeds
with a higher pyrite selectivity. While, the Cu grade in the
gangue is within the range of 0.6 and 0.82% and the Mo grade
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is about 230 g/t. The higher content of residual calcium oxide
in the flotation pulp, results in low concentrate mass pull, but
on the other hand, with an increased Cu grade in the final
concentrate.

Maintaining an optimal residual concentration of CaO in the
range of 650-700 mg/l in the rougher flotation circuit results in
approximately 30% concentrate mass pull with 7.59 Cu grade.
Maintaining an optimal residual concentration of calcium oxide
in rougher and scavenger copper flotation leads to lower Cu
content in the flotation tail and a total recovery of copper and
molybdenum within the range of 90%. The selectivity curves
clearly show the higher selectivity of the flotation process
(depressed pyrite). Apparently, the hydrodynamic conditions in
the PNEUFLOT flotation machine create a prerequisite for an
effective separation (higher selectivity) of copper minerals and
molybdenum from the gangue components (Al203 and SiO2).

The kinetic curves showed that the copper minerals in
rougher flotation circuit floated most rapidly during the first
seven minutes, and Mo actively started to float after the fifth
minute. It should be noted that the grade of Mo in some of the
concentrates reached over 6000 g/t. Apparently, the
hydrodynamic conditions in the PNEUFLOT flotation machine
enable the flotation of fine molybdenum particles. It should be
noted that the efficient flotation of Mo and the higher Mo grade
(over 6000 g/t) in the obtained concentrates was possible due
to the optimal hydrodynamic conditions created by the flotation
cell. The laboratory flotation experiments were performed
without using any molybdenum activating reagents, i.e. no
suitable physicochemical conditions for Mo flotation were set

up.
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INVESTIGATION OF THE POSSIBILITIES TO USE RECYCLED CONSTRUCTION WASTE
IN ROAD CONSTRUCTION
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ABSTRACT. The environmental protection and the sustainable development are directly dependent on the proper management of waste. Huge amounts of waste are
generated in the process of construction, reconstruction and rehabilitation. The road sector is one of the largest generators of construction waste but it is also a sector
that offers the opportunity to use such waste in the construction of new roads and in the reconstruction and rehabilitation of roads. The study of the possibilities to use
recycled construction waste in the construction of new roads is an important step towards the environmental protection by reducing the amount of landfilled waste and

the volume of natural resources that have been used.

Keywords: road construction, recycled material, utilisation

W3CNEABAHE HA Bb3MOXHOCTUTE 3A U3NON3BAHE HA PELIMKITUPAHU CTPOUTENHM OTNAQBLW B MBbTHOTO
CTPOUTENCTBO

Mapusi Manacmupnu, MapuHa Hukonosa

Muro-2eonoxku yHusepcumem "Cs. MeaH Puncku”, 1700 Cogpus

PE3IOME. Ona3ssaHeTo Ha OKonHaTa cpeda M YCTOMYMBOTO PasBUTHME Ca B Mpsika 3aBMCMMOCT OT MPaBMIHOTO YrpaBNeHWe Ha oTnagbuuTe. B mpoueca Ha
CTPOMTENCTBO U W3rpaxgaHe Ha WHAPACTPYKTypa Ce reHepupaT OrpOMHN KONMMYECTBA CTPOWTENHWU OTMaAbLy, rofsiMa YacT OT KOWUTO MOXe Aa Ce uanonssar
MOBTOPHO B HOBO CTPOUTENCTBO, PEKOHCTPYKLMS W pexabunutauus. [bTHUAT CEKTOp e Cpef Haii-roneMuTe reHepaTopu Ha CTPOMTENHW OTNadbLy, HO € U 0TpachH,
KOMTO NpefocTaBs Bb3MOXHOCTM 32 U3MON3BaHEe Ha PELMKIMpaHK CTPOMTENHM OTNaAbLy, KakTO B CTPOUTENCTBOTO HA HOBW TpaceTa, Taka W Mpu PEKOHCTPYKLMS 1
pexabunutauns Ha mbTuwa. MscnesBaHe Ha Bb3MOXHOCTUTE 33 WU3MON3BaHE HA PELMKIPAHN CTPOUTENHM OTNagbLUW B MbTHOTO CTPOUTENCTBO € BaxkHa CTbrka 3a
0na3BaHETo Ha OKOMHaTa cpefia NoCpPeCTBOM HaMansBaHETO Ha KONMYECTBaTa AEMOHUPaHK OTNagbLy 1 0bema Ha U3non3BaHUTe NPUPOAHU PECYPCH.

Kniouosu AYMU: NbTHO CTPOUTENCTBO, PELMKNNPaHN MaTepuranu, onon3oTeopAaBaHe

Introduction
2500000 m formed

With the development of modern infrastructure, the amount 2000000
of construction waste generated which is one of the worst and m for recovery
most massive waste streams in the European Union (EU) is 1500000
increasing. Construction waste is among the priority waste 1000000 4 for disposal
streams and accounts for 25-30% of the total waste generated
in the EU The potential fpr re-use is high becausg of .the high 500000 - m exported outside
recyclability of construction waste and the availability of a the country
market for recycled building materials used in the road sector. 0 - _
Despite the high potential and affordable technologies for a3 9 3235 no data for their

. . . O O O O o management

separating and recovering construction waste, the degree of N N & & N

recycling and input of construction waste materials in the EU
varies widely.

In the Republic of Bulgaria, despite the increasing number
of persons holding permits (Waste Management Act (WMA),
Art. 35, State Gazette (SG), No. 53, 2012, and suppl. SG, No.
1, 2019) and carrying out recycling and recovery activities for
construction waste, for 2017 only 26% of the generated waste
from the Construction sector was handed over for recovery,
while the deposited waste was 46%.

Figure 1 shows quantitative data on construction waste
generated, handed over for recovery and disposal.

Fig. 1. Construction waste management for the period 2013-2016
(source: NSI)

As shown in the chart, only in 2013 and 2016 the waste
handed over for recovery is more than the landfilled, and the
difference is more significant in 2016 and consists of 1422339
tonnes. During the remaining years the waste handed over for
recovery is significantly less than the disposed.

The exploring of the possibilities of using more recycled
construction waste in road construction will increase their
demand, which will lead to an increase in the amount of waste
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utilised. This is an important step in solving the problems of
landfilling and waste of mineral resources.

This paper reviews the possibilities of using recycled
construction waste in road construction, the specific
requirements for their incorporation in building materials and
the technologies used for their recovery. The possibilities for
increasing the % content of recycled materials in asphalt
mixtures, for the construction of new roads with high and
medium loads are considered.

Characteristics of recycled construction waste
that can be used in road construction

Rock materials

The main sources of this waste are road and railway
construction, as well as the processes of construction and
rehabilitation of the technical infrastructure. Theoretically, over
90% of construction waste generated by road and railway
construction can be recycled and/or recovered without further
processing. The recycling of the rock materials is
accomplished only by sieving and, optionally, by further
crushing, i.e. by a very simple technology that allows for a high
rate of recyclability and utilisation. The percentage of
recyclability is directly related to the extent to which waste rock
material is homogeneous and clean (unpolluted with soil,
petroleum products, etc.).

Rock materials formed by repairs and demolition of buildings
may be used as fractional material provided that their physical
and chemical properties meet the requirements. However, this
is rarely happening, because in most cases, waste is mixed
with other materials detrimental to their qualitative
performance.

Concrete

The predominant process by which concrete waste is
generated is the reconstruction and demolition of buildings and
facilities. Very few of them can be reused, i.e. have a limited
shelf life but, on the other hand, have a very high recycling
potential. They contain rock and cement stone that are inert.
The final product of the recycling of concrete waste is fractions
of crushed material, similar to crushed stone of natural rock
materials (Fig. 2).

Fig. 2. Recycled waste from concrete and reinforced concrete

These recycled fractions can be used for the same
purposes as natural materials - from mound materials to
asphalt aggregates.

Depending on the treatment processes of construction
waste, recycled materials very often meet the requirements as
well as the primary materials, i.e. their use in construction
should not be restricted. They can be used mainly as filler for
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drainage works, foundation for road construction (road bed and
bottom base layer, soil stabilisation, temporary roads, etc.), car
parks, garages, etc.

Asphalt concrete

Asphalt-concrete waste is generated mainly in road
construction, repair, rehabilitation and exploitation, as well as
in the repair and reconstruction of streets, car parks, storage
areas and the like. In the Guidance for Construction Waste
Management on the territory of the Republic of Bulgaria,
asphalt concrete is defined as a material consisting of
aggregates (crushed stone and sand) and bituminous binder,
with or without mineral and chemical additives. This is a
material with a very high potential for recycling and re-use (Fig.
3). With rehabilitation only partially or completely replacing the
top layers of the pavement (wear layer and binder), depending
on the technology available, it is possible to recycle the old
pavement on site using hot or cold recycling. The milling
asphalt concrete material can also serve to stabilise the verges
by treating it with polymeric materials. In all three cases, the
type and quantity of the secondary materials should be
complied with the technology. Laboratory tests are conducted
on a case-by-case basis to determine the optimal percentage
of the milling material in the preparation of the mixtures and
determining the optimal quantity of stabilising additives.

Fig. 3. Recycled wastes from asphalt concrete

Requirements for used recycled building
materials in road construction

The use of recycled building materials is regulated by
Regulation No 305 of the European Parliament and of the
Council (EU No 305/2011, 2011). In the Republic of Bulgaria
this Directive was introduced by the Ordinance on the
Essential Requirements for Construction and Conformity
Assessment of Construction Products (OERCCACP, SG, No.
106, 2006, amended SG No. 60, 2014).

Recycled construction waste may be used for stabilising
verges, execution of sub-basic, basic and asphalt layers, if
they meet the relevant physical and chemical indicators
(Technical Specification of the Road Infrastructure Agency
(TSRIA, 2014).

Stabilised verges

The implementation of the stabilised verges may be carried
out by milling asphalt concrete material and quarry waste or
recycled crushed concrete 0.4mm, complying with the physical
and chemical characteristics of the requirements set out in
Table 1.
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Table 1. Characteristics of unfractionated rock material used
for the lower layer in the implementation of stabilised verges

Table 2. Characteristics of building materials used for the
underlying layer

Value based on
traffic category (%)
Ne Parameters Normative tesf ~ Very Heavy
- documents light, and
light, very
medium heavy
- BSS EN
1, | Soeftaentof 13242+ | 210 | =210
b A1INA
Freeze-thaw resistance
2 after 5 cycles of treatment BSS EN declared | 35
| with MgSO4, permissible 1367-2 value -
mass loss of material, %
3. Resistancg of degrf'adation by| BSSEN <50 <40
Los Angelis coefficient, % 1097-2
4 Contgnt of fine fraction \ BSS EN <12 <7
(particles < 0,063 mm), % 933-1
5. | Flatgrains coefficient, % 85'38'35’\] <50 <40
6. | Shape factor, % Bg%iN <55 <40
7 Content of crushed or BSS EN ) > 50
" | broken grains, % 933-5 B
Content of fully rounded BSS EN
8| grains, % 933-5 <%0 | =30
9. | Sand equivalent, % B§3S32N =25 =30
Indicator of plasticity ’
10. Plasticity indicator, % Annex 17 <6 4
California Bearing Ratio BSS EN
" | (ceR) 1308647 | 290 | 280
Content of total sulphur
12 aggregates different than BSS EN <1 <1
" | air-cooled blast furnace 1744-1 - -
slag, %

When performing the stabilisation in each particular case,
laboratory tests are held to determine the optimal percentage
ratio of the milling material and the new rock material and to
determine the optimal amount of stabilising additives.

Underlay layer

An underlying layer is performed when the earth bed of the
pavement consists of associated soils (mixtures of soils and
grain materials), fine sand. Sand, gravel, ballast, crushed stone
and inert materials from recycled waste conforming to BSS EN
13242 + A1/NA, which have strong and frost-resistant grains
and meet the requirements set out in Table 2, are used for its
construction. The grain size of the material should be less than
or equal to one second of the thickness of the applied layer.

Base layers of rock materials, unprocessed with binders

Recycled rock materials used to build base layers
unprocessed with binders must comply with the requirements
of BSS EN 13242 + A1/NA. The basic requirement is that the
material is clean and free from organic impurities, clay, binding
particles and other inappropriate materials. According to the
Technical Specification, the use of recycled rock materials in
the construction of highway and 1¢t class roads is prohibited.
For the construction of the remaining second class, third class
and temporary roads, recycled rock materials are used that
meet the requirements set out in Table 3.

L Annex 17 of Ordinance No RD-02-20-2, 2018. Roads Design

Value based on traffic
Normative category (%)
Ne Parameters test Very light, Heavy and
documents light, ve rllleav
medium 3 Y
1. | Maximum grain size (mm) BSSEN <80 <80
933-1
2 Content of fine fraction BSS EN declared <12
" | (particles < 0,063 mm), % 933-1 value -
"Road
T design
0,
3. | Plasticity indicator, % standards", <6 <6
Annex Ne 17
Freeze-thaw resistance
after 5 cycles of treatment BSS EN declared
4. | with MgSO4 1367-2 <35
O value
Permissible mass loss of
material, %!
Content of fully rounded BSS EN
5 grains, % 933-5 <70 <50
California Bearing Ratio BSS EN
6| (cer) 13086-47 220 230
Content of total sulphur
aggregates different than air- <1 <1
7. | cooled blast furnace slag, % 81872 4E:\l
- Air-cooled blast- <9 <9
P < <
furnace slag, %
Content of water-soluble
8. | sulphates in recycled rock BSSEN - <13
: 17441
materials%
Coefficient of filtration for
9. | compacted material, for a BSS 8497 22m/24h 22m/24h
drainage layer m/h
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Asphalt layers

Nowadays, asphalt is the main building material in road
construction. The asphalt mixture consists of sand, rock
materials and binder.

For asphalt mixtures intended for a wearing layer for heavy
and very heavy traffic, the use of recycled asphalt is not
allowed.

For asphalt mixtures intended for a wearing layer for
medium, light and very light traffic, it is allowed to include
recycled asphalt in their composition, but not more than 10%.

For asphalt mixtures intended for the lower layer of the
pavement and the base layer it is allowed to include in their
composition recycled asphalt, but not more than 20%.

Recycled asphalt must comply with the requirements of
BSS EN 13108-8-1:2006 and all materials must be tested in
laboratory conditions and approved prior to their use for the
production of asphalt mixtures.

For preparing an asphalt mixture, depending on its
purpose, a working recipe is developed, which specifies the
physical and chemical characteristics of the mineral materials
and the binder, as well as their ratio. The recipe contains the
particle size curve showing the single percentage of each
sieve, the percentage of each material used in the mixture, and
the mixing and compaction temperature.
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Table 3. Characteristics of recycled rock materials not treated
with binders used for base layers

Value based on
traffic category (%)
Normative tesf ~ Very Very
Ne Parameters documents light, light,
light, light,
medium | medium
Freeze-thaw resistance after
1 5 cycles of trea.tmlent with BSS EN <35 <25
MgSO4, permissible mass 1367-2
loss of material, %
Resistance of Degradation by| BSS EN
2 Los Angelis coefficient, % 1097-2 <50 =45
3. Contf-}nt of fine fraction . BSS EN <16 <10
(particles < 0,063 mm), % 933-1
. . BSS EN
0,
4. | Flat grains coefficient, % 933- 3 <50 <40
5. | Shape factor, % Booa | =55 | <40
6 Content of crushed or broken| BSS EN >50
" | grains, % 933-5 ~
Content of fully rounded BSS EN
7| grains, % 9335 <%0 | =30
. BSS EN
0,
8. | Sand equivalent,, % 933-8 225 230
9. | Plasticity indicator, % Annex 172 <6 <6
California Bearing Ratio BSS EN
101 (ceR) 1328647 | =90 | 280
Content of total sulphur
" aggregates different than air-/ BSS EN <1 <1
"| cooled blast furnace slag, % 17441
Air-cooled blast-furnace slag <2 <2
Content of water-soluble
12.| sulphates in recycled rock BSSEN <13
: 1744-1
materials, %

Cold and hot asphalt recycling technologies

Traditional methods of rehabilitation of roads are costly and
their implementation time is prolonged and to a great extent
dependent on weather conditions. They most often include
complete milling of the damaged pavement or intersections
thereof, and the milling material must then be removed and
transported to waste recycling sites for construction waste
landfill. He delivery and installation of new materials for the
restoration of the roadway is the next stage.

The alternative solution is the use of cold and hot recycling
technologies that allow the removed asphalt layer to be
recycled and placed on-site.

Cold on-site recycling

Cold recycling is a road rehabilitation method that allows
100% use of the layers of existing damaged road pavement,
making it a major building material. With appropriate
mechanisation, the unsuitable asphalt concrete layer is
involved in the construction of a reliable high-strength base for
the new pavement without further heat processing.

This type of repair technology is appropriate and
economically feasible to extend the service life of the road
construction.

Specialised machines (recyclers) designed to process
structural layers of certain thicknesses are used. For one

2 Annex 17 of Ordinance No RD-02-20-2, 2018, Roads Design

156

working cycle, only a part of the road is closed, which is a great
advantage for the transport traffic.

Depending on the type and thickness of the processed
layer, cold recycling can be divided into three types: deep, thin
and recycling of roads with surface layers not processed with
binders.

To improve the grain size of the mixture, new materials
(within 2-10%) and stabilisers (hydraulic binders /3-6%/,
bitumen emulsion / 3-6% / or penobitumen 2-5%/) are added.

Before the cold recycling is done, an analysis of the state
of the existing pavement is carried out, which requires
preliminary research to determine the depth at which the
recycling will take place, the type of material to be added to
improve the grain size as well as the type of stabilisers and
their quantity.

Activities related to cold recycling on-site technology
include:

1) milling of the material from the layers of the existing road
surface that are to be recycled;

2) changing the grain size of the recycled material by
adding a new mineral material (sand or quarry waste sterile,
most often 0.5 or 0.10 mm);

3) mixing the milled material with the required amount of
water and stabilisers until complete homogenisation;

4) profiling and compaction of the mixture until a new layer
of pavement is obtained.

The technology can be applied for rehabilitation of all
roads, including highways. Any material that complies with the
technical specification can be used as a building material for
the relevant layer.

Hot on-site recycling

If recycling of the asphalt concrete surface layers is
required, hot recycling technology can be used as an
alternative to the cold recycling. The principle is similar to cold
recycling, but it is important to note some specifications. In the
case of hot recycling of asphalt pavements, the bituminous
properties of the bitumen are largely preserved in the asphalt
concrete composition, even though in the operation of the
roads it is in solid state. This allows re-heating of the existing
asphalt concrete pavement and with small additional quantities
of new bitumen, to achieve indicators of recycled asphalt
concrete similar to newly produced one.

Prior to performing hot recycling, an analysis of the
condition of the existing asphalt pavement is done, which
requires preliminary research.

The results of this research determine the depth at which
the hot recycling will take place, the type of mineral material to
be added to improve the grain size and physical and
mechanical characteristics of the mixture, as well as the
quantity of binder and/or the fresh asphalt mixture.

The particle size composition of the hot-recycled mixture
must comply with the requirements of BSS EN 13108-1/NA for
the type of asphalt mixture with which the old layer is
implemented.

The hot on-site recycling process consists of four steps:

1) Softening the road surface by heating;

2) Mechanical loosening of the material in the upper layer;

3) Mixing the material with a binder and/or a mineral
substance and/or a fresh asphalt mixture;

4) Laying the recycled mixture as a new road pavement.
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Road bitumen category B 50-70 or polymer modified
bitumen category PmB 45-85/65 is used as a binder in the
process of hot on-site recycling.

The technology allows restoration of the surface
characteristics of the road pavement and improvement of the
physical and mechanical properties of the material from the
upper asphalt layer.

Traditional hot asphalt mixes are produced at a
temperature of about 170°C, whereas hot asphalt mix
technologies allow the production temperature to be around
100°C.This reduces to some extent the energy and transport
costs.

Also, with the use of the material from the existing
damaged top asphalt layer, savings in building material and
savings in transport costs are achieved.

Opportunities to increase % content of recycled material
in asphalt mixtures

According to recent information there are numerous
examples on the use of recycled construction materials in road
construction in different countries in Europe and the USA
(Abukhettala, 2016; Freire et al., 2013; Schimmoller et al.,
2000). There are restrictions on the use of recycled materials
in the construction of the main, lower and wearable road layers
for the high-load roads in Bulgaria.

To increase the percentage of recycled content in the
preparation of asphalt mixtures, an investigation and
evaluation of the economic resources and the costs required
for the construction of 1 km of the main surface and bottom
layer of the pavement was carried out. Table 4 calculates the
average amount of asphalt mixtures needed for the
construction of 1 km of pavement on a highway, first-class and
second-class roads. Quantitative accounts for determining the
amount of asphalt mixtures for each layer and type of roads
are made in accordance with the requirements and
specifications for road design (Ordinance RD-02-20-2, 2018).

Table 4. Resource and economic costs needed for the construction of 1 km of pavement of main and bottom layer of the coating

(bender)
Construction of Construction of Construction of
. . 1 km second-class
1 km highway 1 km first-class road road
N9 Parameters - -
. Main Main Bottom
Main Bottom Bottom
layer 6 layer 5 layer 5
layer 8 cm | layer 6 cm layer 6 cm
cm cm cm
1| Average amount of asphalt mixes (t) 3870 2967 2025 2070 1102 1127
p | Conventional asphalt mixiures, average | so50z0 | aa172 | 204525 | 240120 | 111302 | 130732
price (BGN)
H H 0,
| Asphalt mixtures with 20% content of 367650 | 281865 | 192375 | 196650 | 104690 | 107065
recycled materials, average price (BGN)
4 | Difference (3 - 4) in BGN 23220 62307 12150 43470 6612 23667

The average quantity of asphalt mixtures (A) needed for 1
km of pavement is determined using the formula:
A=V*P W)
where P is the volume weight of the asphalt mixture intended
for the respective layer. For asphalt mixtures intended for the
lower layer it is 2.3 g/lcm3, while for the main layer it consists of
2.25 g/cm3. Vis the volume of the mixture to be determined by
the formula:
V=a+b+h (2)
where a - the length of the intersection, b - the width of the
lane, h - the thickness of the layer.

Average prices of conventional asphalt mixes for building
the respective layers are calculated using the formula:

C=A*c1 and Cp=A*c2 (3)

where A is the average quantity of asphalt mixtures,
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c1 — the average price of conventional asphalt mixes for
building a base layer is BGN 101/ ton;

c2 — the average price of conventional asphalt mixes for
building a lower layer of coating (bender) is BGN 116/ton;

Average prices when using asphalt mixtures with 20%
content of recycled materials are calculated using the formula:

(4)

where A is the average amount of asphalt mixtures, and cs —
the average price asphalt mixes with 20% recycled materials
for the main and bottom layer of the coating is BGN 95/ton.

As a source for the prices of asphalt mixtures, price quotes
from inquiries sent to companies, which recycle and produce
building materials that wished to remain anonymous, were
used.

Cost analysis has shown that the use of 20% recycled
materials in asphalt mixtures for the construction of main and
lower layers saves more than BGN 85000 for highways, BGN
55000 for first class roads and BGN 30000 for second class
roads.

Co=A"cs
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= Average price of convenicnal asphal mixtures (BGN)
= Average cost of asphalt mixtures with 20% recycled conlent (BGN)

735042

549515
389025

A44 645
I . S

Construction of 1 km Construction of 1 km
first-class road second-class road

Construction of
1 km highway

Fig. 4. Comparative analysis of material costs for construction of
1 km main and bottom layer using conventional asphalt mixtures
and mixtures with 20% content of recycled materials

Restriction of used recycled materials in the construction of
new road pavements is dictated by their physical and chemical
properties, influencing the quality indicators of the materials.
One of the factors restricting their use is their contamination
with other substances. Pollutants reduce quality indicators,
may react with some of the impurities, or alter the grain size of
the materials. This in turn affects the potential of their re-use.

To solve this problem, it is important to apply selective
demolition /deconstruction/ and separate collection and
storage of the construction waste. This is the first and most
important requirement for obtaining high quality of the waste
fractions and for increasing the percentage content of recycled
construction materials incorporated in asphalt mixtures for the
construction of new roads. This increase will positively affect
the financial factors by reducing the cost of materials and
environmental factors, by reducing the amounts of landfilled
waste and the amount of natural resources used.

Conclusions

In summary, reuse, recycling and recovery of construction
waste is an ideal opportunity to reduce the mineral and energy
resources used in the conditions of developing road
infrastructure on the territory of the Republic of Bulgaria.

Road construction offers great opportunities for re-use and
utilisation of recycled construction waste, both in the
construction of new routes and in the reconstruction and
rehabilitation of existing ones. Applying the technologies
discussed in the article allows for reduced transport, energy
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and resource costs. Trends in temperature reduction in the
production of asphalt mixes for road rehabilitation have shown
new possibilities for its use and an increase in the number of
technological solutions for the production of asphalt mixtures
from recycled construction materials available on the market.

In conclusion, it is important to note that selective
demolition and separate collection of construction waste can
lead to an increase in the % content of recycled construction
materials in the production of asphalt mixtures for building of
new road pavements. This in turn will have a positive impact
on both the financial side, reducing the cost of building
materials and waste disposal, as well as the environment by
reducing the amount of landfilled waste and natural resources
used.
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BIOLEACHING OF COPPER ORES BY MEANS OF DIFFERENT CHEMOLITHOTROPHIC
BACTERIA AND ARCHAEA

Marina Nicolova, Irena Spasova, Plamen Georgiev, Stoyan Groudev
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ABSTRACT. Samples of copper ores from some essential Bulgarian deposits were subjected to bioleaching by means of different microorganisms (bacteria and
archaea) isolated from these deposits. It was found that the isolated microorganisms were able to leach efficiently copper from the copper ores present in the
deposits. High copper extractions (over 80 and in some cases over 90%) were achieved from all copper ores tested in these investigations by means of the
mesophilic and moderate thermophilic bacteria at their optimum temperatures (about 35 and 50°C, respectively) as well as by the extreme thermophilic archaea at
temperatures higher than 75°C.

Keywords: copper ores, leaching, chemolithotrophs, archaea

BMONOrNM4YHO U3BNUYAHE HA MEQHW PYOU NOCPEACTBOM PA3NTUYHU XEMONTUTOTPO®HU BAKTEPUU U APXEU
Mapuna Hukonoea, UpeHa Cnacoea, lnameH eopaues,CmosiH pydes
Murto 2eonoxku yHugepcumem “Ce. MeaH Puncku®, 1700 Cogpus

PE3IOME. Mpobu 0T MeHM pyam OT HsAKOM OCHOBHM Gbrirapcky Haxoauila 6sixa NOANOXEeHU Ha BUONOrMYHO M3NYrBaHe C NOMOLLTA Ha Pa3nU4HM MUKPOOPTaHU3MM
(bakTepum 1 apxew), U30NMPaHN OT TE3U HAXOAWLLA. YCTaHOBEHO G€, Ye W30NMpaHUTE MUKPOOPraHU3MM Ca CMOCOBHM eeKTUBHO fa M3BMMYAT Med OT MeaHuTe
pyau, NPUCHLCTBALLM B HaxoauLwaTa. [py BCUYKV MeSHM pyau, U3nonaBaHu B TOBA U3CNEABaHE C  MOMOLLTA Ha ME30MUIHN U yMEPEHU TepMOdUIHM GakTepum, (Mpu
ONTUMANHUTE UM TeMNepaTypu CbOTBETHO 0kono 35 1 50°C), kakTo U ¢ kpaliHu TepMOUNHM apxeu (Npu TemnepaTtypu Hag 75°C) e NOCTUTHATO BUCOKO U3BMMYaHE
Ha meaTa (Hag 80 u B Hskou criyyam Hag 90%).

KntouoBu gymu: MeaHn pyam, u3nyrsaxe, XeMonuToTpodu, apxeun

Introduction The processing mentioned above isconnected with the
participation of a large number of microorganisms, mainly of
The ability of some chemolithotrophic bacteria and archaea chemolithotrophic bacteria and arhaea. It is essential to
to extract valuable metals from different mineral substrates mentionthat even the well-studied bioleaching of copper from
(mainly sulphidic and mixed ores, concentrates and mineral low-grade ores is connected with the participation of several
Wastes) is |arge|y app“ed in several countries rich in such microorganisms related to different taxonomic SpeCieS. At the
natural resources and/or industrial products. The first studies in same time, it must be noted that even microbial strains related
this area in South Europe started in 1967 and within a to one and the same taxonomic species can differ considerably
relatively short period of time covered a large number of from each other with respect tothe level of their leaching ability
problems: the data about microflora of the different mineral and the optimum conditions for manifesting their ability.
deposits (such as ores of non-ferrous metals, uranium and The present paper contains some data about the microflora
gold; the investigations of the biochemistry and genetics of the participation in the bioleaching of copper from the low-grade
microorganisms participating in the transformations of different ores in some of the Bulgarian deposits subjected to such
mineral substrates such as coal, kaolin, oil, quartz sands, etc.; treatment.

bioleaching of copper, other non-ferrous metals and uranium
by means of heap, dump and in situ techniques; pre-treatment
of gold and silver-bearing sulphide concentrates and ores by Materials and Methods
means of chemolithotrophic bacteria and archaea to expose

these preCiOUS metals; combined microbial andchemical Samp|es from some of the Bu|ga|’ian copper deposits
leaching of theprecious metals from the above-mentioned connected with the application of bioleaching of the relevant
pretreated ores and concentrates, as well as from oxide ores; ores were used in this investigation (Table 1). Some of these
microbial removal of iron from quartz and kaolin, of sulphur samples were inhabited by the local representatives of the
from coal. Silicon from low-grade bauxites, and of phosphorus microflora participating in the spontaneous and/or industrial
from iron ores; improvement of the ceramic properties of bioleaching of the relevant ores.

kaolin;microbial enhanced oil recovery; electricity production by
means of microbial fuel cells.
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Table 1. Ore samples used in this investigation

Ore Source of the ore sample
sample

Low grade copper ore from the Vlaikovvrah
deposit, with 0.53% Cu, 6.2% S, 7.3% Fe; the
chalcopyrite was the main copper-bearing
mineral, but the pyrite was the main sulphidic
mineral in this ore

Ne 1

Mixed oxide-sulphidic copper ore also from the
Vlaikovvrah deposit, with 0.32% Cu, 3.0%S, 4.8%
Fe; several copper-bearing oxides (cuprite,
tenorite, chalcosite) and sulphides (mainly
covellite and chalcopyrite)were present

Ne 2

Sulphidic copper ore from the Elshitza deposit,
with 0.55% Cu, 7.3% S, 64% Fe; the
chalcopyrite, chalcosite and covellite were the
main copper-bearing minerals

Copper-pyrite ore from the Chelopetsh deposit,
with 0.62% Cu, 9.6% S, 8.2% Fe; the tenantite,
chalcopyrite and lusonite were the main copper-
bearing minerals in the ore which contained about
21% pyrite

No 4

Copper-molibdenic ore from Elatzite deposit, with
0.36% Cu, 0.55% S, 1.95% Fe, 0.005%
molibdenite; the chalcopyrite, was the main
copper-bearing mineral

Ne 5

Mixed copper ore from the Tsar Assen deposit,
with 0.29% Cu, 1.16% S, 3.2% Fe; the
chalcopyrite and cmalachite were the main
copper-bearing minerals

Ne 6

Samples from these ores were subjected to bioleaching
experiments performed by the shake-flask technique and by
leaching in percolation columns. The bioleaching in flasks was
performed by using from 5 to 20 g of ore with a particle size of
minus 200 microns and 100 ml of the 9K nutrient medium used
as a leach solution in Erlenmeyer flasks of 350 ml each. The
duration of leaching was up to 14 days (336 hours) at different
temperatures (from 10 to 50°C).

The bioleaching of the ore samples was performed also in
plastic cylindrical columns. Each of the columns was 220 ¢cm
high, with a diameter of 105 mm and contained 30 kg of the
ore, with a particle size of minus 10 mm. The duration of
leaching was 300 days at temperatures varying from 10-14 to
18-28¢C.

Elemental analysis was done by atomic adsorption
spectrometry and inductively coupled plasma spectrometry.
The isolation, identificaton and enumeration  of
microorganisms were carried out by means of the classical
physiological and biochemical tests (Karavaiko et al., 1988)
and by the molecular PCR methods (Sanz and Kéchling, 2007;
Escobar et al., 2008).

Results and Discussion

The microflora of the six copper ores deposits used in this
study was dominated by acidophilic chemolithotrophic bacteria
related to the species Acidithiobacillusferrooxidans, At.
thiooxidans, At. acidophilus and Leptospirillumferrooxidans.
The bacteria from the species At. ferrooxidans possessed both

iron and sulphuroxidising abilities and were the prevalent
microorganisms in most copper deposits studied in this
investigation. Their numbers in some rich-in-pyrite zones
extended 108 cells/g ore. Regardless of the ability of these
bacteria to oxidise the ferrous iron and the different forms of
sulphur (the sulphidic, elemental and sulphitic) to sulphate, the
mixed cultures of these bacteria with some strains of the
typical sulphur-oxidiser At. thiooxidans were the most efficient
during the leaching of sulphide minerals.

Data about the microbial leaching of copper from the ores
used in this study are shown in Tables 2-5.

Table 2. Bioleaching of the copper ores by the shake-flasks
technique using mesophilic bacteria

Ore Number of Cu extraction,
samples | the strains %
Ne 1 6 68.0-81.5
No 2 4 735-92.3
Ne 3 5 64.4-79.0
Ne 4 4 61.7-77.0
Ne 5 6 60.8-84.2
Ne 6 5 77.0-93.2

Leaching conditions: 20 g from each ore with a particle size
minus 200 microns were leached in 100 ml 9K nutrient medium
in flasks of 300 volume for 10 days (240 hours) at 35°C.

It was found that the different chemolithotrophs even such
related to one and the same taxonomic species, can differ
considerably from each other with respect to this ability. The
most efficient oxidisers were some strains of extreme
thermophilic archaea of the species Sulfolobusmetallicus and
Thermoplasmaacidophilum at 86°C but at relatively low pulp
densities (up to 6-8%). Other strains from these species and of
the Metallosphaerasedula were the most efficient at relatively
higher pulp densities (10-15%) at 75°C.

Table 3. Bioleaching of the ore samples in plastic columns

Ore samples Source of the ore | Cu extraction, %
Ne 1 Vlaikovvrah 774
No 2 Vlaikovvrah 84.2
Ne 3 Elshitza 80.6
Ne 4 Chelopetch 79.0
Ne 5 Elatzite 82.8
No 6 Tsar Assen 86.4

Each columnwas 220 c¢m high, with an internal diameter of
105 mm, containing 30 kg of ore each, with a particle size of
minus 10 mm; duration of leaching 300 days at 21-23°C.

Table 4. Bioleaching of the copper ores by the shake flasks
technique using moderate thermophilic bacteria

Ore samples Number of the Cu extraction, %
strains
No 1 4 774 -86.4
Ne 2 5 93.6-95.0
Ne 3 5 75.2-84.0
Ne 4 4 73.0-81.5
No 5 6 92.5-96.1
No 6 4 93.0-97.0
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Leaching conditions: The same as these mentioned in Table 2
but at 50°C.

Table 5. Bioleaching of the copper ores by the shake flasks
technique using extreme thermophilic archaea

Ore samples Number of the Cu extraction, %
strains
Ne 1 5 73.0-84.6
Ne 2 3 824-918
Ne 3 4 70.9-82.8
Ne 4 3 68.0-79.0
Ne 5 5 84.0 - 86.4
Ne 6 4 776-84.0

Leaching conditions: The same as these mentioned in Table 2
but at 75°C and 10% pulp density.

The study of the different oxidative abiliies of strains
related to one and the same taxonomic species is essential for
the efficient selection of microorganisms suitable for the
biotechnological treatment of the relevant mineral substrates.
At the same time, it is also essential to evaluate correctly the
economical values of the real technological processes
connected with the microbial participation.
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INVESTIGATION OF THE POSSIBILITY FOR EXTRACTING IONS POSSESSING A
CORROSIVE ACTION ON CONSTRUCTION MATERIALS BY WASHING SOLID
INCLUSIONS IN A CLAYEY OVERBURDEN

Marinela Panayotova, Lubomir Djerahov, Gospodinka Gicheva

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; marichim@mgu.bg

ABSTRACT. Considerable amounts of solid phase material of different composition and physical and -mechanical properties are disposed of during the coal
extraction. In fuffilling the tasks of the circular economy, some of this material, after proper washing, could be utilised in road construction. This paper presents the
results from measurement of integral parameters and from chemical composition analysis of the waters, formed as a result of laboratory experiments by simulated
rain leaching and by washing of solid inclusions in clayey overburden from mining activities in Maritsa East Mines Ltd. Based on the results obtained, the following
issues are discussed: the possible impact on the environment in case of the material leaching by normal and acid rain; the possibility of extraction in the liquid phase
of ions, possessing a corrosive action towards construction materials, at contact of raw and washed materials with water; the possibility for washing water re-use.

Keywords: solid inclusions in coal mine overburden, acid rain impact, washing water recycling, carbonates’ leaching

U3CNEOBAHE HA Bb3MOXHOCTTA 3A U3BJTMYAHE HA MOHW, MPUTEXABALLM KOPO3WOHHO-AFPECUBHO
LOEWCTBUE CNPSIMO CTPOUTENHW MATEPUANM, NPU MPOMUBAHE HA TBbPAW BKNIOYEHWA B IMUHECTA
OTKPUBKA

MapuHena MaHaliomosea, Jllo6omup Oxepaxos, FocnoduHka MNuyesa

Murxo-2eonoxku yHusepcumem “Cs. UeaH Puncku”, 1700 Cogpusi

PE3IOME. Mpu fobuea Ha BbramLLa NO OTKPUT CNOCOD Ce [enoHMpaT 3HAYMTENHM KONMYecTBa TBbpAodaseH MaTtepuan C pasnuyeH CbCTas U (PU3NKO-MeXaHNIHI
CBOWCTBA. B M3mbnHeHne Ha 3apaunTe Ha KpbroBaTa MKOHOMMKA, YacT OT TO3W MaTepuar, cnej CbOTBETHO NMpoMUBaHe, 61 Morna Aa ce Omon3oTBOPK B MbTHOTO
cTponTencTeo. Hactosiwata pabota npefcraBs AaHHM OT ONpefensiHe Ha MHTerpanHu NokasaTenu W Ha XMMUYeH CbCTaB Ha BoAWTe, (opMUpaHi B pesynTaT Ha
nabopaTopHN eKCNEPUMEHTI 38 MOAENHO U3NY)XBaHE OT Banexu 1 Mo NPOMMBAHE HA Pa3NUYHN TBBHPAN BKITIOYEHUS B MMMHECTa OTKPUBKA OT BbreAobuBa B MUHM
“Mapuua-ustok’ EA[l. Ha 6a3ata Ha nonyyeHuTe pesyntatv ca AUCKYTUPaHU: Bb3MOXHOTO Bb3fENCTBIME BbPXY OKONHATa CpeAa Mpy eBEeHTYarHO W3MyXBaHe Ha
maTepuana OT HOpManHW 1 KUCENW Banexu; Bb3MOXHOCTTA 3a M3BNMM4YaHe BbB BOAATA Ha VOHW, MpUTEXaBalyy KOPO3MOHHO-arpectBHO AENCTBUE CMPSMO
CTPOUTEMHM MaTepuanu, OT HeNPOMMUTY 1 MPOMMUTY TBBPAM BKIIOYEHUS MPU KOHTaKTa UM C BOAA; Bb3MOXHOCTTa 3a 060pOTHO 13nonaBaHe Ha NpoMMBHATa BOAA.

KntouoBu gymu: TBLPAY BKIIOYEHWS B OTKPUBKA Ha BLITIULLHIA MUHW, Bb3AEACTBIE Ha KUCENUHEH AbXA, PELMKNupaHe Ha NPOMUBHI BOAM, U3MYXBaHe Ha
kapboHaTy

Introduction Plewa et al., 2010). In addition, some heavy metals can
become mobile in neutral pH conditions.

Opencast mining releases huge amount of mining wastes Increase in production capacity of opencast coal mines is
to the land surface as overburden dump materials. Coal mining achieved by deployment of increasingly larger capacity haul
wastes are one of the major global bulk waste streams. trucks that require appropriately designed and well maintained
Sometimes the removed overburden occupies |arge areas of haul roads. Use of the material representing solid inclusions
fertile land and leads to soil quality degradation. When they are (after its washing) in the overburden in haul roads or as partial
not propeﬂy reclaimed, the dump materials can be a source of replacement for fine aggregates in other roads will enhance the
fine particulates highly prone to blowing by wind. They can waste utilisation and minimisation and will also reduce
spread over the surrounding fertile land and flora, disturbing environmental problems. Recently different attempts have
their quality and abstaining the growth of fresh leaves. been made in this direction (Mary et al., 2016; Mallick et al.,
Occurrence of sulphides and/or other geochemically instable 2017).
materials in the waste rock could result in acid or neutral rock The objectives of the present study can be summarised as
drainage that could make this material an environmental issue. follows: (a) monitoring in laboratory of the possibility for
Due to its high acidity the acid rock drainage mobilises heavy harmful substances leaching from the deposited material as a
metals and thus, it can contaminate the nearby water bodies. result of precipitation; (b) identification of chemical indicators
The neutral or alkaline rock drainage may also have high related to the possibility of using this material in road
pollution potential due to the elevated salinity (Szczepariska- construction; (c) exploring the practicability of recycling of the

washing water.
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Materials and Methods

Samples of materials representing solid inclusions in the
coal mine overburden were collected and kindly supplied by
the colleagues from the “Department of Opencast Mining of
Mineral Deposits and Blasting Activities” (DOMMDBA).
Material milling and separation of the needed size fractions
was carries out with the help of colleagues from the
“Department of Processing and Recycling of Mineral Resources”.

Column leaching tests, aimed at monitoring the possibility
of leaching harmful substances from the deposited material as
a result of rainfall, were carried out in plastic columns (40 x 280
mm) with perforated bottom. One kg of the tested material was
placed in each of the two columns. The material in the first
column was periodically sprinkled with distilled water imitating
pure rain. The material in the second column was periodically
sprinkled with acidified distilled water (pH 2, achieved by
addition of HNOs - p.a.) imitating extreme acid rain. The lower
pH compared to the most common acid rain was chosen to
speed up the processes. The volume of water/acidified water
used was 1600 cm3. Each test was run to provide leaching
under unsaturated conditions. The material in the columns was
flushed two times per day with portions of 200 cm3. The
leachates permeated through the columns were collected and
analysed. Electrical conductivity (EC), the pH, and oxidation
reduction potential (Eh) were measured by using WTW Multi
3400i measuring instrument and corresponding electrodes.
Studies on the Maritza East region have shown higher content
of many different heavy metals in the coal, coaly clay and coal
ash than the Clarke values (Kostova, 2005). Among them are
lead, cadmium, copper, zinc, and iron, chosen by us as
indicators of eventual leaching and pollution, since the first four
usually do not form precipitates of hydroxides and are mobile
under the measured pH values and iron presence can be an
indication for the sulphides’ leaching. The heavy metals were
determined by ICP-OES analysis (method CNILG BM-1:2014,
point 1l). The column leaching test was conducted in eight
cycles. The number of cycles was based on measurements of
physicochemical parameters of leachate and thus it was
obtained that practically the steady state is reached in five
cycles. In addition, this number of cycles is in accordance with
the usually needed minimum number (Kusuma et al., 2012).

Chemical indicators that have been investigated in relation
to evaluating the possibility of using this material in road
construction are total iron and total sulphur, water soluble
chlorides, water soluble sulphates and material's water
solubility. Total iron and total sulphur were determined by the
Central laboratory “Geochemistry” at the University of Mining
and Geology, Sofia by using the laboratory method CNILG BM-
1:2014, point Ill. The other chemical indicators were
determined by following the procedures described by the BDS
EN 1744-1:2009+A1:2012. Briefly, for determining the water
soluble chloride salts clause 9 of the standard was applied —
the use of Mohr's method. The aggregate test portion was
extracted at room temperature for 60 min by stirring at solid to
water ratio = 1:1. The chloride in the supernatant after settling
was titrated with silver nitrate using potassium chromate as an
indicator. For determining the water soluble sulphate salts
clause 10.1 was used, modified by us. The aggregate test
portion was extracted at room temperature for 24 hours by
stirring at solid to water ratio = 1:2. The modification consisted
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in applying the turbidimetry for determining the sulphate
concentration in the supernatant after settling, since the
expected sulphate concentration (based on the data about the
total sulphur content of the material) was too low to apply
correctly the BaSO4 precipitation method. To determine the
water solubility of the material clause 16 of the standard was
used. Briefly, 500 g of the material was dried at 110°C,
weighted and placed in a contact with distilled water at room
temperature for 24 hours by stirring and solid to water ratio =
1: 2. Then, after solids’ settling, the clear water was separated
from the solid. The latter was dried at 110¢C till constant weigh.
The difference between the first and the second weight divided
by the first weight and multiplied by 100 gives the water
solubility of the material in %.

To explore the possibility of the washing water recycling, a
portion of the studied material was placed in contact with tap
water at solid to water ratio = 1 : 8 and stirred mechanically for
4 hours. The mixture was left for solids’ settling and clarified
water was collected for analysis and further use as recycled
water. The procedure was repeated totally 10 times, each time
with new portion of material and using the recycled clarified
water. Conductivity, pH and Eh values were determined each
time in the clarified water. Some water macro-components
were determined after 1st, 3r4, 6%, and 10t cycle of washing, as
well as for the used tap water. Concentrations of lead,
cadmium, copper, zinc, and iron were measured in the clarified
water after the 10t use. In the Deval washing experiments the
studied material was placed in the machine at solid to tap
water ratio = 1 : 5, solid to abrasive spheres ratio = 1: 9, mixed
for 3 hours at totally 12000 revolutions and then left till 24t
hour. Samples from the clarified water (referred to as Deval
washing) were supplied by the colleagues from the DOMMDBA
for different analyses, as well as samples from the 1st washing
of the material after it was taken out from the Deval machine.

The mineralogical composition of the raw unwashed
material, 10-times washed material, fine material removed by
Deval washing and of material subjected to spraying with
acidic water was determined by XRD (BRUKER D2 Phaser,
Cu/Ni radiation, A=1.54184 A, 30 kV, 10 mA, 2 theta - 5-70,
time 1720 s). The analysis was done by the laboratory “X-Ray
diffraction” at the University of Mining and Geology.

Results and discussion

Analysis of solid samples

The analysis of the raw solid sample showed total iron (Fe)
content of 0.450 wt.% and total sulphur (S) content of 0.047
wt.%. These values are considerably lower compared to the
pyrite FeS2 contents of 1-5% capable to form an acid mine
drainage (Tiwary, 2001). The data from the mineralogical
characterisation of the samples are presented in Figure 1. The
material consists mainly of calcite, dolomite, quartz, illite and
kaolinite, as it can be seen in Figure 1. Calcite is the dominant
mineral in the raw unwashed sample, 10 times washed, and
the fine material removed by washing in Deval machine.
Dolomite is the main material in the sample that was subjected
to “acid rain”.
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Column leaching experiments

Data on the conductivity, pH and Eh values measured for
samples from these experiments are presented in Figs. 2-4
and data for the concentrations of some heavy metals are
given in Table 1. Data presented in Figure 2 show that
practically a steady state is achieved relatively fast.
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Fig. 1. X-Ray data: 1 - raw unwashed material, 2 - 10-times
washed material, 3 — material subjected to spraying with acidic
water, 4 - fine material removed by Deval washing; | - illite, K -
kaolinite, Q - quartz, C - calcite, D — dolomite
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Fig. 2. Change in the pH value of the leachates permeated
through the columns: 1 - “clean rain”, 2 - “acid rain”; pH values
at 0 mL are for distilled and acidified water
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Fig. 3. Change in the Eh value of the leachates permeated
through the columns: 1 — “clean rain”, 2 - “acid rain”; Eh values
at 0 mL are for distilled and acidified water

Furthermore, the studied material possesses a high
neutralising capacity. This finding is not surprising, having in
mind the high carbonate content of the material (Fig. 1).
Carbonate minerals, such as calcite CaCOs and dolomite
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Fig. 4. Change in the conductivity of the leachates permeated
through the columns: 1 - conductivity of “clean rain” drainage
x 10, 2 - conductivity of “acid rain” drainage; conductivity values
at 0 mL are for distilled and acidified water

Table 1. Leached heavy metals

Sample No 1 ) 3 4 5
Pollutant

Fewt, mglkg | <0.03 | <0.04 | 0.07 0.16 0.09
Pb, mg/kg | <0.01 | <0.01 | <0.01 | <0.01 | <0.01
Cd, mg/kg | <0.005 | <0.006 | <0.005 | <0.005 | <0.005
Cu, mg/kg | <0.005 | <0.006 | <0.005 | 0.033 | <0.005
Zn, mg/kg | <0.005 | <0.006 | 0.033 | 0.222 | <0.005
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1 - leachate - “clean rain” precipitation — passed 400 mL/kg
2 - leachate — “clean rain” precipitation — passed 1200 mL/kg
3 — leachate — “acid rain” precipitation — passed 200 mL/kg

4 - leachate - “acid rain” precipitation — passed 1000 mL/kg
5 —recycled water — after 10t use

CaMg(COs)2 that are the main constituents of the studied
material can neutralise the acid rain and most probably the
neutralisation is mainly due to CaCOs dissolution following the
reaction:

CaCO3 + H* — Ca?* + H.0 + CO3 .

This is confirmed by the relative increase in dolomite main
peak (Fig. 1 — curve 3) and the 3-fold decrease in the ratio of
calcite to dolomite in the solid sample taken from the upper
part of the column sprayed with “acid rain”. At the same time
the ratio "dissolved magnesium to dissolved calcium” found in
the leachate decreased, pointing also at predominant calcite
dissolution (Fig. 5). Dolomite dissolution produces waters with
a molar [Mg#*] / [Ca?*] ratio of 1. Dissolution of equal moles of
dolomite and calcite contributes 0.5 mole of Mg and 1.5
moles of Ca%*, producing waters with a [Mg2*] / [Ca%] ratio of
0.33. The [Mg?] / [Ca?*] ratio less than 0.11 points that more
than 75% of the carbonate mineral dissolved is calcite
(Szramek et al., 2007). Silicate minerals can also participate in
the neutralisation process but the reaction is slower (Kusuma
et al, 2012). When the amount of carbonate and silicate
minerals in the material is sufficient, an acid drainage due to
acid rain will not be formed, as it can be seen in Fig. 2 — curve
2. This results also in conditions where the most toxic Pb and
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Cd do not leach and the leached amounts of Fetwt, Cu and Zn
are very low — Table 1, samples 3 and 4. The concentrations of
all studied heavy metals in leachates obtained with “clean rain”
precipitation are below the detection limit — Table 1, samples 1
and 2. Most probably, in this case dolomite dissolution
predominates — Fig. 5. The solubility of dolomite increases
compared to that of calcite at temperatures below 25°C as a
result of the temperature-dependent relative solubility of these
minerals (Szramek et al., 2007).

As it can be seen in Figure 3, after an initial decrease in
the Eh value, pointing at a certain reduction process, whose
identification needs further studies, the Eh value practically
reaches a steady-state.

1.4
_~1
1.2 A //: \ 5
= 14 // - " Dolomite
g / / dissolution
S o084/ ¥ /e
]
o, ! /l
= 0.6 1 l\ L 2N [Mg/Ca]=0.33
.a -
= 04
0.2 - Calcite PR S
R * 0
dissolution “ .... -
0 . . . : DIV o
0 1 2 3 4 5 6 7
[ HCO3'], meq/L

Fig. 5. Mg?* | Ca?* ratios versus HCO3 values: 1 - leachate from
“clean rain”, 2 - leachate from “acid rain”, 3 — water from 1st, 3rd,
6t and 10t washing; points outside the cycles — water from
Deval washing

The electric conductivity reflects the total amount of
dissolved ions in the leachate. For leachate obtained with
“clean rain” initially the conductivity increased pointing at fast
dissolution of more easily soluble compounds in the material
and then practically reached a steady-state (Fig. 4 — 1). The
considerably higher conductivity measured in “acid rain”
leachates (Fig. 4 — 2) can be attributed to the presence of
hydrogen ions in the system and their specific conductivity
mechanism resulting in high measured EC values.

Chemical indicators related to the material use in road
construction

The measured concentration of water soluble chlorides
was 0.010 wt.%. The concentration of water soluble sulphates
was 0.015 wt.%. These values are well below the threshold
values of 4 wt.% water soluble sulphates and 8 wt.% water
soluble chlorides required by the Bulgarian legal documents for
aggregates for unbound and hydraulically bound materials for
use in civil engineering work and road construction (BDS EN
13242:2002 +A1:2007) and for materials for embankments,
underlying layers, stabilised banquets with a top layer of
crushed stone (Ministry of Regional Development and Public
Works, 2014). The same documents place a legal requirement
of less than 1 wt.% total sulphur. The material's water solubility
was 0.028 wt.%. The figure is much less than the threshold
value of 2 wt.% for coarse aggregates from crushed limestone,
re-crystallised limestone, marble and marl (Rostovski et al.,
2010).
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Possibility of washing water recycling

The possibility for multiple use of clarified washing water in
closed cycle depends on its physicochemical parameters, such
as pH and Eh values related to precipitation of low soluble
compounds and EC values that are indicative for the dissolved
salts. In addition, information about the concentrations of
chloride and sulphate ions that are corrosion — aggressive both
to steel and concrete could be useful from a practical point of
view. Data on the conductivity, pH and Eh values measured in
recycled water samples are presented in Fig. 6.
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Fig. 6. Change in the pH, Eh values and conductivity of the
recycled washing water: 1 - pH; 2 - Eh x 10, V; 3 - conductivity x
10, mS/cm; the values at 0t washing are for the used tap water

Initially an increase in the pH and decrease in the Eh
values were observed (Fig. 6) that most probably are due to
the dissolution of some carbonaceous material. Further, these
parameters practically reach a steady state that could be
related to the carbonates' equilibriums (of dissolution and
precipitation). Conductivity values, measured by us, are within
the same range (0.049-0480 mS/cm) that have been
measured in water samples prepared by contacting
overburden dump materials from coal mines at similar solid to
water ratios and times (Dutta et al., 2018). As it can be seen in
Fig. 6, increasing the number of cycles of water use leads to
an increase in the EC. This is indicative for the accumulation of
salts in the water — mainly chlorides and sulphates (Table 2).
However, the accumulated salts and especially the corrosion
aggressive ions are in relatively low concentrations which
cannot cause corrosion problems of steel or concrete
(Panayotova, 2007).

Table 2. Leached corrosion aggressive ions

Pollutant, sample Cl, wt.% S04, wt.%

Water for washing 0.001 0.001
Lab, 1st washing 0.004 0.003
Lab, 3dwashing 0.009 0.009
Lab, 6" washing 0.011 0.012
Lab, 10t washing 0.014 0.024

It is worth noting that the water used by us (from the
drinking water supply network in Sofia) is generally with low
mineralisation and conductivity. Such type of flushing water
can be used in a closed cycle multiple times. However, the
accumulation of salts in recycled water will be much faster and
more noticeable when the water used for flushing has a higher
initial mineralisation and conductivity, as for example is the
case with the tap water in many villages in Yambol region,
Southeast Bulgaria (Panayotova et al., 2010).
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Characteristics of Deval washing water

Data on some physicochemical parameters, macro-
components and some micro-components of washing water
from Deval washing tests are presented in Table 3.

Table 3. Physicochemical parameters, macro-components and
some micro-component of washing water from Deval washing

Parameter Deval washing 1stwashing

pH 8.10 8.21
Eh, mV 245 414
Conductivity, uS/cm 240 134
Na*, mg/L 10.9 4.0
K*, mg/L 6.1 3.2
Ca%, mg/L 20.2 18.1
Mg?*, mg/L 9.8 49
HCOs, mgiL 93.7 68.4
Cl, mg/L 17.6 11.2
SO4%, mg/L 214 12.2
Pb2*, mg/L <0.01 <0.01

Cd?*, mg/L <0.005 <0.005

By comparing data presented in Table 3 and Figure 6, it
can be seen that physicochemical parameters of water
samples obtained in experiments aimed at studying the
washing water recyclability and Deval washing experiments
are in the same range. Since in the 1stwashing of samples in
the Deval machine fresh tap water was used, the conductivity
decreased and the Eh value increased. The molar [Mg?*] /
[Ca?*] ratios of Deval washing and 1stwashing are indicative for
predominant dolomite dissolution (Fig. 5). The fine material
removed from the solid sample by Deval washing, which
material practically represents the total suspended particles in
the water sample, practically does not contain dolomite (Fig. 1
— 4), thus supporting the idea of dolomite dissolution. The
concentrations of corrosion aggressive chlorides and sulphates
were 0.009 wt.% and 0.005 wt.% respectively, showing that
corrosion problems are not to be expected if the clarified water
from this washing is re-used.

Conclusions

Based on the studies carried out, the following conclusions
can be drawn:

1) Normal rain and snow water contacting with the material
representing solid inclusions in the overburden from opencast
coal mining in Maritsa East Mines Ltd will not generate acid
rock drainage and will not leach heavy metals from the
material. Moreover, the material is capable to neutralise acid
rain, thus contributing to the protection of the surrounding land
and water bodies by heavy metal ions pollution.

2) Dolomite is the main leached carbonate mineral in
neutral water contacting with the studied material at ambient
temperature. At acidic water contacting with the studied
material, calcite is the main leached carbonate mineral.

3) From the chemistry point of view, the material is suitable
for use in civil engineering work and road construction. It
contains acid drainage forming minerals and minerals
releasing corrosive-aggressive ions in amounts much less than
permitted by the relevant legislation.

4) Tap water used for the materials’ washing can be re-
used multiple times after its clarification, subjected to the
condition that initially used water in not highly mineralised.
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MICROBIAL EXTRACTION OF PRECIOUS METALS FROM A GRAVITY-FLOTATION
CONCENTRATE
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ABSTRACT. The possibility for microbial extraction of precious metals from mineral and metal bearing raw materials and wastes is of special interest in the area of
the mineral biotechnologies. Various processes of this type are known and the most important among them are the following: the preliminary oxidation of gold-bearing
sulphide ores and concentrates by means of chemolithotrophic bacteria and archaea to liberate and expose the fine gold particles from the sulphide crystal structures;
the direct extraction of gold from oxide mineral raw materials by leaching with solutions containing amino acids of microbial origin and suitable chemical oxidisers of
the native gold; the leaching of gold by means of heterotrophic bacteria growing on suitable organic sources of carbon and energy in the presence of the mineral gold-
bearing mineral raw materials being leached; selective change of the flotation properties of the gold-bearing sulphide minerals by short treatment with
chemolithotrophic bacteria to facilitate the subsequent flotation and produce very clean gold-bearing concentrate.

Keywords: chemolithotrophs, leaching, valuable metals

MWKPOBMONOIrNMYHO U3BNMNYAHE HA BJTATOPOOHU METAINU OT ®NIOTALWOHHO-TPABUTALIMOHEH KOHLIEHTPAT
WUpena Cnacoea, MapuHa Hukonosa, lnameH "eopaues, CmosiH Mpydes
MurHo e2eonoxku yHugepcumem “Ce. MeaH Puncku®, 1700 Cogbus

PE3IOME. CreupaneH uHTepec B 0bracTta Ha MUHepanHuTe GUOTEXHOMOMMM e Bb3MOXHOCTTA 33 MUKPOBHO M3BMMYaHe Ha 6naropodHu MeTanm oT MUHepasH1 1
MeTan CbAbPXall CYPOBMHA M OTMAZbLM. VI3BECTHM Ca pasnuuHM MpoLEcH OT TO3W TUM W Hail-BaXHU CPed TAX Ca: MPeaBapuUTErHOTO OKUCTEHWE Ha
3MaToChAbpXaLMTe CyNdUAHN PyaW W KOHLEHTPaTW Ype3 XeMonmuToTpodHu BakTepun u apxen 3a ocBOBOXOaBaHe M U3naraHe Ha (UHUTE 3MaTHW YacTuuy ot
CyncMaHUTE KPUCTanHU CTPYKTYPU; AVPEKTHO M3BNWYAHE Ha 3NMaTo OT OKUCHU MUHEPAHW CyPOBWHI Ype3 U3BMUYAHE C PasTBOPM, ChabpKaliy aMUHOKUCENUHIA OT
MUKPOBEH NPOW3XOA W MOAXOASLLM XMMUYECKU OKUCTUTENM; W3BMMYAHE Ha 3MATO C MOMOLTA Ha XeTepoTpodHM BakTepum, KOWTO pacTaT BbpXy MOAXOASLM
OpraHWYHM U3TOYHULM Ha BBITIEPOA W EHEPTUS B MPUCHCTBUETO Ha U3MYrBAHUTE 3MaTO-ChAbPXKALLM CYPOBUHY; CENEKTUBHA MPOMSsIHA Ha (hNOTALMOHHUTE CBOMCTBA
Ha 3naTochAbpXalmTe CynduaHA MUHEpanu 4Ypes KpaTKOTpalHO TpeTMpaHe MOCPELCTBOM XeMOnuTOTPOhHW GakTepun 3a yrecHsiBaHe Ha mocnejsaliata
hnoTauus 3a nonyyaBaHe Ha MHOTO YUCT 3NaTO-ChAbPXKaLL KOHLEHTpaT.

KntouoBu AyMM: XeMonUTOTPOGHM, U3NYrBaHe, LieHHN MeTanm

Introduction - Bioleaching by means of heterotrophic bacteria grown
on suitable organic sources of carbon and energy in
The ability of different microorganisms, mainly the presence of the leached gold-bearing substrate;
chemolithotrophic bacteria and archaea to leach precious - A selective change of the flotation properties of the
metals from mineral substrates (ores, concentrates and sulphide minerals present in the complex gold-bearing
wastes) is largely applied under real industrial conditions. The concentrates by means of a short treatment by
role of the microorganisms in these processes can be of chemolithotrophic ~ bacteria  and archaea. This
different types: treatment results in a change of the flotation
- A preliminary oxidation of the gold-bearing sulphide properties of the gold-bearing concentrates.
ores and concentrates to reveal and liberate the fine This paper contains data about investigations on the microbial
gold particles from the sulphide crystal structures. In extraction of the precious metals from a sulphidic gold-bearing
some cases the microbial oxidation of sulphides is ore in the western part of Bulgaria.

performed together with the leaching of the precious
metals by means of reagents which are non-toxic for
microorganisms (such as thiourea and acidic Materials and Methods
medium);

- A direct extraction of gold from mineral oxides

p . ) The initial I tained 7.1 g/t Au and 14.5 g/t Ag,
containing the precious metals by means of solutions ¢ ilal sample conaine gi Au an 9t Ag

2.8% sulphur (from which 2.4% were sulphidic), 7.3% iron and

of aminoacids of microbial origin and suitable 350, conner as the main components. The phase analysis of
chemical oxidants of the native gold (such as the ggld ir?Ft)he ore was: P - e p y

peroxides); - Free Au 0.5%;
- Auin oxides and hydroxides 12.5%;
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- Au finely disseminated in sulphides (mainly pyrite)
85.1%;

- Aufinely disseminated in silicates 1.9%.
Most of the gold was finely disseminated in pyrite and a
relatively small part — in chalcopyrite. The gold was present
mainly as small (less than 1 micron) particles. The chalcopyrite
was the main copper mineral in the ore but part of the copper
was present in secondary sulphidic minerals, mainly in covellite
and bornite. The quartz was the main mineral in the ore rock.
A gravity-flotation concentrate was obtained by processing of
the initial ore sample. The pyrite was the main gold-bearing
mineral in the concentrate. The gold was present in the pyrite
as a fine isomorphic impurity. The galena was the main silver-
bearing mineral and the silver was present also as isomorphic
impurities. A portion of the silver was present in the pyrite.
Data about the concentrate are shown in Tables 1 and 2.
The bioleaching of concentrate was performed in agitated
Erlenmeyer flasks of 300 ml volume each containing 100 ml
leach solution with the composition of the 9K nutrient medium
and different quantities of the mineral substrates used in this
study with a particle size of minus 100 microns added in
quantities to form the desired pulp density.

sulphide minerals. The thiosulphate was the main attractive
leach agent due to its relatively low toxicity and efficient
leaching ability which was very close to that of the very toxic
cyanide. The combination of thiosulphate with a protein
hydrolysate was even more efficient than the leaching ability of
the cyanide. The combination of thiosulphate with a protein
hydrolysate was even more efficient than the leaching ability of
the cyanide. However, all these reagents were not able to
penetrate through the sulphide matrix and to establish a direct
contact with the precious metals finely disseminated in the
sulphide minerals (mainly in the pyrite) of the concentrate. The
addition of some chemical oxidisers (mainly of KMnO4) to the
leach solutions increased considerably the level of extraction of
these metals. However, the most efficient extraction of the
precious metals was achieved by means of the preliminary
sulphide oxidaton on the relevant concentrate by
chemolithotrophic bacteria and archaea able to expose the
precious metals and to make them accessible to the reagents
suitable for their solubilisation.

Table 3. Leaching of precious metals from the flotation
concentrate by different reagents before and after its pre-
treatment by means of microbial oxidation

Table 1. Data about the gravity-flotation concentrate Leach solutions The initial The pretreated
Element Content concentrate concentrate
S total 6.80 % Au | Ag Au | Ag
S sulphidic 6.17 % Extraction, %
Fe 8.04 % Protein hydrolysate 8.6 4.1 14.5 7.3
Cu 1.64% Protein hydrolysate +
Zn 0.15% KMnO4 32.7 14.5 89.4 72.1
Pb 6.35 % Protein hydrolysate +
Au 28.4 gl thiosulphate 404 | 212 | 918 | 756
Ag 1270 gt Thiosulphate 35.8 17.8 90.1 72.5
NaCN 38.7 20.3 90.5 72.1

Table 2. The phase composition of the precious metals in the
concentrate

Phase composition Distribution, %
Au Ag
Free exposed 12.5 -
Capsulated in iron oxides 314 20.3
Finely dispergated in sulphides 53.0 71.3
Finely injected in silicate 3.1 8.4
Total 100.0 100.0

Elemental analysis of the liquid samples from the leach
systems was performed by atomic absorption spectrometry
(AAS) and inductively coupled plasma spectrometry (ICP). The
isolation, identification and enumeration of microorganisms
were carried out by the classical physiological and biochemical
tests and by the molecular PCR methods (Karavaiko et al.,
1988; Attia, El-Zeky, 1989; Spasova et al., 1994; Groudev et
al., 1996; Sanz, Kdchling, 2007; Escobar et al., 2008; Dopson,
Johnson, 2012).

Results and discussion

The direct chemical leaching of the precious metals from
the sulphide concentrate used in this study was not efficient
(Table 3) due to the fine dissemination of these metals in the
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A large number of chemolithotrophic microorganisms able
to oxidise sulphide minerals (including the most stable pyrite
and chalcopyrite) were tested for their ability to oxidise these
sulphide minerals (Table 4). It was found that the different
chemolithotrophs, even such related to one and the same
taxonomic species, can differ considerably from each other
with respect to this ability. The most efficient oxidisers were
some strains of the extreme thermophilic archaea of the
species Sulfolobus metallicus and Thermoplasma acidophilum
at 86°C but at relatively low pulp densities (up to 10-20%).
Other strains of these species and some strains of the species
Metallosphaera sedula were the most efficient at relatively
higher pulp densities (14-20%) at 75°C. Some mixed cultures
of extreme thermophilic archaea were also very active at these

temperatures.
The moderate thermophilic bacteria, mainly such of the
species Sulfobacillus thermosulphidooxidans and

Alicyclobacillus tolerans, were also very active at lower
temperatures (50-59°C) and pulp densities of 15-20%.

The comparative experiments during this study revealed
that the most efficient oxidisers of the sulphide ore and the
sulphide concentrate were the chemolithotrophs possessing
only the ability to oxidise the ferrous iron but not the elemental
sulphur (S9). The most efficient in this respect were the
members of the genus Leptospirillum, such as the mesophilic
L. ferrooxidans and the moderate thermophilic L. ferriphilum.
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These microorganisms acted according to the well-known
indirect oxidative mechanism and their role consisted in the
oxidation of the ferrous iron to the ferric state. The ferrous ions
were generated in the leach system as a result of the oxidation
of the sulphides by the ferric ions.

Table 4. Extraction of precious metals from the flotation
concentrate pre-treatment by means of chemolithotrophic
microorganisms related to different taxonomic species and
different strains from each taxonomic species

Pretreated by means of | Extraction of precious | Number
different microorganisms metals after pre-  |of strains
treatment, % tested

Al | Ag

Mesophilic bacteria

Acidithiobacillus ferrooxidans | 82-93 | 68-77 12

Leptospirillum ferrooxidans 78-91 | 64-T71 8

Acidithiobacillus ferrivorans | 75-88 | 57-68 4

Moderate thermophilic bacteria

Sulfobacillus 80-95 | 65-79 8

thermosulfidooxidans

Alycyclobacillus tolerans 77-90 | 62-71 4

Leptospirillum ferriphilum 75-86 | 57-T1 4

Extreme thermophilic archaea

Sulfolobus metallicus 84-95 | 68-82 8

Metalosphaera sedula 77-91 | 64-78 6

Acidianus infernus 73-84 | 60-80 6

Thermoplasma acidophilum | 71-80 | 59-74 4

Note: The duration of the pre-treatment was up to 168 hours at the
relevant temperature: 37 and 55°C for the mesophilic and moderate
thermophilic bacteria, respectively, and at 75 and 86°C for the
extreme thermophilic archaea, at 20 % pulp density.

On the other side, some microbial species possessing only
sulphur-oxidising ability but not able to oxidise the ferrous iron
(such as the mesophilic At thiooxidans and the extreme
thermophilic Sulfolobus acidocaldarius and S. solfatarium)
were able to leach the sulphides but usually at relatively lower
rates.

169

It must be noted also that at higher temperatures (over 60
- 65°C) there was some chemical oxidation of the ferrous iron
to the ferric state by means of the oxygen dissolved in the
leach solutions. The ferric ions generated in this way were also
involved in the oxidation of sulphides. However, the role of the
chemolithotrophic microorganisms mentioned above was
considerably more essential than the chemical oxidation of the
sulphidic concentrate used in this study.
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COLORIMETRIC SENSOR FROM CITRATE CAPPED SILVER NANOPARTICLES FOR
TRACE DETECTION OF ARSENIC (lll) IN GROUNDWATER
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ABSTRACT. The arsenic (lll) contamination in groundwater and some surface waters is a high-profile ecological problem due to the causing of acute toxicity. At
neutral pH As (Ill) is usually present in the environment as an uncharged weak arsenious acid (HsAsOs). In this report a simple and effective colorimetric approach for
trace detection of H3AcOs is presented based on the localised change of surface plasmon resonance of silver nanoparticles. The nanoparticles were prepared by
chemical reduction method from silver nitrate with trisodium citrate. They were tested for detection of various metal ions and anions, which usually occur in the
chemical contents of the natural groundwater. In case of presence of low arsenic (lll) concentrations (traces) perceptible shifts of the surface plasmon resonance of
the silver nanoparticles have been observed, which were accompanied by colour change of the analytical sample due to the nanoparticle aggregation process.

Keywords: Silver nanoparticles, colorimetric sensor, arsenic detection

KONOPUMETPWYEH CEH30OP OT UMTPATHO NOKPUTU CPEBBPHU HAHOYACTULIM 3A OTKPUBAHE HA CNEOU OT
APCEH B NOANOYBEHM BOOU

CeemnuH Towee!, AnekcaHdbp JlykaHos'2, Celivupo Hakabaswu?

T MurHo-2eonoxku yHugepcumem “Ce. Mean Puncku®, 1700 Cogpus

2 YHugepcumem Catmama, Cakypa-ky, 338-8570 Caiimama

PE3IOME. 3ambpcsBaHeTo Ha MOAMOYBEHUTE U HAKOW MOBBPXHOCTHW Boan ¢ apceH (Ill) e cepnoseH ekonorvyeH npobnem, nopaan MPUHMHSBAHETO Ha oOCTpa
TokeuyHocT. IMpu HeyTpanHo pH apceH (Ill) ce cpela obukHOBEHO B OkomHaTa cpeda, kato cnaba apceHucta kucenmHa (HaAsOs). B HacTosiwms poknag e
npeAcTaBeH NeceH 1 edheKTUBEH KONMOPUMETPUYEH NOAXOA 3a OTKpUBaHe Ha cneam oT apceH (Ill), Ha 6asaTa Ha nokanuavpaHaTa Ha NPOMsSIHA Ha NOBBPXHOCTHUS
NNa3MOHeH pe3oHaHC Ha cpebbpHM HaHovacTULM. HaHoyacTuumTe 6sxa nomyyYeHn Ypes XMMUYHa peayKuns Ha cpebbpeH HUTpaT ¢ TpuHaTpues LuTpat. Te bsxa
TECTBaHM 33 [ETeKUNATa Ha PasnuyHN MeTanH! MOHU U aHUOHM, KOMTO OBMKHOBEHO Ce CPeLiaT B XMMMYHWS CbCTaB Ha eCTECTBEHWUTE MoanouBeHn Boau. [Mpu
HanuumMe Ha HUCKW KoHUeHTpauun Ha HaAsOs (cniean) ce peructpupaxa oce3aemi MPOMEHN B NOBBLPXHOCTHUS MNa3MOHEH Pe3oHaHC Ha CpebbpHUTE HaHO4aCTULW,
kouTo Bsixa CbNPOBOAEHY C NPOMSHA Ha LiBeTa Ha aHanuTUYHaTa npoba, Abmkalla ce Ha NPOLIECH CBbP3aHM C arpernpaHe Ha HaHoyacTuumTe.

KntouoBu gymu: cpebbpHI HAHOUACTUL, KONOPUMETPUYEH CEH30P, OTKPUBAHE HA apCeH

Introduction analytical procedures with high reliability and throughput. In the
light of these issues portable tests kits for simple but effective

The contamination of groundwater and some surface waters arsenic analysis are needed. Among the numerous analytical
with arsenic (Ill) has been a major problem in various countries methods, the colorimetric detection seems the most popular
mainly in Asia, Africa and South America due to the causing of ~ among the users as a saviour in the context of saving time and
acute toxicity (Smedley, Kinniburgh, 2002; Bhattacharya et al., expenditure as well. Recently, the nanostructured materials
2002). In general, the soluble inorganic form of trivalent As is have attracted much attention for analysis of trace metal ions
more prevalent and toxic than its organic form (Brinkel et al., because of their novel optical properties, which could offer
2009). The permissible level of arsenic in groundwater is 10 significant additional ~advantages over the commercial
ppb (Shankar et al., 2014). This circumstance necessitates the detection kits (Moghimi et al., 2015). Nanoparticle aggregation
development of a cheap and easy for performance monitoring occurrence due to the interaction with the targeted heavy metal
system to save the ecosystem by restricting the As(lll) ions  might change the original colour of nanoparticle
concentration within the allowable range. The established suspension. This colour change is the basic principle of metal
analytical techniques for measuring the arsenic levels below 10 ions colorimetric detection by nanoparticles (Priyadarshini,
pgll, such as hydride generation atomic absorption Pradhan, 2017; Wang et al., 2013). The functionalised metal
spectroscopy, atomic fluorescence spectroscopy, inductively nanoparticles of gold and silver have attracted the interest of
coupled plasma mass spectroscopy, etc., are highly sensitive ~ researchers for effective analysis of some toxic heavy metals
but expensive and require highly trained personnel in the due fo their high extinction coefficients and unique optical
laboratory (Yogarajah, Tsai, 2015). The developing nations do properties .(ROS'Z Mirkin, 2_005). The properties are attributed to
not have an appropriate infrastructure to perform complicated the collective dipole oscillation, known as Surface Plasmon

Resonance or SPR (Talapin et al., 2010). This phenomenon
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makes the silver nanoparticles very desirable for colorimetric
sensing of various heavy metal ions because of the interaction
between the Ag nanoparticles and the analyte cause changes
in the intensity and position of the absorption band in the
visible spectrum. This process might be observed even with a
naked eye (Hung et al., 2010).

In this report, a new colorimetric detection for As(lll) with
high sensitivity using citrate stabilised silver nanoparticles (Ag
NPs) is presented. The colour change in the absorbance
spectra is expected as a result of the interaction between Ag
NPs and arsenic ions. In such a way, analysis of low trace of
As(lll) in the environment is possible. These simple and fast
analytical methods for determination of soluble arsenic have
potential application for As(lll) analysis in drinking water and
groundwater.

Experimental Procedures

Materials

All chemicals used were of analytical-reagent grade and all
aqueous solutions were prepared with ultra-pure deionised
water (Millipore Corp.). Silver nitrate (AgNOs, 99.9 %) trisodium
citrate (NasCeHs07), sodium hydroxide (NaOH, 99 %),
hydrochloric acid (HCI) and salts of different cations (KCI, NaCl,
CaClz, MgClz, FeCls, ZnClz, NiClz) were purchased from Wako,
Japan (Wako Pure Chemical Corporation). Standard arsenic
(Il solution of H3AsOs was purchased from Merck (USA).
Chromic acid (mixture made by adding of concentrated
sulphuric acid and dichromate) was used for cleaning the
glassware. After cleaning, the glassware was kept in an oven
to dry for an overnight at 80 °C.

Synthesis of silver nanoparticles

The silver nanoparticles were prepared by the chemical
reduction method with trisodium citrate as a reducing agent.
For that purpose, silver nitrate and tri sodium citrate were
dissolved in ultra-pure MiiliQ water to prepare stock solutions
of the precursors. In typical experiment 50 ml of 0.001 M
AgNOs was heated to boil. 5 ml of 1 % trisodium citrate was
added drop by drop to this solution. During this process, the
reaction solution was mixed vigorously and heated until
change of colour was evident (pale yellow). Then it was
removed from the hot plate and stirred until cooled to room
temperature. The reaction equation could be expressed as
follows:

4Ag* + CeHs07Nas + 2H20 — Ag? NPs + CsHsO7Hs + 3Na* +
H* + O21

The colloidal solution of silver nanoparticles was characterised
by using UV-VIS absorption spectroscopy and transmission
electron microscope.

Selective colorimetric detection of arsenic (ll)

To determine the selectivity of citrate functionalised Ag
NPs as a nanosensor for As (lll), some metal cations such as
K*, Nat*, Ca2*, Mg?*, Fed*, Zn2* and Ni2* were taken for the test.
In centrifuge Eppendorf, 1.0 ml of citrate capped Ag NPs were
kept and mixed with 0.5 ml of the respective metal ion solution.
The colour change is an evidence for the occurring of sensor
reaction. It was observed by naked eye that only colour change

171

occurred (from yellow to blue) when Ag NPs were mixed with
As (IlI) solution.

Analytical instrumentation

The absorbance spectra were measured in a quartz
cuvette by UV-VIS Jasco analytical spectrophotometer (model
No V-570). pH of all solutions was measured by conventional
pH meter (EcoTestr pH1, Euthech Instruments). The zeta
potential of the nanoparticles was measured by a ZetaPALS
Zeta Potential Analyzed (Brookhaven Instrument Corporation).
Transmission electron microscopy (TEM) images were
obtained by FEI tecnai G2 20 at 120 kV accelerating voltage.
The sample preparation of the nanoparticles observation in
TEM was prepared as follows: an aqueous drop (1 pl)
contained functionalised nanoparticles before and after
sensing reaction (control and detection experiment) were
injected by a micropipette on the support graphite film (15 nm
in thickness) on a copper grid. The film must be strong, clean
and must remain attached on the grid during this preparation
step. After that the adsorbed nanoparticles on the support film
were simply dried under vacuum and observed without any
additional chemical staining.

Results and discussion

Optical characterisation of silver nanoparticles in aqueous
suspension

The presence of silver nanoparticles in aqueous
suspension after reduction of AgNOs salt was proved by the
exhibition of an intense peak in the visible region due to the
surface plasmon excitation as shown on Figure 1A (solid red
line). Ag nanoparticles have free electrons, which give an
optical effect known as the so-called surface plasmon
resonance absorption band. This effect of nanoparticles in
aqueous suspension occurred due to the combined vibration of
the electrons of the nanoparticles in resonance with the light
wave. The obtained local surface plasmon resonance (SPR) is
a characteristic phenomenon of metal nanoparticles
(particularly of Ag NPs) that depends on dielectric constant of
its surrounding environment. The absorption band between
350 nm to 500 nm in the visible range of the light is typical for
the silver nanoparticles. With increasing of Ag NPs diameter,
the plasmon absorption shifts toward lower energy wavelength,
i.e. red shifting. The prepared Ag NPs demonstrated stability in
the colloidal solution one week after preparation. However, a
week later the absorbance spectrum showed a little red shift
(within 10-15 nm) with the decrease in absorbance intensity
value. At the same time the absorption peak becomes broader
which is an indication for suspension growth and occurring of
aggregation. As the dielectric constant changes due to the
presence of target analyte in the sample solution, we have
observed red shift in localised SPR peak.

Colorimetric detection of As (Il)

Citrate functionalised Ag NPs have negative surface
charges. When As (lll) ions are introduced with these
functionalised nanoparticles, then a specific reaction between
heavy metal ions and nanoparticle organic shell occurred in the
analytical solution. After the proceeding of the detection
reaction, alteration of the authentic SPR spectra was observed.
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As shown on the figure, the UV-VIS absorption spectra
revealed that arsenic containing Ag NPs have two absorption
peaks — one at 420 nm and another around 585 nm (blue
dashed line). Thus, as the surrounding environment was
changed with the presence of As (lll), a red shift in
nanoparticles SPR and consequent colour change from
yellowish to bluish was measured. Such red-shifted secondary
absorption peak was not observed in the test experiments with
other metal ions. This result implies that the achieved sensing
unit has arsenic selective capability in a complex solution
obtained from contaminated groundwater. The limit of
detection was obtained in linear range as shown on Figure 1 B.
The detection limit of citrate capped Ag NPs was found to be
around 6 ppm. Lineal correlation (R2) ~ 0.995 was observed
between absorbance Asgs and concentration of As (l1l) ranging
from 6 to 14 ppm. The sensor reaction of the functionalised Ag
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Fig. 1. Silver nanoparticles as colorimetric nanosensor for trace detection of arsenic (lll)

NPs toward As(lll) detection is due to the specific reaction with
hydroxyl (-OH) and carboxylic groups (-COOH) on the
nanoparticles surface (Ag NPs are functionalised with citric
acid ligands), which act as binding sites with the soluble
arsenic ions in the media. Because of this specific interaction
aggregation of the Ag NPs takes place as shown on Figure 1 C
and D.

To determine the selectivity of citric capped Ag NPs toward
other metal ions, 1.5 ml test tubes with pH = 7.5 contained
chlorides of Na*, Ca?, Mg?, Fe3, Zn%, and Ni2* were
prepared. Functionalised Ag NPs were added to the tubes,
mixed and observed for colour change. It was proved that only
the arsenic containing sample showed prominent colour
change of the test from yellow to bluish. In the other test no
colour changes were observed in the visible range of the light
spectrum.
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at pH = 7.5. (A) Absorbance spectra of citrate

capped Ag NPs (red solid line) and nanoparticles reacted with As (lll) ions (blue dashed line). (B) Detection limit of citrate capped Ag NPs
for analysis of arsenic. Transmission electron microscope image of (C) monodispersed bare citrate capped Ag NPs and (D) nanoparticles
aggregations formed due to sensor reaction with As (lll); scale bar for C and D =20 nm

Electron microscopic analysis of the nanoparticles

The diameter and size distribution of Ag NPs and Ag NPs
adsorbed with As(lll) were determined using 120 kV
transmission electron microscope (TEM). The nanoparticle size

histogram (Fig. 2) was obtained by measuring at least 350 NPs.

Nanoparticles with different sizes and homogenous spherical
shapes (as shown on Fig. 1 C) were obtained by the synthesis
described above using sodium citrate reduction. However, the
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use of a single reagent as sodium citrate for Ag NPs synthesis
results in nanoparticles with a broad range of sizes between
1.5 nm to 8 nm. Surprisingly, bigger nanoparticles with a
diameter bigger than 10 nm were not found in the sample
during TEM observation. Even the change of reaction
conditions, for example increasing the temperature, does not
produce uniform in size Ag NPs. After interacting with arsenic
the aggregations of Ag NPs were obtained. As shown on TEM
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photo (Figure 1 D) the formed aggregations were also
heterogeneous but with various sizes. The aggregations are

not stable in the suspension and there is precipitation on the
tube bottom after keeping for a few days.
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Effect of pH on the detection reaction

The pH of analysed sample solution influenced both the
solubility of metal ions and the stability of citrate capped Ag
NPs. In acid conditions (pH < 4) neutralisation of nanoparticle
surface occurred, which results in the change of SPR
absorption band. This process happened in the absence of
analytes. The experiments have proved that the optimum pH
for effective colorimetric sensing was in the range between 5
and 9. Based on the obtained results a pH at 7.5 (using
HEPES buffer) was selected for all experiments in order to
obtain reproducible analyses At this pH value the citrate
ligands on the nanoparticle surface exhibit negative charges.

Conclusion

We have developed a colorimetric detection of arsenic (lIl)
in aqueous medium by detection with citrate functionalised
silver nanoparticles. The limit of detection was found to be
around 6 ppm. It was measured in a linear range with a linear
correlation (R?) of 0.99. The proposed colorimetric approach is
very simple, sensitive and cost effective. In addition, it required
a small amount of reagents and cheap equipment to perform.
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DESIGN OF SELF-PROPELLING JANUS NANOIMPELLER AS A NANOMACHINE FOR
TARGETING AND DESTRUCTION OF PATHOGENIC MICROORGANISMS
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ABSTRACT. The design and ability of a self-propelled Janus nanoimpeller is presented as a nanomachine for targeting and destroying pathogen microorganisms as
gram negative Escherichia coli 0157:H7 in natural aqueous media. The nanomachine was fabricated from mesoporous silica nanoparticles with an average diameter
of about 90 nm as a platform for coating one of the hemisphere sides with a thin nano-gold layer. The mesoporous silica was chosen as a transparent material for
photo-control and spectroscopic monitoring with appropriate pore sizes. Its core structure allowed transport and release of some organic compounds (Rhodamine 6G).
On the other hand, the gold nano-layer enabled to conjugate chemically with cysteine amino acid. Thus, the nanomachine could readily target and specifically identify
the pathogenic E. coli through biological recognition due to the occurrence of electrostatic interaction with the bacterial membrane proteins.

Keywords: Janus nanoimpeller, light-activation, pathogenic bacteria targeting

MPOEKTUPAHE HA CAMOXOAEH AHYC HAHOMMNENEP KATO HAHOMALUMHA 3A HACOYBAHE U YHULOXABAHE HA
NATOEHHU MUKPOOPIAHMU3MU

CeemnuH Towee!, AnekcaHdbp JlykaHos'2, Celivupo Hakabaswu?

T MurHo-2eonoxku yHugepcumem “Ce.Mear Puncku®, 1700 Cocpus

2 YHugepcumem Catmama, Cakypa-ky, 338-8570 Caiimama

PE3IOME. B To3u foknag € npeAcTaBeH Au3aitHa M CrnocobHOCTTa Ha CaMoXofeH FAHYC HaHoWMNenep, kaTo HaHOMalUMHa 3@ HAacoYBaHE W YHULLOXABaHE Ha
naToreHH! MMKPOOPraHU3mMu, kaTo rpam otpuuatenHata Escherichia coli 0157:H7 B npupoaHn BogHu cpeaw. HaHomawmHaTa belwe u3paboTeHa oT Me3onopecTu
CUNNLIMEBM HAHOHACTULW CbC CpefieH AnameTbp okono 90 nm, kaTo NnaTdopma 3a NOKpUBaHe Ha efjHaTa nonycdepa ¢ TbHbK HaHO-CMoil oT 3naTo. MesonopecTus
cunuumeB anokeup belue n3bpaH, kato Npo3payeH MaTepuan 3a (OTOKOHTPOI U CMEKTPOCKONCKM MOHUTOPMHT C MOLAXOASLLM pa3mepu Ha nopute. Herosata sigpeHa
CTPYKTypa No3BOMsBa TpaHCNOpTMpaHe M 0CBOBOXaaBaHe Ha HAKOW OpraHuyHKM cbeauHeus (Rhodamine 6G). OT gpyra cTpaHa, HAHOCMOST OT 3MaTHO NOKPUTUE
AaBa Bb3MOXHOCT [ja Ce KOHIOTMpa XMMMYECKW C aMUHOKUCENWHaTa LmMCTenH. 10 TO3M HaunH HaHOMalLMHaTa JIeCHO MOXe [a Ce Hacoun W Aa uaeHcTuduumMpa
cnednuyHo natoreHHata E. Coli, ype3 61onormyHo pasnosHaBaHe, MoOpagy Bb3HMKBALLOTO ENEKTPOCTATUYHO B3auMOZENCTBUE C DakTepuanHute MembpaHHu
NPOTENHM.

KntouoBu Aymu: SHyC HaHOUMNENEP, CeeMITUHHO-aKMUBUPaHe, HaCoY8aHe KbM NamozeHHU 6akmepuu

Introduction 2009). It was proved that the coating of one hemisphere of
mesoporous silica nanoparticle with elemental Pt is sufficient to
achieve a self-propulsion force of the fabricated
nanocomposite in dilute hydrogen peroxide fuel solution. As
mentioned above, the reason for movement is due to the
catalytic decomposition of the peroxide molecule (used as fuel)
into oxygen molecules and water. In all experiments the
obtained propulsion velocity increased with raising the
peroxide fuel concentration. However, if magnetic nanoparticle
is coated on the one side by platinum (named as magnetic
Janus nanomachine) the motion can be guided by use of
external magnetic field in biological media instead of the toxic
peroxide. In this case, the magnetic field might influence not
only the direction of the Janus nanomachine but also on its
speed (Baraban et al., 2013), which allowed reverse direction
of the movement too. The bimetallic Janus spheres with Pt and
Au coating on the opposite sides can move in aqueous solution
at speeds comparable to bimetallic nanowire motors (Wheat at
al., 2010). Further miniaturisation of their spherical diameter,
along with biocompatibility open new fields of biotechnological

A widely known approach for preparation of self-propelling
nanomachines involves asymmetrically coated catalytic
nanoparticles (Yi et al., 2016). Such two-faced nanoparticles
(NPs) are named Janus (in honour of the two-faced Roman
god Janus) and they typically consist of two hemispheres with
different elemental composition and surface chemistries on the
opposite sides (Lattuada, Hatton, 2011). The Janus design
allows diverse chemical and physical functionality of NPs,
especially the induction of catalytic propulsion in liquid media
(Yang, Loos, 2017). Thus, the nanomachines designed for self-
propulsion motion on Janus principle must comprised also of
asymmetric catalytic and non-catalytic faces on their surface.
The decomposition of fuel molecules (for example H202 to H20
and molecular oxygen) on the catalytic face generate a
propulsive force that drives the nanomachine motion (Ke et al.,
2010). The first active movement of Janus particles was
invented by using asymmetric Pt-coated polystyrene (Howse et
al., 2007) and Pt-coated silica microspheres (Gibbs, Zhao,
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applications. In addition, higher efficient propulsion can be
achieved by opening of a stomatocyte ("nozzle") that serves as
an outlet for the generated molecular oxygen. The self-
propelling motion of such stomatocyte nanomotor is controlled
by both bubbles propulsion and self-diffusiophoresis, which
can operate even at very low fuel concentrations (Wilson et al.,
2013). The ability for trajectory navigation of these
nanomachines and for regulation of their speed is of high
importance with respect to the biotechnological application and
bacterial targeting. The guiding of Janus nanomachines motion
to their target destinations without the use of externally applied
fields is essential for the research progress of modern
nanomotor science. Another alternative approach is to achieve
an autonomous movement through following the concentration
gradient of different signalling chemicals (Ebbens et al., 2012).
Nevertheless, such external stimuli as temperature, light and/or
electric potential can be also used for motion triggering and
speed regulation. For example, the temperature control is an
attractive method for NPs speed regulation (Balasubramanian
et al, 2009). As an example, the thermally induced
acceleration or deceleration might reflect on the primarily heat-
induced changes of the NPs solution viscosity. By this
approach a wide range of NPs speeds can be generated
through simply tuning the applied temperature. The speed of
artificial nanomachines can be modulated as well as
accelerated also via local heating by laser irradiation (Liu et al.,
2013). Upon the laser power the propulsion speed displayed a
clear linear dependence, the process is reversible and it can
be repeated continuously with high reproducibility. Another
promising  biotechnological application of the Janus
nanomachines based on the properties explained above is
targeting and drug delivery to single cells, imaging probe or
molecular biosensing of the internal cell components. By this
approach, a single Janus nanoparticle with incorporated
multiple compartments can be exploited to detect and destroy
various types of pathogenic cells. The purpose of this report is
to develop Janus nanoimpeller for detection and inhibition of
Escherichia coli. In our study mesoporous silica nanoparticles
were coated on the one hemisphere side with a thin nano-gold
layer in order to obtain a Janus like nanoimpeller, which was
capable to target and destroy E. coli. For this purpose,
template silica nanoparticles can be used as a convenient
platform for coating with gold and attaching of biomolecules
that might undergo large amplitude motions. The mesoporous
silica NPs are easy to synthetise and such mesostructured
particles are transparent materials (for photo-control and
spectroscopic monitoring). They can be fabricated into
nanoimpellers with useful morphological properties with
respect to the designed pore sizes and structures. The cargo
transport and release inside the mesoporous silica NPs can be
controlled by photoinduced cis-trans isomerisation of diazo
bonds (-N=N-) of various azobenzene derivatives which are
tethered to the interiors of the mesopores (Angelos et al.,
2007). In this report, upon the continuous excitation with blue
light (475 nm) the nanoimpeller enabled the cis- and trans-
isomers of diazo bonds to be in constant isomerisation reaction
at the mesoporous interior. This caused a dynamic wagging of
the untethered terminus and impelled the cargo molecules
through the pores of mesoporous silica. In addition, it was
proven that the transport control can be made to occur in a
dynamic manner in the nanomachines with size less than 100
nm containing 2-3 nm diameter pores. The obtained
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mesoporous structure enabled also a high drug loading
capacity as well as time and light irradiation-depending drug
release. The pores might be sealed by a gatekeeper system
which could be also used for additional functionalisation with
ligands and improvement of the whole specific characteristics.

Experimental Procedures

Materials and analytical instrumentation

Al chemicals used in the protocols below were of
analytical-reagent grade. UV-VIS spectroscopy was performed
on UV-VIS Jasco analytical spectrophotometer (model No V-
570) using 1 cm quartz cuvette. The zeta potential of NPs was
measured using a ZetaPALS Zeta Potential Analyzer
(Brookhaven Instrument Corporation). Nanoparticle size
distribution was determined using dynamic light scattering
(DLS, Zetasizer Nano ZS) and transmission electron
microscope (TEM). TEM micrographs of nanoimpellers and E.
coli 0157:H7 bacteria were taken by JEOL JEM-3100FFC TEM
at 300 kV accelerating voltage equipped with Hilbert differential
contrast (HDC) phase plate. The collected labelled bacteria
cells were dropped on a copper micro-grid coated with
amorphous carbon film (20 nm in thickness). The liquid
suspension was removed by a filter paper and E. coli cells
were rapidly frozen in liquid ethane by rapid freezing device
(Leica Microsystems, Germany). The frozen cells were kept in
a liquid nitrogen for a while. Finally, the frozen labelled E. coli
were fransferred and observed in the transmission electron
microscope by cryo-transfer system.

Synthesis of mesoporous silica nanoparticles (MSN)

MSN were synthesised based on a modified synthesis by
using tetraethyl orthosilicate (TEOS) as a precursor reagent for
condensation of silica, and of different other template additives,
such as cetylmethylammonium bromide (CTAB) surfactant,
polymers, micelle forming agents or dopants. In brief, the
surfactants were stirred in a mixture of ultrapure MilliQ water
and ethyl alcohol under basic conditions, and TEOS or other
silicates were added under agitation of the reaction suspension.
The silica sources concentrations and compositions, as well as
the template-agents and stirring conditions determined the
nanoparticle size, pore diameter and shape. When the
surfactant precursor concentration was above the critical
micelle concentration, CTAB is self-aggregating into micelles
and the silica reagents condensate at the surface. Thus the
silica structure was formed around the surface of obtained
micelles. Then, the surfactants were completely removed
through centrifugation to obtain biocompatible mesoporous
silica nanoparticles which were further coated with gold and
modified with diazobenzene derivatives and conjugated
cysteine amino acid (as capping ligands). The obtained
common pore diameter distribution of MSN ranges between 2
and 5 nm. The nanoimpeller pores were saturated with the
organic dye Rhodamine 6G.

Deposition of gold nanolayer on MSN

The used electroless metal plating technique for Au
deposition on MSN spheres includes three steps (Kobayashi et
al., 2005). The first step is surface sensitisation of the silica
spheres. The second step is surface activation and the final
third step is gold plating. The obtained Janus nanoparticles
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were washed and kept in a refrigerator in order to be used in
next experiments.

Surface functionalisation of the Janus nanoimpeller with
cysteine capping on the gold hemisphere and detection of
E. coli

Stock solution of cysteine was prepared in CH3COONa
buffer (0.01 M sodium acetate, pH 10). The immobilisation of
cysteine amino acid on the surface of gold coated hemisphere
was done by mixing the biomolecule solution with NPsina 1: 1

SRR >
Fig. 1. Self propelling Janus nanoimpeller. (A) Schematic illustration of the nanomachine design. (B) TEM

ratio and leaving the solution to react for 24 hours at ambient
temperature. During the reaction there was a visible colour
change of the mixed solution. After that the suspension was
subjected to ultracentrifugation in order to separate the
nanoparticles with the unreacted cysteine in the suspension.
The culture of E. coli 0157:H7 was prepared as follows: 50 pl
of the anabiotic bacterial suspension was inoculated into 5 ml
M9 medium at 37°C for 4h to reach the exponential growth
phase.

P .i":

' r‘nic'rograp’hl of Janus

DI+

nanoimpellers on graphite carbon film with 20 nm thickness. (C) TEM micrograph of cryo-embedded E. coli labelled with Janus
nanoimpellers (as shown with the arrows). (D) Same object observed with phase-plate Hilbert-differential contrast TEM in order to obtain

higher contrast image; scale bar for B, C and D = 1000 nm (1 Im)

Results and discussion

Characterisation of the design of Janus nanoimpeller as a
functionalised nanomachine for self-propulsion and drug
delivery system

The design of fabricated two-faced Janus nanoimpeller is
shown on Fig. 1A. This self-propelling nanomachine was
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functionalised with amino acid cysteine on the gold hemisphere
for targeting pathogenic microorganisms. The obtained bonds
between the nanoimpeller surface coated with a gold
nanolayer and the cysteine ligands shell were covalent through
the thiol groups from the amino acid residue. The photo
transparent mesoporous core of silica can be loaded with
various payload materials (in our experiment with Rhodamine
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6G) and capped with the so-called gatekeeper (azobenzene
derivatives). The fabricated nanoimpeller particles possess
spherical geometric shapes (Fig. 1B) with an average diameter
of about 90 + 8 nm as confirmed with TEM observation and the
measurement with dynamic light scattering. The pores inside
the nanoparticle core have much smaller diameter with
average distribution range between 2 and 5 nm, which enabled
to be saturated as a drug delivery system with various organics
(in the current experiment as mentioned above with the
photosensitizer Rhodamine 6G). The surface plasmon
resonance (SPR) peak maximum of the gold coated
hemisphere was red-shifted due to the conjugation with
cysteine amino acid residues. Under excitation with blue laser
diode (InGaN) at 475 nm (for about 10 min) and 9 mW energy
dose the azobenzene motion was excited. The organic dye
Rhodamine 6G was released in the analysed solution and its
amount was measured as a plot function of absorbance
maximum and concentration. As a control experiment the
nanoimpeller particles were irradiated with equal power but at
wavelength of 650 nm at which there was not any absorption of
the azobenzene group. In the control experiment there was no
releasing of organic dye. These data proved unambiguously
that the Janus nanoimpeller responds only to the wavelength
that drives the photo-induced cis-trans isomerisation and
motion of the azobenzene group, which was tethered to the
interiors of the nanomachine mesoperes. The releasing of dye
molecules inside the nanomachine mesopores upon
continuous excitation was in irradiation-depending manner,
which demonstrates an "impeller" mechanism of operation of
the designed Janus nanoimpeller. The reason is because the
excitation of the azobenzene on the nanoparticle surface
caused the Rhodamine 6G dyes molecules to wag back and
forth and thus effectively imparted the motion of trapped
organic compounds in the drug delivery system. This
physicochemical process allows them to traverse the pore
interior until they escape in the bacterial suspension solution.
These data proved the drug-releasing ability of the
nanomachine to be controlled by the laser irradiation dose and
wavelength.

Bio-detection ability of the nanomachine for targeting and
destruction of gram negative pathogenic microorganisms
To demonstrate the bio-detection ability of the Janus
nanoimpeller as a functionalised nanomachine it was
determined whether the capping amino acid cysteine ligands
on the gold hemisphere surface facilitate targeting and
anchoring of the nanomachine onto bacterial cell membrane
surface. When the functionalised Janus impeller is added in a
bacterial suspension of E. coli 0157:H7 shifting of the plasmon
absorption peak to longer wavelength region (so called red-
shifting effect) can be measured. The reason for the occurred
SPR optical effect is that the nanomachine can readily target
and specifically identify E. coli through biological recognition
due to the electrostatic interaction between amino acid charges
and bacterial membrane proteins. It was also found that the
degree of resulted aggregation onto the cell membrane is
completely dependent on the nanoparticle concentration.
Analytical cryo- TEM analysis was performed in order to prove
the hypothesis of biological recognition occurrence and
anchoring of functionalised Janus nanoimpeller on the gram
negative E. coli bacteria (as shown on Fig. 1C). As shown on
the TEM micrographs the nanomachines have come closer to
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one another on the cell membrane, which is a clear indication
of the occurred electrostatic forces of bio-recognition
interactions. To obtain higher contrast imaging of the objects
the same, ice-embedded cells were observed and analysed
also with 300 kV phase-plate Hilbert-differential contrast TEM
(Fig. 1D). On this highly-contrasted image the discrete
ultrastructure of bacteria without any preliminary chemical
preparation could be observed. The microscopic analysis
demonstrated that the nanomachines are attached to the cell
membrane but they have not entered inside the cell cytoplasm.
Under photo-controlled conditions with laser irradiation the
nanomachines can release their payload and generate reactive
oxygen species, which have a lethal effect on the pathogenic
bacteria.

Conclusion

We have designed and fabricated a functionalised Janus
nanoimpeller as a self-propelling nanomachine for targeting
and destruction of gram negative pathogenic microorganisms.
For that purpose, the optically transparent mesoporous silica
nanoparticles were loaded with the photosensitizer Rhodamine
6G and their hemispheres were coated with a gold nano-layer.
The release of the organic dye can be controlled by
photoinduced isomerisation of the azobenzene molecules,
which were tethered to the interiors of the mesoporous silica.
The process can be controlled by excitation with blue light. The
proposed design opens a new field for development of
multifunctional nanomachines for inhibition of pathogenic
microorganisms. The reported Janus impeller might find
numerous applications in the field of biosensors technology,
mineral biotechnology and environmental protection.
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SEMI-PASSIVE TREATMENT OF MINE WASTE WATER IN ANAEROBIC CONDITIONS

Plamen Tsvetkov, Svetlana Bratkova

University of Mining and Geology “St. Ivan Rilski”, Sofia 1700; s_bratkova@yahoo.com

ABSTRACT. In this study synthetic acid mine waters, similar to the naturally generated ones in mines, were treated by a passive system under anaerobic conditions.
The constructed laboratory-scaled system consisted of three anaerobic chambers connected sequentially, each one with a volume of 15 |. Each chamber was filled
with a mixture of 4.5 kg of solid organic substrate (cattle manure, sawdust and hay in a ratio 4:1:1) and 2 kg of limestone with particles size distribution of 5+10 mm.
The model solution contained SO+ (3000 mg/l), Cuz* (10 mg/l), Zn2* (25 mg/l), Cd* (5 mgll), As>* (5 mg/l), Fe?* (100 mg/l) and Mn2* (20 mg/l). Passive and semi-
passive treatment was conducted at a hydraulic retention time of 6 days. During the stage of semi-passive treatment, lactate was added as an additional carbon and
energy source. The results demonstrated that the sulphate-removal efficiency from mine waste water by passive treatment was insignificant (approx. 9 %), while the
addition of lactate at concentrations of 1, 2, 3 and 4 ml/l increased the remolval rate for sulphates as follows: 35.7 %, 67.1 %, 82.3 % and 98.3 %. In all studied
regimes the ions of copper, iron, zinc, cadmium and arsenic were effectively removed (97 %-99.9 % ). The rate of manganese removal was low (30 %). The results
could serve as a basis for the establishment of pilot-scaled installations for semi-passive treatment of acid mine water in the studied manner.

Keywords: acid mine water, sulphate-reduction, semi-passive treatment

NonynACMBHO TPETUPAHE HA MUHHU OTNAQBYHU BOOU B AHAEPOBHM YCNOBUSA
lMnamen Lleemkoe, CeemnaHa Bpamkoea
Murro-eeonoxku yHusepcumem “Ce. Uear Punicku”, 1700 Cogpusi

PE3IOME. TMpocneaeHo € MpeuncTBaHETO Ha CUHTETUYHM KUCENM PYAHWYHM BOAM, UMMTUPALLM reHepupaHuTe B MUHHOAOGMBHaTa AeitHocT B nabopaTopHa
WHCTanauws 3a aHaepobHO nacvBHoO TpeTupawe. JlabopatopHaTta MHCTanauus e uarpafeHa ot Tpu NocreaoBaTenHo CBbP3aHu aHaepobHu kamepu, Besika ¢ obem 15
. Bceku cbA € 3ambiHeH cbe cmec oT 4.5 kg TBbPA OpraHuyeH cybeTpart (roBexaa Top, AbPBEHN CTbPrOTUHM 1 CEHO B CbOTHOLLEHMe 4:1:1) 1 2 kg BapoBuK C pasmep
Ha yactuuute 5+10 mm. TpeTupaHuaT moaeneH paateop cbabpka SO42 (3000 mg/l), Cu?* (10 mg/l), Zn?* (25 mg/l), Cd?* (5 mgll), As®* (5 mg/l), Fe?* (100 mg/l) n
Mn2* (20 mg/l). MpoBefeHo e NacBHO 1 NONYNackBHO TPETUPAHE MPU OCUTYPEHO KOHTAKTHO BPEME OT LLECT AEHOHOLYS, KaTo N0 BPeMe Ha CTaaus 3a NonynacueHO
TpeTUpaHe B cucTemata e AobaBeH nakTaT kaTo AOMbIHUTENEH M3TOYHWK Ha BLIMEPOA U eHEPrus. YCTaHOBEHO e, Ye edheKTUBHOCTTA Ha OTCTpaHsBaHe Ha cyndatu
OT BOAMTE NPK MacvBHO TpeTupaHe e npubnuantenHo 9 %, a npu fobassaHe Ha nakTaT B koHUeHTpauwu 1, 2, 3 n 4 ml/l cyndatnte Ha u3xoda Ha MHCTanauusTa
Hamanseat cboTBeTHO € 35.7 %, 67.1 %, 82.3 % v 98.3 %. Mpw BCUYKN M3CneaBaHN PEXUMM ehEKTMBHO Ce OTCTPaHSBAT MOHWUTE HA TEXKATE MeTanu — Meq,
Kena30, LMHK, kaamui n apceH (97 % — 99.9 %). CTeneHTa Ha OTCTpaHsBaHe Ha MaHraHa e Hucka — okono 30 %. MonyyeHnTe pesynTaTi U HanpaBeHUTe OT Hac
KOHCTaTaLmu, Brxa MOrnu ja NOCNyxaT KaTo OCHOBA 3a U3rpaxaaHe Ha NUIOTHU MHCTanawum, 6asvpaHn Ha nonynacvBHO TPETUPAHE MO YCTaHOBEH HAYMH.

KntouoBu gymu: kucenu pyaHU4HN BoaK, cyndat-peayKuus, NonynacuBHO TpeTupaHe

Introduction source of alkalinity for passive AMD treatment is limestone
(CaCOs).

The formation of acid mine water is a natural result of the After the neutralisation of wastewater, depending on the
exploitation of sulphide minerals, ores and coal deposits, flow rate and type of pollutants, the passive system may
abandoned mine sites and mining waste dumps. The negative include aerobic or anaerobic treatment facilities (Skousen et
environmental impact of acid mine drainage (AMD) water is al., 2019; Naidu et al., 2019).
due to its high content of heavy metals, toxic and radioactive Treatment of metal-containing wastewaters with sulphate-
elements. Discontinuance and mobility of mine wastewater reducing bacteria (SRB) is quite promising as an alternative to
generation is often difficult and even impossible task, and chemical methods. The microbial sulphate reduction in passive
requires additional treatment of these waters. A passive treatment of mine water is carried out in anaerobic cells,
treatment techn0|ogy has typ|ca||y been app“ed to the anaerobic constructed Wetlands, sometimes called
treatment of seeps from waste rock piles, acid mine drainage ‘bioreactors’ and alkalinity producing system (RAPS), which is
and tailings impoundments at abandoned mine sites. This also referred to as a successive alkalinity producing system
technology can be also suitable at active mining operations as (SAPS) (Taylor et al., 2005). Under anaerobic conditions SRB
a means of effluent remediation from tailings ponds for off-site use sulphate as a terminal electron acceptor for the organic
discharge. The systems of this type use completely natural and compounds oxidation and produce hydrogen sulphide. Heavy
bi0|ogica| mechanisms to remove Su|phate and heavy metals metals are precipitated in the form of SUlphideS or carbonates.
from mine wastewater. For acid mine waters that have a net The systems can be suitable for acidic medium and can also
acidity greater than zero, the treatment design needs to involve function at sub-zero temperatures (Martinez at al., 2019). A

systems that add alkalinity. The most common inorganic ~ few metals (Fe, Cu, Pb, Zn, Cd, Ni e.d.) are successfully
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removed by anaerobic constructed wetlands, but manganese,
arsenic and cyanides are better removed under aerobic
passive systems than anaerobic ones (Fernandez-Rojo et al.,
2019; Muhammad et al., 2015).

Although passive systems for improving water quality have
certain advantages over natural processes, they are highly
complex and susceptible to many factors such as flow rates,
hydraulic retention time, rainfall, temperature variations and
e.d. (Alsaiari, Tang, 2018). Solid substrates have a limited
lifetime and have to be replaced or supplemented with liquid or
gaseous substrates once the original substrate has been
depleted. Many passive treatment installations require some
periodic operation, such as carbon source addition or
temperature control to sustain the desired processes and
conditions. Under these conditions, they are referred to as
semi-passive (Nielsen et al., 2018).

The main objective of the present study is to determine the
influence of the amount of added lactate on the removal of
sulphate, heavy metals and arsenic in the conditions of semi-
passive treatment of mine wastewater.

Materials and methods

Design of laboratory installation

The anaerobic wetland consists of three cascade
connected anaerobic cells - cuboidal containers with length
190 mm, width 150 mm and an altitude of 560 mm (Fig. 1).
Each container is filled with a mixture of 4.5 kg solid organic
matter (cow manure, hay and sawdust in the ratio 4:1:1) and 2
kg limestone (particles size 5-10 mm). Water enters in the first
anaerobic cell by a PVC tube (50 mm diameter) reaching the
bottom of the container. Thus, upstream of the treated water is
provided and the volume of the substrate is optimally utilised.
The outlet water from the first cell proceeds in the same way in
the second cell. The effluent water from the second cell passes
through a perforated PVC pipe (50 mm diameter) reaching the
bottom of the third container.

synthetic
mine water [ &
i

| Effluent

3 s
4

Fig. 1. Design of the laboratory installation: (1) peristaltic (roller)
pump, (2, 3 and 4) anaerobic cell

The anaerobic cells were inoculated with mixed cultures of
sulphate-reducing bacteria. The inoculum contains genera,
belonging to the species Desulfotomaculum, Desulfovibrium,
Desulfomicrobium and Desulfobacterium.

Process operation
Synthetic mine water containing iron and copper was
treated through the so-constructed laboratory installation
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during the period 2013-2017. Within this period, more easily
degradable biopolymers were depleted and wastewater
purification efficiency decreased to 10% of the initial results.

New research was carried out in 2018. The synthetic mine
waters contain SOsz (3000 mg/l), Fe2+ (100 mg/l), Zn2+ (25
mg/l), Mn2* (20 mg/l), Cuz* (10 mg/l), Cd2* (5 mg/l) and As%* (5
mg/l). The heavy metals and arsenic were imported in the form
of FeS04.7H20, ZnS0s4.7H20, MnCl2.4H20, CuS0s.5H20,
CdCl2.2.5H20 and K2HAsOs. The concentration of sulphates
was adjusted to 3.0 g/l by the addition of Na:SOs and
MgSO4.7H20. The pH of the synthetic mining water was
adjusted to 4.6 by sulphuric acid. Passive and semi-passive
treatment was performed by maintaining hydraulic retention
time of 6 days. Lactate at concentrations of 1, 2, 3 and 4 ml/l
was added as an additional source of carbon and energy
during the semi-passive treatment stage.

Analytical methods

The pH and Eh were measured in key points of the
laboratory installation. The sulphate concentration was
determined using spectrophotometric method by BaCl.. The
total sulphide concentration was measured immediately after
sampling using Nanocolor test 1-88/05.09. The organic
substrate concentration was estimated by measuring the
chemical oxygen demand (COD). The dissolved metal and
arsenic  concentrations  were  determined by ICP
spectrophotometry.

Results and discussion

During the first three months, passive treatment of
synthetic mine water was carried out. At this mode the pH of
treated waste waters increased from 4.6 to 6.75, which is due
to the chemical neutralisation with limestone and bicarbonate
alkalinity production by sulphate-reducing bacteria (Fig. 2).

lactate 2 ml/I
1ml/l l

pH

——ACl

6 -
5,5 - -a—AC2
51 —a-AC3
4,5 -

4

19.12.17 19.2.18 19.4.18 19.6.18 19.8.18

Date

Fig. 2. Dynamics of pH during treatment of wastewater by
laboratory installation

The concentration of sulphate at the outlet of the laboratory
installation was very high — around 2715 mg/l, and the degree
of sulphate removal was only 9% (Fig. 3).

The rate of microbial sulphate reduction under conditions
of limitation of SRB with a source of carbon and energy was
around 47.5 mg SOs%/l/day. During this period the hydrogen
sulphide was now detected in the effluent from the three
anaerobic cells. However, the ions of copper, iron, zinc,
cadmium and arsenic were effectively removed (93-99%). Most
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of the pollutants were precipitated in the form of sulphides, but
part of the iron was also precipitated in the form of ferric
hydroxides at condition of increased pH in the anaerobic cells.

The COD values at the effluent were in the range of 78 to
105 mg/l. This shows that due to hydrolysis of the hardly
degradable organic polymers in the solid organic substrate, low
molecular weight organic compounds, which are used as
electron donors for sulphate-reducing bacteria, still entered into
the solution.

lactate
lactate

3500 1ml/l
l 2ml/l |actate Al
3000 3 ml/l lactate = AC2
l 4aml/l
2500 —4— AC3

2000 -

1500 -

1000 -

500 -

Concentration of sulfate, mg/|

0 T T i T
19.12.17 19.2.18 19.4.18 19.6.18 19.8.1§
Date

Fig. 3. Dynamics of concentration of sulphate during treatment of
wastewater by laboratory installation

Semi-passive treatment of waste water was carried out
over a period of 6 months. Sulphate-reducing bacteria oxidise
simple organic compounds (such as lactate, acetate, butirate,

ethanol, glycerol, Hz and other products of fermentations) with
sulphate at anaerobic conditions. Lactate is one of the most
preferred sources of carbon and energy for sulphate-reducing
bacteria, performing incomplete oxidation of organic matter.
For this purpose, lactate was added to the synthetic mine
water in increasing concentration from 1 to 4 ml/l.

Data for basic chemical parameters of the effluents from
anaerobic cells are presented in Table 1. The pH values of the
effluent from the laboratory installation were higher than 7 for
all tested regimes, due to the higher concentration of microbial
produced HCOs ions by the sulphate reduction (Table 1).
There is a correlation between the increase in lactic acid
concentration and the increase in pH in the effluents from
anaerobic cells (Fig. 2). At the same time, with the increase in
the concentration of the organic compound, strong reduction
conditions were established due to the increased amounts of
microbial produced hydrogen sulphide. The lowest values of
Eh (-445 - -497 mV) were measured by adding lactate to the
treated wastewater at a concentration of 4 ml/l.

The addition of lactate to the treated water resulted in an
increase in the rate of microbial sulphate reduction (Fig. 3).
The rate of the process was respectively 178, 336, 412 and
492 mg SO42/1.d at lactate concentrations of 1, 2, 3 and 4 ml/l.

We observed that the increase of concentration of lactate
from 1 to 4 g/l led to an increase of the rate of the sulphate-
reduction in a linear relation (Equation 1).

Table 1. Values of basic parameters in the effluents from anaerobic cells

Effluents from anaerobic cells

Parameter Lactate - 1 ml/l Lactate - 2 ml/l Lactate - 3 ml/l Lactate — 4 ml/l

AC1 AC2 AC3 AC1 AC2 AC3 AC1 AC2 AC3 AC1 AC2 AC3
pH 5.8+0.2 | 6.540.1 | 7.2+0.1 | 6.4+0.3 | 7.0+0.3 | 7.740.3 | 7.14+0.2 | 7.7£0.1 | 7.840.1 | 7.4+0.2 | 7.8+£0.05 | 8.1+0.1
Eh, mV -160 -250 -310 -320 -360 -410 -420 -447 -457 -454 -475 -479

+15 +18 +21 +19 +22 +19 +15 +21 +19 +21 +20 +18
S042, 2864 2223 1930 2639 1485 986 2460 1324 531 910 360 50

mg/l +25 +17 +30 +12 +25 +27 +31 +25 +32 +27 +26 +15

H2S, mgl/l 414 85 11+4 1729 | 78+11 | 13315 | 337 £21 | 548+9 | 69016 | 488+9 | 57111 | 716x21
Fe?+, mgll 21.45 0.341 0.114 5.74 1.31 0.091 2.56 1.08 0.10 1.33 0.08 0.07
Zn%, mgll 0.278 0.123 0.076 0.198 0.031 0.02 0.125 0.025 0.006 0.110 0.017 0.005
Mn2*, mg/l 10.23 743 4.67 11.09 8.54 5.96 11.54 943 5.78 10.99 8.97 6.06
Cu?t, mg/l 0.021 0.019 0.013 0.018 0.015 0.012 0.009 0.007 0.005 <0.005 <0.005 <0.005
Cd?*, mg/l 0.024 0.014 0.006 0.011 0.007 0.005 0.006 0.005 <0.005 | <0.005 <0.005 <0.005
As5t, mgll 2.54 0.014 0.006 0.011 0.007 0.005 0.006 0.005 0.005 <0.005 <0.005 <0.005
COD, mg/l 500 115 87 1246 766 136 2253 1683 693 3723 2253 2073

+18 +25 +20 +25 +10 +20 +5 +25 +20 +15 +25 +20

Rate of sulphate-reduction, (mg/l.d) = 101.8 x Concentration of
lactate, (g/l) + 100 (R2 = 0.9648) )]

The sulphate-reduction rates in natural and constructed
wetlands reported in literature, range from 0.3 to 675 mg S04
/l/day. Most of the reported values are between 30 and 150 mg
SO4Z/l/day. The results obtained show that the COD/SO42-
ratio significantly influenced the sulphate reduction, and the
COD/S042- ratio can successfully control the rate of microbial
sulphate reduction. In the present study the COD/SO42- ratio
was 0.33, 0.67, 1 and 1.33 with the addition of lactate at
concentrations of 1, 2, 3 and 4 g/l, respectively. The results are
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also a proof of the formation of a stable microbial community in
each anaerobic cell within the whole period of operation.

As the rate of microbial sulphate reduction increases,
higher concentrations of excess hydrogen sulphide are
observed (Table 1). This favours the efficient precipitation of
heavy metals and arsenic as insoluble sulphides. In all studied
regimes the ions of copper, iron, zinc, cadmium and arsenic
were effectively removed (97-99.9%). The removal of
manganese in anaerobic conditions was low - around 30%, as
the main mechanism of Mn removal was the sorption of this
heavy metal from the solid organic matter.
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The effluent from the third anaerobic cell contained low
concentration of sulphates. However, excess amounts of HzS,
high value of COD, as well as Mn were determined in the
effluent. The measured COD values of the outflow for
laboratory installation were high because of the incomplete
oxidation of lactate usually with acetate as an end product.
This result shows that it is necessary to perform additional
treatment of the wastewater. In the passive treatment, the
removal of COD, excess hydrogen sulphide and manganese is
done in aerobic wetlands. This oxidation step is necessary to
remove COD and the excess of HzS as elemental sulphur.
Under oxidising conditions, the divalent manganese is oxidised
to a tetravalent and precipitated in the form of MnO2. At
present, there are several types of constructed wetlands used
for wastewater treatment (Vymazal, 2008). Free water surface
systems are used in many countries. The vertical flow systems
which are intermittently fed allow higher oxygenation of the
bed.

Conclusions

The following conclusions can be drawn from this study:

Passive systems are attractive in the treatment of mine
waste water, but over time, due to the depletion of organic
material, the efficiency of water purification decreases. One
solution to this problem is the application of semi-passive
treatment with the use of lactate as a source of carbon and
energy.

The addition of lactate to the treated water resulted in an
increase in the rate of microbial sulphate reduction, and the
highest rate 492 mg SOs%/l.d being achieved was with the
addition of 4 g/l of lactate.

The reduction of sulphates from 3000 mg/l to below 250
mg/l requires the addition of lactate at concentrations of 4 g/.

The COD/SO42 ratio significantly influenced the
sulphate-reduction. It was also found that the COD/SQ42- ratio
can successfully control the rate of microbial sulphate
reduction.

Under anaerobic conditions of semi-passive treatment, the
ions of copper, iron, zinc, cadmium and arsenic were
effectively removed (97-99.9%), but the rate of manganese
removal was low (30%).

The excess amounts of H2S, high value of COD, as well as
Mn, are determined in the effluent from anaerobic cells, which
requires further treatment of the waters in oxidising conditions.
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COMPLEX PROCESSING OF SAPONITE WASTE OF A DIAMOND-MINING ENTERPRISE

Olga S. Zubkova, Alexey I. Alexeev

St. Petersburg Mining University, 199106 St. Petersburg; zubkova-phd@mail.ru

ABSTRACT. The article is devoted to the problem of enrichment of saponite diamond-bearing ore and the problem of utilisation of the enrichment waste. The
characteristics of the deposit and the shortcomings of the existing diamond mining method are given, a review of the literature on this issue is made. The material
balance of production is shown in the article, the mineralogical composition of the saponite effluent is given and the main tasks for creating a closed water circulation
system are put forward on the basis of material balance. The proposed scheme is constructed as follows: extraction of ore — ore enrichment — production of
concentrate — waste while enrichment of ore — pure water produced by diluting and thickening the waste with calcium aluminosilicate reagent — obtaining calcium
aluminosilicate reagent from condensed waste. The article describes the mineral composition of saponite pulp after the process of enrichment of diamond-bearing ore
investigated by X-ray fluorescent method. Research is presented on the deposition of saponite pulp with different reagents (aluminium sulphate, oxychloride,
polyacrylamide flocculant) compared with calcium aluminosilicate. The scheme of the closed water circulation of the processing plant and utilisation of the condensed
product is presented taking into account the chemical composition.

Keywords: diamond ore, saponite, closed cycle of water circulation

KOMMNNEKCHA OBPABOTKA HA CANOHUTHW OTNAABLM B NPEANPUATUE 3A OBUB HA AUAMAHTH
Onea C. 3ybkoea, Anekcell N. Anekcees
CaHkmnemepbypacku MuHeH yHusepcumem, 199106 Caqkm lNemepbype

PE3IOME. Cratusita e nocseteHa Ha npobnema 3a oboraTaBaHeTO Ha CanoHUTHATa AnamMaHTOHOCHa pyAa v mpobnema ¢ Onon30TBOPSBAHETO Ha OTNagbLMTe OT
oboraTsiBaHeTo. ,Elaﬂ,eHVI Ca XapaKTepUCTUKUTE Ha HaxOAMULLETO W HeOoCTaTbUWUTE Ha CbLUECTBYBALLMA MeToA 3a J:106VIB Ha OuWamaHTW, HanpaBeH e npernej Ha
nuTepaTypata no To3u BbNpoc. B cTatusiTa e nokasaH MaTepuanHuaT BanaHc Ha NPOM3BOACTBOTO, AGAEH € MUHEPANHUSAT CbCTaB Ha CanoHUTHUTE OTNaAbYHU BOAM
11 ca N3BeJeHN OCHOBHUTE 3aJauy 3a Cb3fjaBaHe Ha 3aTBOPEHA LMPKYNaLMOHHa cucTeMa Bb3 OCHOBA Ha MaTepuantmus banaHc. MpeanoxeHaTa cxema e uarpageHa
No CnefHvA Ha4uH: U3BNNYaHe Ha pyaa — oboraTsiBaHe Ha pyda — Npou3BOACTBO Ha KOHUEHTpAT — OTnadbuu npu oboraTsBaHe Ha pyoa — 4ucTta BoAa,
nonyvyeHa 4pe3 paspexgaHe U CrbCTdBaHe Ha OTnagbuWUTe C KanuueB anymoCUNUKaTEH peareHT — Mofny4vyaBaHe Ha KanuueB anyMOCUNUKATEH peareHt oT
KOHAEH3VpaHM oTnagbLy. B cTatnsiTa ce onucea MUHepanHUAT CbCTaB Ha CanoHUTHAaTa nynna crep oboraTsABaHeTo Ha AMaMaHTHOCHaTa pyAa, uacneaBaH Ype3
PEeHTreHoB nyopecLieHTeH MeToA. MpeacTaBeHyn ca UcnefBaHus 3a OTNAraHeTo Ha CaroHUTHa Nynna ¢ pasnuyHN peareHTn (anyMUHUeB cyndart, OKCxnopug,
nonuakpunamuaeH (rokynaxT) B CpaBHEHME C kanuvesmns anymocunukart. [peAcTaBeHa e cxemara Ha 3aTBOpeHaTa LvpKynaums Ha BogaTa B npepaboTeaTtenHoto
npeanpuaTe 1 M3N0N3BaHETO Ha KOHAEH3MPaHUA NPOAdYKT, KaTo Ce B3eMa npeasua XUMUYHUAT CbCTaB.

Kniouosu AyMU: IMaMaHTeHa pyaa, CanoHUT, 3aTBOPEH LIMKbI Ha UMpKynauna Ha BodaTa

Introduction systems and relatively local technogenic areas in soils
(Groshev, 2003);

The assessment of the ecological status and well-being of - Drainage from underground mine workings and quarries,
natural systems and their effective protection and appropriate which form intensive and extended scattering streams in water
use are among the major problems of social and economic systems (Groshev, 2003);
importance. - Effluents from processing plants after treatment facilities,

The diamond deposit named after M. V. Lomonosov is the polluting water systems (Groshev, 2003).
main object in the development of the diamond mining industry It is very important to note here that, in view of the existing
in the European North of Russia. Its development will be problems in the environment, most countries in the world are
accompanied by a violation of the lithological base of the moving to a completely different principle of handling resources
landscape, changes in the hydrological characteristics of the and generated waste, including from mining.
watercourses in the area of the deposit, and impacts on This is the 3R principle:
groundwater. In general, the main factors affecting the - reduce is the reduction of waste generation;
components of the environment are as follows (Groshev, - reuse s reutilisation;

2003): - recycle is processing.

- Dust emissions from open mine workings that pollute the Due to increased attention to the scarcity of natural
atmospheric air and form anthropogenic anomalies that are ~ resources and the problem of waste pollution over the past few
contrasting and really significant (Groshev V.A. 2003.); years, interest in the cyclical economy has grown significantly.

- Deflation and erosion of tailing dumps of concentrating The Russian enterprise PJSC “Severalmaz" has one of the
factories, which form intensive scattering streams in water ~ Main important unresolved environmental problems and this is
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the absence of highly efficient closed water that reduces the
efficiency of diamond-bearing ore enrichment process.

Literature review

At the deposit named after M. V. Lomonosov, the
kimberlites are mainly with a predominance of saponite in their
composition (more than 70%), the deposit is located in the
central part of the White Sea-Kuloi plateau in the bend of the
Zolotitsa River, which flows into the White Sea.

The deposit is represented by six kimberlite pipes:
“Pomorskaya“,“Arkhangelskaya*, “Karpinsky-1°,“Karpinsky-2°
“Pionerskaya“ and “Lomonosov*.

The technology of ore dressing created by Russian
specialists at enrichment plants is at the level of world
standards, and exceeds the world level by individual technical
processes and equipment.

At the same time, the main lack of enrichment in diamond
mining in the Arkhangelsk diamond province (ADP) is the lack
of understanding of the material costs to eliminate the
shortcomings of the existing method of enrichment and
disposal of waste at PJSC “Severalmaz’. According to the
material balance, in order to obtain 0.42 g of diamonds from
the pipes Arkhangelsk and Karpinsky-1, 4 tons of ore need to
be processed and this drawback is the rationale for the need
for environmental thoroughness of this issue.

In 2002, Vaganov, Golubev and Minorin created a
methodical guide to assess the forecast resources of
diamonds, precious, and non-ferrous metals. The manual
examines the methodological basis and techniques for
identifying promising areas and estimating the forecasted
diamond resources. The classifications of the main types of
diamond deposits are performed and given in the paper. In
addition, geological and industrial quantitative models of
diamond deposits are described, the characteristics of which
can be used to calculate the material balance of industrial
facilities (Vaganov et al., 2002).

According to their data, to date, 97% of the mined
diamonds in Russia come from the indigenous deposits, and
they account for the bulk of the balance reserves (94.7%).

Increase in production at the diamond deposit named after
M.V. Lomonosov entails a number of problems, one of which is
the utilisation of a large volume of tailings of clay rock. The fact
is that a distinctive feature of this diamond deposit is the high
content of di- and trioctahedral clay minerals of the smectite
group in the kimberlite rock, which is characteristic of the rocks
of the alkaline-ultrabasic composition of the Arkhangelsk
diamondiferous province. This phenomenon is called claying of
kimberlites (Oblitsov, Rogalyov, 2012).

In the course of technological processes using water at the
concentrator, waste (sludge) with a large concentration of clay
particles (mainly saponite mineral) is formed.

A significant increase in tailing volumes, associated with
increased water content of smectites, leads to an increase in
the size of the tailing dump, which manifests itself both in the
dam's build-up and in the occupation of new areas. During the
first two years of operation (from 2005 to 2007) impounding
was carried out in the tailings pond of the first stage with a
mark of the pier of the pioneer dam of 116 m. In December
2007, the second stage of the dam with a mark of the crest of
120 m was put into operation, providing the work of the tailing
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dump in 2011. The annual volume of ore processing in 2009
amounted to 1050 thousand tons. The design density of the
particles for calculating the volume of stacked tailings is
assumed to be 2.7 glcm3. In parallel to the development of the
field, the volume of tailings to be stored increases, and the
required capacity for filling the tailing pond accordingly grows.
It seems natural that at such volumes of tailings it is necessary
to search for ways of utilising their most interesting part, the
smectite-containing rock (Oblitsov, Rogalyov, 2012).

According to the material balance, the main drawback of
the existing method of dressing saponite ores in the
Arkhangelsk region is that practically the entire volume of
crushed ore must be passed through the separation aquatic
tailing system when processing large volumes of the rock
mass.

The further development of deposits will lead to a
significant increase in the volume of pulp (water + saponite) in
sludge reservoirs. Due to the high dispersity and the developed
diffuse layer, the saponite particles are highly resistant to
water.

In addition, the presence of microaggregates of clay
minerals along with sand grains, which determine their physical
and mechanical properties, and the presence of saponite in the
sediment deposits, negatively affect the stability of tailing dams
(Oblitsov, Rogalyov, 2012).

The disadvantages of thickening saponite-containing
suspension by means ofhigh-compression thickeners are: high
capital costs, high consumption of reagents, high power
consumption and a number of other shortcomings. The use of
domestic and foreign coagulants and flocculants to precipitate
suspensions has not yet yielded an effective result because of
their high ion exchange capacity, and the facts about re-
stabilisation of the suspension after addition of coagulants
have been revealed.

Alekseev was engaged in the processing of aluminosilicate
raw materials, ion exchange in a clay suspension, and complex
processing of apatite-nepheline ores on the basis of closed
technological schemes.

Dmitrenko investigated the effect of saponite treatment
with hydrochloric acid on its acid-base and sorption properties.

Pashkevich developed a method for sludge processing - a
method for increasing tailing dumps.

Tutygin studied the influence of the nature of the electrolyte
onthe process of coagulation of subunit-containing clay
minerals.

Sizyakov was engaged in the modernisation of the
technology of complex processing of Kola nepheline
concentrates at the Pikalevo alumina refinery plant.

Nevzorov investigated the properties of tail sediments in
the enrichment of kimberlite ore.

However, the work of the above-mentioned authors does
not touch upon the calculation of the effective rate of
deposition of saponite and its compaction in the sludge
accumulator of the diamond mining concentrator.

In order to achieve the set goals, it is necessary to develop
and implement a set of measures in the full processing of
saponite-bearing diamond wastes, as well as to encourage
buyers to purchase building materials and other products made
from man-made raw materials, including from waste
(utilisation) or reclamation of disturbed lands in quarries.


http://cyberleninka.ru/article/n/kompleksnaya-pererabotka-apatit-nefelinovyh-rud-na-osnove-sozdaniya-zamknutyh-tehnologicheskih-shem
http://cyberleninka.ru/article/n/kompleksnaya-pererabotka-apatit-nefelinovyh-rud-na-osnove-sozdaniya-zamknutyh-tehnologicheskih-shem
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Methods and materials

Lomonosov Processing Plantmaterial balance calculation

The Lomonosov Ore Mining and Processing Plant is the
No. 1 processing plant with a processing capacity of 4 million
tons of ore per year, which provides annual production of about
2.2 million carats of diamonds.

1 carat of diamond weighs 0.2 grams 2,200,000, 0.2 =
440.000 g diamonds = 440 kg of diamonds.

Processing 1 million tons of ore per year, 440 kg of
diamonds can be obtained.

1. In 2016, 2012.7 thousand carats we reproduced,
402,540 grams = 402.54 kg.

2. The content of diamonds in the ores and sands in the
Arkhangelsk and Karpinsky tubes is 2.1 car/ton or 0.2 - 2.1 =
0.42 git.

3. Calculation of processed ore for 2016 402,540 g: 0.42
g/ton of ore = 958428.57 t/year.

4. Calculation of the percentage of diamonds in the parent
ore

5. 1 ton of ore contains 0.42 g of diamonds, that is
1,000,000 g of ore contain 0.42 g of diamonds, which is:

(0.42 - 100): 1000000 = 42: 1000000 = 0.000042%

Thus, 99.000058% is the saponite mineral0.000042% is
the diamond mineral.

According to the data of the material balance, the main
drawback of the existing method of saponite ore dressing is
that when processing large volumes of rock mass, practically
the entire volume of crushed ore (from 1 ton of ore 0.42-1.2
grams of diamond is extracted) is stored in tailing dumps
consisting mainly of saponite mineral.

The mineralogical and crystal chemical characteristics of
saponite create large technological obstacles for solving the
problem of organising a closed water scheme at the
processing enterprise of PJSC “Severalmaz’.

It is known that water can be in three different states in
nature: gaseous, liquid or solid.

As an example in Figure 1, the simplest state diagram of
water dioxide describes the properties that determine the
performance of the water-saponite diamond ore (crystalline
solid) process cycle.
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Fig. 1. Single component system - water

185

The combination of substances or bodies is meant by the
physico-chemical system of water (Figure 1) used in the
technology of processing diamond ores that are in interaction
and separated from the external environment by real or
imaginary boundaries.

In this case, water is used as the main technological
reagent, which is repeatedly used in the water circulation
system in the circulating system. The chemical-technological
process of grinding the diamond-saponite ore is carried out in
aqueous solutions; therefore, it is advisable to start the study of
the equilibrium processes with an analysis of the water state
diagram (Fig. 1).

The operating time of the processing plant is presented in
Figure 2 by months in 2017. The graph was built depending on
the time of four different climatic conditions: winter — spring —
summer — autumn with the use of a one-component water
chart presented in Figure 1 and the temperature climate
conditions corresponding to the Arkhangelsk region for the
entire period of 2017. The graph shows that from April to
October, for the concentrator, the plant is in a liquid state and
with a lower content of suspended substances, and from
November to April, everything below the zero line is the
formation of ice on the tailings and the natural thickening of
liquid water, slurry, into the pulp with a high content of
suspended substances.
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Fig. 2. Influence of climatic parameters on the implementation of
the technological process of the concentration plant

These shortcomings can lead to a decrease in the
extraction of diamonds in technological processes of heavy
medium and X-ray luminescent operations, and to the need of
searching of clean water consumption and improvement of the
environmental safety of the enterprise.

Research is needed on the mineral and granulometric
composition of the pulp after the enrichment of ore at the
tailings and the water after the tailings when the water enters
the enrichment (circulating water).

Study of the mineral composition of the pulp
after the enrichment process

The clay mineral saponiteforms a finely dispersed clay
suspension with a concentration of saponite in the circulating
water of 5 ... 200 g/d3, colloidal particles with a particle size of
1...3 microns. The deposition of the clay mineral saponite ends
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after 1.5 years without treatment with cohulants and
flocculants.

Because of the properties of the saponite mineral, which
has the characteristic not only to «swell», but also to disperse
and stabilise, forming a non-precipitating fine-grained gel-like
structure bonded with Ca and Mg ions (~20%), the tailings
sites allocated by the project increase (Feklichev, 1989).

The pure mineral sapponite-stevensite has the
mineralogical structural formula NaxMgs(AkSia-
x010)(OH2)-4H20, a monoclinic syngony, density of 2 g/cm3,
Mohs hardness 2 (refined data: density 2,3-2,5 g/cm3, Mohs
hardness 2.5) (Churkina, Lopatin, 2017).

The physical and chemical characteristics of the liquid
phase of the samples under study are almost identical and
characterised by slightly alkaline pH values, low oxidation-
reduction potential, and a small amount of mineralisation.

According to the “Severalmaz” company, it is not difficult to
obtain the required quality discharge (500 mg/l), but it is
impossible to obtain a thickened product with a density of 70%
by weight on thickeners.

The increased content of clay particles in the circulating
water to enrich the ore leads to scaling the scheme or
attracting additional water from other circulating water for pro
sources.

The soil composition is heterogeneous and varies in the
depth of occurrence. In the upper layers of its composition
there is a mixture of sandy loam (up to 30%), saponite (up to
60%), and vermiculite (up to 10%). With the development in
depth in the ground, the content of saponite increases (up to
90%) and, accordingly, the content of sand loam (up to 5%)
and vermiculite (up to 5%) decreases.

The mineral composition is shown in Figure 3 and Table 1.
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Fig. 3. The mineral composition of the pulp after the enrichment
process

The mineral composition is mainly represented by heavy
minerals (the density of the mineral is higher than the density
of quartz and is considered a heavy fraction) such as hematite,
dolomite, biotite, quartz, antigorite, and tridymite (Feklichev,
1989).

Table 1. Oxide composition

Number Oxide Content, mass%
1 SiO2 55.9
2 AlO3 4.01
3 MgO 17.45
4 Fe20s3 13.12
5 Ca0 442
6 K20 2.09
7 TiO2 0.92
8 MnO 0.23
9 Na20 0.54
10 P20s 0.63
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The chemical composition of the sample shows that
quartz-containing, iron-containing and magnesium-containing
substances, which are distributed over the entire surface of the
tailing pond, are the ones that mainly enter the environment.

Investigation of granulometry of saponite
suspension

According to the technological scheme, the system of
recycled water supply is organised as follows: concentrating
plant - tailing dump - concentrating mill. Reserved water after
the tailings is fed to the grinding mill, then fed to the classifiers.
An express universal laser particle size distribution analyser
Horiba LA-950 was used to study the granulometric
composition of suspensions, which makes it possible to
determine the granulometric composition of the discharge from
the classifiers after the saponite ore dressing process (Fig. 4).
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Fig. 4. Granulometric composition of the discharge from the
classifier

According to the results of the study, it was found out that
the minimum particle size of saponite ore is 0.011 um in this
case, the deposition rate decreases sharply and the Brownian
displacement increases. Saponite ore particles are highly
dispersed and practically do not precipitate, but due to the
Brownian motion they move in any direction.

Let's calculate the deposition rate for a given particle size
by the formula:

2(p— .
— a (fg:d) 9(1)
d

Wpr

The deposition rate for such a particle size is 1.02 - 10-14,
this suggests that the saponite pulp is also a colloidal solution
and the particles do not settle under the action of gravity. In
laboratory conditions, the precipitation of saponite ore without
the addition of coagulants and flocculants is about 1 mm per
day or about 0.4 m per year.
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Synthesis of inorganic precipitant

To effectively deposit with the St. Petersburg Mining
University, a calcium aluminosilicate (CAS) reagent was
developed.

The synthesis of the calcium aluminosilicate reagent is
carried out in accordance with the diagram of CaO-Al0s-
SiOz(Figure 5) and temperature fields of crystallisation of
tricalcium  aluminate

tricalcium silicate and
Alekseev, 2007).

(Alekseev,
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Fig. 5. Diagram of the system state

Taking into account this circumstance, a method of
obtaining an active sorbent in the process of wastewater
treatment by the decomposition of the initial silicate reagent is
proposed.

This property of calcium silicates is associated with the
structural features of crystalline compounds. Synthesis of
calcium silicates of a given composition depending on the
initial ratio of CaO: SiOz in the charge is recommended in the
following temperature ranges:

773-1372 K

xCa0+ySi0; ————2Ca0SiO;

- > K
3Ca0-2510; 222 Ko £40-80; ot m 2640-Si0;

1273-1473 K
—_—_

This composition of the obtained calcium aluminium silicate
inorganic coagulant is determined by the initial chemical
composition of the raw mix, which varies with different contents
of the main minerals of tricalcium silicate, dicalcium silicate,
tricalcium aluminate, and quaternary alumoferrite (Alekseev,
1982).

The composition of the composite coagulant is a
granulated mixture of self-separating slag based on calcium
and magnesium silicates and hydroaluminosilicates from a
number of clays and hydromica mica, and is thermally treated
in the 850-900 °C temperature range.

The process of purification of recycled water with the
content of clay saponite material is as follows:

CazSi04 + 2H20 = 2Ca?*aq + H2Si0%4,aq +20H-2q

187

When contacting calcium silicates with water, the primary
act is its chemical interaction with the formation of ions in the
solution.

Calcium hydrosilicate has in its structure hydroxyl groups,
capable of cationic and anionic ion exchange (Alekseev, 1985).

The substitution reaction OH- group into cations in an
alkaline medium is composed of successive stages:

adsorption: Si-OH + Me (OH)*")+= Si-OH|HO Me(-1+;

condensation: Si-O-Ca + An- = Si-O-CaAn.

Since charged particles of the dispersed phase are present
in the saponite suspension, the addition of calcium aluminium
silicate inorganic coagulant is effective. The use of coagulants
with increased basicity will help ensure the production of large
aggregates with a high deposition rate and large flakes.

The destruction of the double electron layer of the colloidal
saponite particle is achieved due to the chemical activity of the
inorganic coagulant.

Experiments were carried out on the deposition of
suspended solids in the circulating water with a content of 30-
40 g/litre with aluminium sulphate, oxychloride, polyacrylamide
flocculant and developed coagulant (Fig. 6).

e O

i S—

solid

1 | 2 § 3 g 4
Fig. 6. The results on the deposition of saponite pulp,
content 25-30 g/l after 60 minutes

Experiments show that compared to traditional coagulants,
calcium aluminosilicate reagent thickens saponite pulp and
purifies water to enrich the ore.

The results on the removal of suspended solids are
presented in Table 2.

Table 2. The results of experiments on the thickening and
urification of recycled water

Number Coagulant Clean water level,

cm

1 7% solution of aluminium 3
sulphate

2 9% aluminium oxychloride 1
solution

3 Calcium Aluminosilicate 3
Reagent

4 Flocculant 7

The chemical composition of the condensed part allows the
creation of waste-free production according to the diagram
Ca0-Al203-SiO2 and obtaining a coagulant for sedimentation
and thickening in the territory of the mining and processing
plant. (Table 3).
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Table 3. The chemical composition of the condensed product

Number Oxide Content, mass%

1 SiO2 28.86
2 Al2O3 6.47
3 MgO 3.83
4 Fe203 58

5 Ca0 52.89
6 K20 0.44
7 TiO2 0.44
8 Na20 0.26
9 P20s 0.07

The hazard class of sediment is 4 after the thickening
process with aluminum sulphate, oxychloride, polyacrylamide
flocculant. Substances in the sediment after coagulation lead
to certain violations of the ecological system, but it is able to
recover in about 3 years.

Conclusion

Based on there search, the following conclusions can be
drawn:

1. Deposition of the saponite suspension due to its density
is impossible without prior dilution.

2. Prior to using traditional coagulants for precipitation
(aluminum sulphate), the chemical composition of saponite ore
has been studied throughout the process cycle, and their size
is taken into account when depositing suspended particles.

3. Based on the granulometric and chemical composition of
the ore, and the suspension, a coagulant with specified
physical and chemical properties was synthesised.

4. Due to the astringent properties of the synthesised
inorganic mineral precipitator, the load on the walls of the dam
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reduces, which prevents it from further destruction and leads to
a decrease in the areas occupied by the tailing dump.
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