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The effect of Air Flow Rate on Smoke Stratificationin Longitudinal
Tunnel Ventilation

Jiii Pokorny, Lenka Brumarovd, Petr Kutera', Jozef Martink&, Adam ThomitzekandPavel Zapletal

The construction of tunnels is associated with nginFor safety and suitable working conditiondsihecessary to ensure that there
is suitable ventilation during construction.

During operation, tunnels form the infrastructurktioe area, which has a number of characterisfiamnel ventilation is designed with
regards to many different factors. Longitudinal tiation is especially used in one-way, extra-uritannels but in some cases also in urban
or two-way tunnels.

The article describes the purpose and types ofalmentilation, focusing on longitudinal ventilati@and ventilation design strategy.
Longitudinal tunnel ventilation is the cause ofrsiigant turbulence that affects the smoke strtion. The article compares different
tunnel ventilation options in terms of selectedtstgies and the different values of applied airftates.

A case study was conducted on the Klimkovice romad in the Czech Republic using the fire modeinfithe Fire Dynamics
Simlulator. The study compares the effect of airfiate on smoke stratification. The study was cotetliiith air flow rate values of 0 to 5
m.s.

The results of the study show that even with l@irfiow rates, the smoke build-up is so significdrdt the safety of individuals in the
tunnel cannot be ensured. The dynamicity of firal$® an important factor. Opting for a lower aoW rate strategy because of higher
expected congestion or other factors is a quesblnaractice. Greater airflow rates, however, cedtetter conditions for evacuating
individuals, although it is also necessary to cametsmoke stratification options with the selecteutilation strategy.

Keywords:safety, tunnel, fire, longitudinal ventilation, ske stratification

Introduction

Tunnel construction must go hand in hand with safetthe case of tunnelling, there is a necegsitsupply
fresh air to the exposed face of tunnel tubes. désign requirements for ventilating tunnels aras'specific as
in, for example, gassy or non-gassy mines; howehere is always the necessity to supply freshaithe
workplace.

The most limiting factors in ventilating tunnelsahe gases carbon dioxide, monoxide, nitrogenesxahd
hydrogen sulphide.

The actual ventilation of the mined tunnels depemlghe profile and length of the excavation wdfkr
example, short tunnelling activity can be ventitbtey natural ventilation or by diffusion, providélde limit
concentrations of the above gases are not exceeded.

In other cases, it is necessary to use artificaltNation (separate), which is provided by fansally located
in front of the excavation portal and lutes, whiiring fresh air to the face, or vice versa usedram the face.

In such cases, it is blow or suction ventilatidre tnost commonly used type of ventilation beingtlwsv type,

especially with respect to the purchase coststekJuvhich may not have reinforcements, as in #s of the
suction type of ventilation. In exceptional casés, example, when using tunnelling platforms, orewh
performing small-profile underground works or esinns where separate ventilation cannot be estetoljsit

can be ventilated by compressed air.

Generally, in tunnelling, there are two basic festto consider when designing the type of ventiati
namely blasting and the associated exhaust veatilatfter blasting operations, and the use of tliesgines,
which, apart from electric motors, are the onlyckthat can work and operate in underground worlespac

During operation, road tunnels are a complex atrectequipped with a number of construction elesant
facilities that enable it to operate, and in maages contribute to ensuring safety. It stipultiegechnical and
maintenance requirements for tunnels longer th@&nsQ@European Parliament Directive 2004/54/ES).

The safety requirements for building road tunneis given by national regulations of each individual
country. Examples are Road Tunnel Ventilation, BesDimensioning and Equipment, ASTRA 13001 from
Switzerland (ASTRA 13001, 2008), RABT 2006 Tunneguibment and Operation Guidelines from Germany
(RABT, 2006), Tunnel Ventilation - Basic Principlésustrian Research Association for Roads, Rail and
Transport from Austria (RVS 09.02.31 2008) Manu2l Norwegian Public Roads Administration Standard
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Road Tunnels 03.04 from Norway (Manual 021, 2004fB/Volume 2 Section 2 Part 9 (BD 78/99) Design
(substructures and special structures). Speciattsties. Design of road tunnels from Great BritddMRB,
1999) or NFPA 502 Standard for Road Tunnels, Bedagad Other Limited Access Highways from the Uhite
States (NFPA 502, 2017).

In the Czech Republic and Slovakia, these requintsnare governed by government decrees (Government
decree no. 269/2009; Government decree no. 344y2@@mhnical standardSSN 737507, 2013; STN 737507,
2008) and methodical instructions issued by miigisttMarasova et al., 2010).

Under the European Parliament Directive (EU) n@/2011 (which stipulates the harmonized conditioms
introducing construction products on the market esmkals EU directive 89/106/EHS), one of the ctionis
road tunnels must also comply with are fire safegguirements (Regulation (EU) No 305, 2011). The
requirements include securing the load-bearing grtypof the structure, limiting the spread of finside and
outside the structure, ensuring the evacuationthadsafety of individuals and securing the safdtyescue
units. Safety standards for tunnels are also giwerthe World Road Association (World Road Assoorati
PIARC, 2019).

Operating road tunnels is historically associateth warious emergency situations. One of the most
dangerous situations is fire, significant examgemg the incident in 1982 at the tunnel in Salakfghanistan,
where 176 people died, the fire in the Montblanentl in France in 1999, which killed 39 people, dhd
Gotthard tunnel in Switzerland in 2001, where mitr&n 100 people lost their lives. Other notablemgxas
include the fire in the tunnel on the highway beswé-lorence and Bologna in 1993, which killed fpeople,
the fire in the Pfander tunnel near Bregenz in Aash 1995, also killing four people, and the firethe tunnel
near Palermo in 1996, which killed five people. Taeises of these fires were either road accidentardires.
(World Road Association PIARC, 2019)

From 2013 to 2018, the Czech Republic experienisedrbad tunnel fires (Pokorny et al., 2018). Corega
to the average total number of fires in the Czeepulic, which is around 20,000, this figure is liggle (Fire
Rescue Service, Czech Republic, 2019). Despiteatidsno significant loss of life or damage to priyand the
environment, historical events demonstrate that dbesequences of fires in tunnels can be devagtatin
(Krocova, 2015)

In order to mitigate emergency situations, tunneisist be prepared structurally, technically and
organisationally (Yang, 2016) by the engineeringchaect, construction company, tunnel operator estue
units (especially the fire rescue services andcpliOne of the most important requirements fouseg the
safety of underground structures is ventilatione Tequirements for tunnel ventilation are similar the
requirements for general aboveground structurekaifry and Gondek, 2016).

It is possible to classify road tunnel ventilationio standard operating ventilation, emergency ilagign
(fires), and environmentally friendly ventilationn particular, standard operational requirementa ba
understood as those ensuring a suitable environfoeriersons who may be present. Emergency oparatio
means creating conditions that ensure the safeuatian of persons and effective intervention otuesunits.
Environmental ventilation should ensure a mininn@bact of the tunnel operation on the environmek&TRA
13001, 2008; Ministry of Transport, Department olls, 2013; Tomaskova and Vargova, 2018).

The aim of this study was to determine the effeiciongitudinal tunnel ventilation on the safety of
individuals and the effectiveness of fire servicesler a given strategy and therefore also therdifteairflow
rate values. The article investigates whether satnagification of smoke remained using low airfloates.

Material and Methods

Tunnel fire ventilation
Tunnel fire ventilation is a supporting measuretfe evacuation and rescue of individuals and sugports
rescue units.
For the design of fire ventilation in tunnels, t&sentials are the following (ASTRA 13001, 2008;PXF
502, 2017):
= traffic intensity and mode,
= tunnel length,
= operating mode (one-way or two-way).
Based on the above criteria, tunnels can be dividadthe following categories for ventilation poges
(ASTRA 13001, 2008; Ministry of Transport, Departmhef Roads, 2013):
= tunnels with unidirectional traffic and low probhtyi of congestion (cat. T1, usually highway tursjel
= tunnels with unidirectional traffic and a high padiility of congestion (cat. T2, usually highway
tunnels),
= tunnels with two-way traffic (cat. T3).
The following concepts (strategies) are appliedi@signing fire ventilation (Ministry of TranspoiRoad
Department, 2013):
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= natural (longitudinal) ventilation (suitable forahtunnels or T1 tunnels),
= longitudinal ventilation, fixed installation (sultke for tunnels or T1 tunnels),
= |ongitudinal ventilation with airflow regulation defined values (suitable for T2 and T3 tunnels),
= transverse ventilation (suitable for T2 and T3 ®lah
The given classification was put in place in thee€@z Republic. In principle, however, it is also diger
many foreign countries where the classification lhaynodified.
For longitudinal ventilation in tunnels, the reaqdrairflow rate is essential. Airflow velocity récements
vary somewhat in the design guidelines and aredist Table 1 for clarity.

Table 1. Airflow velocity setpoints for longitudirventilation

Required flow rate

Country Character (category)tunnel for longitudinal Note
ventilation (m.s")
one-way extra-urban tunnels 3
3 recommended for tunnels u
to 500 m long
France 1-2 Phase 1 - the evacuation of
(Annexe n° 2, | one-way urban tunnels
2000) (Phase 1) persons
3 2nd phase - support of
(Phase 2) rescue units
bidirectional 3
unidirectional tunnels with a . . . . _
Czech Republic | lower incidence of congestion critical air velocity up | the critical speed 'S
(Ministry of (T1) to 10 generally about 3 m’s
Transport, unidirectional tunnels with a
Department of | higher incidence of congestion 1.2
Roads, 2013) | (T2)
bidirectional tunnels (T3) 1.2
unidirectional tunnels with a
lower incidence of congestion 23-36 depends on tunnel slope,
Germany unidirectional tunnels with a tunnel tbe shape
(RABT, 2006) hi o ; 15 (rectangular, hipped) and
igher incidence of congestion fire intensity
bidirectional tunnels (T3) 1.5
Netherlands
(Huiben et al. | 1Ot dependent on tnnel 25
(2006)
Norway tunnels longer than 500 m and min. 2 fire ventilation is specified
inclined=> 2 ° ' by calculation
(Manual 021, = -
2004) other tunnel_s 2 fllre |'nten5|.ty 5 MW
with inclination < 2 ° 3.5 fire intensity 20 MW
Austria Not dependent on tunnel or air volume flow in the
(RVS 09.02.31 e 2 1
characteristics tunnel 120 Ms
(2008)
unidirectional tunnels with a
lower incidence of congestion 3
Switzerland (RV 1)
(ASTRA 13001, | unidirectional tunnels with a depending on the tunnel
2008) higher incidence of congestion 15-3 gradient and direction of
(RV 2) ventilation
bidirectional (GV) 1.5
one-way traffic with a low 15-2 phase 1 - the evacuation of
probability of congestion (1 — 1.5 for exceptional persons
(common highway tunnels) (A)| bidirectional traffic)
one-way traffic with a high in the case of smoke
Slovakia probability of congestion 1-15 extraction with longitudinal
(TP 049, 2018) | (common highway tunnels) (B) ventilation 1.5 - 2 m:5from
both sides to the extraction
two-way traffic tunnels (C) 1-15 point

all variants

critical air velocity up,

2nd phasaipport of
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to 10

rescue units

initiation upon the demand

of rescue units

United States of

Not dependent on tunnel

critical air velocity up

America characteristics to 10
(NFPA 502, 2017) 2.54 -2.95 large-scale tests
Great Britain Not dependent on tunnel 1.3 f-|re output 3 MW
(DMRB 1999) characteristics 3 f!re output 25 MW
7 fire output 25 MW

Table 1 shows that in unidirectional tunnels witHoaver incidence of congestion, critical speeds are
generally required. In unidirectional tunnels wihhigher incidence of congestion, it is usuallyuieegd to
reduce the airflow rate below the critical spede flow rate reduction is in the range of 1.2 —rh.8").

Conversely, higher airflow rates will cause a miatense influx of smoke to the tunnel (smoke #tcattion
will be quickly interrupted, and the smoke will bleannelled in one direction).

The fire ventilation design is strongly linked iskranalysis. Risk analysis determines the choidgpe and
strategy of the ventilation system. The generahneques for risk analysis are applied to evaluik in road
tunnels (for example&;SN EN 31010, 2011CSN ISO 31000, 2018).

Fire design

An important factor in designing tunnel ventilatinthe fire scenario most likely to develop fitdalkur
Ingason et al., 2015; ISO 16733-1, 2015;®ERA et al., 2009). The heat output of the fire scinin relation
to the number of heavy truck vehicles per unitifet (typically a day) and the length of the tuniseb, 30 and
50 MW. Different heat outputs can be determinedthe risk analysis. (Ministry of Transport, Roads
Department, 2013 heat output value of 30 MW is typically considettia a fire ventilation design.

Fire ventilation design and strategy in tunnels

Just as in other buildings and structures, the meve of smoke created during a tunnel fire is aéfiédy
several factors that range from low to high impoec& The main factors affecting the movement ofksaria
tunnel structures are as follows (Pokorny and Gkn2i@16):
the tunnel’'s geometry,
chimney effect,
effect of stationary vehicles,
wind,
buoyancy effect created by the fire,
increased gas volume,

= ventilation equipment.

When fire ventilation is designed for tunnel stures, these are important factors that must beidensl.

Suitable strategies are applied to ventilate raathels. The strategy for longitudinal tunnel veatidn
depends on the characteristics of the tunnel maef traffic direction (one-way or two-way) ancthrobability
of congestion occurring (low or high). Fire vertiibe should fulfil its given function in the select strategy.

The aim of longitudinal ventilation in tunnels opgng with one-way traffic and a low probability of
congestion (T1) is to channel (expel) the smokehm direction of vehicle traffic and prevent it spding
towards stationary vehicles. The critical air fleate is typically between 2.5 to 3 M.4CSN 737507, 2013)

The aim of longitudinal ventilation in tunnels witine-way traffic and a high probability of congest(T2)
or in two-way traffic tunnels (T3) is to channektbmoke and limit its spread, or else decreadtitsrate and
create the conditions for smoke stratificationdotertain period of time. Generally, the airfloverased is 1.2
m.s. (CSN 737507, 2013)

The critical gas flow rate is defined as the ratg ensures the smoke is channelled in the direcfieehicle
traffic and limits its spread towards stationarhietes. The critical gas flow rate and average srteknperature
can be determined by Kennedy’'s model and calculatgdthe following equations (NFPA 502, 2017):

1

_ gHQ \?
Ve =K Ky (p'Cp'A'Tf) @)
_ Q
T, =T+ (p-c,,-A-Vc) @)
where
Ve critical flow rate [m.g]

176



Acta Montanistica Slovaca lume24(2019), numbeB, 173-187

Ky Froude number, Bf (0.606) [-]

K slope/gradient factor [-]

g acceleration due to gravity [rif]s

H height of the tunnel at the location of the fing] [
Q convective ratio of released heat flux [kW]
Yo,
Co

«

average density of introduced air [kg¥m
specific heat capacity of smoke [kJ.(kg*K)
An area perpendicular to the airflowqm
Ty average smoke temperature [K]
T average introduced air temperature [K]

Case study

Aim of the study

The frequently selected strategies, and therefisredifferent airflow rates for longitudinal fireemtilation in
road tunnels, were evaluated in the case study.

The Klimkovice tunnel located in the Moravia-Sikesiregion near the city of Ostrava in the CzechuRkp
was selected for the case study. The Klimkoviceéliis part of the D47 highway along the BiloveOstrava,
Rudna section. The tunnel is designed for one-waffic¢ with two tunnel tubes. The length of the nehis
approximately 1000 m. The width of the road is ®.5and the width of the two-way sidewalks is 1 &r2i m,
the height of the tunnel is 4.8 m. The tunnel tubage a longitudinal gradient of 0.6 %. The tunidles are
connected with five jumpers. Longitudinal ventitatiis installed in the tunnel and consists of eighits of
ventilators. The ventilators comply with the stambdeequirements of the Czech Republic to remairraimmnal
in temperatures of 400C for 90 minutes. The ventilators always becomeratfmnal after five seconds. The
tunnel commenced operation in 2008.

Fire model

The mathematical fire model used for the case simtlye Fire Dynamics Simulator (FDS). The FDS nhode
is a CFD model developed by NIST (National Insétuf Standards and Technology, Maryland, USA) and
allows numerous parameters associated with fireldpment to be set, including the ‘enclosure volufaetor.
The model applies Navier—Stokes equations, whiehuaeful for evaluating the flux of smoke movemand
also take heat into account. This fire model usesSmokeview software to visualise the numerickdutations.
(Fire Dynamics Simulator, 2019)

A computing grid with cell dimensions of 0.5 x &®.5 m was used for calculation. The initial temapere
was set to 15 °C, relative air humidity at 70 %e®nvironmental conditions were determined prirgdrit the
technical properties of the concrete linings areldiflow rate into the computing zone.

The input assumptions of the study

For the purposes of the study, the tunnel was ateduas an isolated system without consideringrieite
effects on the portal (such as wind). The poinbrigin of the fire was set at a distance of 256ramf the more
elevated portal in the direction of traffic (appimately one-third of the tunnel length). The mahacnel of
longitudinal ventilation was therefore expectecboagainst the gradient of the tunnel. The hegtubuif the
fire was simulated at two design levels: 5 MW (pe& vehicle fire) and 30 MW (small truck or fretgrehicle
fire). The airflow rate of the tunnel was set fonem ventilation was not in operation, these beirfgr.s',
1ms,1.5m¢g,2ms, 25mg, 3ms, 3.5m8and5m3.

The geometry of the tunnel and the location offtteeorigin are shown in Fig. 1.

Evaluation method of the study

The study evaluated the effect of airflow rate etaining smoke stratification in the tunnel. Enuimgent
visibility was selected as a limiting criterion. Sildility was evaluated at 20 evenly spaced measemépoints
along the axis of the tunnel (one point every 50frthe tunnel’s length) at a height of 2.5 m abtwe road’s
surface (the conventional limit value for evalugtithe safety of individuals in respect of smokenfra fire)
(CSN P CEN/TR 12101-5, 2008). The moment of intefaupbf smoke stratification was defined as the maime
when visibility decreased to 15 m. This is the ational limit value when panic and a significamtrease in
the difficulty of evacuation is anticipated (Folwany and Pokorny, 2006; Hurley, 2015). Generalig, time for
the safe evacuation of individuals via an unpragamergency exit is expected at 2.5 min (HOSSBR3R
The rate of movement of individuals towards an otguted emergency exit is typically given as 30 imim
(CSN 73 0804, 2010). On the basis of these assunsptiba distance of moving individuals to a safdatise
was approximately 75 m.

177



Ji¥i Pokorny, Lenka Brumarova, Petr Kugéera, Jozef Martinka, Adam Thomitzek and Pavel Zapletal: The effect of Air Flow Rate on
Smoke Stratification in Longitudinal Tunnel Ventitan

—

|
i EJE’“‘%J

Tunnel geometry

o -ﬁ':x“'"“‘H—xJ

Location of fire in the tunnel
Fig. 1. The geometry of the tunnel and the locatibthe fire origin

Simulation results

The following figures show the results of the faienulation model. Fig. 2 shows the temperatureilerat
180 s during fire thermal power 30 MW and the mogatmof smoke near the fire origin point without
ventilation at 600 s and during the fire thermalvpoat 5 MW.

Temperature profile at fire thermal power of 30 Smoke movement without ventilation and fire power
MW of 5 MW

Fig. 2. Representation of temperature profile antbke movement in the enclosed space

The movement of smoke near the fire origin at 5 Mid 30 MW at 600 s and various smoke velocities are
shown in Fig. 3.

Thermal power of fire
5 MW 30 MW

Smoke movement at a flow rate of 0.5 ™.s Smoke movement at a flow rate of 0.5 ™.s
and output of 5 MW and output of 30 MW

Smoke movement at a flow rate of 1.0 ™.s Smoke movement at a flow rate of 1.0 ™.s
and output of 5 MW and output of 30 MW

Smoke movement at a flow rate of 3.5 ™.s Smoke movement at a flow rate of 3.5 ™.s
and output of 5 MW and output of 30 MW

Fig. 3. Demonstration of smoke movement nearith@figin at a thermal output of 5 MW and 30 MW
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Visibility was evaluated after 100 seconds, 2000rds, 300 seconds, 400 seconds, 500 seconds, ar
seconds after the fire's development. The decrieagisibility for a fire heat output of 5 MW in rafion to the

simulated time and tunnel positior shown in Figures 4 to : (the source ofire is indicated bythe red dashed
line).

[#X]
y o <]

(]
<

b
%

visibility [rn]

[
(=)

(%3]

source of fire

Visibility without ventilation in relation to simated time and position in the tunr

_— e === S

=]
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30 |
25 :
I ——100s
20 —200s
15 : 300s
I 400s
10 —500s
5 : ——600's
I
0 i
0 100 200 300 400 500 600 700 800

900 1000
Longitunal distance from tunnel portal [m]

Fig. 6. Visibility for the flow rate of 1.0 mtén relation to simulated time and position in thehe
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Fig. 7. Visibility for the flow rate of 1.5 mtén relation to simulatetime and position in the tunr
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Fig. 12. Visibility for the flow rate of 5.0 ri.& relation to simulated time and position in themel

The decrease in visibility present during a firatheutput of 30 MW in relation to simulated timed:
positioninside the tunnel is shown on Figure o 21(the source of fire is indicated by the red dadives).
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Longitunal distance from tunnel portal [m]
Fig. 13. Visibility without ventilation in relation to simated time and position in the tun
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181



182

visibility [m]
= N N w
w o w o

=
o

w

Ji¥i Pokorny, Lenka Brumarovd, Petr Kuéera, Jozef Martinka, Adam Thomitzek and Pavel Zapletal: The effect of Air Flow Rate o
Smoke Stratification in Longitudinal Tunnel Ventitan

30 : < e - -
L ol ~ / A
[ Ll i / 7
25 v 5\ i 7 i
i 1 i / ;
i i Iy, i 7 H
—= 20 H Y Iy f 7 ’
£ i i 3 § 7 ;
i i [IRY / 7 /
£ i i P i / ;
= i i v 7 ;
i H i [ 4 /
= 10 i i [ 7 7 |
1 \ \YJ rd V4 e
| 1 | i g 7 g
L - v — — — £600 o
< H — ‘ - - - 600 s
5 { ~ T - - -

i

\

\
= ) S . NV s
5 — =NV -
2 — AN

——
_
S — ———
0 ;
0 100 200 300 400 500 600 700 800 900 100
Longitunai distance from tunnei portai {m]

(=]

i

100 200 300 400 500

600 700

800
Longitunal distance from tunnel portal [m]

900

Fig. 18. Visibility for the flow rate of 2.5 ni.én relation to simulated time and position in themne

——100s
——200s
——300s

400 s

—500s

——600s



Acta Montanistica Slovaca ‘olume24(2019),

numbe, 173-187

30 |

25 :
" ——1005s
E 20 1 200s
Z1s : 3005
z | 400's
=10 I ——5005s
5 ; ——600s

I

0 i

0 100 200 300 400 500

600 700 800 200 1000
Longitunal distance from tunnel portal [m]

Fig. 19. Visibility for the flow rate of 3.0 n-én relation to simulated time and position in theme
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Results and Discussia

The Fire Dynamics Simulator model is a perspeatiogiel that has had a long development and beest!
on real fires. It is used in a wide range of fiteations and considered suitable for tunnels (Mozet,3}

In the case study, the point of origin of the fitea distance of 256 m from the more elevated portthe
direction of the flow of longitudinal ventilatiorthe first third of the tunnel) coriated strongly with smok
stratification observed along significant sectiafighe tunnel's tube (the remaining approximate-thirds of

the tunnel).

Heat outputs of 5 MW and 30 MW were consideredffercase study. Although the heat output selecte
the tunnel’s fire ventilation design could be hightte most common design value is 30 MW. The lokeat
output value for evaluating smoke stratificatioraitunnel represents an auxiliary situation indbmetext of the
case study. A discussion on variability and uncertainty of fire designs is giMey (Kadlic and Mozer, 201
From Table 1, which describes the required airaigfovalues for longitudinal ventilation, it is ap@nt tha
in unidirectional tunnels with higher congestiotecaand in bidirectionally operating tunnels, itgisnerally
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required to reduce the air ‘ocity (below the critical velocityl.2 - 1.5 m.3). In unidirectional tunnels with
lower incidence of congestion, it is usually regdito reach critical rates (usually in the rang@.6- 3.5 m.§").

In order to provide complete information, ttimulation was also run for an airflow rate of 5 ™.

Smoke stratification was evaluated according tébility, the limit criterion being the decrease \a§ibility
to 15m. On the basis of the given assumptions, the rdistaof moving individuals to safe distance was
approximately 75 n

Table 2 shows the distance in relation to heat wutduring which the airflow rate and time of f
development saw a decrease in visibility in thengirio 15 m or less (critical visibility level). €hdistances e
given for time periods of 300 s and 600 s. Thesewepresentative periods that clearly showed thasuorec
results.

Table 2. Comparison of the distance of smoke spread aloaguinel to heat outp

Distance in the tunnel with visibility lessthan 15 n [m]
Fire heat outpu Fire heat outpt
Airflow rate [m.s’] 5 MW 30 MW
Time of fire developmen [s] | Time of fire developmen [s]

300 600 300 600

0.0 0 0 250 435
0.5 195 460 435 615
1.0 300 610 585 980
15 220 650 700 975
2.0 305 275 745 925
2.5 5 60 790 870
3.0 0 0 725 735
35 0 0 720 720
5.0 0 0 720 720

The distances of the decrease to critical visibgtiown in Table 2 are charted in Figure

Distance [m)]

0 0,5 1 1,5 2 25 3 35 4 4,5 5

Longitunai ventiiation speed [m.s]

5MW, 300 s 5MW, 600 s 30 MW, 300s 30 MW, 600 s

Fig. 22. Distance in the tunnel with visibility lethan 15 m

Tables 2 and Figure 22 show that with a heat outpuhe fire of 5 MW, the distance of tunnel witt
decrease to the level of critical visibility attathfor a distance greater than 75 m for the airflate 0.5to 2 m’
! Itis, thereforea lower airflow rate. When the ventilation was operating(air velocityis 0.0 m.§") and with
higherairflow rates, the visibility in the tunnel was iséctory

A different situation arose with a heat output & BIW. For all airflow rates, the threshold of ardl
visibility was crossed at a distance greater ttam7However, the results partially varied betwden300 s an
600 s periods. In the 300 s pel, critical visibility distances were less when \kation was not used and duril
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very low airflow rates (up to 1 m's In the 600 s period, the shortest critical vil#ipdistances were achieved
when ventilation was not used and during very linflcav rates (up to 0.5 m’ and during high flow rates.

The results of the simulation show that airflonegatess than the critical rates did not lead toravipg the
conditions for evacuating people. In this way,sitdebatable, whether the strategy of longitudireadtiation,
which is used in unidirectional tunnels with higbngestion probability and bidirectional tunnels,enéhthere
are lower airflow rates designed than is the @itiate, is justifiable.

This is mainly caused by the gradient of the tlramel the ongoing fire. With a heat output of 30 MW
smoke was channelled in the main direction of the fof the ventilators during flow rates of up t3n.s.
This is a predictable phenomenon characteristiaiffiow rates less than the critical air flow rate

Figures 4 to 21 also show that over the coursé@tmulation (i.e., an uninterrupted developméifire),
visibility inside the tunnel decreased and themefdeteriorated the conditions for evacuating argtuiag
people. Therefore, it is important to decreasdithe for evacuating and rescuing people as mugiossible.

The results achieved by the case study were pafffcted by the tunnel’s design (e.g., dimensi@mg]
gradient) and choice of point of fire origin (elgcation, size, heat output). The Klimkovice tunaghmined in
this case study can, however, be considered aatyignel in terms of design and technical equipmen

Conclusion

Road tunnel safety is currently a widely discussgiie. One of the most significant items of safety
equipment is ventilation, which also ensures safleityng a fire. One type of ventilation is longitodl tunnel
ventilation. The strategy of longitudinal tunnehtiéation depends on the characteristics of thaéliaccording
to its direction of traffic (one-way or two-way) éithe probability of congestion. In one-way opedatiennels
with a high probability of congestion and two-waymnels, the selected airflow rates are less thamtitical air
flow rate.

The case study, however, illustrates that with fivesheat output, smoke stratification is interegbtalong a
significant length of the tunnel. With higher aidt rates, the results are more favourable. High&res of heat
flux show similar results in terms of smoke straéifion.

The positive effect of lowering airflow rate beldke critical value in terms of retaining smoke tfication
is therefore debatable.
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Hydrocyclone separation as a tool for reduction of the amount of heavy
metals in municipal solid waste incinerator (MSWI) residues

Silvie Koval', Helena Raclavska®, Hana Skrobankova', Dalibor Matysek?, Lukas Koval®* and Franz Winter*

Municipal solid waste incineration residues such as fly ash and air pollution control residues are classified as hazardous waste
and disposed of, although they contain potential resources. The most problematic elements in municipal solid waste incineration residues
are leachable heavy metals and salts. Therefore, these residues usually do not meet the criteria for recycling as construction material or for
landscaping, as they possess an environmental risk (and are classified as an H15 hazard material - waste capable by any means, after
disposal, of yielding another substance, for example, leachate). Thus, an efficient treatment method should comprise a washing step to
remove soluble chlorides, combined with an elimination step aiming to remove the heavy metals. As a consequence, it was proposed to use
a cyclosizer device (hydrocyclone principle) for the separation of the incineration residues in order to prove the statement that the highest
concentration of heavy metals can be found within the finest particles. Chemical and physical properties of two air pollution control residue
samples and one fly ash sample were examined prior to sorting the samples into five size fractions by the cyclosizer. The results show that
chloride salts can be removed from the residues during the cyclosizer separation process, and heavy metals were concentrated in the fine
particle size fraction after the process. On the basis of these findings it can be assumed that removing the finest size fraction from the
municipal solid waste incineration residues (fractions <12 um and <14 pum respectively), will decrease the heavy metal content by Hg 51 —
60%; Ag 32 —36%; Cd 37 — 46%; Co 23 — 27%; Cr 30 — 40%; Cu 27 — 37%; Ni 21 — 26%; Pb 34 — 42%; Sb 44 — 50%; Zn 33 — 40%.
Concentrations of the heavy metals in the coarse fraction of these residues are below the regulatory limit, and therefore this study suggests
that they can be used for recycling and reuse.

Keywords: cyclosizer, waste incineration, MSWI residues, heavy metal, fly ash, APC

Introduction

The last two decades have seen a growing trend towards municipal solid waste incineration (MSWI) due to
its unique benefits of mass and volume reduction of waste (Liu et al., 2016; Mikul€i¢, 2016). There are several
types of MSWI residues, though the finer fraction, referred to as fly ash (FA) and air pollution control (APC)
residue, pose serious environmental problems (Yao et al., 2015; Raclavska et al., 2017).

Fly ash and APC residue consist of fine particles that contain significant amounts of leachable toxic elements,
including heavy metals, chloride salts and sulphates (Sagib and Béackstrom, 2016; Nowak et al., 2013).

The concentrations of metals in APC from combustion of municipal waste decrease in the following series:
Zn>Cu>Pb>Sb>Cr>As>Cd (Sagib and Bé&ckstrém, 2016) or Zn>Pb>Cu>Cr>Ni>Cd, and
the concentrations of Zn and Pb are higher by one order or more than those of other metals (Pan et al., 2013).
Metals which are present in ion-exchangeable form are leached in the following order:
Cd > Cu>Sb>2Zn>As >Pb> Cr (Sagib and Bé&ckstréom, 2016). In addition, highly toxic organic substances
and organic pollutants such as dioxins (PCDD), furans (PCDF) and PAHSs are also present making the utilization
of MSWI residues even more problematic (Saikia et al. 2007). Therefore, they usually do not meet the criteria
for recycling as construction material or for possessing an environmental risk (and are classified as an H15
hazard material - waste capable by any means, after disposal, of yielding another substance, for example,
leachate) (Aguiar et al., 2009). Several researchers have developed different treatment methods to decrease the
leachability of the MSWI residues. These methods are generally classified as separation,
stabilization/solidification and thermal techniques (Quina and Bordado, 2009). A limited number of studies
mentioned fly ash and APC residue treatment using a hydrocyclone for their separation (Ko et al., 2013). Several
studies recommended water washing the residues to remove soluble chlorides before applying another treatment
(Mangialardi, 2003; Wang et al., 2010; Chen et al., 2017). A single washing, followed by washing of the
filtration cake removes up to 99% of soluble chlorides according to a previous study (Hartmann, 2015). Recently
authors have published the link between particle size and chemical composition of fly ash and they conclude that
with decreasing particle size, the concentration of heavy metals increases (Wang et al., 2002; De Boom and
Degrez, 2012). The distribution of major elements in different particle size fractions is less predictable (Fedje et
al., 2010). The release of heavy metals into flue gas is related to chloride content in MSWI fly ash. Evaporation
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of Cd, Pb and Zn increases proportionally to increasing concentrations of chlorides in waste from MSWI (Chen
etal., 2017).

Thus, an efficient treatment method should comprise a washing step to remove soluble chlorides, combined
with an elimination step aiming to remove the heavy metals. As a consequence, it was proposed to use
a cyclosizer device (hydrocyclone principle) for MSWI residue treatment. Apart from (Ko et al., 2013;
Wang et al., 2002), there is a general lack of research in MSWI residue treatment by using a hydrocyclone
or cyclosizer device. In addition to chlorides and heavy metals decrease, the question of high organic compound
levels could be raised. However, the present study was limited to inorganic contaminants.

The objective of this study was to investigate the treatment of different MSWI residue samples to eliminate
the hazard property H15 (reducing the chloride content) and mitigation of problematic elements (heavy metals,
above all Hg and Pb). Three different residue samples were treated by using the cyclosizer device for separation.
Chemical and physical properties of residue size classes were examined. The statement that the highest
concentration of heavy metals can be found within the finest particles is to be investigated. Using these mineral
processing methods for MSWI residue treatment could make it possible to eliminate the classification of the
MSWI residues as an H15 hazard property material and re-categorize it from hazardous waste to non-hazardous
waste. Therefore, treated MSWI residue is a promising material which can save the use of non-renewable natural
resources and it is also cost-effective when there is no need to handle it as a hazardous material.

Materials and methods

Materials

The MSWI residue samples (two APC residues and one FA sample) used for measurements are referred
toas APC 1, APC 2 and FA 3. MSWI residues samples were collected during the years 2013 and 2014.
A detailed description of the samples’ origin is confidential. However, a description of the technologies used
in the incineration plants is shown below:

APC 1 - The incineration plant consists of 3 lines of grate furnaces, a dry flue gas cleaning system with
the addition of crushed activated coke into the flue gas stream before the baghouse filter, utilizing municipal
solid waste (188,000 t/y). The main reason for the injection of activated coke is the removal of mercury
and other pollutants. The annual solid residue amount is 47,500 t of slag, 3,700 t of APC residue and 190t
of filter cake with a water content of approximately 40 per cent.

APC 2 — The incineration plant consists of two lines of grate furnaces, a dry flue gas cleaning system
and electrostatic precipitators, utilizing 203,000 t of municipal solid waste per year. The remaining dust (filter fly
ash) is subtracted, followed by a wet chemical two-stage scrubber system. In the first stage, in an acidic
environment, hydrochloric acid and mercury, as well as other substances, are extracted. After this, a fixed bed
activated carbon absorber is installed. The remarkable differences are: the boiler ash and the filter ash are
collected together, and a fixed bed carbon absorber is omitted. The annual solid residues amount is 44,000 t
of slag, 3,300 t of APC residue and 270 t of filter cake with a water content of approximately 40 per cent.

FA 3 — The incineration plant uses a fluidised combustion technology, electrostatic precipitators and utilises
almost exclusively refuse-derived fuel (RDF), with a capacity of 110,000 t/y. Boiler ash and filter ash are
collected together. Annually 10,100 t of bottom ash and 11,200 t of fly ash emerge as a solid residue.

Colour of the samples varied from light grey to light brown (colour was influenced by the incineration
technology and combusted materials). All the residue samples were alkaline with pH values from 12.2 to 12.4
and density: APC 1 = 2.97 g/cm®, APC 2 = 2.85 g/cm®, FA 3 = 2.49 g/cm®. Good wettability was typical for all
samples. The raw residue samples obtained from the MSWI plants were homogenised for further analysis
and treatment.

Methods

Chemical analysis. The chemical composition of the MSWI residues was determined by X-ray fluorescence
(XEPOS 11l HE, Spectro) according to (CSN EN 15309, 2007). The analysis was conducted in the accredited
laboratory Public Health Institute Ostrava, Czech Republic (ZUOVA). The MSWI samples (both raw
and treated) were homogenised. The dry mass and the loss of ignition were established. The dry samples were
ground to the size < 60 pm, and for the pellet preparation, the wax was added. The fluorescence analyses
were conducted on the pelletised samples.
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Mineralogical analysis. The phase composition of samples in the original state, after the removal
of chlorides by washing, and after separation in hydrocyclone (APC1) were analysed using X-ray diffraction
analysis. The verification of qualitative evaluation and also a semi-quantitative estimation of the composition
of samples were determined by Rietveld analysis of diffraction data (software RayfleX Autoquan).
Measurements were performed at the diffractometer Bruker AXS D8 Advance with 26/6 geometry, with Goebel
mirror in the primary beam and with the energy dispersive detector SOL-XE. The results are presented together
with estimates of statistical errors (statistical level 99%, i.e. 30).

Microanalysis of particles was performed by scanning electron microscope SEM, FEI Quanta 650 FEG
equipped by analyzers EDX — EDAX Apollo X, WDA - LEXS, EBSD — EDAX TSL, CL — Gatan Mono 4.
Polished sections were prepared for chemical analysis of particles. Chemical analysis of particles in separated
grain size classes was focused on the identification of particles with the content of metals. The number
of analysed particles in each class was 25.

MSWI residue separation. The separation was performed by using a cyclosizer (Metcon Laboratories,
VSB-TUO). The cyclosizer is a precise laboratory apparatus for the rapid and accurate determination of particle
size distribution within the sub-sieve range (Figure 1). Particles were separated according to their Stokesian
settling characteristics by a principle based on the well-known hydraulic cyclone principle. The samples were
sized at 100 um before cyclosizing to achieve better separation results. Only the undersize fraction (< 100 pm)
was used for the cyclosizer sorting. Separation size fraction boundaries were established according to the MSWI
residue density (APC 1 = 2.97 g/cm®, APC 2 = 2.85 g/cm®, APC 3 = 2.49 g/cm®), water temperature (10.1 °C)
and flow speed (11.6 I/min). Approximately 180 L of water was used for the separation of 1.5kg of the sample.
The S/L ratio was approximately 1:100.

The samples were sorted into five size fractions by the cyclosizer. The sixth size fraction was obtained
by filtering the process water passing the No. 5 cyclone. Alternately, solids passing the No. 5 cyclone were
determined by difference. The separated solids were settled, filtered, dried in ambient temperature and weighed
to determine the size distribution.

No.1 cyclone

sample
container

pressure

thermometer
flow control

=

mains water

Fig. 1. The diagrammatic arrangement of the cyclosizer device

Size fractions

APC 1 and APC 2: 1 (49-100 pm); 2 (34—49 um); 3 (23-34 um); 4 (16 -23 pum); 5 (12-16 pm);
6 (<12 pum)

FA 3: 1 (55-100 pm); 2 (39 = 55 um); 3 (26 — 39 um); 4 (19 — 26 pm); 5 (14 — 19 pm); 6 (< 14 pm)

Results and discussion

Untreated MSWI residue characteristics

Chemical and physical analyses of untreated samples were performed to obtain essential characteristics.
The chemical composition of MSWI residues is strongly influenced by the flue gas cleaning technology and
by the material that is combusted. Concentrations of major components, especially chlorides, can significantly
influence APC and FA behaviour for further treatment. The amount of the major components expressed in wt.%
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was calculated in terms of oxides. Concentrations of the major components can be found in Table 1.
The concentrations of heavy metals in unprocessed MSWI residues are presented in Table 2.

Generally, calcium had the highest representation within all of the MSWI residue samples (13.5 — 21 wt.%
present as CaO), which may be associated with the lime injected during the flue gas cleaning process.
Furthermore, high chloride concentrations can be considered as a significant characteristic of MSWI solid
residues (APC 1 ~14.1 wt.% and APC 2 ~ 9.7 wt.%). Lower chloride concentrations for FA 3 (2.6 wt.%) is in
relation to the combusted material, as waste-derived fuel is primarily combusted in this incineration plant.
However, FA 3 sample showed high concentrations of Al, Fe, Mg, P and Si.

Tab. 1. Major fly ash components concentrations in wt.%
Major MSWI residues components [wt.%)]

APC 1 APC 2 FA3
SiO, 10.17 13.65 31.52
Al,O3 13.05 14.70 25.37
Fe,03 2.18 3.88 7.60
CaO 18.84 21.10 13.57
MgO 0.77 0.86 2.43
Na,O 14.39 10.97 4.05
K0 6.32 4.69 1.60
sulphates 8.13 4.92 2.53
chlorides 14.10 9.73 2.62
heavy metals 2.14 1.95 0.77
LOI 9.80 13.49 7.91

Heavy metals: the sum of Ag, As, Cd, Co, Cr, Cu, Hg, Ni, Pb, Sh, and Zn
LOI: loss on ignition

Tab. 2. The content of heavy metals (mg/kg) in unprocessed MSWI residues
Heavy metal content [mg/kg]

APC 1 APC 2 FA3
Hg 37.1 16.8 1.9
Ag 18.2 114 3.1
Cd 237 181 12.2
Co 26 26 36.7
Cr 656 558 254
Cu 820 908 1550
Ni 51.9 60.4 56.9
Pb 2800 2580 1370
Sh 773 719 128
Zn 15900 14400 4210

MSWI residue obtained from the plant using baghouse filter technology for flue gas cleaning (APC 1)
generally had the highest concentrations of heavy metals among the samples. Baghouse filters are usually
located at the end of the flue gas cleaning process. Furthermore, in the case of APC 1, crushed activated coke
is injected into the flue gas stream before the baghouse filter, which absorbs heavy metals, especially mercury,
and other pollutants. The highest concentration of Hg (37.1 mg/kg) was found for APC 1. This concentration
considerably exceeds the limit for Hg in a non-hazardous waste landfill (limit value of 20 mg/kg) (Purgar et al.,
2014). In addition, Cd, Cr, Pb and Zn concentrations were highest in APC 1 sample.

Mineralogical phase analysis

The main mineral phases in fly ashes from MSWI form anhydrite, calcite, halite, and sylvite, calcium silicate,
mayenite, and calcium aluminium silicate (Zhou et al., 2015). Mineralogical phase analysis of fly ashes is
important from the point of view of determination of their puzzolan properties when utilised in the construction
industry and also for determination of the form of chlorides occurrence that is important information for their
removal because they represent the limiting factor for utilization of fly ashes (replacement of Portland cement
in concrete). Chlorides form an important mineral phase of fly ashes from MSWI. They are present most often
as halite (NaCl) and sylvite (KCI). Halite occurs in fly ashes in amounts from 2.4% (APC 3) to 12% (APC 1),
sylvite is present in amounts from 4.3% (APC 2) to 7% (APC 1). Other crystalline phases in fly ashes from
MSWI include anhydrite (CaSQ,4) 2.61 — 5.74%, calcite (CaCQOs), quartz (SiO,), periclase (MgO), hematite
(Fe,0s3) and silicate phase. The samples APC 1 and 2 have larnite (Ca,SiO4) 12% and alumosilicate: gehlenite
(Ca,Al[AISIO;]) 6.58 — 8.06%. The sample APC 3 contains muscovite (KAI,[AlSizO0](F,OH),) and sanidine
(K[AISi30g]). Amorphous component forms 37 — 48% in APC 1 and 2, in fly ash APC 3 it is up to 64%. After
removal of chlorides by washing, there appeared in fly ashes: tricalcium aluminate (3CaO-Al,O3) in amounts
of 3 — 6% and ettringite (CasAl, (SO4); (OH)12:26H,0) in concentrations up to 3%, formed during washing
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of flyash as a result of reaction of calcium aluminate with calcium sulphate (Chindaprasirt et al., 2013).
The content of calcite in APC1 and APC2 increased after washing from 11 to 15%.

The sample APC1 separated in the cyclosizer proved that the amount of amorphous component increased
(up to 55%) in comparison with APC1 in the original state (37.1%). The highest amount of amorphous
component was found in the particle size class over 63 um (59.1%), and the lowest amount was found
in the particle size class from 12 to 28 um. The content of the amorphous component increases again in particles
of the size below 12 pm. In a relationship with the content of the amorphous component in individual particle
size classes, it was determined the highest amount of gehlenite (9%), larnite (14%), anhydrite (6%) and halite
(1.3%) in the particle size class from 12 to 28 um. The highest amount of quartz was determined in the class
over 63 um. The highest content of calcite and periclase was determined in the class below 12 um. Separation
of APC1 in cyslosizer did not cause a significant enrichment of phases with puzzolan properties.
The concentrations of halite varied in the range from 0.25 to 1.31%, and the lowest amounts were found in the
class over 63 um (0.52%) and below 13 um (0.25%).

RS D gl - o % L) :
HV WD |spot det pressure 100 pm 3/7/2016 ‘mag o HV WD |spot det pressure 100 pm
PM 800 x 20.00 kV/10.1 mm 6.0 BSED 50 Pa VSB TUO 1:44:46 PM 800 x 120.00 kV/|9.9 mm 6.0 BSED| 50 Pa VSB TUO

4/8/2016 |mag o | HV WD [spot| det pressure
10:32:37 AM| 130 x 120.00 kV/10.1 mm 6.0 BSED| 50 Pa

Fig. 2. Scanning electron microphotographs: APC1 - original sample (upper left), APC1 after separation in cyclosizer, particle size
class 25 — 45 um (upper right), sample after washing — extraction by water, removal of 98% water-soluble chlorides (below).

Nature of metal occurrence in particles of fly ash before the beginning of chloride removal by washing
or separation in cyclosizer was studied by chemical analysis of particles. It was found that metals are present
prevalently in the form of native metals (Pb), oxides: CuO, SnO, ZnO, FeO,, PbO, or mixed phases: Pb-Al-O,
Pb-Ca-0O, Cr-Fe-O, Cr-Fe-Ca, Cr-Zn-O,, Sn-Fe, Fe-Ca-O, and Fe-Cr. The analysis of particles after separation
in cyclosizer proved that even when particles are separated according to the size, they are covered by particles
of chloride of size from 1 to 2 um. The same trend appears in all particle size classes from cyclosizer.
The highest concentrations of chloride (17-21%) were determined in particles of size over 63 um. The highest
number of particles containing Zn was found in the particle size class from 63 pm to 1 mm (91%) and
in the finest class below 25 um (73%). The number of particles containing Zn in other particle size classes was
45%. The highest average concentration of Zn was determined in particles over 1 mm (9.15%). The particles
with the highest average concentrations of Si (8.02%) and Al (3.92%) occur in the particle size class < 25 pm.
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After the separation in cyclosizer, the microanalysis identified the particles containing Cu, Co and V, while
particles containing Pb were not identified. Water-soluble salts of Pb were probably formed in the environment
of the saturated chloride solution (Ye et al., 2017). From the results of microanalysis it follows that during
the separation in cyclosizer, chlorides were not sufficiently effectively removed, which was caused by the short
time of contact between water and particles (approximately 20 minutes). Hartmann et al. (2015) determined that
leaching after one hour had the efficiency of 72% for the chloride removal, and only after 24 hours, it reaches
94%. Pan et al. (2008) report recovery of 86% after two hours of leaching. During the direct washing (24 hours),
the efficiency of 98% was achieved at the ratio L/S=10:1 (Figure 2).

Water leachate

Landfill criteria and acceptance limits are not uniform within the European Union. Valid European
legislation was used for the MSWI residue waste category evaluation (European Council Decision 2003/33/EC).
Water leachate was prepared according to (CSN EN 12457-2, 2003) and compared to the limits according
to (European Council Decision 2003/33/EC) in Table 3.

The total leachable fraction was by far largest for the APC 1 and was dominated by chlorides of Ca, Na
and K, APC 2 was very similar. The APC 1 and APC 2 sample contained soluble forms of Pb in significant
amounts. A comparison of the amounts of elements dissolved in the leachate revealed that the main sources
of metal ions are likely to be chlorides. However, in the high pH range, Pb, as well as many other metals, show
amphoteric behaviour and thus dissolve as oxo-anions. Such processes may also take place during a leaching test
(Abbas et al., 2001). According to Takaoka et al. (2005), Pb and Zn mainly exist as water-soluble PbCl,
and ZnCl, in MSWI residues. Furthermore, Ko et al. (2013) reported that only a small amount of Pb and Zn from
MSWI fly ash could be transferred to the liquid phase, but Cr and Cu mostly remain in the solid phase (Hsiao et
al., 2002). Higher concentrations of Pb found in the leachate from APC 1, and APC 2 in this study are in
agreement with Ko et al. (2013). Nevertheless, a higher amount of Cr was found in a liquid phase in this study.
Cr(VI) may have been dissolved and then transformed into a less soluble form in a secondary reaction such
as reduction to Cr(I11) in MSWI residue leachate (Abbas et al., 2001).

Tab. 3. Water leachate results of untreated MSWI residue samples, compared with European waste landfill limits (values exceeding
the non-hazardous limits are highlighted)

Parameter Unit MSWI residues Limits (2003/33/EC)

APC 1 APC 2 FA3 [ NH H
pH [ 10.64 11.63 9.43 - - -
D.S. [mg/kg] 30925 19495 4055 4000 60000 100000
DOC [mg/kg] 42.7 46.2 51.5 500 800 1000
cr [ma/kg] 101046 89653 14927 800 15000 25000
S0~ [ma/kg] 23200 11500 6680 1000 20000 50000
F- [mg/kg] 46.5 49.4 5.1 10 150 500
As [mg/kg] 0.9 0.1 0.3 0.5 2 25
Ba [mg/kg] 6.1 5.8 5.0 20 100 300
Cd [mg/kg] 0.005 0.331 0.015 0.04 1 5
Cr [ma/kg] 12.4 2.0 9.8 0.5 10 70
Cu [mg/kg] 0.2 0.2 0.2 2 50 100
Hg [mg/kg] 0.022 0.009 0.005 0.01 0.2 2
Mo [ma/kg] 33.7 4.5 4.4 0.5 10 30
Ni [mg/kg] 0.2 0.2 0.2 0.4 10 40
Pb [ma/kg] 59.9 39.7 0.3 0.5 10 50
Sh [ma/kg] 4.10 0.419 0.050 0.06 0.7 5
Se [mg/kg] 0.1 0.1 0.1 0.1 0.5 7
Zn [mg/kg] 174 22.0 0.5 4 50 200
Phenol index [ma/kg] 15.8 0.2 0.1 1 - -

D.S.: dissolved solids; | = Inert; NH = Non-Hazardous; H = Hazardous

Generally, it was found that the concentrations of heavy metals in the solid phase were higher than those in
the liquid phase, which is in agreement with (Ko et al., 2013). These findings support the premise that the
hydrocyclone separation process can transfer water-soluble salts from MSWI residues to liquid phases while
preserving most of the heavy metals in solid phases.

Cyclosizer separation

Quantitative analysis of sample yield was calculated using an initial weight of 80 g of sample. Results
of the quantitative analysis (recovery rate) are shown in Table 4, and heavy metal yield results are shown
in Figure 3.
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Tab. 4. Recovery rates of MSWI residue samples after separation using a cyclosizer

Particle size range [um] APC 1 APC 2 FA3 APC 1 APC 2 FA3
APC1 & APC?2 FA3 [a] [a] [a] [%] [%] [%]
49-100 55 -100 4.1 6.5 4.6 5.1 8.1 5.7
34-49 39-55 6.5 9.0 8.8 8.2 11.3 11.0
23-34 26 -39 11.0 12.7 139 13.7 159 174
16-23 19-26 9.0 9.1 111 11.2 11.3 139
12-16 14-19 5.7 5.2 7.3 7.2 6.6 9.1
<12 <14 19.7 22.2 31.2 24.6 27.8 39.0
Dissolved solids 24.0 15.2 3.2 30.0 19.0 4.0
Sum 80 80 80 100 100 100

Elemental concentration in the size fractions was determined by using X-ray fluorescence analysis. The yield
of the heavy metals chosen (Hg, Ag, Cd, Co, Cr, Cu, Ni, Pb, Sb a Zn) was calculated from the recovery rate
of that size fraction (Table 4) and heavy metal concentrations in that size fraction. It can be concluded that
the heavy metals tended to distribute into the size fractions in the same way for all fly ash samples, with
the highest concentrations observed in two specific size fractions — the oversize fraction (> 100 um) and in the
smallest size fraction (< 12 pm and < 14 pum respectively). Ronkkémaki et al. (2008), and Lanzerstorfer (2015)
reported the same trend in the heavy metal distribution in the oversize and sub-sieve fraction for Cd and Zn.
Moreover, according to Lanzerstorfer (2015), Pb is concentrated in the finest fraction of MSWI fly ash. Barbosa
et al. (2013) examined fly ash samples from biomass incineration and showed an increasing concentration of all
elements (except Hg) with decreasing particle size. Dahl et al. (2009) reported the tendency of increasing
concentration with decreasing particle size for Zn but found no such consistent trend for Cd and Co.
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Fig. 3. Heavy metal yield after sieving and separation using a cyclosizer: (A) APC 1, (B) APC 2, (C) FA 3

On the basis of these results it can be assumed that after removal of the finest particles (fractions <12 pym
and <14 pm respectively), the heavy metal content would be decreased by: Hg 51 — 60%; Ag 32 — 36%;
Cd 37 -46%; Co 23-27%; Cr 30-40%; Cu 27-37%; Ni 21-26%; Pb 34-42%; Sb 44 —50%;
Zn 33 - 40%. Theoretical mercury concentration for APC 1 would then be 16.32 mg/kg and for APC 2
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13.72 mg/kg. These concentrations are within the Austrian landfill limit for mercury disposal (20 mg/kg),
according to the Austrian Landfill statutory body (BGBI. 11 Nr. 104/2014).

Hydrocyclone separation is not a zero-waste technology. At the end of the process, wastewater containing
high concentrations of salts (especially chlorides) and some heavy metals are generated; thus, it is essential to
carry out wastewater treatment and recycling. However, high chloride-containing wastewater can be used for salt
recovery or can be treated by adding sodium aluminate (NaAlO,) to form insoluble Friedel’s salt at high pH
conditions (Abdel-Wahab, 2002). The treated water can then be reused in the hydrocyclone separation process.

The above results demonstrate that hydrocyclone separation technology is promising for MSWI residue
treatment and the heavy metal content reduction. However, the optimal separation boundary and separation
efficiency should be investigated further. Therefore, it is proposed to build a pilot-scale hydrocyclone device
for separating MSWI residues to confirm or deny the results stated in this paper.

Conclusion

Three MSWI residue samples from different incineration plants were examined within this study. Chemical
and physical properties of two APC residue samples and one fly ash sample were examined. Higher content of
heavy metals was found in the samples, ranging from 0.77 (FA 3) to 2.14 wt.% (APC 1). Therefore, a unique
separation process was applied to reduce the heavy metals content. The separation into six size fractions was
performed by using a cyclosizer. The results show that chloride salts can be removed from the MSWI residues
during the cyclosizer separation process by simple water extraction process, when the value of ratio S:L = 1:10 is
reached and the time of contact with water is sufficient, i.e. more than one hour. Furthermore, heavy metals
were concentrated in the fine particle size fraction after the process. On the basis of these findings, it can be
assumed that removing the finest size fraction from the MSWI residues (fractions <12 pm and <14 pm
respectively), will decrease the heavy metal content by up to 60% for Hg (APC 2). In addition a significant
decrease of other heavy metals was observed as well (namely Sb > Cd > Pb > Zn > Cr > Cu > Ag > Co > Ni).
Hydrocyclone separation seems to be a very promising method that could be used for the reduction of heavy
metal content in the MSWI residues. The coarse particles of the MSWI residues had Hg concentrations below
the regulatory limit. Therefore, it can be suggested that they may be used for recycling and reuse. However, use
of this process on an industrial scale and its economic value needs to be further investigated, which was not a
part of this study.
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Evaluation quality parameters of DEM generated withlow-cost UAV
photogrammetry and Structure-from-Motion (SfM) appr oach for
topographic surveying of small areas

Peter Blistart, Ludovit Kovani', Matej Paterd and Tomas Hugik®

Conventional geodetic methods and instruments asctotal station, or GNSS, are commonly used fadggc surveying of the
ground surface. In recent years, with the develaogno¢ drones - light Unmanned Aerial Vehicles (UAM their combination with a
digital camera, opens new opportunities in thedfief Earth's surface documentation. This combimatibtechnologies made it possible to
use digital photogrammetry to quickly and operdjivdocument the Earth's surface. Using UAV photogreetry, we can create an
accurate and detailed surface model. The surfacdemoan be created as GRID, TIN, respectively adoad of points, generated by
processing aerial survey images in some processiftgvare, for example, Agisoft Photoscan®. Its aacy depends essentially on two sets
of factors. One group are factors that depend am@a parameters, image flight and LMS processitg. §econd group consists of factors
that influence the accuracy of the model - theyeddpon the modelling method used and the numbpoiofs used to create the terrain
model. The research presented in this paper ains&dyze the accuracy of digital elevation mod&IENI) created from a various dense
cloud of points, obtained using low-cost UAV phaaogmetry. The aim was to define - determine theticriship between the number of
points entering the modelling and the accuracyhefterrain model obtained from the gradually ditlif@int-clouds. Quarry Jastraba in the
Slovak Republic was chosen as a representativedtesea. The terrain in the quarry has a morphatadly indented surface and is thus
suitable for verifying the functional dependencénseen the number of points and the quality - theueacy of the resulting model. The
results show that it is possible to identify thiatienship between the number of points used tatera terrain model and the accuracy of
the model. This article aims to present the UAVitytior surface documentation and DEM creationisTarticle addresses the accuracy of
the DEM and the optimum amount of points needegterate it.

Keywords:UAV, photogrammetry, structure from motion, DEMinp-cloud, GCP, regression analysis, RMSE.

1. Introduction

During geodetic activities, we often encounter gureement for surface landscape documentationdater
a digital model (DEM). The documentation of therdér is usually acquired by classical geodetic mdshand
instruments like GNSS or total stations (TS). Ilgéaareas, this process is laborious and slow. gioduct of
geodetic measurements carried out for documentafidhe terrain, a file with X, Y, Z coordinatesastained
(Kovanic et al., 2013). As a result, DEM is usuaihpated and evaluated. Its quality depends dyjrextl the
accuracy of the devices and methods used and mainthe number of measured points. To achieve eigare
and detailed surface model, it is necessary toegumore points on the terrain. This process is-tm@suming,
and nevertheless, we will not achieve the detad goality of the surface model obtained, for exampl
terrestrial laser scanning (TLS), LIDAR (Moudryagt, 2019) or photogrammetry approach. Mentionethoes
are known as non-selective. Their primary prodadthe dense point-cloud, which is subsequently ggeed.
For the large ground mapping, mainly the aeriattpiammetry is particularly relevant.

With regard to the obtained results, it is likehetmost appropriate equivalent of laser scannirge T
current trend in photogrammetry is the use of unmednaerial vehicles - UAV (Zhang and Elaksher, 2011
UAV photogrammetry is a cheap and in specific cbods accurate method of the surface documentation
create topographic maps and DEM (Colomina and Molia014, Remondino et al., 2011, Neitzel and
Klonowski, 2011).

UAV utilization and use of SfM brings benefits iev@ral geosciences. E.g. in mining (Xiang et &18),
(Kovanic et al., 2017), (Blistan et al., 2016), g8tia et al. 2019), (Frastia, 2005), (Pukanskal.eGl4),
(Vegsoova et al. 2019a), (Vegsoova et al. 2019thqgling (Pukanska et al. 2017), structural geol@ggming
Zachariah et al., 2018), The use of UAVs for stslepe documentation is presented in this work (Agiiéega
et al., 2018), Monitoring and stability of slopesldandslides (Yu et al., 2018), (Ardi et al., 2D1&Rossi et al.,
2018), The accuracy and evaluation of DEM is adai@{Goetz et al., 2018), (Kr3ak et al., 2016), l{/igal.,
2018), (Polat et al., 2018) or 3D reconstructiocthteques and SfM — (Carrivick et al., 2016), (Baret al.,
2017) etc.

! Peter Bligan, Ludovit Kovand, Matej Patera Tomas Hueik, Institute of Geodesy, Cartography and GIS, BERGufac Technical
University of Kosice, Park Komenského 19, 04384sike, Slovak Republigeter.blistan@tuke.sk
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UAVs (Fig. 2) offer simple control using specialffteeare - control software (Siebert and Teizer, 2014
includes the UAV itself, as well as the controliteron the ground (Mozas-Calvache et al., 2012)ckiig with
the UAV, apart from the flight itself, involves mamctivities (Shahbazi et al., 2015). The mappiraykffow
consists of the definition of the preparatory phake flight planning, the autonomous flight, theatity check
of the data and the data processing. It is appatgprio use the GCP for the georeferencing of theefo
Determination of coordinates on GCP can be dona tiee optimized coordinate network (Stroner et2017),
where the systematic errors are maximally suppde@eun et al., 2015). The final data productsedesation
models, orthoimages, 3D models (Eisenbeiss, 20Ek &hd Remondino, 2013). The general workflow for
UAV data acquisition and processing is in Figure 3.

Inexpensive UAV carriers are currently available. terms of price-performance ratio, they are an
interesting solution for reducing the incurred sodtheir main drawbacks are inferior quality compzameras,
which are used due to their low weight mainly wifteap and smaller UAV’s. In our research, we famus
verifying the quality of the DEM surface of the guaobtained by photogrammetry using a low-cost UAYiis
problem deals with many works (Fritz et al., 20N8ranjan et al., 2007; Moudry et al., 2019; Urbanak,
2018). The benefit of this article is the analysfishe quality of the model in terms of the minimon optimal)
amount of points needed to its generation. We cauepthat the precision of the surface model crbbielow-
cost UAVphotogrammetry meets the required accurerterion and the models thus obtained should be
considerably cheaper, reliable and more detailad DEM created from points using GNSS or LIDAR.

2. Material and Methods
2.1. Study area

As the area of interest for testing and evaluatainthe quality of the DEM obtained by UAV
photogrammetry, the quarry site Jastraba near Zaar Hronom in Slovakia was chosen (Figure 1). is th
quarry, the excavation of perlite is starting atgemt. The terrain relief in the quarry is unstablel
morphologically rugged. Therefore the standard géodneasurements are complicated. In the direcfahe
slope of the terrain, there are numerous furrowsiéal by flowing water during heavy rainfalls. Thésgows
are on average 15-20cm deep, but some reach a depth cm (Figure 1). This terrain is interestirgg fts
complexity and its difficulty documentation usindNGS or TS. The detailed surveying of the entirdasar of
the quarry with the focus at least the deepesbWsrwould be time-consuming, and the resulting rhaaald
not be able to its true shape capture in necesksnil. Surveying all the smaller terrain featufalsout 15cm
deep) is practically not possible. This quarry whesen due to the occurrence of different surfgped — flat
(smooth) and rough.
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2.2. Methods and equipment

The lowcost UAV DJI Phantom 4 (Fig. 2 and Table 1) wasdufor the photogrammetric measurem:
The flight was conducted in 6 airstrips in heig0 m above the average terrain level (FigureDuring the
flight, 178 images were takehongitudinal and lateral image overlap was setG®&o8For the transformation ¢
the frame block into the S-JTSKamalinate syste used in the Slovak republic, tgnound control points (GCF
were used. Theiroordinates were determined terrestriby the total statioheica TS 0; using the spatial polar
method.Local coordinates were transformed by congruemtsfcrmation on connectinpoints determined by

GNSS method. Leica GPS 900strumen with differential RTN corrections was used. Congagly, the
absolute horizontal and vertical RMSE were up t80fmm and +40mm. Relative (inner) spatial RMSE &f

GCPs was up to £ 5mm.

Tab. 1. DJI Phantom 4technical paramete.

Aircraft
Weight (Battery & Propellers included); 1380g
Max Ascent / Descent Speed: 6m/s / 4m/s
Max Flight Speed: 20m/s
Max. flight time: 28 min. LS
Camera |
Operating Environment Temperature: | 0°C-40°C I = :p
Sensor size: 1/2.3" -I -
Effective Pixels: 12 Megapixels - 7 o
Focal length 20mm 1; i
FOV 94° (Y &
Resolution: 4000x3000 e o
Gimbal pitch -90° to +30°
Remote Control
Communication Distance (open area): CE Complia_nt: 1.3,5km; .
FCC Compliant: 5km Fig. 2. UAV -DJI Phantom 4

— Flight parameters ——
Ground Sample Distance

Area of Interest

Camera information

Flight goals

— Additional parameters — ‘

4 Mission Planning &

Image acquisition

Available devices —
UAV platform
Auto-Pilot

Ground Control Station

— Image stitching/mosaic

Camera calibration

Ground Control Points

DTM/DSM
generation

# Image triangulation

Digital photogrammetry -
> Feature extraction
— *  Ortho-image

3D modelling

Fig. 3. Workflow for UAV data acquisition and pessing (Nex an

Fig. 4. Terrain model with theosition of image and GCP

Remondino, 2013).

Processing of the images was performed by the ghetometric softwarAgisoft PhotoScan® using tt
Structure from Motion method?arameters of image alignment were set to highiktgeneric preselection
the images. Key point limit value was set to 40(RMSE value on GCP’s before optimization was 55muah
33 after theoptimization. Value of residuals on control poimtas 45mm. GSD is 1®m / pixel. Dense cloud
generation parameters were set to high quality mild depth filteringto maintain high detc. In whole locality,
22 million points were generate@While processing, the ground extraction was performed to raainsurface
details and the sufficiemumber of morphology poir on the terrain.

Digital elevation model (DEM)

The Digital Elevation Model (DEM) is most often foed by a triangular network genere between
directly or indirectlysurveyed pointsfor example, photogrammetric measurem(@tten and Yue, 2010). DE
created from geodetic measurements is usually piedén the form of a wire model with a triangustiructure,
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and in the case of DEM created from photogrammetdasurements, this wire model is complemented by a
photorealistic texture. Using photorealistic tegtoreates almost perfect digital copies of the nemaild.

The quality of DEM depends on the density of theuindata, the accuracy of the geodetic method tesed
collect the data, and the selection of the interfpoh method used to generate it (Song and Nar®;200rst,
2014).

Several methods are used to generate DEM. Delamiaagulation belongs to the simplest ones. Delguna
triangulation as a duality to the Voronoi diagrambased on the definition that each cell of theovior diagram
contains one point from the set. The sides of #ielacated exactly halfway between the Pi anddtpis of the
two adjacent cells represent the axis perpendidoldahe triangulation edge, can be seen in Figura Bther
words, by joining two neighbouring Voronoi cellsg wet the Delaunay triangulation edge. In each déoa,
intertwined orthogonality applies (George and Baiwaki, 1998).

Fig.5. Delaunay triangulation(George and Borouchdl®98).

Point clouds preparation

Images obtained by aerial photogrammetry were fpilycessed by Agisoft PhotoScan®. Obtained dense
point-cloud was exported. 3D model of the areahefwhole quarry and the nearest surroundings wisneiol
(Fig. 4). Objects such as vegetation and air poims filtered using ground extraction in TrimbledRVorks®
software. Subsequently, the area of interest wagped by the polygonal fence to create a finalcsiele for
further processing. The whole cut out was name@exseral surface - 1506mwith dimensions of approximately
50 x 25m. This area was divided into two smalletgphaving different morphometric characteristiosie part
was less rugged, flat and was named as Flat (sinsotface - 700/ The second, more rugged area was named
Rough surface 350n{Fig. 6). The preparatory work thus resulted iéhpoint-clouds in separated files.

Ll

] Flat (Smooth) surface

| Rough surface L
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Fig.6. Dividing of the surfaces

The next step was the gradual dilution of pointd®. The original dense point-clouds were spatially
filtered using Trimble RealWorks®. The density bé fpoints was gradually decreased over a rangetylénsn
5cm to 100cm. In this range, separate sets weegette Point-clouds with an interval of densityutdn of 5 cm
were obtained. For a distance between points from 1o 5 m, the interval of density dilution was 1 m
Examples of point-clouds are shown in fig. 7. Statal parameters of generated point-clouds asitineber of
points per lrharea for individual areas are shown in Table 2.

Fig.7. Examples of the spatially filtered pointuatis

The original cloud without spatial filtration wab@sen as the reference. Mesh surfaces for thesg-gouds
were generated. The created models contained B&@1§oints for the General area, 333 857 pointshier-lat
part and 473 212 points for the Rough part.

Comparing each set of points with the correspondéigrence surface, their distances were determined
The CloudCompare v. 2.10.2 software was used. fibaest distances of each point of the comparetbsiie
local mesh model of the reference surface werermi@ied. The total RMSE of the individual files frothe
reference model is expressed in Tab. 2.

On fig. 8 (a) to (j), the calculated surface diéfieces for the General area are shown graphicadlgaise of
a large number of files, only selected files cquoegling to the distance between points are ligidfig. a) —
5cm, b) —20cm, c) — 40 cm, d) — 60 cm, €) —i@Q®} — 100 cm, g) — 200 cm, h) — 300 cm, i) — 409 j) —
500 cm. Similarly, fig. 9 and fig. 10 shows diffapes for Flat and Rough surfaces. They are disglaye
according to the same colour scale. The highefardifices are approaching to the red colour.
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Tab. 2: Statistics of the point-clouds and calocathparameters

General surface

Flat surface

Rough surface

b Distance_ | Number of Number of . | Number of points .| Number of points
etwe(z;r; points points points per 1rh RMSE (m) Number of points per 1nf RMSE (m) Number of points per 1n7 RMSE (m)
po'i?]f_réfgu 4 | 1218667 870 - 333 857 742 - 473 212 1121 -
0,05 374 587 268 0,009 110 021 245 0,008 136 700 324 0,011
0,1 114 924 83 0,010 34 305 77 0,008 41 353 100 130,0
0,15 55 548 40 0,012 16 951 38 0,008 20 051 48 40,01
0,2 33138 24 0,014 9 786 22 0,008 11761 28 0,014
0,25 21 468 16 0,013 6 529 15 0,009 7691 19 0,014
0,3 15117 11 0,013 4663 11 0,009 5479 13 0,017
0,35 11 381 9 0,013 3509 8 0,010 4162 10 0,018
0,4 8920 7 0,014 2637 6 0,010 3154 8 0,018
0,45 7 195 6 0,016 2118 5 0,011 2490 6 0,020
0,5 5700 5 0,017 1740 4 0,012 2 040 5 0,023
0,55 4714 4 0,020 1448 4 0,013 1687 4 0,024
0,6 3990 3 0,021 1239 3 0,013 1442 4 0,025
0,65 3442 3 0,022 1087 3 0,014 1235 3 0,028
0,7 2981 3 0,022 949 3 0,015 1090 3 0,031
0,75 2607 2 0,025 802 2 0,015 954 3 0,033
0,8 2320 2 0,027 692 2 0,016 834 2 0,032
0,85 2089 2 0,027 618 2 0,018 734 2 0,034
0,9 1903 2 0,028 564 2 0,018 654 2 0,037
0,95 1669 2 0,030 502 2 0,019 578 2 0,039
1 1492 2 0,031 464 2 0,019 523 2 0,044
2 383 1 0,063 123 1 0,023 145 1 0,074
3 175 1 0,112 58 1 0,033 69 1 0,126
4 102 1 0,140 35 1 0,045 36 1 0,168
5 66 1 0,192 23 1 0,058 26 1 0,225
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General/whole surface

Fig. 8: Differences of the compared point-cloudtte reference model — General surface
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Flat/smooth surface

Fig. 9: Differences of the compared point-cloudte reference model — Flat surface
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Rough surface

Fig. 10: Differences of the compared point-cloudhe reference model — Rough surface

206



Acta Montanistica Slovaca Volume 24 (2019)number 3, 198-212

Results and discussion
Regression and correlation analysis

Several mathematical functions were used duringgssing. However, polynomial functions have protetde
most suitable for the dependence of point distamzk standard deviation and the power function Herpoint
distance and number of points per unit area.

Polynomial function:fix) = a + B.x + p.y* + 6. + ...
Power function: f(x) =n.x*

Functional dependence and the degree of functidepéndence for individual surface types were catedl
using regression and correlation analysis. A patyiab function preferably approximates the depenglenc
between variables. The regression model equatiessritbe the investigated relationship between ptistance
(point density) and RMSE. The degree of dependéateeen the analyzed parameters and the modelled
function is described by the Pearson coefficiemisé®l on the polynomial function, an increasing ddpece is
described where, with increasing distance betwesntp (gradual dilution of points in the cloud, amting to
Table 2), the value of the RMSE increases. The RM&islts from the result of comparing two cloudaiagt
each other, the original with all points and thadyrally diluted clouds. As the distance between pbimts
increases, the standard deviation also increaselsthaus the accuracy of the modelled object deeseabhe
values are shown in Tab. 2.

The correlation coefficient Rcompares the estimated and actual values ande®asltues ranging from 0 to 1.
In the case of a value of 1, there is a strongetatipn (100%) between the estimated and actuakgahnd vice
versa. Concerning the results of the regressioncancklation analysis, functions describing the edefence
between the above parameters, which were burdeitadmeasurement errors, processing errors and nando
factors, were determined during measurement anckpsing. Using the computed values with modellifhthe
determined functions, the resulting graph can bedu® determine the number of points per surfaea ar
regarding the required accuracy and charactereofitbasured area. Tab. 3 shows the regression equations
and calculated correlation coefficients separatetyall surfaces and the selected maximum distdreteveen
points up to 5m and up to 1m. The graphs also shewalues determined in the tab. 2. In the graphfig. 11
and 12, these dependencies are indicated as follwalsies rise from zero values from left to right):
- General/whole: blue

- Smooth/flat: orange

- Rough/rugged: grey.

Tab. 3: Coefficients of polynomial functions aratrelation coefficients obtained by regression amairelation analysis of individual
surfaces.

- Distance between points:< 5m:

Surface Regression model Adjusted R
General/whole y = 0,0026% + 0,0241x + 0,0058 R2 = 0,9964
Flat/smooth y = 0,0028% + 0,0293x + 0,008 R2 =0,9988
Rough y = 0,0002% + 0,0087x + 0,0079  R=0,9836

- Distance between points:< 1m:

Surface Regression model Adjusted R
General/whole y = 0,0098% + 0,0131x + 0,0088  R2 =0,9810
Flat/smooth y = 0,016% + 0,0158x + 0,0104 R2=0,9873
Rough y = 0,0053% + 0,0075x + 0,0069 R2 = 0,9905

Using the same method, the functional relationsveen the point distance (point density) and the remof
points per unit area were determined. The powertion best approximates this curve. Results argvstin the
tab. 4 and on the graphs on fig. 11 and 12 are sttgvthe black curve.
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Tab. 4:Coefficients of power functions and correlationfficeents obtained by regression and correlatioralysis for General suace.

Surface

Distance between points:< 5m:

Regression model Adjusted R
General/whole y = 1,04255 8 R2 =

Distance between points:< 1m:

0,9996

Surface Regression mgdel Adjusted R
General/whole y = 1,112958 R2=0,9994.
0,25 1000,00
y = 0,0028x? + 0,0293x + 0,008 E

0,2

0,05

R?=0,9988

y = 1,0425x1862
R?=0,9996

R?=0,9964

R?=0,9836

Distance between points in the cloud [m]

y =0,0026x? + 0,0241x + 0,0058

y = 0,0002x? + 0,0087x + 0,0079

£ 100,00

10,00

£ 1,00

£ 0,10

Number of points for unit of area

- 0,01

——General surface

——Flat surface

Rough surface

Number of points for
unit of area

Fig. 11: Graphical representation of regression functionsifalividual terrain model- a distance opoints up to 51

0,05

0,045

0,04

0,035

0,03

0,025

RMSE [m]

0,02

0,015

0,01

0,005

y = 1,0599x 185
R?=0,9992

R?=0,9873

y =0,0098x? + 0,0131x

y =0,0053x? + 0,0075x + 0,
R?=0,9905

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9

Distance between points in the cloud [m]

y =0,016x* + 0,0158x + 0,0104 |
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- 1000,00

100,00

t 0,0088

L 10,00

0069
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General surface

Flat surface

Rough surface

Number of points for
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Fig. 12: Graphical representation of regression functionsifalividual terrain model- a distance of points up to :

Based on measured and processed data in the foewahfation of their functional dependencies, we @atain
two types of functions between three variablesgeaxy,the distance between points, number of points per
unit), which are connected byrfeational links. When solving the accuracy of a nlade can determine befo
measuring how exactly, in terms of the number ahtgoand their distance from each other, we haw&uteey
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the given surface to achieve the necessary lling accuracy. Such procedure can be used in prac, for
example, in aerial photogrammetry, laser scanrifagsical geodetic measurement, where the reqdieadity
of points in mapping will be determined based onresults.

Analytical solution of the dependence of rodel quality on the number of points

Fig. 11 and 12 are graphical representations afessjpn functions expressing the quality of theaiar
model as a function of the number of points usethéir modiling. The nomograms in Fig. 13 and 14 expi
the dependence of the accuracy of the terrain madéhe amount of input data. In practice, nomograarsbe
used for:

- determining the minimum number of points per unéaafor required model accur:

- determination of the minimum mutual distance cints for required model accuracy and vice v

- determination of the standard deviation of the rhatla known number of measured points per una

- determination of the standard deviation of the rhatla known distance between the measured |

Figures 13 and 14 show examples of the use of ¢dineogram for each model. The curs of the arrows
correspond to the colosiof the surfaces. Based on the predeterminedrmamivalue of the standard deviati
for the design and modiglg, we draw a hdzontal line from the RMSE scale to the curve of tirea unde
consideration (for example, greyeugh surface). When intersecting the approximatianve of a given surfac
the line from the intersection point runs vertigalb the scale "Distance lween points in the cloud (m)
Finally, we place the horizontal line again frore foint of intersection of the power curve (blattkYhe scale
"Points per unit area”. In this way, we get an égatibn of the number of points needed to achiexgivan
accuracy. Reciprocally, if we know the number of geiper unit area in an existing cloud and we assiim®
type of surface we can determine the expected RM8E.third way of using the nomogram is if we knthe
distance of points in the existing clouc an input parameter. Then it is possible to deriWSE from the
nomogram.
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Fig.14: Functional dependence between model qualitynumber of points used for its creation - dadise of points up to 1m
Conclusion

Using the regression and correlation analysis, mioest suitable regression functions for describimg t
quality of the terrain model at the representaldaality Jastraba estimated. The locality is spedif that it was
possible to allocate two types of surfaces - romugth flat. The correlation and regression analystsrthines the
dependence between the distance of points andtdheasd deviation expressing the quality of thaultesy
model. The dependence between the number of ppértsinit area and the standard deviation expreshimg
quality of the resulting model was also determined.

Nomograms were created from regression models ssipigethe functional dependence between the quality
of the model and the number of points used focriéation. Nomograms were created for three typesidaces
- rough, flat and general. A nomogram with a mutdistance of points up to 5m can be used for common
geodetic measurements using TS or GNSS. The nomogith the mutual distance of points to 1m can bedu
for terrestrial or UAV laser scanning or UAV photaghmetry.
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Parametric Studies of Total Load-Bearing Capacity 6 Steel Arch Supports

Petr Horyl", Richard Siuparel, Pavel Marsalek Zdersk Poruba®and Krzysztof Pacamiowski®

The supports in roadways are dimensioned to theuainaf the load applied during the roadway’s liRoadways are exposed to the
effect of rock pressure associated with the roaddrasage and with subsequent operations that extraal, which significantly affect the
original stability of rock mass. This induced setany stress leads to the disturbance of sedimentaals, which are mostly of slight and
medium strength, and to the significant deformationroadways. The gate-roads are mainly suppontigd yielding steel arch support (TH
profiles). The load-bearing capacity of the steelhasupports is a key parameter in the design aflveays support. Determination of this
parameter can be done using large testing framesxjperimental laboratories. Another essentially agier way is to create a computer
model which exhibits a good correlation with redpeche existing data from equivalent laboratoonditions. In this paper, we present the
validated computer model of the steel arch suppgbrsugh which the influences of important factaxamely different materials, number of
the clamps in the yielding friction joints, andfdient values of tightening torque on the totalddeearing capacity, were determined. This
parametrical study was created based on the practiequirements from industry, and the obtainediltsswill be reflected in the design of
new types of steel arch supports.

Keywords:steel arch support, yielding, friction, bolted c@ation, clamp, joint, mining, FEM

Introduction

The predominant amount of Europian coal deposifdoiéted underground are extracted by the longwall
method with controlled caving. Experience showsg thadways, which ensure all transport and veititain
coalfaces, restrict both output and safety as agllhe economy in coal production (Becker, 1984pnd¥ays
are exposed to the effect of rock pressure assaciatth the drivage of roadways and with subsequent
operations that extract coal, which significantf§eat the original stability of rock mass (Hood aBdown,
1999). This induced secondary stress leads toitterdance of sedimentary rocks, which are mostlglight
and medium strength, and to the significant defdiona in roadways. With the occurrence of very firotk
layers, the dynamic phenomena of rock pressure{pacsts are induced, which again primarily affezdways
(Brauner, 1981). Therefore, the research of thet eifisient methods for supporting and ensuring risedways
in coal mines presents a fundamental problem foringi as well as geomechanical engineersuf@rek and
Koneiny, 2010). From the geomechanical point of vieve sihape and size of the underground workings are
essential. The gateways are driven in the seamn afith some stripping in the floor or in the roafd their
full-size cross-section is 15-20°iim average, with the mean advance of machine-drogenings about 8 to 10
m per day. The gate-roads are mainly supported wiilding steel arch support (TH profiles). For gbe
roadways, it is necessary to design an optimal atifgystem respecting the loads to which the rogdwifi be
exposed during its life (Hoek and Brown, 2002).

The plan of monitoring in roadways and determimatiof stabilization measures are usually part of
monitoring procedures in order to avoid exceediritical values of loading. The supports in roadwaye
dimensioned to the amount of the load applied duttie roadway'’s life. In the first period of drivegf a mine
working, the minimum bearing capacity of the supponust correspond to the load of the loosened iodls
vicinity or, as the case may be, to a portion @ thad. Moreover, the supports must comply wita tteld
function with respect to a certain coherence oflttmsened rock (Brady and Brown, 2004). Accordioghe
arch theory, a natural arch is formed above thdwag, and along this natural arch, the rocks sépdiram the
rock mass. The rocks inside the arch are disturbed, therefore, these rocks have to be supporitdtie
supports in the roadway. The necessary spacingrabfea of the conventional support can be determined
on the basis of comparison of the calculated stahli@d with the load-bearing capacity of suppartidacobi,
1961).
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The total load-bearing capacifye of arch frames plays an important role in the giesdf steel arch
supports. Under the laboratory conditions, thisaci#ty Fe is defined as the scalar sum of the external force
actively produced by hydraulic cylinders No. 4-@drarrows in Figures 1 and 2). This value of cadpaci
of the steel arch supports is affected not onlythmir structure and material but also by the metbbtbad
application (Brodny, 2010). It is necessary to obtae values of the total load-bearing capacity different
constructions under the agreed scheme of loadin@gmonding to the real mining conditions. The Ittdad-
bearing capacity of arch frames in mining practgeurrently being approximately assessed. Thetesaues
can be verified in laboratories with large fram@sHurope, for instance, in DMT Essen or GIG Katmayi

Fig. 1. Testing scheme, front view

The experimental research for verification of th@mputer modelling method was realized
in the Laboratory of Mechanical Devices Testing G{&owice (Poland). The tests of the steel arclpstip
comply with the requests of the standard (Stand®¥dG-15000-05, 1992). The external loading is extit
by movable hydraulic force elemeris — F5, see Figure 1. Other hydraulic force elemdnts F; andF; — Fy
are immobile, and they serve as supports. The subfdaboratory testing is the SP16 steel arctpetts used
in Ostrava Karvina mines with basic dimensions,tivil= 5 920 mm and height = 4 240 mm. This support
frame consists of four segments (the TH29 profilenected by the clamps realized by the bolted ections.
The overlap length of segmentsds= 500 mm. All geometrical properties are shownTable 1. Testing
of the steel arch supports was performed in thefollowing modes: as the rigid (welded) suppornyielding
segments are fixed by welding of double segmeatsd-as the yielding support with standard clamfption
joints.

Table 1. Geometry of steel arch support

Parameter [mm] Parameter [mm]
S 5920 a 170
w 4240 b 1000
e 500 c 220
Ri=Rs 5950 d 3000
R.=Rs 2620

Material and Methods
The history of computer modelling of steel arch iminsupports, presented first in the crucial paper

by authors Horyl and iiparek (Horyl and Supéarek, 1992), began even before 1992. The calootaivere
performed using their own Finite element methodsbasoftware, and supports (segments) were modelled
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by a planar beam element. The joints between tgensets were simplified — they were modelled without
a yielding function. The results in that paper aadéd that steel arch supports combined with ragtstare most
resistant against the instantaneous dynamic loadihg computer models were further refined usimghell
finite element. The bolted connections with the-lpding effect were firstly included in this mods#l friction
joints (Horyl et al., 1997). It caused intense ntioa modelling of the support response on the rbaksts
(Horyl and Supéarek 2005). Later on, the bolting fixation impast that response was modelled (Horyl,
Siupéarek, 2007, 2009 and Horyl, Vicherek, 2007). Qyiobal scale, these calculations were unique. Gy,
computer models were consistently created by ddatite element — solid type (Horyl et al., 2012013, and
2014). The aim of the calculations was to determtroav much energy of external load causes plastic
deformation of the supports. Energy values, whiakeha damaging effect on the bolt body and causselo
stability of the whole support frame after thatigtion, were observed.

The methodology of Computer Modelling.On the basis of this long-term experience with etliny and
analysis of main parts of the support, a complpttial finite element (FE) model of SP16 steel asapport
was designed. The problem was solved as a statictstal analysis with neglecting of inertia effecAll parts

of this support (segments, clamps) were created amsgmbled according to drawings without any shape
simplification. The scheme of the FE model is dgaldn Figure 2.

A

Fig. 2. Boundary condition of the FE model, froigw

The boundary conditions correspond to those destrédbove in the standard (Standard PN-G-15000-05,
1992). Hydraulic cylinders were replaced by sprelgments with equivalent stiffness — kg = 9 kKN/mm
(without considering these flexible members, thieies of vertical deformationg will be significantly distorted
in comparison with the testing data). The suppgrtimechanism of the hydraulic cylinders pushing
on the segments was realised by the multi-pointsitamts (MPC) elements connecting one layer oidsol
elements with a joint mechanism (detail in Figuje Ehe bolted connections used for clamp preloadvege
modelled by a specific method. The bolt body repnéstwo beam elements which are attached usinlylB@
elements to the upper and lower yokes, see Figuréh® whole task of the total load-bearing capacity
of the steel arch support containing 1.1 mil degreefreedom (DOF) was solved using MSC MARC 2013
solver. The time for solving one task on the cormapustation with 16 central processing units (CPU)
correspondetb 15 hours. The summary of used finite elemenshdsvn in Table 2.
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Table 2. Finite elements used for welded / yigjdinpport model

Type of element MARC description Number of elements
Solid elements Hex8 (SOLID7), Penta6 (SOLID136 ,2eQ / 260,000
Spring elements - 9/9
Bolt bodyd, = 22.05 mm Line2, (Beam98) 12/18
Multi-point constraints RBE2 33/39

The FE models of both support types (welded anttliyig) were compared with the experimental results
from the tests (Horyl et al.,, 2016). The evaluatedults show considerable correlation with the texgs
experimental testing data from laboratory, see feig8, 4 (Horyl et al., 2017). This validated FE rabd
of the steel arch supports was used for the foliguparametric studies.

800 - 800
700 - 700
F,=651 kN
600 - 600
— 500+ — 500 - ; : £ =S10AN
Z Z
= &
=400+ w400
g g
£ &
300+ 300
200 200
—— FEM 31MndV —— FEM 7'=400 Nm
100 Test 31MndV 10 d ‘ Test 7 = 400 Nm
0 50 100 150 200 0 20 40 60 80 100
deformation y, [mm] deformation y, [mm]
Fig. 3. Comparison of the welded support testind a Fig. 4. Comparison of the yielding support testamgl
FE simulation (Horyl et al., 2017) FE simulation, tightening torque T = 400 Nm

(Horyl et al., 2017)

Material Variations (welded support). The scheme of the welded support was used forsiigation

of the material variations, i.e. three common stgpks for segments (Table 3) — because in thigmseh
the friction between segments does not affect dted toad-bearing capacity in this test. The waymelding

of the unyielding joint E (see Figure 2) and diseaion of the FE model is described in Figure 5.
The supporting mechanism E represents the pregdates of hydraulic segment E, which carries a part
of external loading on the arch support.

Support E

; 2
Segment 2 Upper Yoke

Segment 3
- Weld

= Lower Yoke

Fig. 5. FE model of welded support — detail of jiiat E

The material properties of all FE model parts aséedl in Table 3. Young’s modulus of elasticy
yielding stress, ultimate stressy, and elongatior were determined from the manufacturer data st{€étel
Qualities, 2015). For describing the plasticityeeff, the bilinear material model with isotropicdening was
used.
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Table 3. Material properties of structure parts

Material properties
Structure part Young's Modulus Yielding Stress | Ultimate Stress Elongation
of Elasticity MPa o IMPa A%
E [MPa] ol ] u [ ] 0
Steel support 31Mn4U 350 520 18
Steel support 31Mn4V 520 650 19
Steel support H500M 480 650 18
Weld 31Mn4U 245 364 18
200 000
Weld 31Mn4V 364 455 19
Weld H500M 336 455 18
Upper / lower yoke (S295) 295 470 20
High strength screw M24 (class 8.8) 640 800 12
Stiffness of hydraulic cylinders ki —kog = 9 [KN/mm]

The total load-bearing capaciy is determined at the end of the simulation duexteessive displacement.
This excessive displacement is caused by a snta#tase in loading forces. The calculation did rotverge at
this time, producing extremely large deflection ithe form of the rigid body motion.
The relationships between the load-bearing capagityand vertical deformatioge for different steel types
(31Mn4U/V and H500M) used for the welded suppoet strown in Figure 6 and Table 4.

800
700
Frinn = 654 kKN
600
F ooy = 617 kN
— 500
g F o = 481 kKN
&' 400
[
o
&
300
200
[ —— 3IMndU |
0 31Mn4V
11500M
1 i I
50 100 150 200

deformation y, [mm]

Fig. 6. Relationship between the total load-begmapacity k [kN] and vertical deflectiong{mm]
for different steel types used for welded support

Table 4. Total load-bearing capacitgf the welded supports

Steel type used for the welded support Maximal deflectionye [mm] Total load-bearing capaciBg [kN]
31Mn4U 73 481
H500M 76 617
31Mn4Vv 82 654

Variations of Friction (yielding support). The total load-bearing capacity of the frictiomjs (maximal value
of normal forces being capable of bearing the cotioe without a slip of the segments) plays an ingua role
in the static design of the steel arch supportseiHand Brown, 2002). Construction of the frictiain with
respect to the strength of its different parts #rtightening torque applied to the bolted conipectepresent
meaningful technical aspects regarding the functibthe yielding supports. The constructions of yieding
joints have to meet two requirements. The clampange has to be strong enough to provide a saf lwad-
bearing capacity of the steel arch support buttootstrong to eliminate the yielding effect (Brodr014).
While the current design of the friction joints usified, there is no general consensus regardiegvttiues
of the applied tightening torqu&€ on the bolted connections with two or three clarpes friction joint.
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The 31Mn4V standard steel type was chosen as thierped material. The support frame consists of fou
segments connected by friction joints. The Couldrighion was prescribed for the friction betweerntpan the
model. The coefficients of friction were taken fr@htoryl et al., 2014). The coefficients of frictiarsed for all
structure parts are presented in Table 5. The campoodelling was focused on the comparison of sttgp
with two or three clamps per joint and differentues of the tightening torque applied to the boltednection

T = 300-450 Nm used in practice (MarSalek and HoB016). However, especially the higher values
of the tightening torque cause the creation oftmdsnges in parts of the connection and the w&gments.

Tab. 5. Coefficient of friction and preloadingtbé bolted connection

Structure part Coefficiefnt of friction Tightening torque Axial force in the bolt body
[ T[Nm] Fo [kN]
Bolt thread 0.13 300 63.3
Under nut 0.17 350 73.9
Between segments/yokes 0.27 400 84.4
450 95.0

Three clamps per connection(yielding support). The yielding joint was realised by a uniform distition
of three clamps per connection, as is shown inreigu

Support E

Segment 2
Segment 3

IR

= T :
s Lower Yoke

Fig. 7. FE model of yielding support with threarops per connection — detail of friction joint E

The results of computer simulations show the lowkstal load-bearing capacitfFg = 408 kN
for the tightening torqu& = 300 Nm and highest total load-bearing capak€ity= 552 kN for the tightening
torque ofT = 450 Nm, see Figure 8 and Table 6. These valaeseca significant uncontrolled slip of the upper
friction joints E and the end of the calculation.

800
700
600 F
Fi, =552 kKN
oS00 F2, =501 kKN
o] s
& £ - = O Fi = 456kN
5 fo-m = ra
é 4
300
200 F 38 —r——— T=300Nm
3§ === T=350 Nm
38 T=400 Nm
100 - 3§ m— T=450 Nm
20 40 60 80 100

deformation y, [mm]

Fig. 8. Relationship between total load-bearingaeity F [kN] and vertical deformationg{mm] for different torque T at the yielding
support with three clamps per connection obtaingthie FE model
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Table 6. Total load-bearing capacity of the

iafgisupport with three clamps per connection obthing the FE model

Deflection Total load-bearing
Tightening torque at the first slip capacity
T =300 Nm 47 408
T=350 Nm 52 456
T =400 Nm 56 501
T =450 Nm 71 552

numbes, 213-222

The field of equivalent stress (von Misses hypad#)ds the most important part of the structureépicted
in Figure 9. It is the ultimate condition identdidor minimum tightening torqu& = 300 Nm. As is apparent
from Figure 9, in the location of the contact obtdifferent radii of the segments significant irase of plastic
hinges are formed.

650.00;

585.00*

52000 e
low plasticity *

390.00
325.00
260.00
195.00
130.00

65.00

0.00

Fig. 9. Field of equivalent stree§MPa] — von Mises — in the yielding support witltlAmps per connection,
tightening torque T = 300 Nm, state before thedrigody motion (load #= 408 kN)

Two clamps per connection (yielding support). This modification of the yielding joint is
by removing the middle clamp in each joint (Figfy.

perfoad

Support E

Segment 2
Segment 3

RARAA

B
X PCCTTL T

Fig. 10. FE model of the yielding support with tel@mps per connection - detail of friction joint E

~ Lower Yoke

The results of computer simulations show the lowetsi load-bearing capacife = 268 kN for tightening
torqueT = 300 Nm and the highest total load-bearing capdti = 399 kN for tightening torqu&é = 450 Nm,
see Figure 11 and Table 7.
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2 200l S TOF, =329
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Fig. 11. Relationship between total load-beariagacity = [kN] and vertical deflectiong[mm] for different torque of bolts at the
yielding support with two clamps per connectioraated by the FE model
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Table 7. Load-bearing capacitf the yielding support with two clamps per conimecbbtained by the FE model

Deformation Total load-bearing
Tightening torque at the first slip capacity
yi [mm] Fe [kN]
T =300 Nm 30 268
T =350 Nm 40 329
T =400 Nm 47 362
T =450 Nm 49 399

Figure 12 presents the field of equivalent stresm (Misses hypothesis) for maximum tightening terqu
T = 450 Nm in the last state before the uncontrodligal It is apparent that each clamp transferggher load,
but the value of the load-bearing capacity is simib the yielding joint realized by tree clampghtened by
torqueT = 300 Nm.
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195.00
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Fig. 12. Field of equivalent stres§MPa] — von Mises — in yielding support with twlammps per connection,
tightening torque T = 450 Nm, state before thedrigody motion (load &= 399 kN)
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Results

Material variations were performed on the modettaf welded support. The total load-bearing capacity
of the supports is more or less directly proposdioto yielding stress values of used steel typguiE 6).
The comparison of the computer modelling resultsheftotal load-bearing capacity of the yieldingestarch
supports is described in Figure 13.
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Fig. 13. Comparison of the total load-bearing cejpgof the steel arch supports

The effects of the friction joints on the total dbbearing capacity of the yielding steel arch sufsppwere
investigated on different types of connections (tarothree clamps per friction joint) and differevdlues
of the tightening torque on the bolted connectiosing three clamps per connection brings approx%#0
increase in the value of the total load-bearingacdp of the support in comparison with two clampgrease
in the tightening torque applied on the bolted @mion in the range of 300-450 Nm brings 35-40 %ease
in the value of the total load-bearing capacityhaf yielding support (with steps approx. 10-12 %tjgghtening
torqueT = 50 Nm). The load-bearing capacity of the yietdsupport with two clamps tightened by maximum
torque T = 450 Nm is almost the same as the total loadibgarapacity of the support with three clamps
tightened by minimal torqu& = 300 Nm (Figure 8 and Figure 11). Increasingstasice against the slipping
effect in frictional connections due to a numbeclaimps and due to torque of bolts also causehitier total
load-bearing capacity of the whole steel arch.

Discussion

The total load-bearing capacity of steel arch suppresents an important parameter for supportgdesi
This value is affected not only by their constrantiand material but also by the scheme of loadiegjun.
In some cases (point loads, high lateral loadinggneyielding arch support behaves like rigid welded
construction. In our paper, we deal with the schefmimading with major vertical weight correspongliwith
loading in the experimental laboratory (Figure A)serious problem of computer modelling of yieldiagch
supports consists in the course of deformationiétding joints. The slips occur in jumps, and afeery slip,
the geometry of the whole arch is changed. Moredherjumps causing successive slips are caus#itelstow
velocity of the displacement of the hydraulic cgiéms and by the non-linear behaviour of the frizioforces
between the contact pairs. The coefficient of ifsictis dependent not only on the degree of corrobietween
the arches but also on their relative velocities. & detailed description of this behaviour, it Vebbe necessary
to consider the inertia of the system and to stilegtask as a dynamic with a nonlinear descriptifoime friction
effect.

However, by the study of data from laboratory tesftgielding arches, we found that the load-bearing
capacity at the first slip in yielding joint repesds with sufficient accuracy the total load-begroapacity
of steel arch support (Horyl et al.,, 2017) (Figut¢ To determine the total load-bearing capacity,
the presented static model described in this werguifficiently accurate and can be used to prddimtratory
tests.
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Metals Recovery: Study of the Kinetic Aspects of Gaper Acidic Leaching
Waste Printed Circuit Boards from Discarded MobilePhones

Martina Laubertovd, Bora Derir?, Jarmila Trpéevska, Klaudia SandorovAand Emilia Sminfakova

This study was performed to investigate the pdigilf copper recovery from the waste printed gitdoards (WPCBs) of waste
mobile phones using a hydrometallurgical route Esger technology for environmental protection. réaycling, elements such as copper
and aluminium are recovered, as well as the prezimetals gold, silver, platinum and palladium, wh@an be recouped profitably from
electronic waste and make this waste very valufdileecycling. In the experiments, the conventiomgitated acid leaching method was
used for mechanically pre-treated WPCBs with a m@arcontent of 19.09 wt % in a sulphuric acid medivith the presence of Feas an
oxidant. The effects of K&Qy); concentration, leaching time, temperature andrét@ of liquid to solid phase on the recovery opper
from the solutions were studied. The highest Craetibn was achieved at 363 K after 15 min of léaghand a liquid to solid ratio (L/S)
of 20. The value of activation energy (Ea), whicdsviound to be ~14.87 kJ.mpindicates that this process is diffusion contdll The
apparent order of reaction with regard to the ialtiFe;(SQ;); concentration at 313 K was calculated as 0.55. ph#posed scheme of
copper recovery from WPCBs of mobile phones wagmies.

Keywords:copper, metallurgy, leaching, discarded mobile md®

Introduction

Nowadays, "waste of electrical and electronic eogipt" (WEEE) such as discarded mobile phones (MP),
computers or TV sets is one of the world's fasgestving problems and needs to be tackled immedgiatelthe
European Union (EU) alone, the amount of WEEE geeied to grow to 12 million tonnes by 20@Waste
Electrical & Electronic Equipment (WEEE),” 2018)ta8stics also indicate that in 2019 the nhumbemobile
phone users will reach 4.68 billion in the worldN(imber of mobile phone users worldwide from 2012049
(in billions),” 2018). WEEE, which consists of veppmplex materials and components, may cause major
environmental and health problems, if not propenlgnaged. Besides, the production of modern elecgon
needs the use of scarce and expensive resourdesasuyold, silver and rare earth elements. A mqtiilene
consists of several parts, including the displait, umattery, front and back cases and printed #irboards
(WPCBs). WPCBs in mobile phones contain many baseious and rare metals, such as Au, Ag, Pd, Ta, N
Al, Cu, Sn, Co, Fe, and Pbh. These elements or #ilmys are found inside or on the surface of WPCBs
(Palmieri et al., 2014; Sarath et al., 2015). Thastrattention to the treatment of discarded mopiienes is
focused on copper, due to its high content in phoaed its current world consumption. The total worl
production of refined copper was reached 23.4 onmillionnes in 2016 (Brown, 2018) ("Secondary copper
production up 6% in the first quarter of 2018," 8p1Future global copper demand is expected to keep
increasing due to copper's absolutely necessaey irmlmodern technologies. Due to the above-mentione
concerns, these WPCBs have to be removed fromrdiganobile phones and selectively treated (Eumopea
Parliament & The Council Of The European Union, 201n general, there are three basic ways to mrcov
valuable metals from secondary resources: pyrotogjadal, hydrometallurgical and a combined method
(Moskalyk and Alfantazi, 2003; Behnamfard et all20Kasper et al., 2018; Rudnik et al., 2015; Bida et al.,
2013; Havlik et al., 2011). In the EU, the biggesinpanies use pyrometallurgical treatment mettaded on
smelting for metal recovery from WEEEs on an indaktcale (Rocchetti et al., 2018). For example, lead,
zinc, nickel and precious metals are recovered fedectronic scraps, e.g. printed circuit boardsngighe
Kayser Recycling System (KRS) in Aurubis, LumerGarmany (Maurell-Lopez et al., 2011; Laubertovalet
2017). Another example is the Kaldo Furnace progesstised at Boliden, Ronnskar in Sweden (Cui and
Zhang, 2008) (“Boliden,” 2018). The electronic sxgaare first smelted in an IsaSmelt furnace to werco
precious metals along with Cu in the form of Culibal in Umicore's integrated metal smelter andrrefy
(Hageliiken, 2006). These smelters can treat nie 200,000 ton/year of precious metal-bearing rizdge
such as by-products from non-ferrous companiesetexronic scraps. The hydrometallurgical processesan
alternative to pyrometallurgical treatments of WEHEHe to some characteristic advantages such as the
possibility of treating heterogeneous materialsyelo environmental impact including low gas emissiand
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selective recovery of elements (Laubertova et24111). Some studies exist which focus on treatingCBs
with hydrometallurgical methods (Jing-ying et &012; Zazycki et al., 2017). For example, Kim et(aD11)
leached small pieces of WPCBs (2-3 mm) from disedillPs in a two-stage leaching process. They sedect
dissolved copper and gold using electro-generdttmtine as an oxidant. They then leached the cdiS¥ieCBs

in an HSO, acid solution with the addition of J@, as an oxidant for coppegecovery (Camelino et al., 2015;
Yang et al., 2011) used combinations of superafiticater and diluted hydrochloric acid leaching noeis to
recover copper from WPCBs (Xiu and Zhang, 2015ubextova et al. (2012) leached the different faaddiof
WPCBs in either ferric sulfate or a mixture of Fe@hd Fg(SQy,); solutions (Laubertova and Sandorova, 2013;
Yang et al., 2011). Bioleaching has also been usel@ach out gold and copper from waste mobile phon
WPCBs (Chi et al., 2011). As seen in the litergttine different fraction of WPCBs of MPs and diéfet acid
leaching media were used for the leaching prockddnetic investigation was also carried out to leate the
kinetic constants during the leaching processediffarent acid leaching media (Dutta at al., 20H2; et al.,
2014; Kim et al., 2011). According to the litene (Havlik, 2008), a thermodynamic study of teadhing
process of copper indicates that it is possibleige an acid oxidizing medium for leaching. Howevbese
studies did not describe the kinetic aspects afhie@ of WPCBs in ferric sulphate as a solvent mediThe
present research attempts to develop an alternptoeess for the leaching of copper from mechalyigale-
treated WPCBs of MPs using ferric sulphate as ehieg solution. Thermodynamic data were determingdg
Outotec HSC Chemistry Software from Outotec Reseaith Oy modelling package 8.0 (Roine, 2002).

The leaching of WPCBs in H{&Oy); solutions is described by chemical reaction Eq. 1:
Cu+ 2Fe3t + S0Z~ = 2Fe?* + CuS0, AGYy3 = —64.54k ] 1)

The negative value of the standard Gibbs energgesig that this reaction is thermodynamically tdasi
and spontaneous. The objectives of this studyistetllas follows:

1) Determination of the chemical composition of €@mntaining wastes (WPCBs from waste button mobile
phones).

2) Cu recovery by means of agitated leaching of B®&€om MPs with different parameters such as tqui
to solid ratio, reaction temperature, leaching sraed FgSQy); concentrations.

3) Based on kinetics measurements, obtaining valfise apparent activation energy Ea and the appar
reaction order n, with regard to the initiabf&0y); concentration in the leaching solution.

Materials and methods
Sample characterization
Discarded MPs collected in a recycling facilityStovakia were used in these experiments. The sampli

procedure of WPCBs shown in Fig. 1 was used fopamag a representative sample for chemical aralysi
(Laubertova et al., 2018; Mickova, 2018).

Batteries

:

| Homogenization |

L™ 7

{ ; 4‘ Discarded mobile phones ‘ 5‘ B Dividing

" 3 i r » 1/2sample
) .fs l 48 % I (1/2 sample)

‘ Hand Dismantling ‘
l Plastic covers

PCBs l
1_1 Magnetic separation }—» magnetic fraction
Crushing 2 l
(d=& mm) Dividing L &/16:sampl
*L (8116 sample) ADAATe
| Dividing , 12sample Milling
(1/2 sample) (d=<1 mm)

‘ Homogenization ‘

Fig. 1. Methodology for printed circuit boardsmspling from discarded mobile phones

| Representative samples

After manual dismantlingnd sorting of MPs, the non-magnetic fraction dP@Bs was mechanically
milled and then sieved to less than 1.25 mm. Ireotd evaluate the size distribution of the treatachple, 100
g of the selected sample obtained by quarteringsieaged with a vibration sieve shaker using 1.23100.65;
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0.40; 0.25; 0.08 mm openings. The size distribubbWPCB samples used for the experiments is shiown
Fig.2.

100

Sample: PCBs
Grain size: (d £ 1.25) mm

80 4

60

20 4 —a— Digtributive

Distributive Numbers of Particle [%]

0.0 02 0.4 0.6 03 10 1.2 14
Particle [mm]

Fig. 2. Particle distribution of the treated sarmWPCBs (ck 1.25 mm)

X-ray diffractometer Phillips PW 1710 X Pert PRO MRCo-Ka) was used for qualitative phase analysis.
Sample evaluation was performed using software RRIF. Due to the fact that it is not possible tdaib an
objective diffractogram from such large particlétee samples were milled on a vibratory mill to @bta fine-
grained homogeneous fraction suitable for X-rayfraition qualitative analysisDiffraction pattern of the
sample is shown in Fig. 3. The results of the plaasdysis show that all samples contain metals andCu, Sn,
Pb, Zn, Fe alloys. The proportion of plastics reprded by the high background of the diffractogianthe
region around 25 ° Bragg angle 2Theta is signifiyarepresented. This fact makes the identificatioare
difficult.

700

Fe, Ni

600

FbO

500

400 {

1111

300

200

100

Position [*2Theta]

Fig. 3. XRD pattern of the fine-grained fractiohtioe WPCBs
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Five representative samples (1g each) taken freated WPCBs (¢ 1.25 mm) were subjected to atomic
absorption spectroscopy (AAS) (Varian Spectromgikr20+) analysis to determine the concentrationshef

selected metals. The average results of the elaremilysis of the WPCB samples are shown in Table
Table.1. Average results of elemental analysfs/efrepresentative WPCBs samples using the AABitpe

Element cu NI sn n Pb A e A Ao
content | 1909| 126| 1286 1.77¢ 0408 0826 1956 0036  30.09
(wt %)
Standard

2

deviation 6.304 | 0.341| 0.629 1.21] 0.202 0.249 1.405 0.005 10.

s
Coefficient
of variation 0.33 0.26 0.48 0.68 0.5

C*

0.3(¢ 0.718 0.15¢ 0.2p3

Experimental procedure

Fe(SOy); and HSO, were used for leaching representative WPCB saniples aqueous medium. The
leaching experiments were conducted in a convealtiopactor with a stirrer at 400 RPM. The effect th
concentration of the solution on the leaching ra&s investigated in the concentration range frotmniol dm®
to 1 mol dn? Fe(SQy); at0.5 mol dn? H,SO,. The used liquid to solid (L/S) ratios were 10,&2@ 30 (200 mL
solution/20-10-6.6 g solids). The effect of tempara on the leaching rate was also investigatédraperatures
between 314 K and 363 K in the solution containihgce(SQ,);+0.5 mol dn? H,SO,. The schematic
representation of the experimental set-up is shiowfig. 4. A solution mixture of sulphuric acid aRé’* as an
oxidizing agent were used for leaching. For alleipents, 0.5 mol dmH,SO, was oxidized with 1 mol di
Fe(SOy)s. The leaching time for each experiment was 60 temuEvery 5, 10, 15, 30 and 60 minutes a 5 ml
sample was taken for chemical analysis. The sampée subjected to atomic absorption spectroscopy f

determination of Cu content.

i\

ul

/

Fig. 4. Schematic diagram of the conventionalatgit leaching system (Trung et al., 2011)
1- a drive of the mixer with constantly adjustastiering, 2 — mixer, 3 — leaching agent,
4 — liguid sample collection, 5 — thermometer, ®aterial input, 7- thermostat, 8 — sample

Results and discussion

Before the experimental investigation, a computetidhermochemical study was carried out to pretiiet
possible phases of the system depending on chapgiagneters. The classical Eh-pH (Pourbaix) diagrare
known for being similar to “predominance diagramiich show the regions where various aqueous ions o
solid compounds predominate (Bale et al., 2016)this study, a new type of aqueous phase diagramed
FactSage 7.2 was used to separate the aqueousssfrecn the solid phases by real phase boundartes.
diagram was calculated at constant molalities of E@, Zn, and Ni as used in the experiments. In the
calculations, the Pitzer database doncentrated solutiongas used, and the temperature and total preséure o
the system were selected as 80 °C and 1 atm reésggciThe aqueous phase diagram of ouOHFe(SO,)s-
H,SOy-Cu-Zn-Ni system calculated with the FactSage phtiagram module is shown in Fig. 5. The y-axis
shows the oxidation potential, log BfOwhich is related to Eh, while the x-axis is #h&(SOy); concentration
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given as the molality (mol/kg ,0) in the solution. As seen in the figure, when rin@ality of H,SO, was fixed
at 0.5 in the system, tre was atable aqueous region throughout the system foertain oxygen partic
pressure range (i.e. 1;,0PO,, between -35 ands0 atm). When the oxygen amount increased in tiséesy
Fe0; precipitated out from the solution. In reducing dibions, inaddition to gas, solid Cu, ferrous sulphi
and iron oxides started precipitating out. For eplnwhen the oxidation potential and the molality
Fe(SOy); were selected a-40 atm and 1 respectively, all metallic elements. (Cu, Zn, Ni, and Fe) the
aqueous solution were calculated to be almostedyiin the (2+) oxidation state

H,0 - 0, - H,SO, - F&,(SO,), - Cu - Zn - Ni

H,50,/H,0(mol/kg)=0.5, Cu/H,0(mol/kg)=0.15, Ga ctSage”
Zn/H,0(mol/kg)=0.0136, Ni/H,0(moilkg)=0.011, 80°C, 1 atm age
T T

'20 T T T T T T T
25t J
Aqueous+Fe,0,
-30 4
£ -35 + .
Y Agueous Region
S ol ¢ .
=%
o
L 45t 8
50 L CutAq Cu+ Aqg + gas |
F’r, Cu+FeSO,(H,0),+ Ag + gas  Cu + Fe,0,+ Aq + gas
55 ]
(NiO)(Fe,0;) + Cu +Fe,0, + Aq + ZnFe,0,+ gas
50 ‘ . (NiO)(Fe,0;) + Cu +Fe,0, + Aq + ZnFe,O.+ gas, . .
0 0.2 0.4 0.6 0.8 1 12 14 16 1.8 2

Fe,(SO,),/H,0 (mol/kg)

Fig. 5. Aqueous phase diagre calculated partial pressure of,®s molality of Fx(SQy); for the system ¥D-Fe(SCys)s-H,SQ-Cu-Zn-Ni
under one of the preseexperimental conditions

Effect of liquid to solid phase ratio on the leachig

The weights of 20, 10 and 6.6 g of samples weaaeHed in 200 ml of a solution containing 0.5 mol*
Fe(SQy)s+ 0.5 mol dn® H,SO, to determine the copper extraction y from the PCB samples. Fig. 6 shc
that the highest extraction (47.95 %) was achievieen the experiment was performed at L:S ratioOpfa? 332
K, with stirring rate 6.6 ™ and 10 minutes of leaching.

100

80 o

£
S 604
5]
£
a 7<
e H
g 40 4 —
bl
L
20
0 T T T T
5 10 15 20 2 30 35
Ratio L/S

Fig. 6. Effect of liquid to solid ratio ocopper extraction with 10 min. leach
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Effect of temperature

The leaching experiments were carried out at 31338,K, 353 K and 363 K and a liquid to solid rati&
20 for the solution of 1 mol diFe(SOy);+ 0.5 mol dn?* H,SO, after 60 min of leaching. The positive effect on
copper extraction of increasing leaching tempeeatsirshown in Fig. 7. The highest Cu extraction.486%%)
was achieved at 363 K after 15 min of leaching.digmificant change was observed in Cu extractider &0
minutes.

B0

Extraction Cu [%]

Leaching time [min]

Fig. 7. Effect of temperature on copper extractiith time (1 mol drfFe,(SQ)s + 0.5 mol.drit H,SQ,, L/S 20, stirring rate 6.6%

The particle morphology of the treated sample, rdeteed with a digital microscope (Dino-Lite
ProAM413T), showed that the metallic parts wereettggeneously distributed throughout the sample.§giy
The sample was also studied with a digital micrpscbefore and after leaching at 353 K andn@fi. The
following figures show the morphological structudsthe individual sample upon visual observatibrtan be
seen in Fig. 8 (a-b) that most of the metallic Xrtfound in the sample Fig.8a were dissolved aftachég
sampleY in Fig. 9b.

Fig. 8. Samples printed circuit boards a) befaradhing, and b) after leaching at 353 K and 60 (dimol dnT Fe,(SQ)s + 0.5 mol.dn¥
H,SQ, L/S 10)

Effect of F&(S0,); concentration

Fig. 9 shows the effect of leaching time on copper recpweith changing ferric sulfate concentrations
ranging from 0.1 to 1 mol diFe(SQ,); at 0.5 mol drif H,SO, with L:S ratio of 20 at 313 K. The copper yield
significantly increased with increasing concentnatof ferric sulphate. The highest extraction of (68.73 %)
was achieved at 313 K after 30 min of leaching. demleaching durations did not give any more satisiry
result beyond 30 min.
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Fig. 9. Effect ofFe,(SQ)s concentration on copper extraction L/S 20, 6'6rsl 313 K

Apparent Activation Energy “Ea” and Apparent Order of Reaction “n”

The apparent activation energy Ea was determindukeitemperature interval of 313-363 K for the héag
solution of 1 mol.dM Fe(SQy); + 0.5HS0, mol dm®. The apparent activation ener§a was calculated
experimentally by measuring the initial dissoluticate of copper at different temperaturesfor the time
interval of 0-300 s. The Arrhenius equation wasdu® determine the activation energy Eq. 2:

Ink=ImnA—-E,/R.T 2)

wherek is the rate constanfl is the frequency factoR is the universal gas constant, and T is the
temperature. The estimat&h apparent activation energy for the sample wasddorbe 14.87 kJ mdlin the
temperature interval from 313K to 363 K, and thegfrency factoA was calculated as 0.2427. 4t is generally
believed that if the value of activation energyhigher than 40 kJ/mol, the process is chemicaliytradled,
whereas values less than 20 kJ/mol suggest thardioess is controlled by diffusion (Habashi, 1997)

The estimated Ea (14.87 kJ mplindicates that the leaching process is controbgddiffusion. The
corresponding relationship betweark and1000/Tis shown in Fig. 10, which indicates that the nagdbm for
sample leaching in the temperature interval 313<3&3es not change.

The apparent activation enerfy and the apparent order of reactiorwere determined using the linear
regression method from Eq. 2 and Eq. 3, respegt{@do et al., 2006; Kim and Lee, 2016).

The following concentration interval was used fetetmining the apparent order of reaction at teatpee
313 K: from 0.1mol drif to 1 mol dn? Fe(SQy)s.

The apparent order of reactionwith regard to the initial concentration of ,f80y); in the leaching
solution was determined according to the followly 3:

Vey = k. Cre, 3)
or in logarithmic form Eq. 4:

Inv = Ink + n.Incg, 4)

wheren is the slope of the graph éfve, = fcpe,, shown in Fig. 11. The value of = 0.55 and
In k=-7.104. The dissolution of Cu at the temperatiir@l3 K can be represented by the following Eq.5:

v =821.10"*cp,, (5)

or in logarithmic form Eq. 6:
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Inv = —7.104 + 0.55. Incpe, (6)

1000/T K]
-6.2 T T T T T
27 2.8 29 3 31 32 313

In K
o
[a3]

Inc

In v

Fig 11. Logarithmic plot In v versus Idpe2 for waste sample: Correlation coefficient R = 0.089

The result of the investigation was the findingtttiee best copper yields were achieved using 1dnol
Fe(SQy); + 0.5mol dnT H,S0,, at a temperature of 333K and liquid to solid ghestio L:S 20. The conclusion
and the ensuing recommendation was that the effentlled mobile phones on Cu should be determined.

A cementation treatment has been proposed forutibefr treatment of the leached solution to préaipi
out the copper as a saleable product in the preseinsolid iron finings. The results of these expents have
been published elsewhere (Kovalcik, 2017). The @sed process flow sheet for the recovery of Cu fwamste
mobile phones is shown in Fig. 12

MOBILE PHONES
COLLECTION o804 i
BATTERIES ! ! " '
——— «| MANUAL LEACHING »_. CEMENTATION
EI(-J‘::EE(S: «_| REMOVING s .
RESIDUE (Au. Ag, Pt) J

PRINTED CIRCUIT BOARDS for LEACHING Cu

MECHANICAL
SAMPLING PROCESSING
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Fig.12. The proposed scheme of copper recovery fmaste PCBs of mobile phones
Conclusions

Waste printed circuit boards from discarded mophenes contain many interesting raw materials e bas
(copper 15%), precious (gold 400 g t), and rareafeetin the European Union, the biggest compangss u
pyrometallurgical process treatment methods basesheelting for metal recovery from electronic scoapan
industrial scale. The hydrometallurgy procesgeditiment printed circuit boards can achieve sigaifily lower
environmental impacts than pyrometallurgy. Fronfeadycle perspective, the introduction of new tealogies
can also contribute to reducing greenhouse gaskgasnsibly, other environmental impacts.

The effects of temperature and concentration efcfsulphate solution on the leaching rate of cogpen
milled discarded PCBs from button mobile phonesewstudied using the agitated leaching processig; th
research. The results show that the temperatura kagificant effect on the leading rate of copgercording
to the Arrhenius equation, the apparent activatinargy value of the copper reaction for apparetivaton
energy value of copper reaction for the samplalsutated to be 14.87 kJ mol, under these conditi@n the
basis of this value, it may be suggested that tioegss of leaching takes place in the diffusiorioregThe
highest extraction Cu yield (69.98 %) was achieae863 K after 15 min of leaching when an L/S ratf®20
and a solution of 1 mol dfFe(SQy); + 0.5 mol drit were used. The apparent order of reaction withnkep
the initial Fe(SQy); concentration was n = 0.55. Waste electronic rasesuch as discarded mobile phones are
a secondary source of critical materials for theoRean Union. Hydrometallurgy could be one of thegible
innovative ways to metals recovery from printeauwir boards of electronic waste materials.
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Factors determining the construction and location bunderground gas
storage facilities

Kornelia Osieczkd Andrzej Gazdaand Dusan MalindzaR

The growing demand for earth gas results in needtiaring proper volumes of this fuel to ensureioral energy security. Poland
has its own earth gas reservoirs, but their expliiin cannot fully cover the constantly increasdgmand. Most of the required volumes
are covered by gas import, mainly from the Rus&iederation. However, long-term agreements do neisage seasonal variations, which
causes that surplus volumes must be stored at grmlerd storage facilities. Additionally, Poland'stidnal Energy Policy imposes an
obligation to store the reserves of this fuel. éflithese factors determine the construction anceldgwment of underground gas storage
facilities.

In recent years, a growing trend in building newdaxtending the existing gas storage facilities Ib@sn noticeable in the European
Union. Most often, depleted gas and oil reservaest caverns and aquifers are used for that puepd$he most suitable locations of these
types of storage facilities are areas near urbantees that are the final gas recipients. The camgion of underground gas storage
facilities is also related to the development & gas transmission system. EU countries, inclufioand, continue development of UGS
facilities, aiming at diversification of gas sumgdi It is also related to other activities, suchlasnching the LNG terminal iSwinoujscie
and searching for alternative gas suppliers.

Creating an efficient system of underground gasag® facilities should be focused on securing efyat reserves, balancing
seasonal demand variability and optimising the srarssion system throughout the country. In ordegrtsure the undisturbed function of
the entire economy, countries maintain gas reseimesase of a failure or an interruption in the donity of supplies. Additionally,
continuous development allows using undergroundsg@sge facilities commercially.

Keywords:underground gas storage, location, geological stwe, energy security

Introduction

According to the BP Statistical Review of World Eme 2016, world demand for energy is rapidly
growing. That growth is expected to stay around 3d%e period from 2015 to 2035, with an averagarly
rate of 1.4% (PGl, 2017). Current forecasts indic¢aat fossil fuels should remain the major sounfesnergy
until 2035. They are believed to constitute up @&e80f the world power supplies, covering 60% of ¢lxpected
demand increase (Charun, 2004).

The demand for earth gas grows most rapidly whempeoed to other fossil fuels (IEA, 2014). This fisel
used in many branches of economy, in the induskyyices sector, in households, as well as in kbetrie
energy production sector (Mokrzycki, Szurlej, 2003)

Considering the world forecasts presented aboveietisas earth gas exploitation in Poland, whickiere
28.5% of the total usage, according to the da20db (PGl, 2017), the efforts made to guaranteficgrit gas
reserves in the following years seem understand@erently, the remaining gas volume is importéte
major earth gas supplier, not only for Poland W& éor other European countries, is the RussiateFraion.

Taking into account the need to ensure energy sgafrthe country, reliability of gas supplies nise
guaranteed through diversification of sources aaedolme less dependent from a single major suppiies.
document signed in 2009, "Poland's Energy Poliayl @030" envisaged the construction of the infrasture
allowing to reorganise gas import using the gedgig situation of Poland with access to the Ba@a. This
goal has been reached, and the LNG terminaimoujscie was launched in 2015. It has become a major gas
hub in the north-east of Europe, performing tranpfecedures and regasification of liquefied egdh, offering
the possibility to import gas from Norway or the AJ§Egging, Holz, 2016). It is worth considering tharious
options for building natural gas storage faciliti€&ehabilitation of abandoned mines makes it ptesdib
implement new ways of use of closed mines and inmithe economic and ecological situation in "mining
cities" (Migaleva et al., 2018). An important elarmhés also a way to obtain information from thekstaolders
and take them into account when making decisionbék et al., 2019).

Considering the energy security of Poland, anotimgrortant aspect can be distinguished, related with
securing gas reserves based on extensive storeiigefs to allow to respond to the changes in dadisupply
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and fluctuation of prices. One of the instrumentowang to fulfil these assumptions, by encouraging
competition on the gas market and improving theggnsecurity of Poland, is increasing the workirgjumes

of underground gas storage facilities (UGS). Addisilly, the amendment to the Polish Energy Law wy J
2005 contained a provision concerning the obligatio store imported gas. The legal aspect, as agelhe
internal policy, lead to searching solutions irstarea (Kochanek, 2007). The purpose of this paperpresent
the factors determining the construction and lecatf underground gas storage facilities, as welioaprovide
an outline of the principles of UGS functioningingsthe example of the Strachocina USG.

Based on the forecast of the need to create najasalunderground gas reserves in Poland in 2035 and
possible current locations for natural gas stoeagkthe construction of new gas storage, it dependsnumber
of different economic, environmental, capacity, dinmvestment, policy, security. The problem cardbéned
as the role of multi-criteria assessment. The lartproposes a methodology and a solution to hows®
individual locations to increase the USG's neecbicer the gradually rising level of natural gaseress.

Methodology and theory background of solution

Deciding on serious strategic investments requaescientific approach to decision making, decision
making on a wide range of factors, and the varemess between which it is difficult to describeati@nships.
Such issues are addressed by multi-criterion detisiaking methods as Weighted Method, AHP Method,
Scoring Method, etc. (MalindZak et al., 2015). Boe solution of the problem, a weighted sum methvad
applied.

In case we want to concentrate all factors or aitsto one decision — into one indicator, we tisis
method:

- Factors have a different character from quantificaind casualness point of view,
- Factors are from different areas — business, maturfag, distribution, etc.
- They have different significance related to thelysia objective.

Algorithm of such method follows:

a) Factor and criteria selection for the evaluatiod dacisiorF,, F», ... F,.

b) Evaluation of important factors contributing toudfifiment of the main objective — assigning of fais’
weightsw,. It is advised to select the factors and defirewieights by an expert. Weights wi express
factor's importance but at the same time, expressptoportion of significance among the factors.
From a practical point of view, it is advised tokedahe sum of weights equal to number 1. (It iatesd

to a visual dividing of a "unit circle cake"). Figul shows evaluation according to the Ratio-index
method.

n
2w =1
i=1
In case this is not valid, factors are normalised.
W.

lj
W,

n
i=1

, 1i=1,2,..n

n
Z w; =1
And the sum is =1 :
Particular variant¥; are evaluated with the help of selected factdig ¢ variant evaluatiol,).

We evaluate particular factoFs — (HF;) for each varianV;. Factors are evaluated according to a pre-defined
interval, so-called potency ratek—

HF, DL K)

Potency rate value means the evaluation intemdldefines the sensitivity of the method. The lathe
amount of variants and factors is the larger irgkrand higher potency rate becomes.

HV, =3 HF, Ow

Variant evaluation i=1
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Fig. 1. Evaluation according to Ratio-index method

Factors are evaluated according to a pre-defintedvial, so-called potency ratek—

HFU- (1, K)

Potency rate value means an evaluation intervaldafities the sensitivity of the method. The lartper
amount of variants and factors is the larger irderand higher potency rate becomes.

n
HV, => HF, Ow,
Variant evaluation i=1
Analysis can be defined by minimalisation, meanthgt the smaller evaluatiokiF; is the better,
respectively vice versa by maximisation. The highEj is, the better and the same is valid for the wisigh

The solution then is
V; (optim) = mj|n<HVj )
In the case of company analysis and evaluatiom the are talking about the evaluation of only one

variant.
It is necessary to formulate both negative andtivesiactors in one form so they will become thenea- either
positive or negative. For example, in the casevafuation of suppliers:
for exampleF; — the amount of distribution per month (the bigdlee better)
F, — the time from the order till delivery (the sneallthe better)
In the case, for examplE; will be re-formulated — intervals between disttibn (the smaller, the better) in

case of a minimalisation task.
From a practical point of view, it is necessargiteate the following evaluation table 1:

Tab. 1. Example evaluation table

Title of factor i Factor | Variant 1 Variant 2 Variant j
weight
Fi
HFZl-Wl HFj]_.Wl
R W HFy HPw. W HF HF 22w HF; HFp. W
F3 W HE HF 2., HE HE
FA W3 12 . 22 : 2
Fn Wy HF4, HF1nWh HF2n HF2n Wy HF, HFj. Wy
Total variant HV1 HV2 HVj
evaluation
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Characteristics of usage and reasons behind eartlag storing

Earth gas belongs to the group of energy carriétls growing market participation due to economic an
ecological considerations. It consists of a mixtofehydrocarbons (methane, ethane) and small pertimf
hydrogen, nitrogen, oxygen, hydrogen sulfide, meliand carbon disulfide. Gaseous fuels are easyansfer,
storage and distribution. Their scope of applicaticludes the generation of thermal and electigrgy as well
as powering combustion engines. In comparison oiitler fuels, gas combustion processes are chassttdyy
lower emission of contaminants. Earth gas is ugefaiunicipal services and in households. Furtheemio the
chemical industry, it allows reducing the power@iamption of various processes (PGNIG, 2017).

Poland has 292 earth gas reservoirs, includingex@ibited and 53 unexploited reservoirs. The exalimin
of 32 gas reservoirs has been ceased. The voluetiditable gas resources was 125.04 billion cuistres in
2015. Most of the documented gas resources arevoaselocated in the Polish Lowlands (66.5%). Tamest
high-methane earth gas reservoirs in that areadecPapré, Zakcze, Kdcian, Braisko, Baranéwko-Mostno-
Buszewo, Radlin anduchléw. Around 29.3% of the resources are locateitié Carpathian Foothills area. The
largest earth gas reservoir in Poland is Prz&nwith over 86 million cubic metres of this fueDther areas
where earth gas can be found are Pilzno, Jasibmekajsk, Zotynia, Jarostaw, Dzikéw and Lubaczow. Figure 2
presents earth gas reservoirs locations in Poland.
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Fig.2. Gas fields in Poland (PGNIG, 2018)

The 2015 data indicate that gas in the volume #4749 million cubic metres was extracted from ddines
sources in Poland. The remaining part of the den{ad¢l74.48 million cubic metres) was covered bg ga
imported from Russia (9,549.1 million cubic metre@ermany (1,625.16 million cubic metres) and Czech
Republic (0.22 million cubic metres) (PGI, 18.12.20 In Poland, earth gas is distributed by pipsinThe
largest volumes of this fuel are supplied by RussEazprom, through the Yamal-Europe pipeline. Tbey f
capacity of the first leg is 32.3 billion cubic rmes.

The documented Polish earth gas reservoirs remadterucontrol of thePolskie Gornictwo Naftowe
iGazownictwoS.A. (PGNIG). Their capacity reaches 98 billiobicumetres. Currently, PGNiG supplies gas to
6.5 million customers, including households, conigmn combined heat and power plants, steel milld a
nitrogen compounds plants. Within the last few ge#lne volume of gas extracted by PGNIG increaseuah f
approx. 3.6 hillion cubic metres in 1998 to appr4x billion cubic metres in 2015. Extraction ofjlimethane
gas recorded by the Sanok branch of the comparchedal.9 billion cubic metres, while the facility Zielona
Gora delivered 2.4 billion cubic metres.

The dynamic economic growth of Poland requiregroiing gas storage facilities located in evergios.
Due to the lack of natural reservoirs in central anrth Poland, further development of the natigyeed supply
system should be based on the underground gagstfaeilities (UGS), built not only in depleted eesoirs but
also in aquifers and salt caverns (Filar, Kwild&208).

Previously, the primary function of underground gtsage facilities was to maintain commercial rese.
Their primary goal is to secure gas supply continin emergency situations, or in case of an unetquk
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demand increase, and also to minimise the conseqsef incidents threatening the national energwrsty.
Long-term gas import agreements do not provideséasonal consumption variations that are commahen
European climatic zone. In summer months, surplysoited gas is stored at UGS facilities and copewek
demands during winter months, caused, among othgrsicreased gas consumption for heating. Additign
underground gas storage facilities allow respondinigmcreasing or decreasing blue fuel prices (Braki and
Wawrzynowicz, 2014).

The gas supply standard assumed in Poland is apé@xmillion cubic metres for 30 days of extrathig
earth gas consumption. Taking into account the erpeincrease in earth gas consumption in the power
engineering sector, from 3.5% in 2013 to 30% in®QfFeat emphasis is placed on ensuring the gtabflithe
gas supply system and securing access to suffistereage volumes (BiP, 2018). The total workingazaty of
UGS reached 2.5 billion cubic metres in 2014. UBAR1, that capacity should increase to 3.3 billboibic
metres, which would be 20% of the envisaged denfiangias during that period.

As far as the other EU member states are conceooestruction and development of underground gas
storage facilities are related with energy poliajogties, the scale of gas consumption and the siz the
existing gas transmission and distribution syst@snyell as the wealth of the country and its intzatts. Table 2
presents the number of UGS facilities in individuabuntries, total working capacity and maximum
deliverability in 2010 and 2015.

Table 2. Underground gas storage facilities (USGIEU countries, 2010 and 2015 (Eurogas, 2014).

2010 2015
TOt‘f"l Maximum Tot_al Maximum
No. Country IS(S)ig3an6 Number of \é\’:‘;g'cni?y deIiv_e_rabiIity Number \é":r;l;g?y deliv_e-rability
UGS o [millions of UGS e [millions
[millions m3/day] [millions m3/day]
m3] m3]
1. Austria AT 5 4,744 55 8 8,250 95
2. Belgium BE 1 600 25 2 1,085 57
3. Bulgaria BG 1 600 4 1 550 4
4. Croatia HR 0 0 0 1 553 6
5. Czech Republic cz 8 3,127 52 8 3,617 59
6. Denmark DK 2 980 16 2 1,035 25
7. France FR 15 11,900 200 16 12,894 265
8. Spain ES 2 2,367 13 4 2,457 16
9. Ireland IE 1 230 3 1 230 3
10. Latvia LV 1 2,325 24 1 2,300 30
11. Netherlands NL 3 5,000 145 6 12,078 305
12. Germany DE 47 20,804 494 51 24,588 637
13. Poland PL 7 1,640 32 9 2,915 41
14. Portugal PT 1 175 2 6 333 8
15. Romania RO 8 3,110 28 7 3,050 28
16. Slovakia SK 6 2,770 34 2 3,156 46
17. Slovenia SL 0 0 0 1 2,300 30
18. Sweden SE 1 9 1 1 9 1
19. Hungary HU 5 4,340 55 5 6,330 74
20. Great Britain GB 6 4,480 86 8 4,528 154
21. Italy IT 10 14,336 152 13 16,696 332
Y 130 78,793 - 153 108,854 -

Underground gas storage facilities secure the tiparaf gas transmission systems in individual ¢des
(Bergman, 2006; Hill, 2006). The data presentedable 2 indicates a growing trend in launching né@s
facilities. From 2010 to 2015, 23 UGS facilitiesrvduilt, which resulted in an increase in the vimgkcapacity
by 30,061 million cubic metres. Poland was in thhéhIplace in this ranking in terms of working capacThe
largest number of USG facilities operated in Gernynan

Gas storage capabilities characteristics

Building an appropriate network of USG facilities Poland should secure the basic functions relattd
maintaining strategic reserves, balancing seasgaal consumption variability and optimising the gas
transmission system in terms of estimation of gzlaae to be imported (Ciechanowska, 2016). In Rbléns
both possible to develop the existing storage atftecture and build new facilities. Suitable geatagstructures
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can be found and staff experienced in designinghanlding USG facilities is available. The develogm of
underground gas storage facilities is followed s mecessity to extend the transmission pipelines.

Storing gas underground is much safer and morensalgaous than constructing gas storages on the
ground, which require a lot of space and are mateerable to acts of terrorism. Due to strict safgandards
that must be met, the costs of construction andnteaance of that type of storage facilities is bigh
(Czapowski, 2006). The basic requirements for ugrdeind storage facilities are complete tightnesklaok of
any adverse reactions between gas and the surrmunaiks. Other desirable features include locatiothe
vicinity of urban or industrial areas, closenesexisting gas pipelines and large capacity.

DEPLETED

S RESERVOIRS

AQUIFERS

MINES
SALT
CAVERNS

Fig.3. Gas storage using geological structures (AG2 Feb 2017)

Hydrocarbons are stored underground in depletecagdoil reservoirs, salt caverns and selectedferguli
and also in natural hard-rock caverns or old miRragre 3 presents all these types of structures.

Storage in selected aquifers is very expensivetaltiee protection of groundwater reservoirs. Adutitlly,
selecting a suitable structure requires a lot @l@ation and identification work. When a suitalsteucture is
selected, it might not be properly tight (Schafieale 1993). Therefore, no structures of this tilpge been used
in Poland so far. The advantages of storing gaaquifers include high deliverability rate, the pbgiy of
performing a number of cycles during the season taedfact that they are usually located close talfi
recipients. Mesozoic, Jurassic and Cretaceouseaguifithin the anticlines: around tdVarsaw and Szczecin,
are also expensive in use but offer quite convérseorage conditions (Polit et al., 2010). Tabl@rgsents
financial outlays and average construction tim&GfS facilities depending on the type of structure.

Table 3. Cost and time of construction of difféetgpes of UGS

Type of UGS Average financial outlays [euro/m3] Aage construction time [years]
Aquifers 0.7-1 10-12
Depleted reservoir 0.6-1 5-8
Salt cavern 0.8-1.2 5-10

A relatively cheap and most common form of storafjgaseous hydrocarbons (75% of all facilitieshia t
world), is injecting gas into the porous spacesdepleted gas and oil reservoirs. This method ig/ ver
advantageous due to the available storage capaathing hundreds of millions up to several billicubic
metres of gas. Depleted reservoirs are usually exted with pipelines, there are already existinglsyand
their structure is known due to performed seismid geophysical analyses as well as exploitatioartsc It is
reflected in lower costs of construction of thipeéyof storage facility.

The most suitable rocks in terms of using porouacspare sedimentary rocks, especially sandstones,
characterised by permeability that allows migratéord formation of natural accumulation zones. Thae7
earth gas storage facilities of this type in PolaHds6w, Strachocina, Swarzéw, Bfméca, Wierzchowice,
Bonikowo and Daszewo. They are mostly situatechan Mleso—Cenozoic gas reservoirs. Figure 4 preseets
location of underground gas storage facilities adlaRd. The UGS facilities located in depleted resies are
usually capable of performing only a single injentextraction cycle during a year.
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Fig.4. Gas storage facilities in Poland (PGNIG, 8c 2012)

Caverns formed in halite deposits serve as undengratorages of a special type. When compared with
storage facilities in depleted oil and gas resesydhey are more expensive in construction bugroffiany
advantages. This solution ensures complete angfasiction of the injected medium and the striegwan be
used for waste disposal when they are no more asedas storage facilities. These UGS facilities are
characterised by very large injection and delivditgbrate. They are also capable of being usedeneral
injection/extraction cycles in a year, which enabbalancing lower, for example, daily variationseafth gas
demand and supply. The building of this type ofrage facilities is related to high investment oygland
operating costs.

Favourable conditions for building salt cavern gasage facilities are in bedded salt deposits wiittple
and homogeneous structure as well as Zechsteite lsatuctures in salt domes. There are two undengrsalt
cavern gas storage facilities in Poland: Mogilna a&osakowo (Czapowski, 2006; Kochanek, 2007). Salt-
bearing rocks provide good storage conditions dwecdnstant temperature and low humidity. Salt is
impermeable and very suitable for storing earth tigsefied gas and chemical substances (Evardt,e2009).
Gas can be stored in old salt mines and salt cavennin specially designed and built storage clemb
(Kunstman et al., 2009; Siemek, Nagy, 2007). Gegnteas the largest number of cavern storage fasliti use
(32 storage facilities in 266 caverns with a taggbacity of 19.98 million cubic metres) (EID, 2017)

Operation of the Strachocina underground gas storagfacility and development plan

The Strachocina underground gas storage facilityciated in south-east Poland, in the Sanok andzémz
communes area. The geological fold in that regiontains flysch rocks of the Lower Cretaceous period
(Stasiowski, Wagner-Staszewska, 2010). Until trepisé half of the 19th century, that fold was a sabpf
geological and drilling analyses, due to the oanre of gas exhalations and oil outflows. The gasmoir was
discovered in 1928 when the first wells were ddill& decision to transform the reservoir into umggleund gas
storage was made in the 1990s.

Gas pipelines are installed in directional wellsdmay horizontal drilling. The currently used dnd
technology allows reducing the costs of exploitatiof power resources, improving the availability tbe
reservoir. The purpose of the horizontal wellshat $trachocina UGS is to reduce turbulences andase gas
storage efficiency (Pielech, 2017). The workingamfy of that UGS is 360 million cubic metres.

Taking national energy security into account, isfracture development is another important facesides
building underground storage facilities. Currenthg transmission system of the Strachocina UGtisnded
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and modernised, along with the new Poland-Slovajaa interconnector. 72 kilometres of gas pipeline
Hermanowice-Strachocina shall be completed by 20it8)ding the execution of other related investtriasks.

It is an important part of the implementation oé t@entral-European North-South Gas Corridor conaept
Poland. The primary function of the new gas pipelis the improvement of the technical conditiongya$
transmission and improving the continuity and safétgas supply to recipients. The planned investsan the
national gas transmission system are presenteigjume5.

o Planned Gas Pipeline
Flanned Gas Pipeline 1 Poland-Lithuania
Baltic Pipe B GDANSK
ING Termnal f
Swinoujécie \ 5

ITH REMBELSICIVINA
ﬁ, WARSTAWA

:
Planned Gas Pipel
Poland-Slovakia

| Planned Gas Pipeline
Poland-Czech Republic

Fig. 5. Planned investments in the Polish gasgnaission system until 2023 (Gaz-System, 2015)

Gas pipelines (for example, Poland-Lithuania, Pd&zech Republic) are under development throughout
Poland. It aims at building a well-functioning amehiform (in terms of operating parameters) main gas
transmission network. Directions of physical gagmes will be diversified, ensuring flexibility ancontinuity
of supplies, and also creating conditions for tg@d growth of the national economy. It is envightjeat every
client will have an option to buy gas from a sedecsource by 2023, getting better access to theablgas
market through the LNG terminal §winoujscie (Gaz-System, 2015).

Design of energy use capacity

For the case analysed, the authors selected exgnepii@ria that can be taken into account wheroshw
gas storage facilities. The weights were assigaéddividual criteria.

F1 - Economic - the cost of expanding the undengtdagas warehouse; = 0.3;

F2 - Infrastructure - the distance from the aggloation,w; = 0.15;

F3 - Safety - the distance from other warehousges,0,2;

F4 - Environmental — the distance from nationakpaw;, = 0,1;

F5 - Technical — the injection capacity,= 0,25.
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For the criteria defined and the weights assigoathém, a list of variants for existing undergrouradural
gas storages was developed. The development afngpis an example of the development of a propasal,
what order underground storage facilities shouldobeupied or extended to cover the growing demamd f
natural gas consumption. The following table isexample of the order of selection of warehousebeo
expanded; then it can be applied to potential nesations of underground gas storage facilities €€xio,
Polaszczyk, 2018). The sum of the weights is 1. §dwe of the assessment ranged from 1-5 pointsvasd
adjusted to the data concerning gas storage fasiliicated in Poland.

Table 4. Multicriteria model for the selectionwfderground gas storage facilities to be expanded

_ — (qV] ™ < Te) © ~ [oe] (o))
- € c c € € c € c €
2 " < 5] (S (S 8 5] < 5] <
3 £ S a a a a i a i a
st K=y > > > > > > > > >
o (4]

o H

= el gl gl sl sl glal £ lulglal sl s

TR T|E| T E| T E|S| R OE T E|TE|SE

F1 03| 5| 15 5| 183 3/ 0% § 15 3 09 (5 15 |5 45| B5| 5| 15
F2 0,15 2 0,3 5107 5 [0,75 4 06| 4 06| 5| 0,75 2[ 03 3(045| 2 0,3
F3 0,2 5 1 3 0,6 5 1 3 0,6 4 0/8 |3 0,p 3 06|2 02 0,4
F4 01| 5| o5 4/ o4 5 o5 § o055 %5 05 (5 05 |5 DP5|®| 5| 05
F5 0,25 2 0,5 2 0,5 2 0,5 4 1 5 1,252 0,5 1| 0,29 30,751 3 |0,75
Total

variant

evaluati| 1 3,8 3,75 3,65 4,2 4,05 3,85 3,15 3,6 3,45
on

Variant 1 — Daszewo
Variant 2 — Bonikowo
Variant 3 — Kosakowo
Variant 4 — Wierzchowice
Variant 5 — Mogilno
Variant 6 — Brzénica
Variant 7 — Swarzow
Variant 8 — Husoéw
Variant 9 — Strachocina

The cost of expanding the warehouse:

5 - Depleted reservoir, Mines, 4- Aquifers, 3- Qalvern.

Infrastructure - the distance from the agglomerati (gas transmission infrastructure) - up to 59-k5, from
50 - 100 km - 4, from 100 - 200 km - 3, from 20®5Bm - 2, over 500 km - 1. Adopted cities for
agglomerations - Warsaw, Krakéw, Katowice, @slg Wroctaw, £6d, Pozna.

Safety - the distance from other warehouses (8gareip to 50 km - 1, from 50 - 100 km - 2, fro®01- 150
km - 3, from 150 - 200 km - 4, over 200 km - 5.

Environmental - the distance from national park® national park in the area of 5 km - 1, fromH-km - 2,
from 10 to 20 km - 3, from 30 to 50 km - 4, overls0 - 5.

Technical - the injection capacity - up to 1 noilim3/day - 1, from 1-2.5 million m3/day - 2, frab to 5
million m3/day - 3, from 5 -8.5 million m3/day - d4bove 8.5 million m3/day - 5.

Table 5. The proposal of the order of expansionnaferground gas storages

No. Variant number Name Total variant evaluation Targe_t Cap‘;‘c“y
million m
1. 4 Wierzchowice 4,2 1200
2. 5 Mogilno 4,05 841
3. 6 Brzenica 3,85 100
4. 1 Daszewo 3,8 60
5. 2 Bonikowo 3,75 200
6. 3 Kosakowo 3,65 250
7. 8 Huséw 3,6 500
8. 9 Strachocina 3,45 360
9. 7 Swarzéw 3,15 90
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Based on the information available on the pageBadish Mining and Gas Extraction Company (Polskie
Goérnictwo Naftowe i Gazownictwo), a multi-critemiaodel for the development of existing gas storagdifies
was developed. The results presented in Table 4rastempt to choose the order of expansion oéharses
in connection with the growing demand for naturak gn the coming years. The criteria should be saegl
accordingly to the requirements and expectationanaferground gas storage facilities. Based on theria
defined by the authors and the weights assigneteim, a certain sequence of extending existing hearges
was established along with the target capacitynmlbon cubic meters. The offer is presentedable 5,along
with the target capacity in a million cubic metéfhe proposal is presented in Table 5.

The proposed use of the multicriteria model ancreining the order of selecting individual objeids
only an example that can be used to select newidmsafor underground gas storage. The authors taldlee
lack of access to detailed information, chose tliter@a allowing for the use of publicly availabttata. When
selecting the location of gas storage, a numbé&natbrs related to technical aspects, construaasts, distance
from main pipelines, expansion of the gas transonsistallation, and distance from end users ghbel taken
into account. It is also recommended to pay aterth safety-related aspects by considering tapeieded to the
risk of explosion and fire.

Conclusion

Most EU countries rely on the import of earth g#sis followed by the growing significance of
underground gas storage facilities as the keygfdhe gas supply system. USG facilities ensurersgcagainst
sudden supply interruptions and balance seasonahmt® variations, optimising the operation of the gapply
system in a given country. As a strategic tool,argtbund gas storage facilities improve the ensegyrity, but
may also be operated as commercial undertakingsyrielg compensation of the financial outlays armal/joling
profit from the fees charged for storing fuels ébiner countries.

Poland has proper geological structures, suitaiéhe development of underground gas storagetfesil
Currently, Poland's energy policy is focused onueng energy independence of the country by the
diversification of sources and directions of suggpli Certain projects aimed at the development and
modernisation of the gas extraction and transnissifrastructure are being executed. Another egddattor
is the development of underground gas storageitfasil A growing trend in the numbers and the capaaf
UGS can be noticed in all EU countries.

Ensuring proper reserves of the blue fuel determthe energy security of a given country. Deplejad
and oil reservoirs, salt caverns and aquifers camuded as storages of fuel resources. Gas stoaagdities
should be situated over the entire area of the tepupossibly closest to the recipients. Additidpathere is
a need to extend the existing storage capacitytaltize obligation to maintain gas reserves in adsefailure
or a sudden increase in consumption. The foreeasisme a fifty percent increase in gas consumptien the
next few years. Therefore the analysis of the gasage system indicated the necessity of furth@idra
development of the underground gas storage netwloéely related to using gas as an energy carrier.

One of the elements facilitating the decision-mghkinocess may be an application of a multi-criter@del
to the selection of a location and establishing dppropriate sequence of development of undergraasd
storage facilities. The selection of required cidterelated to construction costs, depending ontyipe of
warehouse, costs of infrastructure developmenhnieal, environmental or security aspects and tloeation
of appropriate weights, may facilitate decision ingkin the face of high investment expenditures emantry
security related to the growing natural gas demdik proposed solution based on appropriate paesmet
important from the perspective of the strategiclgoathe state may prove to be a helpful tool.
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Hydrodynamic and slope stability modelling of flood protection
embankments and valley dams

Géabor Nyiri', Balazs Zakanyi? and Péter Sz(ics®

Hydrology conditions in recent years clearly demonstrate that flood protection is a priority task for Hungarian water management,
and its importance cannot be questioned. This study examines three flood control embankments and two dams, including their subsoil
characteristics. The examinations also contain the modelling of slope stability and seepage conditions. The seepage models were created
with the Groundwater Modeling System 10 SEEP2D module, which uses the finite element method. As a part of the examination of the
seepage models, we examine the free flows and the embankments' seepage conditions. Changing the modelling parameters also affects
seepage conditions. Thus we examine the effects of the embankment’s foot width and on the total flowrate and the seepage conditions. Our
examination also includes a study about the effects of neglecting the subsoil in computations. For the slope stability examinations, both the
Groundwater Modeling System UTEXAS module and the Soilvision SVSlope module are used, and their results are compared, showing
significant differences. While the slope stability measurements were done in a dry state, we also examined the effects of pore water pressure
on the embankments” stability. Modelling methods are useful and simple methods for the examination of seepage and slope stability of flood
control embankments and can provide great help to flood protection professionals.

Key words: flood protection, slope stability, finite element modelling, dam seepage

Introduction

Flood protection and drinking water supply are among the most urgent tasks of water management in
Hungary (llyés et al., 2017; Palcsu et al., 2017). According to extreme weather conditions, floods along rivers or
flash floods mean real risks to the civil society and to nature, not only in Hungary but all over the world
(Francois et al., 2019). This is the reason why the proper operation of embankments is vital to have successful
flood control. It is important to know how an embankment is behaving during a flood period. What kind of
processing exists inside the embankments concerning water level and stability issues? To understand these
physical processes, simulations methods can be used successfully in flood control processes (Xiaohui, 2017).
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Fig. 1: Location of the examined structures, Borsod-Abatj-Zemplén county.
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Along the Tisza river in Hungary, the flood protection is mostly executed with the help of embankments. The
increasing agricultural and settlement land use during the centuries made it necessary to develop a protection line
covering the whole section of the Tisza river (Vagas, 2007). More precise knowledge of the related hydraulic
relations of these protection lines is increasingly needed because huge damage can occur if the protection lines
are destroyed. The purpose of valley dams is to control the even or changing runoff of the watercourse based on
the needs of the users (Sternberg, 2006). They typically contain a structural element to control water leakage;
thus, it is essential to be aware of these leakage conditions. In this study, we examined the seepage conditions of
three flood protection embankments and two valley dams. These structures are situated in the north-east part of
Hungary, in Borsod-Abauj-Zemplén county (Figure 1). This work extends previous studies (Zakanyi and Sz(ics,
2010, 2013) by taking subsoil into consideration. The obtained results can be generalized because simulation
methods are very important in proper embankment design.

Flood protection in Hungary

In the Middle Ages, floods did not have a high damage factor. The environment of the rivers shows its
natural status: wide floodplains, huge woody areas that decreased the flood water level. The improvement of
agriculture brought the necessity for river regulation and floodplain draining. At the time of the regulation of the
Tisza River, safety was secured by the height of the embankments practically by the end of the 19" century. The
embankment’s prescribed height was regulated to the largest formerly experienced flood with the addition of
safety height (Nagy, 2014). However, the highest water level of rivers started to increase with the regulation of
rivers, the development of the infrastructure and the growth of the agricultural lands (Vagasi, 2007). Based on
the era’s protection philosophy, so-called bulbous structured embankments were made with the construction in
several cycles (Figure 2). Nowadays, the length of the Hungarian flood protection embankments is more than
4,200 km (Nagy, 2003).
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Fig. 2: The increase in the height of the Széchenyi Dam between Tiszadob and Polgar, 1845-1890 (Mihalik, 2000)

Besides the construction of embankments, we have to deal with another problem as well. The
embankments are often built on unsuitable subsoil that contains permeable layers. The presence of these
permeable layers increases the probability of the formation of sand boils (Nagy, 2008). The key element of flood
protection is the stability of the flood protection dam. The failure and ruin of the embankment carry the
possibility of catastrophe (Kadar and Nagy, 2017). Hungary’s reservoirs, in addition to water supply, also
provides flood protection because they delay the runoff of harmful excess water. The inland reservoirs are
mostly bordered by valley dams, whose embankment was built from clay, which, in most cases, we cannot
consider as an aquiclude. Therefore, the leakage through the dam has to be controlled, and leaking water has to
be removed out from the embankment. The task of the interception drain is to block the dangerous seepage
process and to decrease the dangerous pressure conditions in the embankment. Its material is mostly coarse-
grained sand and sandy gravel. The advantage of its use is that it collects the leaking water in the water-side dam
body and removes it from the dam, thus blocking the wetting of the dam across its whole cross-section.
Nowadays, another problem for flood protection and drinking water reservoirs is extreme weather conditions. As
we experienced in 2010, extreme floods formed in the Sajé and Bbdva Rivers, and also in the Tisza River in the
early 2000s (Zelendkova et al., 2018).

Site description and methodology

In Hungary, the valley of Tisza river is affected by floods mostly. During the 20" century, and after the
2000s, many floods were formed, and it caused several problems in flood protection, and the stability of the
embankments. Considering this situation, we decided to deal with this area, especially the upper part of the Tisza
river. During our investigation, we used the hydrodynamic and slope stability modelling, which is an important
tool to know the hydraulic behaviour and its effects on slope stability. With the help of this tool, we can
conclude the most frequent failures (hydraulic failure, seepage failure, piping) near the embankments, and dams
(Shivakumar et al., 2015). We modelled three flood protection embankments near the Tisza River (near Cigand,
Révleanyvar, and Haldszhomok) and two valley dams (Lazbérc and Rakaca) during our investigation.
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For the leaking model, the program applied was the SEEP2D module of Groundwater Modeling System
10.0, and for the examination of slope stability, the module of Groundwater Modeling System 10.0 UTEXAS
and the module of Soilvision Slope were used. The Groundwater Modeling System (GMS) is a comprehensive
graphical user environment for performing groundwater simulations. The entire GMS system consists of a
graphical user interface (the GMS program) and a number of analysis codes (MODFLOW, MT3DMS, SEEP2D,
etc.) (Aquaveo, 2019).

All of the programs apply the finite element method as the numerical method. The word ‘numerical’
stands, in this case, for approaching a solution (V6lgyesi 2008). Numerical solutions approach the real situations
in a way that they make sections of ongoing procedures in time and place (Kovéacs, 2004). In the finite element
method, as opposed to the finite difference method, the given geometry can be precisely covered with arbitrarily
shaped elements. Thus, the elements orient much better to the real range than when applying a different finite
mesh (Durbin and Bond 1998; Zakanyi and Sz(ics, 2010). The orientation of the elements to the original
geometry helps to make the model accurate and to determine water flowing across the embankment more
accurately.

SEEP2D is a two-dimensional steady-state finite element groundwater model, which is widely used in
such calculations. Both saturated and unsaturated flow is simulated. SEEP2D is designed to be used on profile
models (XZ models) such as cross-sections of earth dams or embankments. With the help of the SEEP2D
module, we calculated the total flow rate, which is the flow rate into (out of) the problem domain (Aquaveo,
2019).

UTEXAS is a slope stability software package created by Dr Stephen G. Wright of the University of
Texas at Austin. UTEXAS is used to analyze slope stability using the limit equilibrium method. The user
provides the geometry and shear strength parameters for the slope in question and UTEXAS4 computes a factor
of safety against slope failure. The factor of safety for a candidate failure surface is computed as the forces
driving failure along the surface divided by the shear resistance of the soils along the surface. UTEXAS4 is a
state-of-the-art slope stability code and has been widely used in industry for many years (Wright, 1999).

The hydrodynamical models show "steady state" at the same time because the SEEP2D module cannot
handle the transient state. In the case of the valley dams, the water level of the reservoir has relatively small-
scale fluctuation. Thus, the "steady-state" is presumed. And in the case of flood protection embankments, we can
calculate with a permanently high flood level.

For the slope stability investigation, we used the Slope module of SoilVision software, which also
calculate with the limit equilibrium method, and it also can calculate with the effect of leaking water.

Material characteristics of valley dams and flood protection embankments

We had to give several parameters during the examination of flood protection embankments and valley
dams: for the leaking model, the parameters given were horizontal and vertical factors, for the modelling of slope
stability they were cohesion and internal friction angle. Furthermore, effective porosity was necessary for the
definition of given parameters. Some of the applied parameters were provided by the regional waterworks
company, called ERV Zrt., while the rest were taken from a previous study (Zakéanyi and Sz(ics, 2013). The
related data (not publicly available) of the geometry of the examined embankments was provided by ERV Zrt.
and EVIZIG (the Water Management Directorate of Northern Hungary).

During the modelling, not all of the parameters requested by the program were available; unfortunately,
sampling and lab examinations are possible only with the proper permission, and in the case of embankments
only allowed in a justified case. For these reasons, we had to find data from another source. We used a
Hungarian technical guideline (MI 10 269-1982) that contains parameter intervals, from which we chose a value
to use in the computations.

In this paper, the construction and material characteristics of embankments are introduced based on the
embankment of Cigand. The shape of the embankments clearly shows the bulbous structure. Considering the
subsoil, we can divide it into a permeable layer and a cover layer. The embankment was built with these two
characteristic layers, in which a core and a surrounding shell can be found (Figure 3, Tables 1 and 2). The
geometry of the dyke at the riverside was recorded by the information offered by EVIZIG (Zakényi and Sziics,
2013).

Fig. 3: Cross-section of the flood embankment around Cigand
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Table 1: Hydraulic conductivity values of the embankment of Cigand

ky, (horizontal) [m/d] ky (vertical) [m/d]
0.00864 0.06

Shell 0.000864 0.000864
Impermeable foot 0.000432 0.000432
Cover layer 0.00086 0.00086

Water-bearing layer 0.43 0.43

Table 2: Shear strength parameters of the embankment of Cigand

U'Ell(tg\;vnig?ht Cohesion [kPa] Friction angle [°] Effective porosity [%]
Inner core 2100 35 15 35
Shell 2200 40 15 30
Impermeable foot 2200 40 15 30
Cover layer 2200 40 15 30
Water-bearing 2000 0 29 40
layer

The conformation of the valley dam will be demonstrated in this paper by the reservoir dam of Lazbérc
(Figure 4). The two dams investigated here are different in that an impermeable wall was not constructed under
the Rakaca reservoir dam. The seepage parameters are shown in Tables 3 and 4. For the parameters of shear
strength for the Lazbérc valley dam, in case of the watertight wall and bedrock, we assumed non-porous, grainy
rock. When the “hard rock” option is chosen among the types of material, the program does not ask for the
cohesion, internal friction angle, or effective porosity. The bedrock is limestone, and the impermeable wall is
concrete; thus, these parameters were not necessary for the program.

Fig. 4: The cross-section of the valley dam of Lazbérc

Table 3: Hydraulic conductivity values of the valley dam of Lazbérc

Dam body ‘ Drain | Subsoil | Watertight wall Base rock
k [m/d] 0.00864 | 8.64 | 0.043 0.0000864 0.000864
Table 4: Shear strength parameters of the valley dam of Lazbérc
Unit weight[kg/m®] | Cohesion [kPa] Friction angle [°] Effective porosity [%]
Dam body 2000 40 15 30
Drain 2000 0 30 32
Subsoil 1800 10 25 25
Watertight wall 2500
Base rock 2200

Calculation results of hydrodynamic, and slope stability simulations
During the modelling, our examination covered leakage models and slope stability problems. The
hydraulic modelling of the dam and its subsoil can be easily implemented with the help of GMS 10 program, and
we have the opportunity to carry out a slope stability examination with the consideration of water seepage. After
the water level and exit surface are provided, the program calculates the rate (the blue and red lines, respectively,
in Figures 2-7), the rate of the flow velocity inside the dam and the pore water pressure and total flow rate, from
which diagrams of the calculated rates can be easily made for visualisation. During the determination of the total
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flow rate, the program calculated the flow rate related to a one-meter-long part of the embankment. For each
embankment, we took the standard flood level as the basis, which is located one meter downwards from the
shoulder, while for the valley dams, we took the maximal operational level into consideration. Using the
SoilVision program Slope package and the GMS UTEXAS module, we examined the slope stability; one of the
purposes for this was to compare the two programs. With the Slope module, we examined three stages. In one
case we did dry condition modelling, in the other case we put the rate of pore water pressure calculated by the
GMS as a discrete point into the Slope module and thus we took the water pressure into consideration. To
consider the effect of water, we recorded the highest flow line calculated by the GMS in the Slope module and
set it as water level. We compare the results of the different cases.

The GMS UTEXAS’ module considers the flow relation and the rate of water pressure calculated by the
SEEP2D module, and thus calculates the critical slope failure surface with the Spencer method and its belonging
security factor. All slope stability tests were done by the method of slices, followed by several types of
calculation methods. The security factor and the place of critical slope failure surface were calculated by the
Bishop, Spencer, Janbu and Morgenstern-Price methods, which all assume round slope failure surface.

Seepage conditions

Our aim during the application of GMS SEEP2D was the examination of the ongoing leak process of
different geometrical and structural embankments. For the demonstration of flow conditions, the mesh of models
are recorded with one-meter spacing, and on the riverside and protected side, the original ground level runs for a
10-meter-long stretch. The program defines the streamlines and calculates the total flow rate, velocity conditions,
and the rates of pore water pressure. The models consider the standard flood water level.
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Fig. 5: Flowlines in the embankment around Cigand

In Figure 5, we can see that the subsoil has an important role in the permeability of embankments because
most of the flow lines can be seen in the water-bearing layer. The role of the subsoil can also be examined in the
embankment of Révleanyvar (Figure 6). We encountered thicker topsoil in the subsoil of the Haldszhomok
embankment, which prevents the seepage of water into the subsoil. In this case, most of the streamlines ran
through the interior of the embankment.
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Fig. 6: Flowlines in the embankment around Révleanyvar

In the case of the Lazbérc valley dam, the role of the drain inside the dam can be seen during the
examination of the streamlines (Figure 7). The water leaking into the dam from the waterside accumulates in the
vertical and horizontal sand layer and exits at the foot of the dam. Thus the dam does not get wet throughout its
entire cross-section. The concrete wall under the dam blocks the water from leaking through the subsoil. The
program allows us to demonstrate the water retention ability of the leaking control elements in dams. The
calibration of the model also included on-site measurements from previous examinations. The flow rate of the
outflowing water was determined from the collecting tube of the drain system.
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Fig. 7: Structural elements of the valley dam of Lazbérc and the computed streamlines
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Looking at the cross-section of the Rakaca dam (Figure 8), we encounter very diverse subsoil. Inside the
dam body, we can see that a 1-meter-wide drain system was built. The sandy and rocky drain system consists of
a vertical drain, a right-angle bend, and a horizontal section (3% gradient). The water in the drain system is led
off to the protected side by a 0.3-meter diameter concrete drain tube (not visible in the figure). The whole
leakage system output flows into a container.

Examining the streamlines in Figure 7, it is visible that a layer can be found in the subsoil whose
hydraulic conductivity is higher than that of the other materials, and the water flows through this layer towards
the protected side. The role of the drain is also important because it collects most of the water flowing through
the dam and collectively leads it away from the dam and the subsoil. Because a watertight concrete wall was not
built into the subsoil, the streamlines penetrate the subsoil as well (Figure 8).
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Fig. 8: Structural elements of the valley dam of Rakaca with the computed streamlines

We compared these results with a previous study in which the subsoil conditions were not considered. We
made a comparison with the consideration of the total flow rate and outflowing length. From the comparison of
total flow rate (Figures 9 and 10), we see that when the subsoil is taken into consideration, higher flow rates are
obtained for the flood embankments and in the case of the Rakaca reservoir. The reason for this is that because
of the hydraulic conductivity of the water-bearing layer of the subsoil, a high amount of water goes through the
subsoil. In the case of the embankments, we have to be aware of the possible formation of sand boils. Because
the pressure is high in the subsoil, we have to also count on the growth of pore water pressure, which negatively
affects the stability of embankments, because the supporting force against water pressure decreases.

0.25

<
>

<
—
[

<
-

Total flow rate ((m*/d)/(m))

(=]
o
o

Léazbére Rakaca

B Subsoil considered M Subsoil not considered

Fig. 9: Comparison of total flow rates for valley dams of two computational models

In the case of Lazbérc, we can see that we obtained a lower total flow rate value when the subsoil was
considered. This can be explained by the presence of the watertight concrete wall. The concrete wall stops the
water from leaking through the subsoil to the protected side and leads towards the water-bearing sand layer, thus
protecting the dam and the subsoil from getting completely wet.
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Fig. 10: Comparison of total flow rate for flood protection embankments of the two computational models

The outflow length value offers important information during the examination of embankments. Outflow
length means the distance between the highest outflowing point and the foot of the embankment. This rate shows
the predicted height of water outflows in the embankments and how wet the embankment has become. We only
examined the flood protection embankments for outflow length, because at the dam's reservoir, the water exits
through the permeable layers; thus, the outflow length is constant. We calculated the outflow length from the
coordinates written by the program and the formula of triangles.

We can see that in case of the flood protection embankments in Révleanyvar and Haldszhomok, the
outflow length occurred at lower levels; however, higher rates were found for the Cigand embankment. In the
Révleanyvar and Haldszhomok embankments, the subsoil conditions were proper for flow not only through the
embankment but also in the subsoil. In the case of Cigand a relatively watertight layer can be found under the
embankment, which did not allow the high degree of infiltration to the subsoil; thus, most of the water flows
through the embankment and less goes through the subsoil layer lying under the watertight layer, which has high
hydraulic conductivity (Figure 11).
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Fig .11: Comparison of seepage length values of the two computational models

Changes in modelling circumstances

During the modelling, we were curious about the effect of two chosen parameters connected to the
geometry and mesh. During the modelling, the adoption of geometry was necessary. The aim of the examination
was to see how much the width of the embankment foot influences the total flow rate in the model. The width of
the embankment foot is defined as the distance between the meeting point of the subsoil and embankment and
the edge of the model. Three cases were examined: 5 m, 10 m and 20 m foot width. For the Cigand and
Haladszhomok embankments, changing the width of the embankment resulted in the total flow rate increases with
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the width (Table 6). The degree of the increase in flow rate was not linear. The reason for this is that the exit face
grows on the protected side with the foot's width; thus, more water can flow through the system.

Table 5: Change in total flow rate with different values of foot width of the embankment

gr?](l)atavr\ml;(dr:;r?tf (t:g Cigand (m®d/m) Révleanyvar (m®d/m) | Halaszhomok (m®%d/m)
5 0.0089 0.0107 0.0185
10 0.0113 0.0107 0.0187
20 0.0145 0.0107 0.0191

In the other examination, our aim was to find out how much the choice of mesh density influences the
total flow rate and the streamlines. We set the mesh’s density in the program by apportioning the embankment’s
side in a given spacing, and then the program was run based on the mesh. The choice of the spacing is influenced
by the size of the given embankment. The differences in spacing between the embankments and valley dams are
justified with this.
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Fig. 12: Total change in flow rate for flood embankments with different mesh spacing

We can see from Figures 12 and 13 that the choice of the mesh’s density plays an important role because
there can be a 10-12 % difference between the results obtained. Our experience was that the streamlines are
influenced by the distribution of the mesh. We observed that the streamlines are shown in much more detail if
the allocation of the mesh’s division is denser. During modelling, it is necessary to choose the optimum setting,
in which the streamlines and the total flow rate both give realistic rates.
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Fig. 13: The total flow rate change at the valley dams
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Slope stability modelling

Slope stability examinations were carried out with two programs, the module Slope of SoilVision and
with the UTEXAS module of Groundwater Modeling System 10. First, we did the modelling in the dry state
with the Slope module. The program calculated the critical slope failure surface and the related safety factors
with Bishop, Janbu, Spencer, and Morgenstern-Price methods. Our aim with this examination was to assess the
safety of the given geometrical embankments knowing the assumed shear strength parameters.

Naturally, our aim was to define the effect of water on reducing stability using the leakage model.
Results of the dry and wet states were compared with each other for all cases and in all slope stability calculation
methods. We were also able to compare the two software programs, considering which is easier to use and what
kind of differences will be computed by the two programs.

Slope stability without the consideration of pore water pressure

The modelling of dry state was necessary to define the stability reducing the effect of water. In this case,
the system has no water in it, and the given parameters are only the volume weight, cohesion and the internal
friction angle. The results are shown in Table 7.

Table 6: Factor of safety for dry condition calculated by SoilVision by different methods

Cigand Révleanyvar Halaszhomok Lazbérc | Rakaca
Bishop 4.095 2.573 3.746 1.739 2.818
Janbu 3.879 2.482 3.413 1.623 2.666
Spencer 4,104 2.575 3.747 1.756 2.829
Morgenstern- | 4113 2574 3.749 1750 | 2.883

Slope stability with the consideration of pore water pressure

We examined the effect of water first with the GMS UTEXAS module (Figure 14). With the UTEXAS
module, the program only calculates stability with the Spencer method. The UTEXAS slope stability safety
module was provided with the leakage states calculated by the SEEP2D module from a previously given starting
circle (the blue circle in Figure 14) using iteration.

Factor of Safety 1.943

1 | 1

Fig. 14: The embankment around Révleanyvar with the critical slip surface and the factor of safety

The effect of pore water pressure can be considered in two ways with the Slope module. One way is to
record the pore water pressure rates calculated by the GMS SEEP2D module into the Slope module. These
points are intersections of the mesh used by the SEEP2D. The other way is to build the leakage surface
calculated by SEEP2D module into the Slope module. We did not give pressure values here, but the highest
seepage surface.

[F0s=2.851

Fig. 15: The critical slip surface and the factor of safety, calculated by the SoilVision Slope module, at the embankment around Cigand
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We simulated the critical slip surfaces (Figure 15.) and compared the obtained safety factors with the
safety factors referring to the dry state. The difference between the results for dry state and wet state is given in
Tables 8 and 9.

Table 7: Changes in the factor of safety compared to a dry state, considering pore water pressure (discrete points)

Cigand (%) | Révleanyvar (%) |Halaszhomok (%) | Lazbérc (%) | Rakaca (%)
Bishop 43.6 21.9 36.9 10.2 12.3
Janbu 43.8 19.1 315 14.3 16.4
Spencer 43.6 22.0 36.8 10.1 12.8
Morgi?sgem' 43.6 22.0 36.8 10.1 14,5
Average 43.6 21.3 35.5 11.2 14.0

Table 8: Changes in the factor of safety compared to a dry state, considering the effect of water (highest seepage line)

Cigand | Révleanyvar . o £ bA (0 Rakaca
(%) (%) Haldszhomok (%) | Léazbérc (%) (%)
Bishop 24.1 16.4 17.6 10.2 0.8
Janbu 24.1 14.6 14.1 13.8 1.8
Spencer 24.2 16.4 17.6 10.1 14
Morgenstern- |, , 16.4 17.6 10.3 2.8

Price

Average 24.1 16.0 16.7 111 1.7

We can see from the table that the pore water pressure influences the safety factor. Using the Slope
module, the highest difference was experienced in case of the embankment of Cigand, which was caused by the
shear strength parameters and the geometry of the embankment.

During our examination, we had the opportunity to compare the two programs used. We limited the
comparison to the Spencer method because this method is found in both software. The differences are shown in
Table 10, where we can see that the relative difference is quite small, so we can state that these two methods
calculate a similar factor of safety values. Considering the data request, we can state that the using of GMS is
easier, but the structure of the Slope module is more transparent. The GMS module can be a better solution if we
have few data.

Table 9: Comparison of the factor of safety values calculated by GMS and SoilVision programs (Spencer method)

GMS, SoilVision, Slope Relative difference in
UTEXAS factor of safety (%0)
Cigand 2.971 2.555 14.00
Révleanyvar 1.943 2.111 7.96
Haladszhomok 2.815 2.738 281
Lazbérc 1.561 1.595 213
Rakaca 2.679 2.508 6.82
Conclusion

We modelled the seepage conditions of three flood protection embankments near the Tisza River and the
Lazbérc and Rakaca reservoir dams, complemented with a slope stability test considering the subsoil. During our
examination water level was correlated to the standard flood level in the case of embankments, while the
correlation was to the maximal operational water level for the Lazbérc and Rakaca reservoir dams. During the
modelling procedure, we assumed permanent, so-called steady-state conditions. The complexity is characteristic
to the geometry of flood protection embankments, the parameters of embankment's materials we took over
partially from previous works, and partially we derived them from the national technical directive.

For the valley dams, the characteristic cross-sections identify the constructional elements built in to
control the leakage. In the case of embankments, it was noticeable that the position of streamlines depends
greatly on the characteristics of subsoil, the thickness and the leakage factor. The various seepage effects of the
drainage elements are visible at the valley dams. We prepared leakage models for several cases to explore the
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effects of mesh density and the width of the embankment foot, which are important parameters in the modelling
procedure. As mesh spacing increases, the increase in total flow rate can be seen, and with the decreasing of the
mesh spacing, streamline contours are even more accurate. We compared the total flow rate results with those of
a previous study in which the subsoil characteristics were not considered. We found that results for the total flow
rate and the seepage conditions were highly influenced by the consideration of subsoil, which is confirmed by
experiences in the field. Therefore, we can say that in the case of embankments, we get a better view of the
seepage conditions, if we consider the subsoil. We used two programs in the slope stability investigation — the
UTEXAS module of Groundwater Modelling System version 10 and SoilVision’s Slope module — and carried
out the examinations with multiple slope stability calculation methods. We examined two cases, a dry state and a
wet state, to examine the effects of water pressure, and seepage on slope stability. We had the opportunity to
compare the two programs in regard to their results and usage.

As a summary, we can say that useful results were obtained with the modelling procedures, which can
provide great help for experts in the water industry. Flood protection works require continuous activity, and fast
numerical computation methods cast light on potential upcoming failures and thus may help to mitigate or avoid
catastrophes.
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Economic Transformation of a Mining Territory Based on the Application
of a Cluster Approach

Zhanna Mingaleva®, Evgeny Zhulanov', Natalia Shaidurova® and Natalia Vukovic®

The economic aspects of the transformation of the mining industry and spatial development in the city of Berezniki, Perm Region
(Russia) are analyzed in the article. A quantitative assessment of inter-sectoral relations within the framework of the economy of a mining
city is given. The results of economic and mathematical modelling of the creation of a territorial industrial cluster based on a mining
enterprise are presented. The purpose of the study is to calculate changes in the economic development of a single-industry city and a
municipal district when an industrial cluster is created on its territory with a mining enterprise as the core of a cluster (the flagship of the
municipal economy). When applying the cluster approach, the emphasis was placed on the leading position of the mining enterprise in a
specific territory, its role in the development of the economy of the single-industrial city and the municipality was assessed. The result of the
study is a quantitative assessment of the effectiveness of creating an industrial cluster in the single-industrial city of the mining industry. It is
proved that when forming a cluster around the existing mining enterprise, it is possible to obtain a high positive effect from the cluster for
urban and municipal development.

Keywords: Mining industry, sustainable development, economic and mathematical model, the cluster model

Introduction

“Industrial cluster and enterprise agglomeration is industrial upgrading model of the high-end and most
competitive advantage in the world today” (Le and Ning, 2015, p.1879). One of the key policies in economic
development to move towards becoming a country with global competitive potential is to promote cluster
development. A “cluster” is a powerful tool and mechanism for enhancing competitiveness and the development
of an industrial economy in a country (Fongsuwan, 2017). This is fully consistent with the strategic objectives of
the development of the territory with a predominance of extractive industries. This is especially important for
territories with a single city-forming enterprise, on whose activities the well-being of entire large territories and
cities depends. «Improvement of the economic activity of industrial companies determines conditions for the
possible improvement of mining and metallurgical business activity and finds the sources of companies’ growth»
(Manova et al., 2018, p.132).

Creating a more efficient economy is achieved on the basis of constant change. For the former socialist
countries, «an example of such change is a transformation process from a centrally planned economy to market
economy» (an example of such a change is the process of transition from a centrally planned economy to a
market economy) (Budaj et al., 2018, p.1). In our study, we consider a transformation process as a process of
changing the mechanism of interaction between enterprises of different sectoral affiliations operating within the
limited framework of one mono-specialized territory - the mining area. Cluster association is the basis of this
change and its result.

The theory of industrial clusters in the modern sense was developed from the works written by M. Porter.
Porter M. determined that a cluster is a group of enterprises and related organizations involved in the same case
with cooperative linking and addition (Porter, 1998). The expediency of creating a cluster is explained by the
fact that "When considering success for the industry in developed or developing countries, it is apparent that
successful industries do not come from a single company or entity alone. Instead, it comes from multiple
ventures competing in clusters, resulting in sustainable economic growth (Fongsuwan, 2017).

One of the key factors for the success of this network development mechanism is the distribution of
financial benefits for the business (Martin and Sunley, 2002). In turn, business in a cluster is often stimulated to
increase efficiency, stimulate research and development, and increase business efficiency (Porter, 2011).

The activity of clusters leads to the creation of a more efficient regional economy, on the basis of obtaining
by all enterprises in the region sustainable and high profits.
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Previous research also has proved, that by organizing cluster interaction and coordinating with industry
member colleagues, smaller firms strengthen their competitive profile (Lechner and Dowling, 2003) and increase
their chances of survival (Hoang and Antoncic, 2003).

The much positive impact on the development of the regional (municipal, urban) economy is enhanced if
the industrial cluster is transformed into a technology park structure - i.e. in addition to purely industrial
enterprises includes scientific centres and laboratories, educational institutions, business incubators, start-ups and
other innovation infrastructure objects (Pascu et al., 2013; Shaidurova, 2017; Mingaleva and Shaidurova, 2018).

Numerous and diverse studies have explained many trends and issues of cluster development (Hervas-
Oliver et al., 2015; Trippl et al., 2014; Yu et al., 2015). The recommendations have been developed on the
creation of industrial clusters (Feser and Bergman, 2000), their development (Le and Ning, 2015). A number of
studies provide estimates of the role of clusters in national and world development (Lindsay, 2005; Hsu et al.,
2013), in innovative development (Lesnik and Mingalyova, 2013), in creating research and development
(Lechner and Dowling, 2003; Ma Ding, 2014) and a number of other economic processes (Bengtsson and
Solvell, 2004; Zhu, 2003). And these studies are not stopped but are supplemented with new data and take into
account new trends and phenomena, including at the regional and municipal levels (Mingaleva et al., 2017).

The importance of industrial clusters for regional and municipal development is also noted in the most
recent studies (Kusa et al., 2019). Thus, in the work of Sergey Anokhin, Joakim Wincent, Joakim Wincent,
Vinit Parida, Natalya Chistyakova and Pejvak Oghazi the increasing role of industrial clusters for the
development of the region is noted, since they are becoming significant positive predictors of innovation
dynamics at present (Anokhin et al., 2018).

As for the creation of clusters in the mining industry or on the basis of a large extractive enterprise, at the
present time, there are very few such studies. Basically, this is the study of such cluster development issues as
the role and importance of the extractive industry as a whole for the national economy of specific countries
(Budaj et al., 2018). In this case, the question of the feasibility of creating a cluster may be associated with the
need to increase the competitiveness of the industry. Thus, it is particularly noted that in a number of countries
"given the high level of mining costs and the cost of processing domestic ore raw materials, their mining is
uneconomical” (Budaj et al., 2018, p.3). And the cluster could help.

The functioning of individual mining and extractive enterprises, including the environmental damage that
these enterprises create, and environmental problems, are investigated (Biaty 2014; Bialy & Mroczkowska,
2015). It is noted that in a number of countries, domestic resources of certain types of minerals (coal, shale, peat,
etc.) are considered as a strategic resource base, reducing dependence on imports of primary fuel and energy raw
materials, as well as “reserves for unforeseen situations and as a source of employment opportunities”(Budaj et
al., 2018, p.3). Also, a number of works are devoted to the creation of clusters in a low-carbon economy (Zhang,
2016).

Material and Methods

Method

The simplest and economically significant is the application of the cluster's methodology for cities with one
or several city-forming enterprises. On the one hand, in such cities, there are a limited number of enterprises -
the poles of economic growth, which simplifies the assessment and prioritization in determining the boundaries
of clusters on the values of multipliers. On the other hand, it becomes easier to evaluate the synergistic effects
obtained from the coordinated work of cluster members. By UNCTAD methodology the countries in which the
share of mining and processing of raw materials in the gross domestic product (GDP) is more than 25% are
classified as countries with the developed mining industry (Budaj et al., 2018). We extrapolated this
methodology to the regional level and identified Berezniki as a city with a developed mining industry because
the mining and chemical industries provide almost 90% of the industrial activity of the city. Based on the above,
we consider the practical application of the author's developed methodology with reference to the industrial
complex of the city of Berezniki, Perm Region of the Russian Federation, specialized in the mining of potash
deposits and the production of mineral fertilizers.

The methodological approach to the selection of enterprises in a cluster takes into account that a cluster is a
mutually dependent grouping that focuses on the real participation of all sectors (S6lvell et al., 2003). Therefore,
we have included in the cluster all enterprises of different branches of production and material services operating
in the city of Berezniki. In accordance with the methodology based on the available data of the Federal State
Statistics Service of the Russian Federation according to the tables “Costs - output” in monetary terms for 2015
(National Accounts, 2015, downloaded on 30. August 2018, available online: www.gks.ru/wps/wcm) we
identified possible options for building a technological chain of interconnection between the industrial
enterprises located in the city Berezniki, Perm Region of the Russian Federation. Cluster vertical links unite
business operators in ascending or descending technological lines, and horizontal links connect various auxiliary
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industries designed to achieve common goals. “The businesses in the group are often stimulated to increase
efficiency, promote research and development and improve business performance” (Porter, 2011).

In the process of selecting industries and enterprises to build a technological chain in a cluster, we took into
account the characteristics of the life cycle of technologies and their role in the viability of the cluster (Dalum et
al., 2005) and the need to fill gaps and more precisely establish specialization in extended product chains (Feser
and Bergman, 2000). We also took into account the impact of structural changes between sectors on the
economic security of the territory where enterprises united in a cluster (Mingaleva and Gataullina, 2012).

An important feature of the cluster, which has been noted by many researchers, is its ability to coordinate
supply chains (Kristal et al., 2010). And different industries and countries occupy different places in these
chains. For example, studying the place and role of Chinese enterprises in global clusters showed that Chinese
are “most of the cluster in the global value chain in the low middle value added production processing link..."
(Le and Ning, 2015, p.1879). Le and Ning explain why most Chinese industrial clusters are still "at the lower end
of the road in the development of industrial clusters" by this fact (Le and Ning, 2015, p.1879).

In our methodology, we used the results of the research of Ma Ding (Ma Ding, 2014), who investigated the
collaboration in the supply chain and possible additional benefits from such collaboration. In particular, he wrote
that the collaboration in the supply chain could work together in creating research and development.

Currently, science has already developed and applied methods for analyzing the efficiency of industrial
clusters adapted to the requirements of the information economy and digitalization. For example, S.
Papagiannidis, E.W.K. See-To, D.G. Assimakopoulos and Y. Yang, presented a methodology for big data
analytics, which can be utilised as a decision support system for identifying industrial clusters in a specific
geographic region (Papagiannidis et al., 2018, p.355). The proposed methodology was tested on the example of
industrial clusters in the North East of England and showed good and accurate results with a large database.

The proposed methodological approach was used by us to develop the author's methodology for
transforming the mechanism of interaction between enterprises operating within a specific territory in order to
create an industrial cluster. The database consists of the data from the Federal State Statistics Service of the
Russian Federation (ROSSTAT database). The main methods of applying statistical data for modelling the
cluster we took from Hartigan 's work (Hartigan, 1985).

The database

The city Berezniki, Perm Region of the Russian Federation is an industrial city with most mining and
processing companies in the chemical industry. Berezniki is characterized by an excessive concentration of
industrial potential. There are many enterprises of heavy industry, its basic industries. The structure of industrial
production of Berezniki is given in Table 1.

Tab. 1. The structure of industrial production of Berezniki city

The industry sector The industry share in the The industry share in the
fixed assets industrial output of Berezniki

The chemical complex 87.3% 79.2%

The fuel and energy sector 8.2% 8.8%

The complex for the production of 1.0% 6.7%
consumer goods

The mechanical engineering 1.6% 1.2%

Other industries 3.0% 4.1%

Source: own processing

Several enterprises that are official monopolists in Russia work in Berezniki. These are:

» "AVISMA" branch of PSC "VSMPO-AVISMA Corporation" (it produces the titanium sponge and
titanium powders, metallic magnesium, magnesium alloys and products, chemical products, that are
sold not only in Russia but throughout the world);

> “Azot” branch of OJSC “URALCHEM” (it produces the ammonium nitrate, carbamide and other
nitrogenous fertilizers);

» PJSC Uralkali, which has in the city 2 Potash Production Mine Administration (BKPRU) — BKPRU-1
and BKPRU-4 (it produces the potash fertilizers).

Berezniki is an important transportation hub: the main automobile road Perm-Solikamsk passes through the
city, going further to the north of the Perm Territory. Also in Berezniki, there is water transport communication
on the Kama River. At the present time, the railway is being restored, which was destroyed by a failure at the
mine BKPRU-4 PJSC Uralkali.

All industrial enterprises located in the city Berezniki, Perm Region of the Russian Federation are united in 9

groups. The name of these groups, their conditions number for the econometric calculations and their correlation
with Russian Classification of Economic Activities (OKVED) are given in Table 2. In our methodology, we take
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into account conclusions about the limitations of the Standard Industrial Classification (SIC) codes, which are

manifested in the digital economy (Papagiannidis et al., 2018; Bako, 2016).

Tab. 2. The clustering of enterprises in accordance with the Russian Classification of Economic Activities

The industry sector of enterprises

Identification by Russian Classification of
Economic Activities (OKVED codes)

Reference numbers for
the calculations

The production of potash fertilizers

Section C - "Manufacturing":
20.15.5 - Subgroup "Production of potash
mineral or chemical fertilizers"

1

Fuel production

Section C - "Manufacturing":
Class 20 — “Manufacture of chemicals and
chemical products”

Manufacture of machinery and
equipment

Section C - "Manufacturing":

Class 28 - "Manufacture of machinery and
equipment not included in other groups":
Subclass 28.1 - "Manufacture of machinery
and equipment for general use."

Electricity and heat supply services

Section D - "Provision of electric energy, gas
and steam; air conditioning”:

Subclass 35.30 — “Production, transmission
and distribution of steam and hot water”;
Subclass 35.1 - "Production, transmission and
distribution of electricity."”

Construction work

Section F — “Construction”:
Class 41 - “Building construction”;
Class 43 — “Specialized construction works”.

Wholesale trade services

Section G - “Wholesale and retail trade”:
Class 46.1 — “Trade on a fee or contract basis”

Land transport services

Section H — “Transport and storage”:
Class 49 - “Activity land and pipeline
transport”

Services of water transport
organizations

Section H — “Transport and storage”:
Class 50 — “Water transport activities”.

Production of other goods and
services

A cumulative group including multiple
identification codes

Source: own processing

The territory of Berezniki can be divided into 3 industrial zones, where the main enterprises are

concentrated. The map of Berezniki where these 3 industrial zones are indicated is shown in Figure 1.

Source: own processing

260

“North-East zone™

REIES TS
motor road 4

e
f

Fig.1. The main industrial zones of Berezniki




Acta Montanistica Slovaca Volume 24 (2019), number 3, 257-268

Figure 1 shows the following industrial zones formed by monopolistic enterprises in the mining and
chemical industries:
< “Northern zone”
Corporation™);
“Northeast zone” (the mines and enterprises of “BKPRU-4 PJSC Uralkali™)
“Western zone” (the mines and enterprises of “BKPRU-1 PJSC Uralkali”, “OJSC Azot”, “OJSC
Berezniki Soda Plant”; “JSC Berezniki Mechanical Plant" and other enterprises).

The “Northeast” and “Western” zones were chosen as the basis for building the cluster model. Uralkali is the
flagship enterprise in these zones.

The database consists of the data on the according to the tables “Costs - output” in monetary terms, the data
on the industry sector of enterprises, the price data for major industrial products, the inflation data and other
statistics.

In total, over 2000 enterprises and organizations of all sizes and forms of ownership were taken for
calculations. These enterprises employ more than 40,000 workers.

The accounting and economic indicators of the main enterprises included in the technological chain of the
proposed cluster are given in Table 3 (Three “whales’, 2017).

(the enterprises of “AVISMA” branch of PSC “VSMPO-AVISMA

X3

8

X3

8

Tab. 3. The accounting and economic indicators of the main enterprises of the city of Berezniki [rubles]

Place Name Income Profit (loss) Balance sheet | Non-current Current Capital and
before tax assets assets reserves
3 PISC Uralkali 131311916 | 80911970 | 630367555 | 522332297 | 108035258 | 168086315
26 LLC "Uralkali-Repair” 7110 963 450 330 3489 542 158 406 3331136 928 088
36 ﬁ,?acm.?erez”'kmky Soda 5 595 832 650 740 4534741 31800 879 733862 2359271
84 LLC "Soda-chlorate” 2427 754 633816 4089 511 3560 425 529 086 612511
156 | CISC "Bereznikovskaya 1384 436 -346 588 1154 265 235 262 919 003 -497 345
network company’
160 | Azottech LLC 1347 591 81723 271 399 106 852 164 547 192 137
1g0 | LLCConstruction =} 456940 23288 517 128 215 183 301 945 66 827
company "Himspetsstroy
234 ﬁ,?acnferem'k' Mechanical 803 913 5017 1714527 472 550 1241977 32346
246 | LLC "AVISMA- 751 364 32880 376 592 2526 374 066 40 472
Spetsremont

Source: own processing

Table 3 shows the enterprises in the order of ranking places that they occupied in the TOP-300 of the largest
enterprises of the Perm Krai (TOP-300). This rating is compiled in terms of revenue from the sale of goods,
products, works and services.

Results

To solve the research task, under the transformation process, we understand the process of uniting
enterprises of various industries that exist in a specific mining area in order to create a territorial (urban) multi-
sectoral cluster. Determining the possibilities of organizing a regional cluster in Berezniki began with the choice
of a market for end products, in which the flagship enterprise has an advantage in price or quality of goods. This
will need to put pressure on the market at the expense of jointly organized shares of cluster members. The choice
of the flagship enterprise is also important from the point of view of organizing the technological chain and
network of interactions in the cluster. In accordance with the author's methodology, in the beginning, we
calculated the coefficients of the total costs for each industry sector of enterprises. These coefficients obtained by
the "Cost-output” model (National Accounts, 2015, downloaded on 30. August 2018, available online:
www.gks.ru/wps/wem) and characterizing the full standard of costs for the purchase of intermediate goods and
services of the enterprises - suppliers, located in the i-th lines of the table for the production of the monetary unit
of the benefit of enterprises — consumers indicated in the j-th columns. The coefficients of the total costs present
in Table 4.
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Tab. 4. Coefficients of total material costs and the rate of value added by types of economic activity per monetary unit of finished goods
The numbers of
industry sector 1 2 3 4 5 6 7 8 9

1 1,0135 0,0004 0,0006 0,0005 0,0124 0,0005 0,0020 0,0006 0,0000
2 0,0689 1,1519 0,0136 0,0356 0,0331 0,0261 0,0752 0,1744 0,0000
3 0,0557 0,0066 1,1647 0,0107 0,0216 0,0067 0,0134 0,0291 0,0000
4 0,0727 0,0333 0,0378 1,5542 0,0139 0,0193 0,0645 0,0192 0,0000
5 0,0182 0,0070 0,0060 0,0188 1,0288 0,0067 0,0186 0,0098 0,0000
6
7
8
9

0,0448 0,0413 0,0876 0,1866 0,0638 1,0391 0,0312 0,0408 0,0000
0,0627 0,1550 0,0541 0,0718 0,0416 0,2301 1,1949 0,1132 0,0000
0,0376 0,0023 0,0008 0,0008 0,0026 0,0019 0,0032 1,0234 0,0000

0,2554 0,6656 0,4719 0,4536 0,5205 0,5584 0,5439 0,5419 1,0000
Source: own processing

The calculation of aggregate value added norms are presented in Table 5.

Tab. 5. Calculation of aggregate value-added norms

The numbers of The industry sector of enterprises Aggregate value-added norm

industry sector
1 The production of potash fertilizers 0,6224
2 Fuel production 0,2198
3 Manufacture of machinery and equipment 0,3985
4 Electricity and heat supply services 0,2830
5 Construction work 0,4043
6 Wholesale trade services 0,3349
7 Land transport services 0,3311
8 Services of water transport organizations 0,3394
9 Production of other goods and services 0,5100

Source: own processing

Based on the data obtained, it becomes possible to determine the multipliers of the total value-added. Hence
the multiplier is (Eq. 1):
_ZhavAY;

oy 1
where v; — unit value added per unit of product j;
‘E‘Xj — the increase in gross output of the good j after increasing Y; per unit - "—“5‘ :

Consider the calculation of this multiplier on the example of the production of potash fertilizers of JSC
“Uralkali”, based on the increase in the volume of final products by one monetary unit of Eq. 1:

M
B 70 AX;

m= «7} =0,0182-0,4043 -1+ 0,0448-0,3349-1 + 0,0627 - 0,3311 -1 + 0,0376 - 0,3394 + 0,2554-0,5100-1
Al 1 1 N

0,88

The resulting multiplier indicates that an increase in sales of the final product of an enterprise producing
potash fertilizers by one monetary unit provides an increase in value-added along the technological chain of
production of the city of Berezniki by 0.88 monetary units. Similar multipliers were calculated for other types of
economic activity. The final results of the calculations are presented in table 6.

Tab. 6. Calculation of aggregate value-added multipliers

The numbers of The industry sector of enterprises Aggregate value-added multiplier
industry sector

1 The production of potash fertilizers 0,88

2 Fuel production 0,68

3 Manufacture of machinery and equipment 0,77

4 Electricity and heat supply services 0,78

5 Construction work 0,75

6 Wholesale trade services 0,73

7 Land transport services 0,73

8 Services of water transport organizations 0,74
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Source: own processing

The resulting multiplier shows how many monetary units will increase the value-added for the considered
technologically interrelated enterprises (sub-sectors or markets) with an increase in sales of final products j per
unit. As can be seen from Table 6, the largest multiplier is observed in the production of potash fertilizers (1).
Therefore, this type of production is the pole of economic growth in the city and the basis for the formation of a
cluster that combines all the above-mentioned activities.

The determination of the capabilities and competitive advantages, which opened for business in the process
of clusters organization is the next element of the methodological approach and research method. They become
apparent only in the detailed calculation of economic projects related to the production and sale of cluster
products. It is necessary to create a table of competitive advantage assessment, which compares these parameters
for enterprises before and after joining the cluster in comparison with those competitors who are supposed to be
pushed in the market. This table is formed along the technological chain of goods production from the final
product to the initial intermediate resource. It should be noted that this table can be formed for products of
specific enterprises that form a small cluster, and for sub-sectors or markets that are part of a large system of the
territorial cluster.

The assessment of economic and competitive advantages of creating a cluster is presented in Table 7.

Tab. 7. Assessment of economic and competitive advantages of creating a cluster

Results of the
functioning of the
Data of the leading enterprises / sub- Change of results of functioning of the enterprises / sub-sectors /
Products competitor sectors / markets markets after cluster creation
capable of forming a
cluster
Price| Quality vi?ﬁe Price |Quality viflllerse Price Quality Sales volume
Product 1 APy = (P.1-P;1)AS; = (Scq—514) Qea, if
(final) Pea | Sea Qe Pi1 Sia Qi1 , ) AS, >0
ifAPy <0 ifAS, >0 and AP; < 0
Product 2 AP, = (Pc,z - PI,z) AS, = [:Sch _Si,l) Qe if
(intermediate) | Te2 | Se2 | Q2 | Pz S Qi , , A5, >0
if AP, <0 ifAS, >0 and AP, < 0
Product 3 AP; = (P.3—P;3)|AS; = (5.1 - 511) Qca, if
(intermediate) Pea | Sea | Qus | Pus Sis Qs ' ) A5; >0
if APz < 0 ifAS; >0 and AP, < 0
Product n AL, = (P~ Prp) ASy = (Sca —S11) ﬁSchiB
(intermediate) Pen | Sen Qen Pin Sin Qun ) , n
it AP, < 0 itAS,: >0 and AP, < 0

Source: own processing

Note:

Pe.i, P1i, Pxi — prices of the i-th product of the leading competitor, the potential member of the cluster, respectively, before
and after its organization;

Sei» Sii Ski — an integral indicator of the quality of the i-th product of the leading competitor, the potential member of the
cluster, respectively, before and after its organization;

Qciv Qi Qxi — an integral indicator of the quality of the i-th product of the leading competitor, the potential member of
the cluster, respectively, before and after its organization;

n - the number of types of goods planned for production within the cluster;

1.01 - the coefficient correcting value of the indicator on the small size for ensuring the enterprise of competitive
advantage.

The integral quality index is proposed to be calculated by the formula characterizing the sum of
dimensionless quantities calculated by the consumer characteristics of the i-th product (Eg. 2):

M

5 — Sons
¢ J min
t Z '

i “max min i} (2)

where s; — numeric value of consumer characteristic j for the product i;
Smax and Spin — the maximum and minimum value of the consumer characteristic j, observed in the market.
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If the value of the consumer characteristic has an inverse connection with demand, the values 1/s;, 1/Sms and
1/smin are used in the calculation. If the parameter does not have a quantitative value, but only a qualitative one,
then if the product has a qualitative characteristic j, its value is equal to 1 and to 0 in the opposite case. The
maximum value of the quality indicator is equal to the number of consumer characteristics.

Next, we analyzed the international market of potash fertilizers. Based on the analysis, it can be noted that it
is characterized by price differentiation depending on the region of sales and the length of transport routes. On
this basis, for the purposes of the analysis being conducted, its geographically limited part should be emphasized
on which there is a "leading" competitor whose products have the advantages in price or quality of goods. The
Chinese market for potash fertilizers can be considered as such a market. On it, the Berezniki company OJSC
Uralkalii (URK) confronts the OJSC Belarusian Potash Company (BPC).

Characteristics of prices, production capacity and sales volumes in the Chinese market of both companies are
presented in Table 8. The data in Table 6 is given from official sources of companies OJSC Uralkalii
(“Uralkali” leaves the world's largest mineral fertilizer markets, downloaded on 11. January 2019, available
online: https://www.vedomosti.ru/business/articles/2018/12/03/788258-uralkalii) and OJSC Belarusian Potash
Company (Belarusian Potash Company Signs New Contract With China, downloaded on 11. January 2019,
available online: https://www.vedomosti.ru/business/articles/2018/09/17/781074-belorusskaya-kaliinaya).

Tab. 8. Characteristics of the prices, production capacity and sales volume of potash fertilizers of competing companies in the Chinese
market in 2017

The legal name of the compan Prices set before 2019 Sales volume,
9 pany [USD per ton] [million tons of fertilizers]
0JSC Belarusian Potash Company 290 2
OJSC Uralkalii 300 75

Source: own processing

To fill the data in Table 8, it is necessary to calculate the quality level indicator. Consider its calculation on
the example of potash fertilizers. To this end, we choose the following main consumer characteristics of the
product with the permissible level of their values indicated in brackets: mass fraction of K20 (3-63%), mass
fraction of H20 (0.1-1%), mass fraction of fractions (1-4 mm), dynamic strength (80-100%), friability (5-100%).
Using formula (2), we define the quality level of the products of the Belarusian Potash Company (The products
of Belaruskali, downloaded on 11. January 2019, available online: https://kali.by/products/khloristyy-kaliy):

1 1

L]

[*)

M

) Z 5; — Semin *—3+3.5_01 e—1+ss—sa+1on—s 409

Se pmm = = -~ = 4,

T Semax — Semim © 83 -3 1 1 4—1 100-80 100-5
5 Smax ~ Smin T - ¥

(78]

A similar calculation of the quality indicator for the characteristics of potash fertilizers of OJSC Uralkali
(Product Catalog “Uralkali”’, downloaded on 11. January 2019, available online: http://pda.uralkali.com
/upload/content/products/Products_catalogue_ru.pdf) indicates that it is at about the same level:

- S; — Smeim o

D4 oy — - = —

U Semaxr — Smim o
=1

The next intermediate product is diesel fuel. In Belorussia, one litre of this fuel cost 0.78 USD per litre in
2017 (How much does fuel cost in Belarus? downloaded on 11. January 2019, available online:
https://www.blr.cc/benzin), and in Russia, it was equal to 0.67 USD. The quality of diesel fuel can be assessed
by its characteristics: viscosity, density, surface tension, fractional composition and pressure of saturated fuel
vapours. To simplify the calculation, in view of the identity of the production technology, we take its value at
level 5 by the number of consumer characteristics. It can be noted that competitors have no advantages in this
technological chain of production, and there is no need for any coordination actions of fuel producers with the
exception of logistics.

The next intermediate product used in the technological chain of potash production is engineering products.
Since it is diverse in purpose, consumer qualities and cost, it should focus on the equipment, the introduction of
which in the potash industry will provide it with a competitive advantage. In accordance with the annual report
of Uralkali, 8% of the cost of potash fertilizers is the cost of repairing mining tunnelling machines and other
technological equipment, which is USD 41.92 million (Integrated report of "Uralkali", downloaded on 11.
January 2019, available online: https://www.uralkali.com/upload/iblock/Odc/uralkali_ar2017_rus.pdf). In this
regard, at JSC Berezniki Mechanical Plant (hereinafter BMZ), within the cluster, repair works of equipment of
JSC Uralkali can be arranged at a lower price due to the proximity of the location of the repair production and its
raw material base. The required capital investments in its organization are approximately equal to 61 million

0 “91,4-1 BO-B80 100-5

-3
—3t tte -1 0o-s0T100-5

()
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USD. However, according to the accounting statements of BMZ, the net profit will be enough to invest only 8
million USD. Hence the need to use the funds of cluster enterprises arises that can benefit from such innovation.
Thus, the selected production and numerical parameters should be recorded in Table 9:

Tab. 9. Assessing the economic and competitive advantages of creating a cluster

Results of the functioning of Change of results of
Data of the leading competitor enterprises / sub-sectors / functioning of enterprises / sub-
Products 4 P markets capable of forming a sectors / markets after the
cluster creation of a cluster
. . Sales . . Sales . . Sales
Price Quality volume Price Quality volume Price Quality volume
75 .
Potash fertilizers $290 /ton| 4,00 |2 milliontons| $300/ton | 4 | million | 52899 | 4 | 2million
tons fton tons
36212, 6 163543,8 43611,68
Fuel $O’78 per 5 thousand $0'§7 per 5 thousand $0'§7 5 thousand
litre - litre . per litre .
litres litres litres
Repair of mining ) ) $21,72, ) ) 4%$1,92, ) ) $21,72,
equipment million million million

Source: own processing

It should be noted that since energy supply, heat supply, and transportation services belong to natural
monopolistic activities, and there is no competition for them in the city of Berezniki, it does not make sense to
analyze the possibility of increasing their competitiveness.

Construction and wholesale services in the city of Berezniki are represented by numerous firms competing
with each other. Therefore, the coordination of their activities does not make sense, since the "narrow" places for
the cluster are eliminated in the process of competition.

As can be seen from Table 8, in order to provide the necessary competitive advantage in the sale of final
goods, it is necessary to reduce the price of potash fertilizers by 10.1 USD ((300-290)*1.01). This will push the
competitor out of the market and increase sales by 2 million tons. To this end, analyzing the possibility of
reducing costs along the technological chain of production, you can see that reducing repair costs by at least 20.2
million USD (10.1 - 2 million tons) will allow acquiring the desired competitive advantage.

Discussion

Using the author's methodology for calculating the economic efficiency of the newly created cluster, high
positive values were obtained from the creation of a cluster around an enterprise for the extraction of potassium
salts and the production of potash fertilizers. For the final confirmation of this possibility, it is required to
calculate the indicators

The forecast horizon of indicators was 5 years, based on the depreciation period of the equipment in which
it is proposed to invest.

Additional profits of enterprises from the organization of the cluster is determined as follows:

1) for JSC “Uralkali”:

Pryags = (Prl;;-Q.; — SN,,;) - (1 — N;,) =(289,9-0,3952-2-0) - (1 -0,2) = $183,31 min
where 289,9 — price per ton of potash fertilizer with a competitive advantage, USD / ton;
0.3952 - coefficient characterizing the profitability of sales;
2 - the volume of additional sales of potash fertilizers as a result of displacing a competitor from the Chinese market;
0.2 is the coefficient characterizing the tax rate on profits in the Russian Federation.

2)  for diesel manufacturers:

1o b gt N 1 . AT ~ N2 "V n ) —_— $ . v o
: = (Prigrz Coz — SWNprzor) (1 —Ng) = (15 - AK —SNpppme) - (1 — M) = {2y by, - AY, —

Npe zpere) (1 — Npe) = (0,2198 - 0,0689 - 289,92 — 0) - {1 — 0.2) = 57,02 min

g, F -

where 0.2198 — the coefficient characterizing the rate of value-added in the price of diesel fuel,
0.0689 - the ratio of the full cost of the use of diesel fuel in the production of one ton of potash.

It should be noted that the increase in profits from the additional sales of diesel fuel is formed by increasing

the amount of fuel consumed as a result of the growth in the output of final products. Hence, the sales volume of
diesel fuel, indicated in table 6, was calculated according to the technological production chain as follows:
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163543,8

75 = 43611,68 tous.l.

o Qi
Qc.z Qc.j Qll

3) for the JSC "Berezniki Mechanical Plant" profit will be:

As can be seen in Table 7, the annual profit is taken into account at the same level, based on the
preservation of competitive advantage. Depreciation charges are formed only at the enterprise BMZ, as it is the
only enterprise that makes investments. In the process of discounting cash flows, the discount rate (Yon) was
taken into account, based on the bank interest rate on the US dollar at 2.5%. The net present value was
determined by the traditional formula:

S CF,
NPV =;(1+;’)t—1’ )

Where CF; is the cash flow of the enterprise | for the year t, min. USD,
i - the interest rate on the US dollar,
T - forecast horizon, years.

The results of the simulation of cash flow from the creation of a mining cluster in the city of Berezniki
presented in Table 10.

Tab.10. Simulation of cash flows from the creation of a mining cluster in the city of Berezniki [ million USD]

Indicator Forecast horizon, years
1 2 3 4 5

Additional capital investment 61 0 0 0 0

- investments of JSC Uralkali 0 0 0 0 0

- investments of diesel fuel manufacturers 0 0 0 0 0

- investments of JSC "Berezniki Mechanical Plant" 61 0 0 0 0
Additional profit 195,715 195,715 195,715 195,715 195,715

- profit of JSC Uralkali 183,31 183,31 183,31 183,31 183,31

- profit of diesel fuel manufacturers 7,02 7,02 7,02 7,02 7,02

- profit of JSC "Berezniki Mechanical Plant" 5,385 5,385 5,385 5,385 5,385
Additional depreciation 12,2 12,2 12,2 12,2 12,2

- increase in depreciation of JSC Uralkali 0 0 0 0 0

- increase in depreciation of diesel fuel manufacturers 0 0 0 0 0
olant - increase in depreciation of JSC "Berezniki Mechanical 122 122 122 122 122
Cash flows (CFy): 146,915 207,915 207,915 207,915 207,915

- JSC Uralkali 183,31 183,31 183,31 183,31 183,31

- diesel fuel manufacturers 7,02 7,02 7,02 7,02 7,02

- JSC "Berezniki Mechanical Plant" -43,415 17,585 17,585 17,585 17,585
Discount coefficient (1/(1+i)"%) 1 0,9756 0,9518 0,9286 0,9060
Net discounted cash flow 146,915 202,84 197,896 193,07 188,361

- JSC Uralkali 183,31 178,839 174,477 170,222 166,07

- diesel fuel manufacturers 7,02 6,848 6,681 6,518 6,359

- JSC "Berezniki Mechanical Plant" -43,415 17,156 16,737 16,329 15,931
Cumulative net present value (NPV) 146,915 349,759 547,655 740,725 929,086
The rate of compensation of negative cash flow 22,18
Compensation of losses to companies with negative cash flow 42,220

- JSC Uralkali 40,663

- diesel fuel manufacturers 1,557

- JSC "Berezniki Mechanical Plant"

Source: own processing

Analyzing Table 10, we can conclude that since NPV> 0, then cluster organization is beneficial for its
participants. However, in the first year, enterprise BMZ has significant investment costs. As a result, it can
refuse them. To prevent this from happening, formula (4) was used to calculate the rate of compensation for its
losses - 22.18.

_Ealal
X Py’ @)

On this basis, in the same table, a part of the profit of each enterprise was determined, which it will
receive as a result of the work of the cluster and which it will need to invest in the composition of the JSC
Berezniki Mechanical Plant. These investments will pay off in the first year. Their return by JSC Berezniki
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Mechanical Plant can be stipulated for a five-year period during which this enterprise will be able to painlessly
compensate investments from the accumulated depreciation fund.

Conclusion

From the research results, we can draw the following conclusions.

Cluster organization of activity has a positive impact on competitive advantages and sustainable
development of all enterprises of the city and municipality.

Our studies were limited to one mining area (Berezniki industrial centre), and the results were obtained for
a sample of enterprises in the city of Berezniki and the Berezniki municipal district. Whether this model and the
results are true for other mining areas is something that should be considered in future studies.

Another direction of future research is to identify the relationship between the industrial cluster and
innovation. To carry out this study will require a more detailed analysis of data on specific industrial networks,
on the dynamics of intercluster connections within and between regions.

Also, as further research, it is planned to expand the proposed industrial cluster model to the technopark
model, complementing it with scientific and educational organizations, innovation infrastructure organizations,
and technology park support infrastructure.
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Analysis of notice boards (panels) as general inforation media
in the outdoor mining tourism

Karol Weis, Pavel Hrorel, Dana Tometzov& Bohuslava Gregorovi Martin Piibil®,
Milo$ Jesensk$and Vladimir Cech’

Despite the fact that computer technologies, digtton, and social networks are used and prefeakdost in all spheres of life,
information boards installed as part of educatiotralls have an irreplaceable role in tourism. Taien of the presented study is to point out
the importance of information boards in mining tieun. The first part of the study analyses the tetoal and methodological aspects and
procedures of notice boards, their content clasatfon and suitable use in situ. Methodologicakyrectly constructed illustrated notice
boards are a suitable and often irreplaceable vigoal of old mining sites or mining trails.

The second part of the article is dedicated to secatudy of preparing, making and promoting theaitetion of illustrated notice
boards using the example of the mining educatidral in Vyhne (Central Slovakia) which was open2@16 under the name "In the
Footsteps of Mining Activities". The stationary minstalled along the trail serve their functiand are actively used in mining tourism.

The third part of the study analyzes the instrutidor creating external notice boards from the gpective of the recommended
limits (time intervals) needed for the identificatiof directions and for reading and understandpictograms, illustration and texts. The
aim of the questionnaire survey carried out on augr of respondents was to verify the previoushligiued and recommended rules for
compiling the content and range of the informatpublished on boards or to modify them accordintht specific conditions defined by a
particular topic and area. The research results whihat the text must be well-arranged and briefpnically interesting containing
appropriate topics.

Keywords:notice boards, design of boards, basic charactiegsmining site, mining tourist trail, mining tasm, mining trail Vyhne

Introduction

Despite the age of the internet and new techndadogie live in, these modern tools cannot be used as
across-the-board information media in mining tauris

The problem does not lie in their affordability brather in signal reception, especially in histakimining
locations. The reception issue is not only conreatith the uninhabited areas, i.e. remote mountaimd
narrow valleys, but also with the mountain, fodthit valley settlements connected with mining dtite.
Therefore, many organizations (self-governmenticcassociations, and mining associations) stillfgarehe
"traditional" way of informing tourists in situgl. stationary boards.

Over the last decade, these forms and means afmitfg tourist about the Slovak mining history have
been used heavily. As for the expert public, theygenerally called educational in-situ (in natunsyallations.
They are a proven and currently widely spread fofnpromotional and educational activities for thengral
public, including young people, and for the spéz@ groups of visitors or experts and scienti§sch
stationary installations are subsequently groupeddrm educational trails, educational sites addcational
points.

They are associated not only with the possibilify expanding knowledge and gaining new useful
information connected with visual demonstratiorftero with a creative part but also with a stay atune and
landscape.

In the mining tourism, stationary panels (boards)wsed to mark solitary mining elements (gallerssfts,
technical equipment, places of major events, atuning sites, as well as marked mining trails amates.
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State of the art
External notice boards as part of marked routes - nming trails

Several authors have dealt with the topic of nattaids in the Czech Republic (former Czechosloajki
The first who developed the methodology of the aetiooal trails wasCerovsky (Cerovsky, 1976, 1978a,
1978b). Currently, the issue of nature trails igyddy addressed by Bizubova (1984, 1994, 1995, 2001
Bizubova et al. (1998, 1999), Suchéa (1990), Bizéb&wWlinka (Bizubova & Minka 2001) and others. Magki
(1988) and Bizubova (1995) were devoted to the arynmtended use of educational trails.

The nature trail can be defined as an educationaist route marked by means of information paraisn
some other form. A route of different length anerfatic focus leads to the areas of remarkable eatur
landscape, history and culture. On the route, thezesome important objects and evidence of miattiyities
selected. These are described through informatemelg, leaflets, guidebooks and tourist guides igioy
information on the origin and development of indiv@l elements of the natural or cultural landscapgey
show the landscape comprehensively in all its imiat

Educational trails can be classified according téfférent classification criteria(Cerovsky, 1976, 1978a,
1978b)

1 Based on how information is delivered:
a) Trails without a guide;

b) Trails with a guide;

¢) Combined trails.

2 Based on a route length:

a) Short trails of up to 5 km;

b) Medium-length rails of approx. 5 - 15 km;
c¢) Long trails of approx. 15 km

3 Based on their thematic focus, we recognise:
a) Multi-thematic trails (specialization - sciencelture and history, forestry);
b) Monothematic trails (mining nature trails inchat.

4 Based on the route duration, there are:

a) Half-day (up to about 5 km);

b) Half to all-day (approx. 5 - 15 km);

c) All-day and multi-day (approx. 15 km) routes.

5 Based on the location of a route in relation py@ected area, we recognise:
a) Trails in a protected area;
b) Trails in a wild unprotected area.

6 Based on a route shape, there can be:
a) Linear trails;
b) Loop trails.

7 Based on route passing options, there are:
a) Point-to-point trails;
b) Out-and-back trails.

8 Based on the type of transport means used, vognese:
a) Walking paths;

b) Cycling paths;

c¢) Other.

The first nature trails were created in the eafithcentury in Canada and the USA. In Europe, ifs¢ f
nature trail was opened in Germany, followed bylsran Great Britain, the Netherlands, Austria, Sems,
Hungary and the former Czechoslovak Republic. Titst @inofficial educational trail focused on fomgstvas
opened in Slovakia in 1926 in the current Stiavéigkchy (Stiavnické Mountains) PLA (Protected Larajse
Area) (Burkovsky and Kollar, 1989). The openingtué first official nature trail in former Czechosbkia (the
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area of the today's Slovakia and the Czech Republtes back to 1956C&ovsky, 1976), according to
Bizubova (Bizubova 1998) to 1960. The path was tktan the Pieniny National Park, in the area betwe
Cerveny klastor and the Lesnicky Brook.

As regards the mining trails in Slovakia, they aexperiencing a great comeback. In the last dedhdes
were, for example, the following mining trails oein

In 2019

- Educational mining trail Nova Ba (Nova Ba#a and surroundings, Zarnovica District) focused on
the history of precious metal mining in Novamathe 15 information boards placed on the trail
can be divided into two historical and thematicaarel' he 4.3 km-long route A of 210 m difference
in elevation leads along with the places showing ¢kidence of the Middle Ages surface and
underground mining activities, passes through rpbsesically demanding forest terrain in the area
of Mytny Vrch (Mytny Hill) and the Gujwa Hill in the southern part of the deposit. Routis Bess
difficult to walk and leads mostly through the unkerea of the town Nova Ba called \f3ky. It is
5.6 km long, and its altitude difference is 130ltnmainly shows the 16th to 19th-century mining
works, including the local ore processing facifitend mining water system.

In 2018

- The educational trail in Kvetnica (Poprad Distriatyd its 5 information boards are focused on the

presentation of mining history and old mining wonkshe surroundings of Kvetnica and Spis.
In 2017

- Educational mining trail R4koS (Rakos and surrongsj Rokava District) focused on the history
of mining in Gemer; there are 5 information boavdghe trail.

- Mining educational trail in Gelnica focused on tbeal mining history in Turzov; 6 information
boards installed.

- Pezinok mining trail (Pezinok and its surroundindg®zinok District); the 6,750 m-long
educational trail with 156 m difference in elevatioas 11 stops and takes about 2.5 hours to walk.
It passes through the areas of pyrite and antinmeymining and marginally touches upon the
gold mining

In 2016

- The Poré mining educational trail (Potéand surroundings, SpiSskd Nova Ves District) iasi
of three separate interconnected loop trails. Oag lmarn from the information boards along the
route and from the trail guide book.

In 2015

- Educational Trail Staré mesto — Glanzenberg (BaSsienica Glanzenberg hill, Staré mesto/ Old
Town); a less physically demanding route passinguiih a part of Banska Stiavnica with typical
mining settlements and areas of opencast ore mamdgarchaeological excavations. It takes about
2 hours to walk this nature trail of 200 m diffecenin elevation, along which 23 information
boards are placed.

In 2014

- Mining nature trail in Vyhne (Handel, Vyhne and mwmdings, Ziar nad Hronom District), about
3.7 km long, medium difficulty and smaller elevatidifference. On the route, you can see the
remains of mining activities and their impact oa tAndscape, reconstructed mining mouths, water
galleries and the upper part of Vyhne. The footpaimed “Tracing the history of the mining
activities in Vyhne” has 10 information boards atal.

- Educational mining trail if?ubietova Cubietova and its surroundings, B. Bystrica Disjrlefads
to a significant historical copper ore depositithietova, Podlipa. It is installed along forestdsa
and footpaths, heap fields near the mouth of olingigalleries and pingen. It starts on the square
in Cubietova, passes through the old mining cuttingtheéosmall retention pond in Podlipa and
continues along the mining fields. Each of the 1@s, along with a total of 4 routes, are
thematically differentiated and follow the geolagliand mining activity of the copper-ore deposit
in Podlipa.

- The Mining Trail of Staré Hory (the village of SéaHory and its surroundings, Banska Bystrica
District) with 10 information boards on the routasha length of 3.5 km. It leads through difficult
terrain with an elevation difference of 130 m.

In 2013

- Internet educational trail ,We travel in time“- Bg@ HodruSa (Banska HodruSa and its
surroundings, Zarnovica District), has length 3r &nd 16 stops. Each stop is numbered and
marked with a brown oak column with a QR code taBl&ail guide book is also available.

- Educational mining trail SpiSska Nova Ves - Novdées$iuta (Novoveska Huta, SpiSska Nova
Ves District). The educational mining trail hastat length of 18 km with 8 notice boards.
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- Modra mining nature trail (Modra, Harmdnia recreatzone of town Modra, Pezinok District).
The footpath has a length of about 3 km, the elenatifference of the route is 170 meters.

In 2012

- Educational Iron trail irCu¢ma €ué¢ma and its surroundings, Ra@iva District) - on the route of
the trail there are 9 information boards.

- Nature trail Hnitik (Gelnica District) is built around the village presents the rich mining history
of the region through seven information boards.

In 2010

- Educational mining trail in Novaky (town of Novalayd its surroundings, Prievidza District). The
educational trail has 15 stops with informationiosa

In 2009

- Tureckda educational trail (around the village oflR&, Ro#ava District) with mining and forestry
themes. It has a length of 8.2 km. The trail cdesi$ 26 educational boards and two relaxation
zones.

- The tourist-educational mining trail in Handlov&ié®idza District) is about 9.5 km long with 13
information boards and two rest zones

- and another example is an educational trail cdliEdrough the history of mining" in Hnilk
(Hnil¢ik, SpiSska Nova Ves District).

Basic rules for the design of externally mounted p=els - boards resulting from the practice

How the (educational) information element - therdoaill be perceived by visitors of mining tourismill
be significantly influenced by their attractivenesslour, graphic design. A mining tourist diffdrem a tourist
in a wide landscape focused on natural beautywersi social phenomena in the landscape by hisfisigc
and interest in the narrow specialized historicdivity and its relics in the landscape. Theseddten educated
groups of tourists, not only laymen but also expéntmining research. Therefore, the rules fordhsign of
externally mounted notice boards cannot strictlybased on generally used methodical proceduresedpiol
tourism, but are adapted to the requirements ofngitourism clients. That is why their content npietation is
more professional, often technical terms are used, the texts on the panels are longer. Form ofjdes
graphic design is more complicated, often usindgasional schemes and maps.

However, the design of notice boards for miningism must be based on a number of important rades f
their content and graphic design and their prodaciind placement in the landscape.

Before we start building these installations, weehto realize that with their text and graphics el as
used material and in situ localization) they havéutfil several functions (Schneider et al., 2008)

The first and basic function is to give directidosa visitor in the terrain. Each board should aomthe
name of the visualized site (point) and must haseral number (with the name of the specific sioghe case
of nature trails and routes. It should include arigi map (for educational trails it is necessarylace such a
map on the first or welcome board of the trail).tid® boards should also include information on hoany
kilometres or how much time remains until the efidhe route; that means to the destination fromretibe
tourist started the route, or to the place fromolthihe visitor can hike further.

Another important function is to provide qualitycaimteresting text and image information not orthpat a
special visualized mining element, object or pheeoom and its specifics, but it should also providesic
information about the surroundings and possiblyewigrritorial and landscape relations.

The notice board should arouse interest or enthosi@ the presented issue among mining tourists
(mainly from the general public).

As intended for clients, especially pupils and etid, as well as the general public, it should erage
appropriate behaviour in nature, but also encoutiaggm to visit other (similar) places in the area.

Even before the actual design of information boaadd after realizing their basic functions based on
practice, the creator must also sort and adopgémerally applicable rules for their design (Jdiaeal., 2009),
which are:

- Easy to read text - suitable style, font sizkeast 8 mm, sufficient colour contrast of font dratkground,
when placing the board in a place exposed to fiat,liit is advisable to use light text colours ordark
background.

-Brief and well-structured text - clear title okthoard, summarize long text into short words amdences,
used up to 50 words per paragraph, if the boardagm more text, it is advisable to divide it inteore parts
with highlighted headings. Stylize the text so thath board topic provides information separately.

- Always maintain the appropriate ratio of text amephics, with the image part prevailing. The &xbuld
be 20 to 35% of the board area.
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-Maintaining clarity, which in the case of inforrimt boards with mining focus often requires appiater
avoidance of technical terms (possibly explainingm by text or scheme). If the boards are also fioreign
language, it should not have a longer version thadanguage of the country in which it is instdlle

- An important feature is a timeliness. As far &ddrical topics are concerned, the text must tsgied in
such a way that it remains up to date (credibikty@n after several years (during the lifetime bbard).

Only after acquiring all the above functions ofioetboards in the mining tourism and observingrtteen
best-practice rules, it is possible to proceed withmethodological part of board preparation. Tuss include
not only their content and graphics but also thetual production as installations designed forimgjriourism.
Obviously, the rules of external information boad@sign for mining tourism have their specifics.

Methodological rules for designing mining tourism hformation boards

Several types of information boards are commonkdu® mark mining educational installations in the
landscape, which we generally call sighike signis a tool - an area or a spatial mark which comaias with
a participant of mining tourism.

The sign is a form of impersonal communication veithisitor that must meet three requirements whah
be expressed by a communication triangle (Ludwii)3). When one of the three inextricably intercaned
vertices of the triangle represents the method tsedepare the installation, then the other regorissthe visitor
(reader) themselves, and the third vertex repred@nttopic of individual introduced phenomeRay( 1).

The Phenomenon
.

L L ]
Us The Visitor

Fig. 1: Communication triangle schematically dejsig impersonal communication between a visitor ariwbard (sign, panel), referring to
a topic displayed on a board

It is undisputed that the use of information sigmshe landscape in mining tourism has both adgeta
and disadvantages (Gross et al., 2006). In ordbetof benefit to the visitor, the signs must berd#gendly as
visitors themselves ultimately choose what they avilwill not read and will select the range ofginformation
they will take in. Signs should be used for edw®l purposes; that means they must provide visiath
information and indirect content interpretation.vitwer, they must be economical not only in termsaftent
but also in terms of technology and material. Isecaf improper processing, production or use im, sitey also
have negatives that need to be eliminated. Signsatebe invisible, and they cannot blend with taediscape
(Fig. 2). Despite the quality of the sign, it cannot ansalethe questions (such as a guide). They cabadéext-
based because visitors ignore such signs. Howaverjning tourism, these signs are often used bexanany
tourists visiting mining sites have a specific -sppige relationship to mining, and they accept tiwards
processed in this way.

The purpose of trail signing determines the totaltent and form of the sign itself (Ludwig, 200Bhere
are four basic groups of signs based on their m&rpo

« directional signs which provide to give directitmthe tourist and facilitate his movement in #rea, on
the site or along the mining educational trail,

« regulatory signs regulate behaviour in the aosathe site or on the mine sidewalk, introducesouear
rules of behaviour, but also possible sanctions;

» informational signs bring information about othgwints of interest in the surroundings about dange
etc.

and the last type are

* interpretative signs, which are most important thee presence of a mining tourist because theyemak
available information about mining phenomena onsite
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Fig. 2: Organized group of mining tourists on Migitrail Lubietova (photo by P. Hraek)
Notice, educational or interpretative signs - board, panels

The task of the information panel is to give theiter interesting facts, uniqueness or various ifijpec
about the place where they are installed. Theyigeoinformation on the natural and socio-econonteenents
of the landscape, including man, his culture, tetbgy and history, settlements and cultural monumen

Their main goal is not only to educate or expldint also to lead visitors to discover new connexjo
relationships or ties and meanings. They cannathould not, contain heterogeneous information.yTsteuld
be simple and clear, therefore, first of all, tile of the topic should be included, if they aatpof a nature trail
they should include its name, stop number, accompayy the trail logo and small picture and graphaterial.
This should create a kind of "header" of the boditte textual information (i.e., the interpretatitself) should
be brief, interesting and understandable. The ferwften used through an engaging story. The téxtag of
the presentation must be accompanied by photograpduss, diagrams and drawings. The golden rulghier
graphical part of information boards is that thegwdd not only form the visual part of the topicsdabed in the
text but also complement, disseminate and provige information. Therefore, they must be self-sufipgrand
self-reading, meaning they must have a concisergsting and self-supporting description.

The graphic design of the information board shdwédnot only engaging but also simple and logical. F
educational installations where there are sevevatds on the route, they must have a single degiggich the
visitor will understand at the beginning of the @@t the introductory board. Also, their form améterial
should fit into the environment and show the présgtopic.

In general, we can state that the information baaedffective if its "communication" with the visitis not
only quick but also interesting or even dramaticaffway, it can provide the visitor with the infation about
what they can see, experience or learn on the.route

According to research conducted on visitors of ardexpositions (Ham, 2013), the majority of them
concentrates on one panel for less than 6 secdviddek et al., 2016). However, according to ourdfiel
measurements, this is not relevant neither appéctals mining tourism. Attendance of mining fad#i in the
landscape is significantly limited by seasonal amgther conditions. During the summer season ansliany
days, the visitors usually spend more time readmtividual panels. Our findings show that, on ageraa
visitor can spend as much as 5 minutes studyinmglesmining tourism information board. Howevergth
specificity in the case of mining installations time landscape is that tourists coming to theses diteve a
particular interest in the mining heritage.

When reading information boards, we have to readize thing - the visitor reads the boards noinesi as
a book, but non-linearly, like a newspaper (Medekle 2016). Text-based compilation of explanatboards
often uses 3-30-3 rule of visitor-board interactiaich in 2005 introduces the Rocky Mountain Regtentre
for Design & Interpretation (US Forest Service, 20M. Gross, R. Zimmerman and J. Buchholz (2068l
with this rule in detail. To the rule dedicateceation also Czech authors J. Woitsch and K. Paok@aef2014)
or M. Medek et al. (2016). The rule, which is thesult of research in other geopolitical conditioisspften
transmitted without critical reassessment to oumtre¢é European environment, where nature trailsehav
different form, boards have more detailed contedt@so tourist motivations to visit are different.

3-30-3 time rule - board reading rule, or rule iiter-board interaction, is interpreted as follows

3 seconds - most visitors only look at the board3fseconds. This is where the visual familiar@ativith
the board takes place, and this piece of informatigually includes an eye-catching title, a largage, or both.

30 seconds - as long as the board caught thentiatten the first three-second phase, its viewass about
30 seconds. The main information is usually lordgscribed in 1-2 paragraphs.
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3 minutes — the board which will grab the attentidrvisitors thematically and graphically will béewed
up to 3 minutes (in detail).

Based on our field research, we came to the coiocluthat this rule is more likely to be applied to
generally focused boards (nature trails) with wasidopics, where the boards are more graphicaligpiled
with lay descriptions. These kinds of nature trails mainly intended for children or a wide speattif tourists.
The thematic notice boards, that means mining liastans in a landscape, are high-level expert-enhtor
medium-level expert-content notice boards placetraits visited by a small group of tourists (migitourists)
who, unlike other tourists, spend more time reading studying the text and content of individuahfas. We
can observe this situation especially during sttdiefd trips (secondary schools and universitied3p during
professional events and seminars, events aimedpatligrization of mining heritage, etc. We have adsen a
higher interest in explanatory boards by many iilial visits to these facilities. As mentioned abpit is on
average more than 3 minutes, often up to 5 minutken reading the content of the board with an tstdeding
and perception of its graphic schemes and linkkgcsurrounding landscape.

Czech authors (Medek et al., 2016) divide the wisitinteraction with the board; in other words the
visitor's interest in the board content and reading phases, based on 3-30-3 rule. The phasasvisitor's time
interaction with the board can be characterizefbléswys:

« Engagement - arousing the visitor's interest irrébcantent for about 3 seconds,

« Detection - getting to know the contents of therdoaithin about 30 seconds,

e Start — reading the information board in about 8utgs,

« Interest - the visitor gains interest (does notehty, creates his own conclusions and decides how
to continue along the rout€if. 3).

It is important to emphasize that in each of thaggls, the visitor decides whether to continue nepttie
board. The tourist decides individually dependinglee textual and graphic composition of boards. 1@search
on the mining trails in Slovakia confirmed that eementioned factors influencing the visitor efftotread the
board until the end or to finish the visitor intetian with the board prematurely.

arousing the visitor's interest in board content for about 3
seconds

getting to know the contents of the board within about 30
seconds

reading the information board in about 3 minutes

the visitor gains interest (does not have to), creates his own
conclusions and decides how to continue along the route

Fig. 3: The phases and time range of the visitotsraction with the notice board (edited by Meéelal., 2016, s. 51)

Based on various guidelines (Ludwig et all., 2008 Forest Service, 2005; Anonymous, 2008; Jelinek,
Kozubkova, Kostéka, 2009; Anonymous, 2008) or methodological wdrksM. Gross, R. Zimmerman and J.
Buchholz (Gross et al., 2006), J. Woitsch and KukParova (Woitsch & Pauknerovd, 2014) or M. Medethw
a team (Medek et al., 2016) we can present badicandelogical characteristics regarding content fanoh (font
or colour), which is necessary to follow when cighotice boards.

The methodology of the used questionnaire survey
Questionnaire survey is a method aimed at massqaitk identification of facts, opinions, attitudes,

preferences, values, motives, needs, interestsk-etdhe purposes of the present study, a pulblisian survey
was carried out based on the general methodologyuestionnaire creation, according to E. Taylor-Blow
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(Taylor-Powell 1998), S. Svec (Svec 1998), N. Bradb S. Sudman and B. Wansink (Bradburn at al. Ra®4
Gavora and coauthors (Gavora et al. 2010) and NikBea (Baikova 2018).

We conducted our research through a unique forrh gitestions answered by respondents. In order to
achieve the stated goals of the research and éatsstisal processing of responses, it was necggeafollow
basic methodical procedures during its creationekVpreparing, it is necessary to pay attention torw the
questionnaire is intended and what we need todintdwith it. The validity of the questionnaire seydepends
on the quality of the questionnaire, the accurany earity/transparency of the questions with respe the
target group of respondents.

For our survey connected to mining nature trailrtdeawe have selected a questionnaire with closeea
questions (pre-offered answers from which respotsdeauld choose). This method is much more advanced
more convincing and more accurate in achievingareteobjectives (Weis et al., 2016). This means lilgahe
use of open-ended questions we can easier identifjt individual respondents think, but we are ueabl
evaluate and validate its conclusions through tesalrelation to specific objectives set in adwaas in the case
of closed-ended questions.

We prepared the questionnaire using a closed-efwtad of questions. Selective questions, with migtip
choices designed to meet the research objectivéh@rbasis of the answers, were used. Subsequéendy,
questionnaire was assigned to the respondentsfiraity, we did a statistical evaluation. A speciftexample
was question no. 15, which is an open-ended questithout any answer option offered. The aim of the
question was to obtain an independent evaluatiahefducational trail attractiveness by the redpahwith
the respondent's suggestions for any changes dfaaddto the educational trail as an experienderted type
of information medium. The results of statisticalalyses were used in the formulation of the researc
conclusions.

Fig. 4: Example of notice board, central boardtbe main square in Smllk (on the left), mrmﬁ)oar no. 8 as a part of Educational
mining trail in Novéaky (on the right) (photo K.Wkis

Fig. 5: Information board n the mining site Karoil spring in Koria (on the left) and the information board of Nattnal in Lubietova
(on the right) (photo P. Hrafek)
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Results
Modern notice boards on the example of the Vyhne rare trail
The Vyhne nature tralil

Educational mining trail ,Tracing the history oftimining activities in Vyhne" (Ziar nad Hronom Dist),
was opened on October 11, 2014, in the Handelitgcltk length along the less demanding route.7sk8n and
has a total of 9 stops with explanatory boards. fEn¢h board is introductory. The trail is self\dee, out-and-
back and its route takes about 1.5 to 2 hours fteely available all year round according to aii¢ tourist
equipmen{Figs. 4, 5, 6)

*  Welcome board

Welcome boards can also be called starting-poiatdsas they are usually placed at nature trailirsga
points. They must contain the name of the natwai with the logo, the name of the founder, adntiai®r,
author(s), the implementation company, eventuajeptopartners. The introductory board must necédgsar
correspond with the graphics of the other boards.

The welcome board of the trail in question (likeathers), a co-author of the scientific text amdpic
design of which is K. Weis, who is, at the sameetithe author of this scientific study, follows thesic rules of
mining nature trail design listed in the introdugtpart of the study.

It is based on the 3-30-3 rule, which is apparemmnfits content and graphics. The other methododgi
rules are also well traceable.

The introductory board shows the name of the nataig the authors of the texts, a brief introdurgt
description in Slovak and English. For easy readihg text is arranged in columns. In the centeat pf the
board, there is a brief description of each stopnvtoch the photo is attached. In addition to thecme
identification of stops in the map at the bottontha# board, there is also a trail profile. In tight corner is a
map showing the wider geographical space of thereatrail and its accessibility. In the middle topthe
introductory board, there are rules of behaviowr movement on the educational path.

Tourist’s rules of the Vyhne educational trail:

. Stay on the signed path at all times;

. Keep quiet and remain disciplined,;

. Do not destroy the forest and do not frighteimats away;

. Do not damage educational trail notice boards,

. Do not damage or pollute the environment andatcset fire;
. Pay attention to your personal safety;

. Do not enter open mining works.

~NoO Ok~ WNPE

There is also a brief description of the individbalards, their photos and the exact location onntap

included:

e Board no. 1: St. Anthony of Padua Adit — At therante to the trail is parking available. The route
leads from the adit of St. Anthony of Padua alnadehg the contour, towards the village Vyhne. Along
the route, you can see the remains of mining digts/i heaps, spoil banks and surface mining pit.

e Board no. 2: Old St. Anthony of Padua Adit - Origly the second mouth of the St. Anthony of Padua,
called the Old Adit of St. Anthony of Padua. Itiagated on the site of the first mining administrat
house - the Lower Handelhaus.

e Board no. 3: Stamp-mill no. 5 and water adit Gdbridere are the remains of Stamp-mill no. 5, where
the ore exported from the mine was treated. Themaded to drive the processing plants was therwate
supplied by a water gallery, which runs above #mains of the building. The route continues to the
observatory rock with a cross, from where the asisemore physically demanding and then continues
along the ridge to the Sprochova Valley.

+ Board no. 4: Joseph Adit and Sprochova Valley - Theeph Adit is located on the floor of the
Sprochovéa Valley. By descending the valley, theee\asible remains from the beginning of mining
activity in Vyhnianska Valley. At the level of tteate road, the trail turns right and continuesh®
opposite hill, where it continues along with thedeof Upper laf railway track.

e Board no. 5: The Luke Adit and Upper laf - Thistadilocated at the level of the Upper laf - raijwa
track, on which the ore was transported to stanpamd processing facilities.

e Board no. 6: Holy Trinity Shaft- A place where thening tower of the Holy Trinity Shaft and the
Central Ore Processing Plant stood.
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« Board no. 7: Central processing plant and Anna Aat@dit - from the Anna Antonia Adit we cross
the stone ditch and continue along the route ottilecting water ditch.

e Board no. 8: The Katharine Adit and collecting Hés - At the level of the original collecting di&d) it
continues to the state road and then back to Vyhne.

e Board no. 9: John's Cross-Cut to Holy Trinity Shafthis cross-cut served as an access adit under th
Holy Trinity Shaft. Above it is a knocker, as itagsto be in the past.

ol
a

Bansky nauény chodnik — Po stopach banickej ¢innosti vo Vyhniach

m Stolfa Anton Paduansky

IThe Anthony of Padua Adit/

Montanistika — Banictvo

T BTN U\COWU  \)( s

HISTORIA STOLNE

,,,,, v B % W
Fig. 7: The example of the board in Vyhne villagetor of the board is K. We(gphoto K. Weis)

All information boards of the nature trail in Vyhmeeet the basic methodological rules for the design
boards for mining nature trails. We started from thethodological bases as we described them ipathef the
Study Material and methods.

Results of the questionnaire survey
The questionnaire consisted of 15 questidtig.(8), answered by respondents in writing. A total gf0D

respondents participated in the survey during y2@is8 and 2019, and the questionnaire survey waducted
on the following educational and mining Trails:
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- Mining nature trail in VyhneKig. 7),

- Educational mining hiking trail in Novaky,
- Educational trail on the iron road @flu¢ma,
- Educational mining trail ifZubietova,

- Mining educational trail Nova Bia.

Students who attended the survey were from difteyears of study from the Department of Geography
and Geology (Faculty of Natural Sciences, Matej Beiversity in Banska Bystrica) and from the Ingit of
Geo and Mining Tourism, Faculty of BERG, Technidaiversity of KoSice.

5. How long does it take you to familiarise (only visually) with the board?
A) 3 seconds B) 5 seconds ) 10 seconds

6. What is the first thing vou notice about the information board at first sight?
A) Heading B) Figure C) Map

10. How much time it took you to read the information board content with
understanding?

A) 1 minute B) 3 minutes ) 5 minutes
11. Do you consider the informations on the board beneficial for your studies?
\ A) Yes B)No

Fig. 8: Questionnaire used in the survey with aadet view of selected questions

The basic evaluation of the survey responses istauined in Fig 9. When compiling a database file,
several correlations, more or less significant,enavserved, but mostly only for certain pairs oégtions.

Given that nearly half of the participants weredstuts of study programmes with related or margynall
related fields, the most surprising fact is the#48f respondents (aged 18 to 23) have never takeuta of any
mining nature trail and 26.7% report that they hexperienced such an educational trail just oneehdps this
is also the reason for relatively high correlatimween such answers and, what seems surprissggtiare of
A's answers and the cube of C's answers (quest@mn2NDoes, in your opinion, the content of the rdsa
provide sufficient information on the site?... Ag¥, absolutely or question no. 3: What did you fikest about
the board? ... C) Its content and visual). This pbdppamplies that although respondents do not knbevtbpic,
they are able to get enthusiastic about it, buy e particularly interested in the content-visaspect of the
information boards.

Considering time needed to first visual familiatisa with the issue (question no. 5), it can beestahat
the information boards, due to their diversity agditorial differences, have a suitable compositimd visually
mastered graphics, as almost 59% of responderits bl@econds was enough, and of course, they westym
interested in graphics, i.e. picture attachmen&8%) and maps (30.6%). It took only 30 secondsnfiost
respondents (47.4%) to get acquainted with the evbolrd and read the whole board with an understgrat
either 3 minutes (50.4%) or up to 5 minutes (39.8¥le above demonstrates that, in general, thesetom
much textual information used to design boards. fiermation was, however, often drawn from archiva
collections and other documents without any objetyi acceptable degree of its compression and
generalization. Such an interpretation correspdadke relatively high level of criticism of tecleal approach
and the extent of the information sought, whichragest often oral comments of respondents. The refscahis
may be the fact that there is still a tendencylov&kia to produce relatively specialized or nardsyospecialized
(technical) texts on educational trails correspogdb relatively specialized topics, but withoutinig to reach
other interest groups, not to mention other agegmates. We strongly recommend paying more atteriticthis
fact. The degree of acceptance of the scope andrtése of textual information was also reflectedtlie
willingness, or reluctance to pay attention totidee and boards. Therefore, it is not surprisirgt thp to 37% of
respondents started reading the text but did migHiit. 38.8% of respondents either viewed moréess just
picture attachments, or 14.6% respondents just @opicture of a board to see it at home (?), sestin no. 7.
question no. 9 brought very similar results, whaveo 29.4% of respondents said they had readntie doard
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(this does not correspond to the answer to questkinry), but 25.8% only looked at the map attachmeand
25.7% started reading the text, without finishingdinly 6.6% say they took a picture of the boartbbk at it at
home ... The trend of taking pictures of informatlmoards by mobile phones is understandable share s a
gradual degradation of common forms of communicatietween young people in general, and they
replacing them with "social networks" or other feriof digital communication. However, it is highlylikely

that this form of "education” will take on a widereaning now and in our conditions. Rather, we asstivat
this type of response was more of an excuse for@ébpondents, as reflected in the low revealeddatan

textual information (17.7%, question 3 (A) and f@rtorrelation with the answers to question 7)) éad 9 (A),
expressed as a percentage of 9.57% and 12.6%.

The answers to questions no. 11 and 12 provideasdiye finding, i.e. whether the respondents cdesi
the information presented in the boards usefultf@ir study, or their study programme (question aay
whether the teacher's interpretation was/was néiicent and widened the range of information obéal
(question 12). Up to 83.1% of respondents answredjuestion no. 11 with 'Yes' and up to 84.4%ondpd
with the same answer to question no. 12. In additithe positive outcome in terms of boards cangewl
teacher quality, it is also possible to state thiditg of respondents to assess the content obtherd and the
complementary interpretation of the subject maifeheir own study (which should be obvious). Hoegthey
are not willing to spend the necessary energy iamel to read. This trend is consistent with the dasing ability
of our young generation to understand written tart] they rely on ‘complementary' ideal experiémdians of
education. As teachers, we will have to adapt te ttend as it is now commonplace in several depedo
countries. Nevertheless, the inconsistency of géutal standards at different stages of the edoiegirocess in
Slovakia and the declared efforts to optimize okenaore attractive forms of education remain.

Question No. 1 Question No. 2 Question No. 3 Question No. 4 Question No. 5 Question No. 6 Question No. 7
1200 1200 1200 1200 1200 1200 1200
1000 1000 1000 1000 1000 1000 1000
800 800 829 800 800 800 825 800 800
723
600 604 600 600 628 600 600 600 641 600
524 550 519 | 543
400 22 400 | 446 400 400 466 400 400 429 400
374 330
200 200 200 | 248 200 211 ] 200 200 200 204
125 134
0 0 0 0 o LIs 0 0
A B Cc A B C A B o} A B C A B c A B (o] A B C D
Question No. 8 Question No. 9 Question No. 10 Question No. 11 | Question No. 12 Question No. 13 Question No. 14
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1164 1182
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969 945
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360 | 361 354
200 | 238 200 200 200 236 200 218 200 200 236 | 219
176 138
o o 22 o o 0 ] il o
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Fig. 9: Basic processing of questionnaire survesuhes

Evaluation of respondents’ answers to open-endestign no. 15 brought interesting results. Of tialtof
1,400 respondents, only 267 respondents used thertopity to answer this question, which is sulipgs but

the unwillingness to respond was partly correlatéth the occurrence of answer C to question nond a

significantly with answer C to question no. 2. grgficant correlation has also been shown with arsvA to
questions no. 7 and 9, suggesting that this grdupon-responders is not professionally close to rtiiring
theme, has no experience with this specific kindlojects and technical monuments, and has not slamyn
significant familiarisation with the presented issu

Most frequent were proposals for any type of nattai upgrade with live attractions, or the podgipto
experience something real, to be involved in soatiwities (this type of answers occurred up to 1igtes). The
second most common suggestion was to add multgingxts for the main content, or at least for desons
of images and other graphics add-ons (maps, alcbMarces, tables, etc.). Given that only 23 farerg
participated in the research, even though they ¥areign language-speaking respondents with vargiegyees
of understanding of the Slovak text, this resulswary surprising. One of the possibilities of iptetation is a
general effort to standardize the content of infation boards with expectations and experience fibroad (?),
Or it is more likely to try to understand the isslgo from a foreign language text and to test tha same time.
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Most answers in the questionnaire (up to 96%) sstggeadding texts either only in the world langsagein
the languages of neighbouring countries of the &tdRepublic with the exception of the Czech languéibere
is a high degree of similarity and understandinthefspoken word as well as written text).

The second-largest group of proposals were requestsake the nature trail more attractive by adding
either originals or replicas (best functional) lo¢ former technological facilities used in miningdanetallurgy.
The third-largest group were only different typdscomments with a predominantly positive perceptidra
particular nature trail (the ratio of positive resges to negative was 71/29 out of a total of h sesponses).

Given that all nature trails on which the surveg baen carried out operate as self-guided tratlsowt any
hired guide and mostly in rural areas, it is naggible to assume any change in the way of operatitime near
future. The existence and use of functional modetied to closed areas with paid entry. Only iis tivay can
the protection and maintenance of such objectsnisered. This fact is valid not only for Slovakiajtht is
universal.

Discussion

For the information boards preparation and design,with emphasis on mining themes, we recommend
following subsequent methodological principles.

Based on our analysis of the latest world and dtméSzech and Slovak) literature and almost thyesrs
of our own research, we came to the conclusions wgarecommend to observe following methodological
principles when preparing and creating externatt{péctorial) information boards presenting minitigemes
(for mining tourism):

- The main text should not exceed 1 standard pagel@00 characters, including space charactpprox.
350 words), as it takes the average person totheagage with understanding within one minute. irarowly
specialized topics in specific cases, it could péaul.5 pages.

- Ideally, the main text should be readable frodistance of 1, max. 2 meters, which in practiceydcer,
cannot usually be observed. Only headings and sulitngs are readable from this distance. Typically7g
points are used for the title, 44-48 points for shbheading. Typically, 24-30 point fonts are commased for
the main interpretative text, 20 points in excemiocases, but the font is less readable. The ir&-pize is used
for callouts.

- It is better to design additional text as extehdaptions for images (up to 500 characters). Despeir
small size, they are usually read-only by spedmlisthe field, and they do not bother ordinanyrists.

- The used font size must correspond to the sizeeoboard, and legibility must be guaranteed éngroor
weather conditions.

- The font used must be easy to read. Use a sattiftfiat is not only easy to read, but also makesfgel
calm. It is inappropriate to use, for example, biagl forms of writing or imitations of handwriting

- The text needs to be clearly divided into sevpeats with sub-headings. To emphasize a certaingba
the text, it is advisable to use a soft backgroewidur.

- The line length is optimal between 8 and 15 wordaragraph alignment and text justification are
necessary for information boards. Narrow text bfoake easier to read; they are clear and more dgnam

- Pictographic material should be used to represiea@ahomena or objects (themes) that are not vigittlee
landscape, or that look different (images fromghst), or have already disappeared.

- It is advisable to avoid too complicated visugiaphical) information (arrows, lines, ornamentagdams,
etc.).

- Images and maps must be self-reading (descripbeiow the images and maps, maps should havéa bas
legend, scale indicator, and north arrow or compass). These pictorial elements should complertrentmain
text appropriately, transparently and extensively.

- The introductory board shall include the locatmfnthe mining trail in the wider landscape, takingo
account well-known and accessible tourist pointeer& must be a clear map of the route and desaripfi trail
stops on the board. Included must be not only arg#®n of the route length but also its difficulit is suitable
to depict the route length and profile graphically)is also advisable to remind visitors of rutasrestrictions
(prohibitions) or to specify the visitors' regutats.

- The board at each stop should include a schemedjrof the entire site or the nature trail to knaslich
way the route leads, for giving more accurate dioes to visitors. This schematic map must be gicly
identical to the initial map but must indicate therent location of the visitor.

- The colours of the images, fonts and overall giggpused must be tested directly in the terraiorder to
be legible during cloudy days or strong sunlight.
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- The use of different types of materials for theduction of boards (such as wood, metal, foil treo
modern materials) must be tested in practice. 80 tfuality can withstand unfavourable weather dtors
(colour fading caused by sunlight, damages caugdtbbt and freezing or rotting caused by moistete,). An
important factor in material selection is their eqgiate integration with the natural landscape ameir
appropriate placement.

- Boards should not be placed in areas where theyliatracting, often extremely unesthetic. We #hou
care that they will sensitively blend in with theveéelonment (especially their material, colour desilpcation).

We also need to consider the way of their implemuion - installation, since the information boacds be
vertical or inclined (lectern) or horizontal. Soinags they are mounted on the surface level of #tara trail.
These factors are important for their readability.

- The placement of the boards (of nature trail @pumust reflect the specific needs of local comniesi
and must comply with the legal requirements ofdbmpany (land ownership, etc.).

- Routes of nature trails should start in placeenhthere is good transport accessibility not doly
individual tourists but also for organized groups.

- When preparing board content, producing and linsgaboards “in-situ” one must always take into
account the subsequent maintenance, sustainailiiyupdate of the content at reasonable costsed®imt
against vandalism is significant as well.

- When creating boards for mining tourism, it ipontant to follow the phases step by step considetie
time range of the visitor's interaction with thdioe board. We modified the results of this int¢i@t, according
to Medek and co-workers (Medek et al. 2016, p.l&Bed on the results of the questionnaire survey.

Conclusion

The final methodological recommendations for theigie of a modern notice (interpretative, educatipna
board in mining tourism are:

- Create a simple profile (graphics) of a board;

- Keep the text well-arranged, not only in the midoket of the board but also in its corners;

- Create a strong focus of interest, particularlthim form of images;

- Choose graphics so that the visitor's attentiortdost;

- The text must not be as wide as to cover the ebtised space;

- Individual boards on the trail must be linked (tlmematically, but they must be consistent one to
another);

- The task of the board must be to produce a shortibually interesting interpretation;

- If photos from the board's location are used, #&dsisable that the visitor could see the object in
situ;

- Use self-reading maps, graphs, sketches, histatieatings and sources;

- For modern trails, it is necessary to use QR codes.

The information boards created in this way plackxh@ with an increasing number of modern mining
nature trails, which will be equipped with traditad stationary panels, will have great potentiahtivact more
and more mining tourists not only individuals blsoeorganized groups of cognitive mining tourism.
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