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AMAC VE KAPSAM

Bilimsel Madencilik Dergisi TMMOB Maden Miihendisleri Odasi’'nin agik erisimli elektronik ortamda ve basili olarak
yaylimlanan siireli bilimsel yayinidir. Dergi 1960 yilindan itibaren yayimlanmaktadir. Derginin ismi 2016 yi1l1 Haziran
sayisina kadar “Madencilik” seklindeyken, benzer isimli popiiler dergilerle karistirilabilmesi nedeniyle 2016 y1l1 Eyliil
sayisindan itibaren “Bilimsel Madencilik Dergisi” olarak degistirilmis ve o tarihe kadar 0024-9416 olan ISSN numarasi
da 2564-7024 olarak gilincellenmistir.

Yilda 4 kez (Mart-Haziran-Eyliil-Aralik) yayimlanan Bilimsel Madencilik Dergisi (ISSN: 2564-7024), maden miihendisligi
ve mineral endiistrisi alaninda ulusal ve uluslararasi diizeyde yapilan, bilimsel normlara ve yayin etigine uygun, 6zgiin
bilimsel ¢alismalar: bilim insanlarina, maden miihendislerine ve kamuoyuna duyurmay1 ve bu yolla bilimsel bilgiyi
toplumla paylasmay1 amaglamaktadir. Derginin yayin dili Tiirkge ve Ingilizce'dir.

Dergi, maden miihendisligi alaninda 6zgiin bir arastirmay: bulgu ve sonuglari ile yansitan kuramsal, deneysel ve
uygulamali arastirma makalelerine; yeterli sayida bilimsel makaleyi tarayip konuyu bugiinki bilgi ve teknoloji
diizeyinde 6zetleyen, degerlendirme yapan ve bu bulgulari karsilastirarak yorumlayan tarama makalelerine; 6zgiin bir
yontem veya teknigi tarif eden kisa makale olarak tanimlanabilecek teknik notlara; ve gercek ya da kuramsal bir mesleki
uygulamay1 temel alan, sistematik veri toplama ve veri analizi iceren vaka ¢alismalarina yer vermektedir.

Dergide, yenilenemeyen maden kaynaklarin siirdiiriilebilir madencilik ilkeleri dogrultusunda insanligin hizmetine
sunulmasi icin gereken mevcut bilginin gelistirilmesini saglayacak konularda eserlere oncelik verilmektedir. Bu
kapsamda; maden arama, maden yatagi modelleme, topografya, maden ekonomisi, jeoistatistik, kaya mekanigi ve
jeoteknik, kazilabilirlik etiidii, yer alt1 ve agcik maden isletme, maden tasarimi, madenlerde ve tiinellerde tahkimat
sistemleri, delme-patlatma tasarimi, madenlerde iiretim planlamasi ve optimizasyon, madenlerde is saglig1 ve giivenligi
yonetimi, maden havalandirma, yeralt: komiir madenlerinde metan gazi emisyonu ve metan drenaji, cevher hazirlama
ve zenginlestirme, proses mineralojisi, analitik teknikler, 6glitme, siniflandirma ve ayirma, flotasyon/flokiilasyon, kati/
swv1 ayirimyi, fiziksel zenginlestirme yontemleri, hidro ve biyometalurji, tiretim metalurjisi, modelleme ve simiilasyon,
enstriimantasyon ve proses kontrol, geri doniisiim ve atiklarin islenmesi, maden hukuku, madenlerde gevre saghgi
ve yonetimi, madenlerde nakliyat, makina ve ekipman se¢imi ve planlamasi, komiir gazlastirma, mermer teknolojisi,
endiistriyel hammaddeler, uzay madenciligi, denizalt1 madenciligi ve mekanizasyon ile ilgili konular dergi iceriginde yer
almaktadir.

Gonderilen yazilar editorler kurulu ve konusunda uzman hakemler tarafindan bagimsiz ve akademik yayincilikta en
iyi uygulamalarla uyumlu sekilde degerlendirilmekte olup, degerlendirme siireci sonunda yayinlanmasi uygun goriilen
yazilarin yayin haklari yazarlar tarafindan telif sozlesmesi ile TMMOB Maden Miihendisleri Odasi'na devredilir.

AIMS AND SCOPE

Scientific Mining Journal, which is published in open access electronic environment and in printed, is a periodical scientific
journal of Union of Chambers of Turkish Engineers and Architects Chamber of Mining Engineers. The name of the journal
was “Mining” until June 2016 and it has been changed to “Scientific Mining Journal” since September 2016 because it can be
confused with popular journals with similar names and the ISSN number has been updated from 0024-9416 to 2564-7024.

Scientific Mining Journal, published four times a year (March-june-September-December), aims to disseminate original
scientific studies which are conducted according to the scientific norms and publication ethics at national and international
scale, to scientists, mining engineers, the public; and thus to share scientific knowledge with society. The journal is in both
Turkish and English.

The journal covers theoretical, experimental, and applied research articles, which reflects the findings and results of an
original research in the field of mining engineering; review articles, which assess, evaluates, and interprets the findings of a
comprehensive review of sufficient number of scientific articles and summarize them at present information and technology
level; technical notes, which may be defined as a short article that describes a novel methodology or technique; a case studies,
which are based on the theoretical or real professional practice and involves systematic data collection and analysis.

The journal gives priority to works that will enable the advancement of current available information necessary to serve
humanity with nonrenewable mineral resources with the perspective of sustainable mining principles. In this context,
mine exploration, mineral resource modeling, surveying, mine economics and feasibility, geostatistics, rock mechanics
and geotechnics, diggability studies, underground and surface mining, mine design, support design in underground mines
and tunnels, rock penetration and rock fragmentation, mine production planning and pit optimization, mine health and
safety management, mine ventilation, methane emission and drainage in underground coal mines, mineral processing
and beneficiation, process mineralogy, analytical techniques, mineral comminution, mineral classification and separation,
flotation/flocculation, solid/liquid separation, physical enrichment methods, hydro and biometallurgy, production metallurgy,
modeling and simulation, instrumentation and process control, recycling and waste processing, mining law, environmental
health and management, transportation, machinery and equipment selection and planning, coal gasification, marble
technology, industrial minerals, space mining, submarine mining and mechanization are included in the journal content.

Submitted manuscripts are evaluated by the editorial board and expert referees independently in accordance with the
best practices in academic publishing. The publishing rights of the manuscripts, approved for publication at the end of the
evaluation process, are transferred to the Chamber of Mining Engineers by the authors.
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75 mm hidrosiklonun CFD simiilasyonunda tiirbtilans modelleri ve simtilasyon yontemi
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ABSTRACT

In this paper, an effective method for the classification process simulation in 75mm hydrocyclone is considered. The simulation results and computational
time are compared using Reynolds stress model (RSM) and different large eddy simulation (LES) subgrid-scale models as turbulence models. The
Lagrangian discrete phase model (DPM) is used to simulate the classification process of particles. As the experimental result for comparison of simulation
results, Hsieh's experimental data are used. When the different LES subgrid-scale models are used, the solution converges stably by various solution
convergence methods without increasing the grid numbers or reducing the size of time steps than RSM model. As a result, it is confirmed that when
an appropriate simulation method is applied with the LES-WMLES S-Omega model, more accurate axial water flow velocity distribution and particle
classification simulation results can be obtained at a computational cost similar to that of using the RSM model. By drawing the partition curve, it is possible
to select a hydrocyclone with low bypassing of fine particles and high classification efficiency.

Keywords: Hydrocyclone, Turbulence model, Computational cost, Particle classification, CFD simulation

Introduction Today, a study on the simulation of the classification process
in the hydrocyclone based on computational fluid dynamics (CFD)
is widely conducted, and realistic research results have been pub-
lished by many researchers. The most widely used research data
as verification data for the results of the water-air two-phase sim-
ulation and the classification process simulation in the hydrocy-
clone with dilute slurry is Hsieh's experimental data published in
1988 (Hsieh, 1988).

The hydrocyclone for classification has been studied by many
researchers historically due to its simple structure, easy installa-
tion and manufacturing, and good separation efficiency for fine
particles. Here, “good separation efficiency” means that the hy-
drocyclone has better separation efficiency than the mechanical
classifier in classifying fine particles that are usually smaller than
74 microns. However, the bypass of the fine material to the under-

flow is a significant problem in cyclone classification. Although The simulation stage of the classification process in the hy-
this phenomenon cannot be completely eliminated in the hydro- drocyclone can be divided into two stages. The first step is to pro-
cyclone, it can be reduced and the separation efficiency can be in- ceed with the water-air two-phase simulation to obtain a stable
creased. For this purpose, it is important to accurately determine air column and fluid flow field in the hydrocyclone. The second
the operating and geometric factors of the hydrocyclone. step conducts a multiphase flow simulation to evaluate the classi-
In general, the problem of selecting one hydrocyclone with (legﬁgﬁ?oifﬁaency using the flow field in the first step as an initial
the highest classification efficiency among hydrocyclones with )
different structures and geometric dimensions that satisfies the The simulation method of the classification process in the hy-
user's requirements can be proceeded in two ways, one is an drocyclone can also be divided into two. One is to proceed with
experiment and the other is a computer simulation. Here, when the steady solution first to obtain a flow field, and then combine
the simulation result is as realistic as the experiment result, the the unsteady solution to simulate the classification process (Bren-
method of selecting a hydrocyclone by simulation is economically nan et al,, 2007; Ghadirian et al., 2013; Li et al., 2018). This meth-
significant. od cannot consider the detailed changes over time for the change

* Corresponding author / Sorumlu yazar: jiangchenggenfstar@163.com https://orcid.org/0000-0003-1237-3712
** kwangchok_kim@163.com https://orcid.org/0000-0002-6270-0702

*** sokchol_ryom@163.com https://orcid.org/0000-0003-1838-4148

**EE jinhyok_ri@163.com https://orcid.org/0000-0002-4725-8856
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of the flow field, especially the formation of the air column, in the
hydrocyclone, but the classification result can be obtained. The
other is to solve unsteady conditions over time from the beginning
just like in reality (Narasimha et al, 2012; Ghodrat et al,, 2016;
Vakamalla et al,, 2016; Jiang et al., 2019; Ye et al., 2019; Padhi et
al, 2020).

The selection of the turbulence model is important in simula-
tion of the hydrocyclone. The turbulence models giving the sim-
ulation results similar to the experimental values are RSM-LPS,
RSM-QPS (Kuang et al, 2012; Silva et al,, 2014; Cui et al, 2017;
Zhang et al,, 2017; Perez et al,, 2018; Mangadoddy et al., 2019) and
LES-Smagorinsky-Lilly (Delgadillo and Rajamani, 2007; Delgadillo
and Rajamani, 2009; Wang et al.,, 2015; Padhi et al,, 2019; Vakamalla
and Mangadoddy, 2019; Padhi et al.,, 2020) models. The simulation
method by the RSM model is the best choice for coarser meshes. It
is evaluated that the RSM-VOF model is more accurate in prediction
of the pressure drop and the fluid split ratio into the spigot, and that
the LES-VOF model is more accurate in prediction of the tangential
velocity distribution (Ghodrat et al., 2016). In the tangential velocity
distribution prediction, it is consistent with all the literatures that
the prediction result by the LES-VOF model is more accurate than
the prediction result by the RSM-VOF model. The simulation results
predicted by the RSM model and the LES model do not agree numer-
ically, but all fall within the engineering tolerance. The coarser mesh
may be used in the simulation using the RSM model, so the compu-
tational cost is less than that of the simulation using LES model. The
simulation result by the LES model is accurate (Delgadillo and Raja-
mani, 2005; Delgadillo, 2006), but the computational cost is higher
and the solve convergence is poor (Li et al., 2018; Perez et al,, 2018;
Jiang et al,, 2019; Ye et al., 2019).

Since the hydrocyclone is the equipment that is widely used in
various fields, it is practical only to obtain simulation results with-
in a certain time by using a personal computer. Therefore, in the
simulation of the classification process of the hydrocyclone, both
the accuracy of the simulation and the calculation cost are very
important. This problem can be solved by using the LES model and
applying a simulation method that allows the solution to converge
stably and quickly as the RSM model. There are four subgrid-scale
models, the Smagorinsky-Lilly model, the WALE model, the WM-
LES, and the WMLES S-Omega model, in the LES model. In the liter-
ature, there is no mention of the comprehensive simulation results
for the four subgrid-scale models of the LES model.

Therefore, in this paper, authors try to establish a simulation
method with low computational cost and high simulation accuracy
by selecting the subgrid-scale models of the LES model well and
applying the solution convergence methods that can increase the
convergence safety.

1. Simulation

The RSM turbulence model, VOF and DPM models, which have
been frequently mentioned in the literature, are not described
again here.

1.1. Mathematical model

The governing equations employed for LES are obtained by
filtering the time-dependent Navier-Stokes equations in physical
space. The filtered Navier-stocks equation has the following form:
(p: Density, kg/m?, u: Fluid velocity, m/s, t: Time ,s, x: Cartesian
coordinate):

p

6rl-]-
axi aJCj

5 (0m) + 5 (puity) = 5 (o17) = m

128

where is the stress tensor due to molecular viscosity defined by

a
oij = [ (aul ul ] (2
and Tijis the subgrid-scale stress defined by
Tij = pU Uy — PU;L; (3)

The subgrid-scale turbulence models in ANSYS Fluent employ
the Boussinesq hypothesis, computing subgrid-scale turbulent
stresses from
—20S;;

1
Tij — ngk5ij =

4)
where is the subgrid-scale turbulent viscosity.

The isotropic part of the subgrid-scale stresses is not modeled,
but added to the filtered static pressure term.

Sij”is the strain rate tensor for the resolved scale defined by

5‘_1%

ou;
U 2 ox; axl)

ANSYS Fluent offers the following models for .

(5)

1.1.1. Smagorinsky-Lilly Model

In the Smagorinsky-Lilly model, the turbulent viscosity is mod-
eled as follows:

e = pLE[Sy] (6)
Ls = min(kd, CA) )
A=V1/3 (8)

where L, is the mixing length for subgrid scales, k=0.1 is the von
Karman constant, d is the distance to the closest wall, C,is Smago-
rinski constant, A is the grid size and V is the volume of the com-
putational cell.

1.1.2. Wall-Adapting Local Eddy-Viscosity (WALE) Model

In the WALE model, the turbulent viscosity is modeled as fol-
lows:

2 (S )3/2 (9)

He = pLs Si 1511)5/2+(sdsd)5/4
Ls = min(kd, C,,V1/?) (10)
_ 11
(gl] +g]1) aing%k ( )
5. = 0% (12)

gl] an

where C, is the WALE constant. The rest of the notation is the

same as for the Smagorinsky-Lilly model.
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1.1.3. Algebraic Wall-Modeled LES (WMLES) Model

In the WMLES model, the turbulent viscosity is modeled as fol-
lows:

pe = min[(kd,,)?, (CsmagA)Z] p-S-{1-exp[-(y*/25)°]} (13)

where d,, is the wall distance, S is the strain rate, k=0.4187 and
Cgmag are constants, y* is the normal to wall inner scaling, p is the
fluid density, and A is the grid size.

A= min(max(Cy, - dw; Cw * hinaxe hwn) 5 hinax) (14)

where hyy5x is the maximum edge length for a rectilinear hexa-
hedral cell, hywn mag is the wall-normal grid spacing, and Cyy is
a constant.

1.1.4. Algebraic WMLES S-Omega Model

In the WMLE S-Omega model, the turbulent viscosity is mod-
eled as follows:

e = min (e 2 (G, 8) 9+ (15 = D)
(1 - expl-(v*/25)°])] (15)

where Q0 is the vorticity magnitude. The rest of the notation is the
same as for the WMLES model.

1.2. Simulation condition

Figure 1 shows the geometric shape and mesh model of Hsieh's
75-mm hydrocyclone used in the simulation. A geometric model is
created in Solidworks program and grid formation is performed
in ICEM CFD program. All dimensions indicated in Figure 1 are in
mm. The mesh is made of hexahedral cells, and the gird is made
finer in the vicinity of the wall and at the inlet and outlets. In ad-
dition, the grid is made fine, as descending from the cone part to
the spigot.

Figure 1. Geometrical shape and mesh model. (a) geometrical shape. (b)
mesh model.

In the simulation, the grid numbers of 162711 cells and
305377 cells are used.

The classification process simulation is conducted in the Flu-
ent program of ANSYS 2020 R1.

Water is set as the primary phase and air is set as the second-
ary phase.

As the boundary conditions, velocity inlet and pressure outlet
conditions are used. Considering Hsieh's No 1 test conditions, the
inlet velocity is set to 2.275 m/s. The inlet turbulent intensity is
set to 10%. It is assumed that no air enters through the inlet. The
air backflow volume fraction is set to 1 in the spigot and the vortex
finder.

Thesresidual values for all solution variables are set to 1x1074
-1x107°.

The fixed time step size is set by the following calculation. Courant
number is calculated as follows:

_ Ua (16
¢= Ah )

where U indicates the flow velocity, At is a representative time
step of the simulation and Ah is the characteristic size of the mesh
cell.

The Courant number must be less than 2.5 in the hydrocyclone
simulation, so that the linear stability of the numerical calculation
can be maintained. If the number of grid cells is 162711 cells, the
minimum length of the cell is 1.9808x10 " m. Calculating with the
current simulation values, =2.1767 x10™% s. Therefore, the time
step size is fixed at 1x10"%s.

For the research purpose of this paper, the time step sizes are
fixed to 1x107% s for both the RSM model and the LES model.

The particles used for the particle classification are determined
as shown in Table 1 based on Hsieh's No 7 experiment. All particles
are assumed to be spherical and enter the inlet at the same speed
as water. The density of limestone particles is 2700 kg/m?.

Table 1. Particles used for simulation

Particle size, Mass Flow Particle size, = Mass Flow rate,
microns rate, kg/s microns kg/s

35.5 0.006869 4.43 0.0039055
25.1 0.0102174 3.13 0.0024007
17.74 0.0113373 2.11 0.0017575
12.55 0.0074951 1.31 0.0015909
8.87 0.0052264 0.82 0.001051

6.7 0.0050082 0.53 0.0005743

1.3. Simulation method

The unsteady simulation with a fixed time step is carried out to
obtain a fluid flow yield in which a stable air column is formed. The
VOF model is used as a multiphase model for air column forma-
tion. As turbulence models, RSM-LPS, LES-Smagorinsky-Lilly, LES-
WALE, LES-WMLES, and LES-WMLES S-Omega models are used,
respectively. The parameters of the turbulence model use the de-
fault values of the program without change. Implicit formulation
is selected in the volume fraction parameters of the multiphase
model.

As the solution method, the SIMPLE pressure-velocity cou-
pling algorithm is used. The discretizations of pressure and vol-
ume fraction are respectively set as PRESTO, Modified HRIC, and
all other items are set as QUICK.

The following solution convergence method is applied to the
LES models. The under-relaxation factors are 0.7-0.8 (default 0.3)
for pressure, 0.3-0.2 (default 0.7) for momentum and default val-
ues for the rest. The residual values of the solution variables are
initially set to 1x 1074, and when the solution stays at a certain lim-
it and no longer converges, the solutions are converged by setting
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them to 1x1072. If the solution diverges after a certain period of
time, the 1st-order term and the higher-order term are blended
to continue the simulation and 1st-order to higher-order blending
factor is setto 0.95-0.97. The reason why the relaxation factors are
changed for pressure and moment is because the solution does not
converge properly with the default values in the simulation using
the LES model.

Solution convergence is determined with the following way. Af-
ter a stable air column is formed, the difference in mass flow rates
between the inlet and outlets is calculated. The mass flow rates
at the inlet and outlets are time-averaged values over 1s (10000
iteration numbers) for instantaneous values. If this time-averaged
mass flow difference value is less than 1% of the inlet value and
remains stability for more than 1 s (10000 iteration numbers), the
solution is judged to have converged.

After the fluid simulation reaches a steady state, the DPM is
used to simulate the particle classification. Since the current simu-
lation is for dilute slurry, the uncoupled DPM and the steady track-
ing are used to track the movement of particles to the spigot.

2. Result and discussion
2.1. Choice of mesh

For choice of mesh, two-phase simulation has been performed
for 162711 cells and 305377 cells with the RSM-LPS model. Based
on previous literature studies, the authors do not feel the need to
conduct the choice test for 160000 cells or less.

Table 2. Mass balance and water split ratio and the experiment of Hsieh

ke Mass Flow rate, kg/s V;/;ltie;r Computational
Feed Overflow Underflow Ratio, % time, hours
Experiment 1.1165 1.062 0.0545 95.12 -
162711 cells 1.1142 1.0266  0.0876 92.14 102
305377 cells 1.1142 1.0264  0.0878 92.12 125

Table 2 shows the water split ratio to overflow at simulation
time 4.2 s, which is similar in coarse and fine meshes. The solu-
tion starts to enter a state of complete convergence from 3.2 s. As
shown in Table 2, there is no significant difference between the ex-
perimental and simulation results for water split to overflow. Also,
the simulation results for the water split in the coarse mesh and
the fine mesh simulation are similar. Therefore, in terms of water
split ratio and computational time, it is more reasonable to select
the coarse mesh.

Figure 2 shows the axial and tangential velocities on the 0-180°
plane and 90- 270° plane at the 60 mm from the top of cyclone as
in Hsieh's experimental results. As shown in the velocity distribu-
tion in Figure 2, the tendency and number values of the velocity
distribution according to the radius are similar in the simulation
results of fine and coarse mesh. When the mesh is 305377 cells,
the relative error value between the experimental and simulation
results in the velocity distribution is less than 10%, so authors do
not feel the need to proceed with the simulation for a finer mesh.

Figure 2. Axial velocities on (a) 0-180° plane, (b) 90-270° plane, and (c) tangential velocities on 0-180° plane at 60mm from the top of cyclone in mesh choice

simulation
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Therefore, the mesh of 162711 cells is reasonable in simula-
tion of classification process of 75-mm hydrocyclone with dilute
slurry.

2.2. Evaluation on the turbulence models

Two-phase and classification process simulations are conduct-
ed using RSM-LPS, LES- Smagorinsky-Lilly, LES-WALE, LES-WM-
LES, and LES-WMLE S Omega turbulence models, and the simula-
tion results are compared with Hsieh's experimental results. The
RSM model and the LES model differ greatly in the convergence
stability of simulation. Considering the simulation process, in the
simulation by the RSM model, the solution stably enters the con-
vergence state after a certain period of time. However, in the sim-
ulation by the LES model, the solution does not easily enter the
convergence state even after a certain period of time.

In the simulation using the LES-WALE model and the LES-WM-
LES model, even though the solution convergence methods are ap-
plied, the solution does not converge even after the computational
time of 160 hours. Thus, they are excluded from the comparison of
simulation results because the purpose of this paper is simulation
accuracy and computational cost.

Table 3. Water split ratio and computational time

Table 3 shows the water split ratio and computational time after
the solution by the water-air two-phase simulation reaches a stable
convergence state. These simulation results are results when the sim-
ulation times are 4.2 s for RSM-LPS model, 5.5 s for LES-Smagorin-
sky-Lilly model and 4.5 s for LES-WMLES S Omega model, respectively.
Where, the water split ratios to overflow are calculated the mass flow
rate values to feed and overflow in experiment and simulations. In
the experiment, the water split ratio to overflow is 95.12%, and in the
simulation using the RSM-LPS, LES-Smagorinsky-Lilly, and LES-WM-
LES S Omega models, the water split ratios are 92.14%, 88.26%, and
92.18%, respectively. As can be seen from these results, the simulation
result most similar to the experimental value is obtained from simula-
tion using the LES-WMLES S Omega model. The computational time
is also the smallest in the simulation using the LES-WMLES S Omega
model, 96 hours. Therefore, the simulation by the LES-WMLES S Ome-
ga model is the most accurate for predicting water split ratio and the
smallest in computational time.

In the simulation results by the different turbulence models, the
distribution of the axial and tangential velocities of water at the 60 mm
from the top of cyclone is shown in Figure 3.

Mass Flow rate, kg/s

Ulke Water split Ratio, %  Computational time, hours
Feed Overflow Underflow

Experiment 1.1165 1.062 0.0545 95.12 -

RSM-LPS 1.1142 1.0266 0.0876 92.14 102

LES-Smagorinsky-Lilly 1.1078 0.9777 0.1301 88.26 163

LES-WMLES S Omega 1.1142 1.0271 0.0871 92.18 96

Figure 3. Axial velocities on (a) 0-180° plane; (b) 90-270° plane; (c) tangential velocities on 0-180° plane at 60mm from the top of cyclone in different

turbulence model simulation
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As shown in Figure 3, the accuracy order for axial velocity
distribution prediction is RSM-LPS, LES-Smagorinsky-Lilly, and LES-
WMLES S-Omega models. However, the accuracy order for tangential
velocity distribution prediction is the LES-WMLES S-Omega, RSM-
LPS, and LES-Smagorinsky models. In particular, the relative error
between the mathematical average of the predicted values of the
tangential velocity distribution by the LES-WMLES S-Omega model
and the mathematical average of the experimental values is 0.7%, and
the prediction of the tangential velocity distribution by this model is
very accurate.

As shown in Figure 4, the shape and size of the air column in a
stable state are similar to each other in the simulation using the three
models. Considering the formation state of the air column, air enters
from the outside through the vortex finder and the spigot at the same
time and collides at a certain position. At this time, since the velocity
of the air coming in through the spigot is faster than the velocity of the
air coming in through the vortex finder, the air goes out to the vortex
finder together. This principle is clear by considering the axial velocity
vector diagram as shown in Figure 5. The turbulence model order in
which this principle is most clearly expressed is the RSM-LPS, LES-
Smagorinsky, and LES-WMLES S-Omega models.

The computational time of the two-phase simulation is 96 hours
for the LES-WMLES S-Omega model, 102 hours for the RSM-LPS
model, and 163 hours for the LES-Smagorinsky-Lilly model.

Figure 4. Shape of air column in the stable state

Figure 5. Axial velocity vector diagram.
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Based on the results of the two-phase simulation of the different
turbulence models, the simulation for the particle classification of
Hsieh's No 7 experiment is conducted with the DPM model and
compared with the experiment results. The simulation result for the
particle classification is shown in Figure 6. Figure 6 is the corrected
partition curves. The purpose of research is the establishment
of simulation method, the simulation which is the nearest with
experiment result is the best correct simulation. The best correct
method among the simulation methods is selected by comparing
the correlation coefficient and the corrected cut-size between the
experimental values and the simulation values. With recovery to
underflow for each particle, correlation coefficients of simulation
values on experimental values are calculated. The correlation
coefficient values are 0.997 for the LES-WMLES S-Omega model, 0.994
for the RSM-LPS model, and 0.977 for the LES-Smagorinsky-Lilly
model, respectively. The corrected cut-size is 18.15 microns in Hsieh's
experiment, 16.76 microns for the RSM-LPS model, 16.5 microns for
the LES-Smagorinsky-Lilly model, and 18.11 microns for the LES-
WMLES S-Omega model. As a result, the simulation result by the LES-
WMLES S-Omega model is the most accurate in the prediction for the
particle classification of the Hsieh's 75-mm hydrocyclone.

The following facts can be found form the simulation results of
the water velocity distribution by the water-air two-phase simulation
and the classification process simulation results of particles based
thereon. Among the axial and tangential velocities of water in the
hydrocyclone, the velocity that greatly affects the classification
result of the particles is the tangential velocity. This is because the
tangential velocity distribution is the most accurate, the result of
the axial velocity distribution simulation is relatively inaccurate, and
the particle classification simulation result is the most accurate than
other models in the simulation results by the LES- WMLES S-Omega
turbulence model.

Figure 6. Particle classification using the different turbulence models

The tangential and axial velocities in the hydrocyclone are the velocities
that occur under the action of centrifugal and gravitational forces. The
tangential velocity is mainly influenced by centrifugal force, and the
axial velocity is mainly influenced by gravity. Eventually, under Hsieh's
hydrocyclone test conditions, it is found that fine particles of less than 35
microns are mainly classified under the influence of centrifugal forces.

Conclusions

In the simulation of the classification process of the Hsieh's 75-mm
hydrocyclone for dilute slurry with a mass concentration of less than 10%,
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LES- WMLES S-Omega model should be used to obtain more accurate
tangential velocities and particle classification simulation results. In this
case, the computational cost of the simulation is similar with using the
RSM model. The set of residual values of the solution variables should be
changed from 10-4 to 10-5 during the solution, the 1st-order term and
the higher-order term should be blended for the convergence of solution.
The under-relaxation factors are 0.7-0.8 (default 0.3) for pressure, 0.3-0.2
(default 0.7) for momentum in LES model simulation.

It is sufficient to use about 160,000 hexahedral cells to simulate the
classification process in the Hsieh's 75-mm hydrocyclone for dilute slurry
with a mass concentration of 10% or less.

In the hydrocyclone simulation, the axial velocity distribution of the
medium mainly affects the accurate simulation results for the formation of
the air column, and the tangential velocity distribution mainly affects the
accurate simulation results for the particle classification.

This simulation method can be used to obtain the accurate simulation
results within a reasonable time on a personal computer. When an accurate
simulation method is established, the simulation can be carried out by
changing the operation and geometric parameters of the hydrocyclone
based on it. The smaller the partition of fine particles bypassing
classification in the hydrocyclone, which proceeds with the classification
for the same cut-size, the higher the classification efficiency. By calculating
the partitions for each particles to underflow from the simulation results
and drawing the partition curve, it is possible to select a hydrocyclone with
low bypassing of fine particles and high classification efficiency.
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ABSTRACT

Marble dust generated during slab cutting as reject causes significant environmental problems due to increased reactive surface area. It has closer size
distribution with micronized quartz, which is used as filler in composite slab production. Owing to its high hardness, micronized quartz production is an
energy intensive process. This study was conducted to investigate the applicability of marble dust in composite slab production together with micronized
quartz as filler. The filler mixture was roasted to mitigate drawback arising from low hardness of marble dust. XRD results revealed that phases in roasted
filler were wollastonite, larnite, calcio-olivine, quicklime and free quartz depending on the roasting temperature and time. Physical tests were applied to
clarify the effect of sinter phases on slab properties. Physical properties were determined to retrogress as the roasting temperature increased to 1100°C
possibly due to rate of free lime in roasted filler; and then improved again reaching peak point at 1200°C. Physical properties ameliorated by increasing
roasting time at 1200°C. Larnite and quartz were found to be effective on improved physical properties than wollastonite and calcio-olivine.

Keywords: Composite slab, Micronized quartz, Marble dust, Roasting

Introduction Slab cutting is performed in wet condition. Therefore, the ge-
nerated MD is taken in the form of sludge containing approxima-

Advances in civilization, and in turn, development in building tely 35-45% water. The marble sludge is subjected to solid-liquid

industry have led to considerable increase in the consumption of
natural stones, like marble and granite. Marble is generally consu-
med as countertops, floor tiles, wall tiles, steps and table tops in
the form of slab (Albalak, 2012). Marble cutting process into slab
form generates finely sized marble dust (MD) (Gazi et al., 2012;
Giiler and Polat 2018). The rate of MD generated during slab cut-
ting varies volumetrically from 15% to 40% of marble block de-
pending on the morphology, mineralogical composition and crys-
talline structure of the rock, type of slab cutting machine (gang
saw or disc sawing) and slab thickness (Erdem and Oztiirk, 2012;
Liguori et al.,, 2008).
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separation by thickening, and then by filtration. Dewatered MD is
stored in waste disposal areas in the form of filter cake (Kocabag,
2018). MD exposes significant environmental risks due to reaso-
nably reactive high surface area. It may give rise to aridity around
disposed land, reduce soil fertility, adversely affect the breathable
air quality due to pollination, and affect negatively the eco-system
(Kocabag, 2018; Rana et al., 2016).

Research on high strength composite slab production has ta-
ken great interest owing to its high flexural strength and impact
resistance in addition to low water absorption rate compared to
marble slabs (Borsellino et al., 2009; Lam dos Santos et al., 2011;
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Santos et al., 2019; Tung, 2021). Use of quartz both in aggregate
(~66%) and micronized (~27%) forms induce the physical pro-
perties of composite slabs. Quartz particles are locked to each
other by the aid of organic binders under vibration and vacuum
pressure (Arici et al.,, 2019; Lam dos Santos et al,, 2011; Peng and
Qin, 2018). Quartz is a hard silicate mineral with the hardness va-
lue of 7 in Mohs scale. Therefore, preparation of micronized quartz
as a filler component is an energy intensive process (de Bakker,
2014). Health threats (e.g., silicosis) of micronized quartz, and
occupational concerns during production are other issues to be
regarded.

The underlying idea in defining the aim of this research work
was the possibility of MD usage as filler instead of micronized
quartz in composite slab production from economic and environ-
mental point of concern. MD is composed mainly of calcite, which
is soft mineral with the hardness value of 3 in Mohs scale (Giiler
and Polat 2018; Velazquez et al., 2008). Borsellino et al. (2009)
reported that MD adversely affected the mechanical behavior and
porosity of the produced slabs referring to the physical characte-
ristics of matrix forming calcite mineral. This problem was thou-
ght to be overcome by roasting the mixture of soft MD and hard
micronized quartz. Sintering roasting of the mixture produces har-
der complex Ca-silicates (xCa0.ySiO,) as compared to MD (Boon-
charoen etal,, 2011; Klosek-Wawrzyn et al., 2013; Liu et al.,, 2002;
Nettleship et al., 1993). Main complex phases are mono-calcium
silicate - Ca0.Si0, (wollastonite) and di-calcium silicates - 2Ca0.
Si0, (larnite and calico olivine) depending on the rate of roasting
time, roasting temperature and Ca0/Si0, molar ratio. Wollastoni-
te (CaSiO,) forms at lower molar ratios while metastable larnite
(B-Ca,Si0,) and stable calcio-olivine (y-Ca,SiO,) phases were the
dominating reaction products at higher rates after extended ro-
asting process (Akaogi et al., 2004; Gobechiya et al., 2008; Goktas
and Erdemoglu, 2012; Lakshmi et al,, 2013; Rashid et al.,, 2014;
Zadov et al., 2008). Larnite is the heaviest dicalcium silicate phase
among them with the density of about 3.30 g/cm? while this value
is 2.99 g/cm? for calcio-olivine, and around 2.90 g/cm? for wollas-
tonite. Hardness of wollastonite is between 4.5-5.0 in Mohs scale
while it is 6 and 4.5 for larnite and calcio-olivine, respectively (Jo-
esten, 1977; Liu et al.,, 2002; Nettleship et al., 1993). Variation in
the shape of sintered particles is another advantageous property
of thermal process. Roasted particles tend to shape into globe as
a result of cohesive forces by partial softening of particle surfaces.
So, roasting releases rounded sinter particles, which improves the
mechanical properties of produced material (Miyake et al., 2018;
Tung, 2021).

Sintering roasting of filler mixture (MD + micronized quartz)
was investigated to clarify the impact of sinter phases on the phy-
sical properties of composite slab. Variation in the rate of sinter
phases in the roasted filler with respect to the temperature and
duration of roasting process was demonstrated. Role of MD per-
centage of the filler on phase distribution in the roasted filler, and
in turn mechanical properties and compactness of produced slabs
were also studied.

1. Materials and methods

MD was supplied from Yatagan Marble Processing Plant of Er-
mas Mining Company in the form of marble sludge while microni-
zed quartz filler was taken from Coante Quartz Surfaces Plant of
the same company. Characterization of filler materials was perfor-
med by X-ray diffraction (XRD), X-ray fluorescence (XRF) and size
analysis. Chemical analysis held by XRF (PANalytical Axios Max)
showed that CaO grade of MD was 55.92% assigning to a calcite
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content higher than 99% while micronized quartz filler contains
98.05% Si0,. The XRD analysis was performed using SmartLab Ri-
kagu XRD equipment by Cu-K_radiation with a step size of 0.02°
to determine mineralogical composition of fillers. Mineralogical
characterization showed that fillers were highly pure: detected
crystalline phase in MD was calcite, and that was quartz mineral
in micronized quartz filler (Figure 1). Main identifying XRD peaks
of quartz were at 26 of 20.7° and 26.5°, and that was 26 29.5° for
calcite (Booncharoen et al., 2011; Rohmawati et al., 2019). Size
analysis of fillers was performed by Malvern Mastersizer. Fillers
were measured to have closer size distributions: 90% of MD was
at -46.5 pm while that was -42.2 pm for micronized quartz.

Marble Dust
Quartz Filler
J_ . J . . IJ.J\ i |* Iy . m .tL " L.I
25 30 35 40 45 50
2-theta

Figure 1. XRD patterns of marble dust and micronized quartz filler samples

MD substitution in slab production was investigated at diffe-
rent MD percentages as filler component, rest of which was micro-
nized quartz. Filler mixture was prepared to satisfy even distribu-
tion of phases using a stainless-steel rod mill. Mixing was applied
for 4 minutes with reduced rod charge (5%) to minimize commi-
nution. Prepared filler mixtures were roasted in a muffle furnace
(Ankatest). Roasting was applied at 900°C, 1000°C and 1100°C for
3h,andat1200°C for 1 h, 3 h, 5hand 10 h to investigate the role of
sinter phases on the physical properties of prepared slabs. Effect
of roasting temperature was investigated only at 75% MD addition
while roasting duration tests were performed on 25%, 50% and
75% MD containing filler mixtures.

As sintering roasting proceeds, adjacent sinter particles coa-
lesce due to partial softening of particle surfaces, and consequent-
ly the total surface area decreases (Abenojar et al.,, 2003; Cardenas
et al, 2016; Klosek-Wawrzyn et al., 2013; Rodriguez-Navarro et
al,, 2009). Therefore, rod milling was also applied on roasted filler
with reduced rod charge (15%) for 4 minutes to break down weak
physical bonds between particles, and to provide all particles pass
through 45 pm sieve avoiding overgrinding. Rate of rod charge and
milling time were determined by preliminary tests.

Composite slabs were produced using roasted mixture (-45
um) as filler, coarse quartz (100-300 pm) as aggregate, and orga-
nic binders. Physical characteristics of produced slabs were inves-
tigated by applying flexural strength, impact resistance and water
absorption tests. Details of the test procedure have been shared el-
sewhere (Arici et al., 2019; Callister and Rethwisch, 2018; Sarusik
et al, 2016; Tung, 2021). Test results were compared with those
of reference slabs (Table 1). Quartz composite slab (Product Code:
STYL100320-1) of Coante Quartz Surfaces and marble slab (Mugla
White) from Yatagan Marble Processing Plant of Ermas Mining Co.
were evaluated as reference slabs.
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2. Results and discussions
2.1. Phase characterization of the filler roasted at 1200°C

Filler mixtures were roasted at 1200°C for different durations
prior to usage in slab production. Phase identification of roasted
fillers was made by XRD method. Figure 2 shows the X-ray reflecti-
ons of roasted fillers in the 20 range of 20-55° where pronounced
peaks of new phases were observed. Roasting of MD containing
filler mixture releases lime (Ca0), which is also defined as quickli-
me. The CaO phase reacts further with quartz component of filler
to form complex Ca-silicates. Resolution of XRD patterns showed
that the lime phase drew major intense peaks at 20 of 32.3°, 37.4°
and 54.3° in the presence of high rate of MD while those for quartz
were around 260 21° and 26.7° at lower MD percentages (Kostova
et al, 2021; Makela et al., 2011; Rohmawati et al., 2019; Witoon,
2011). XRD peaks on the pattern of 25% MD containing roasted
filler mixture for 1 h overlaps almost with those on the pattern of
micronized quartz given in Figure 1. The magnified view of peak
structure of XRD pattern for 25% MD in the range 26 20°-40° was
given on the figure since main identifying peaks of sinter phases
could hardly be discriminated in the present form due to inten-
se quartz peaks. New peaks appeared on this pattern especially
between 26 of 30°-35° when roasting time was increased to 3 h.
Of which, the most intense one at 30.1° was assigned to wollasto-
nite (Kostova et al, 2021; Tuttle and Harker, 1957). Wollastonite
reflection deceased slightly at higher roasting times while identif-
ying XRD peak of larnite phase at 20 22° became more apparent
by extending the roasting process up to 10 h (Booncharoen et al.,
2011; Kostova et al., 2021; Rashid et al., 2014; Tung, 2021). Aka-
ogi et al. (2004) proposed the phase transition as wollastonite -
walstromite -» larnite during complex calcium silicate formation
from the mixture of Ca0+Si0,. Stable dicalcium silicate (calcio-
olivine) phase formed by increasing MD percentage. The most in-
tense calcio-olivine peak was obtained at 26 of 29.6° (Booncharo-
en et al,, 2011). Reflections drawn at about 23° and 28° were also
explained with the formation of calcio-olivine. XRD peaks of lime
and di-calcium silicates overlap around 26 of 33° (Kostova et al.,
2021; Makela et al,, 2011; Witoon, 2011).

Table 1. Mechanical properties and water absorption rate of reference slabs

Flexural Impact Water
Strength  Resistance Absorption
MPa J/cm %
Quartz Composite Slab
(Coante Quartz
Surfaces, Product Code: 77.21 3.96 0.0035
STYL100320-1)
Marble Slab (Ermas
Mining Co., Mugla White) 10.14 142 0.1287
E SO%MD 75% MD)
i . ‘ 4 Mw Joh J)"u foos b L
[ ) o
bl .
L B
) NS VU B O S ]\_AJL }(
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Figure 2. XRD patterns of roasted filler mixtures (roasting temperature: 1200°C)
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Densities of roasted fillers were measured to determine the
change in filler density with respect to the roasting time and the
rate of MD (Figure 3). Minerals contained in the raw filler have clo-
ser densities, which one is 2.65 g/cm? for quartz, and 2.71 g/cm?
for calcite (Moropoulou et al., 2001; Rashid et al., 2014). However,
densities of detected new sinter phases vary in a slightly wide ran-
ge: those are 3.34 g/cm? ~3.30 g/cm?,2.99 g/cm3and ~2.90 g/cm?
for lime, larnite, calcio-olivine and wollastonite, respectively (Joes-
ten, 1977; Liu et al., 2002; Nettleship et al., 1993). Roasting of 25%
MD containing fillers gave rise to negligible increase in the density
for all the roasting times tested as compared with the raw form
of filler. Dominating phase detected was quartz while wollastonite
and larnite were the new sinter phases for 25% MD. The roasted
filler density was observed to be closer to quartz, which delimita-
ted the effect of calcium silicates owing to volumetric distribution
of phases. However, roasting time became more effective at higher
MD percentages. Comparative evaluation of XRD patterns revealed
that the rate of high density larnite and calcio-olivine increased at
extended roasting whereas that of quartz decreased. High density
larnite forms as a metastable phase during roasting. Extending the
roasting causes the transformation of larnite to stable calcio-olivi-
ne phase having slightly lower density. Therefore, decrease in the
roasted filler after 10 h roasting became apparent as seen in Figu-
re 3 (Booncharoen etal,, 2011; Gobechiya et al., 2008; Rashid et al,,
2014; Zadov et al., 2008). Filler density shifted up considerably at
75% MD owing to the generation of high density free lime together
with Ca-silicates when roasting was applied for 3 h or more. The
filler density was low in case of incomplete roasting (1 h) of 75%
MD containing mixture due to the presence of raw calcite and qu-
artz phases as seen from XRD patterns.

Figure 3. Variation in the density of roasted filler mixture with respect to
roasting time (roasting temperature: 1200°C)

2.2. Effect of roasting the filler at 1200°C on the physical properties
of slabs

Figures 4-5 show the effect of roasting time on the mechanical
properties of the composite slab. As roasting time increased to 10
h, flexural strength (78.35 MPa) drove up for 25% MD, even over
the reference point which was 77.21 MPa (Table 1) whereas sli-
ght decrease was observed for 50% MD (Figure 4). Similar trend
curves were obtained for impact resistance of the slabs (Figure 5).
It is worth noting that the impact resistance for 25% MD is cons-
picuously higher than that of reference quartz composite slab, but
only for 10 h of roasting (4.34 J/cm). Mechanical data did almost
not change for 75% MD except roasting for 1 h: these values were
about 73 MPa and 3.50 ]J/cm for flexural strength and impact re-
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sistance, respectively. Average values of mechanical data for all the
three tested MD rates were measured to be closer to each other
with a slight increase at higher MD percentages. Prepared slab
with MD containing roasted filler demonstrated remarkably im-
proved mechanical properties reaching from 10.14 MPa and 1.42
J/cm to about 70 MPa and 3.2 ] /cm for flexural strength and impa-
ct resistance, respectively.

Water absorption rate drew an inverse relation with respect
to the mechanical properties of composite slab: it decreased by
increasing the roasting time, where mechanical properties also
improved simultaneously. However, proportional improvement in
compactness could not be observed (Figure 6) Water absorption
rate was appreciably low for 25% MD possibly due to the presence
of quartz as the dominating phase. On the other hand, these curves
were almost coinciding at higher MD rates although slight ameli-
oration in the mechanical properties was observed by increasing
MD rate. This finding was explained with the variation in phase
distribution: the leading filler forming sinter phases were calcio-o-
livine and larnite together with lime for 50-75% MD containing
roasted filler.

Mono calcium silicate (wollastonite - Ca0.5i0,) started to form
in the initial stages of roasting of 25% MD containing filler mix-
ture at 1200°C due to lower Ca0/SiO, molecular ratio. Extended
roasting of this filler caused the formation of metastable dical-
cium silicate (larnite, $-Ca,Si0,) (Akaogi et al., 2004; Kostova et
al,, 2021; Lakshmi et al., 2013). XRD peaks of stable calcio-olivine
(v-Ca,Si0,) phase was not observed at lower Ca0/SiO, rates (Fi-
gure 2) (Booncharoen et al, 2011; Tung, 2021). Therefore, com-
pactness of the slab for 25% MD was explained with the presence
of quartz as the major filler phase in addition to the formation of
wollastonite and larnite. Composite slab prepared by roasted fil-
ler for 10 h demonstrated appreciably better physical properties,
even improved than reference quartz composite slab in which
condition larnite was the sole defined Ca-silicate phase. Larnite is
harder (around 6 in Mohs scale) than MD, but its hardness value
was lower than quartz. So, improved mechanical properties of the
slab was explained with the synergic effect of the rounded shape
of particles, and hardness of sinter phase (Abenojar et al., 2003;
Booncharoen et al., 2011; Cardenas et al., 2016; Klosek-Wawrzyn
et al, 2013; Miyake et al,, 2018; Rodriguez-Navarro et al.,, 2009).
Sintering roasting cause partial softening of the surfaces of filler
particles. These particles tend to coalesce during roasting due to
cohesive forces.

Figure 4. Effect of roasting time on the flexural strength of composite slab
prepared by roasted filler mixture (roasting temperature: 1200°C; RQCS: re-
ference quartz composite slab; RMS: reference marble slab)
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Figure 5. Effect of roasting time on the impact resistance of composite slab
prepared by roasted filler mixture (roasting temperature: 1200°C; RQCS: re-
ference quartz composite slab; RMS: reference marble slab)

Figure 6. Effect of roasting time on the water absorption rate of composite
slab prepared by roasted filler mixture (roasting temperature: 1200°C; RQCS:
reference quartz composite slab; RMS: reference marble slab)

As a whole, closer mechanical values were obtained for all the
tested MD percentages. The combined effect of sinter phases were
thought to manipulate physical properties of slabs at different ra-
tes. The resolution of XRD patterns revealed that the rate of hard
quartz phase decreased sharply for extended roasting periods in
the presence of 50-75% MD in the filler mixture whereas percen-
tage of stable calcio-olivine phase increased moderately (Tung,
2021). Gradual decrease in the ratio of larnite phase was also ob-
served from peak intensity evaluation. Sintering roasting produ-
ced quicklime together with the formation of complex dicalcium
silicates at higher Ca0/Si0O, molecular ratios (Moropoulou et al.,
2001). The quicklime (CaO) phase could not completely be con-
verted into complex calcium silicates due to scarcity of SiO, in the
roasted filler. Therefore, improved mechanical and water absorp-
tion properties of composite slab were attributed to the combined
effect of Ca0O and considerably hard complex sinter Ca-silicate pha-
ses. However, deformation propagation in the slab produced by
75% MD containing roasted filler was observed 5 days later than
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slab production (Figure 7). Quantitative evaluation of the related
XRD patterns revealed that the sinter products contain about 54%
Ca0 and 28% CaO for roasting the filler mixture for 1 h and 10 h,
respectively (Tung, 2021). The deformation was thought to occur
owing to the presence of Ca0, and its conversion to slaked lime
(Ca(OH),) under atmospheric condition according to following re-
action (Kilig and Anil, 2005; Manzano et al., 2012; Moropoulou et
al.,, 2001). Slaking was proposed to occur since CaO particles could
not completely be isolated from atmosphere by polymers during
slab production. Used polymer phase could not wet all the free re-
active surfaces of particles due to its inadequacy in amount, which
caused defectivity in the slabs.

Ca0 +H,0 S Ca(OH), (1)

Figure 7. Deformation of composite slab, 5 days after production for a) 1
h roasting and b) 10 h roasting (marble dust: 75%; roasting temperature:
1200°C)

2.3. Effect of roasting temperature on phase distribution and the
physical properties of slabs

Physical properties of the slabs, prepared by 75% MD contai-
ning roasted fillers, approach to those of reference quartz compo-
site slab in spite of deformation. Therefore, the effect of roasting
temperature on the phase distribution was investigated by the
mixtures containing 75% MD. Figure 8 shows the XRD patterns of
fillers roasted at different temperatures and durations. Main cal-
cite reflection (29.4°) was observed only on the XRD pattern for
900°C indicating its presence in the roasted filler at a rate of about
36% according to quantitative resolution of XRD pattern by using
Match software. In spite of incomplete calcination, appearance of
sharp lime peaks at 20 37.4° and 54.3° was assumed as the reason
for remarkably high density (2.87 g/cm?) of the roasted filler (Kilig
and Anil, 2005; Moropoulou et al,, 2001; Rodriguez-Navarro et al.,
2009). Above this temperature, calcite peak disappeared, and the
carbonate phase was converted into oxide form.

The most pronounced peaks on the patterns show the presen-
ce of CaO as one of the major phases constituting the sinter pro-
duct for all the tested roasting temperatures (Kostova et al., 2021;
Makela et al.,, 2011; Rohmawati et al,, 2019; Witoon, 2011). The
CaO percentage increases from about 28% to 60% by increasing
the temperature to 1000°C, above which the rate of lime starts to
decrease down to about 32% at 1200°C. Meanwhile, intensity of
quartz peak at 20 26.7° deceased by increasing the temperature
from 900°C to 1200°C showing the rate of change of quartz in the
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roasted filler from about 36% down to 9%. Increasing the roasting
temperature resulted in a proportional increase in the intensities
of dicalcium silicate peaks, especially those of larnite. But, all the
Ca0 species could not be converted into dicalcium silicates due
to scarcity of SiO, in the mixture (Booncharoen et al.,, 2011; Tung,
2021). Proportional reflection of phase distribution on the den-
sities of roasted filler was observed. It increased to 3.04 g/cm? at
1000°C by the contribution of Ca0. Maximum density (3.12 g/cm?)
was reached at 1100°C due to the presence of lime at considerably
high rate and absence of calcio-olivine. Generation of dicalcium si-
licates resulted in a slight decrease in density down to 3.08 g/cm?
at 1200°C. The XRD reflections especially around 26 33° became
sharpen at 1200°C by increasing the roasting time. The conversion
of metastable dicalcium silicates (larnite) to stable one (calcio-oli-
vine) caused this increase in the related XRD reflections (Akaogi et
al., 2004; Booncharoen et al., 2011; Kostova et al., 2021; Lakshmi
etal, 2013; Tung, 2021). Calcio-olivine formation was also discri-
minated from the change in filler density. As seen from Figure 3,
it decreased slightly from to 3.08 g/cm?® to 3.06 g/cm?® by phase
change in consequence of the increase in the roasting time to 10
h at 1200°C.

1200°C, 10h

1200°C, 5 h

1200°C, 3 h

e

. JII e, }L._ P
1100°C, 3h
1000°C, 3h
900°C,{3h
25 30 35 40 45 50
2-theta

Figure 8. XRD patterns of roasted filler mixtures (75% MD) at different tem-
peratures and roasting times

Figure 9 shows the variation in the physical properties of com-
posite slab prepared by 75% MD containing roasted filler for 3 h.
Both impact resistance and flexural strength decreased down by
increasing roasting temperature from 900°C up to 1100°C. Mec-
hanical properties improved again at the highest tested tempera-
ture by the formation of dicalcium silicates. Water absorption data
drew similar proportional curve but in inverse direction. Change
in the rate of free lime in the roasted filler explains the shoulder
like trend curves of physical properties. Decrease in the rate of
quartz was also thought to make contribution on drawing such
curves. At lower temperatures, compactness of slab could not be
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improved due to the absence of calcium silicate sinter phases, in-
complete calcination, and the presence of CaO phase at high rate
(Gobechiya et al.,, 2008; Goktas and Erdemoglu, 2012; Kartal and
Akpinar, 2004; Zadov et al.,, 2008).

75+ 377
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b E
T 6513527
R g
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60 L+ 22 L

900 1000 1100 1200
Roasting temperature, °C

Figure 9. Effect of roasting temperature on the mechanical and water ab-
sorption properties of composite slab prepared by roasted filler mixture con-
taining 75% marble dust (roasting time: 3 h)

Conclusions

Effect of marble dust (MD) containing roasted filler mixture
on the physical properties of composite slab was investigated as
economic and environmentally friendly approach. Experimental
findings demonstrated promising results. MD was determined to
have closer size distribution with micronized quartz filler. Reso-
lution of XRD patterns exhibited that the roasted fillers contained
wollastonite, larnite and calcio-olivine as Ca-silicate sinter phases
in addition to free quartz and lime at changing ratios depending
on the MD percentages, and roasting temperature and time. Me-
chanical properties of the slab prepared by filler mixture roasted
at 900°C was measured to be closer to those of the reference qu-
artz composite slab. As the roasting temperature was increased
to 1100°C, physical properties retrogressed due mainly to the
generation of free lime (CaO) at high rate. Conversely, improved
physical properties were observed when the filler mixture was
roasted at 1200°C. Better physical properties than those of refe-
rence quartz composite slab were obtained by roasting the 25%
MD containing filler mixture for 10 h. Improved physical proper-
ties approaching to those of reference slab were also obtained at
higher MD percentages when roasting was applied at least for 3
h. Comparative evaluation of phase distribution and physical pro-
perties demonstrated that larnite and calcio-olivine ameliorated
the physical properties whereas free lime reduced product quality.
High quality slab, even better than reference one, was produced by
using 25% MD containing filler mixture roasted for 10 h. This re-
sult was attributed to the synergic effect of hard metastable larnite
phase and quartz.
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ABSTRACT

The authors consider the problem of reducing the dredge performance when operating at subzero air temperatures. This problem is particularly relevant
for deposits located in the Far North, where the dredging season is limited by climatic conditions. During the period of subzero air temperatures dredge
performance decreases significantly due to the icing of dredge structure. In consequence, dredging operations are terminated until the occurrence
of favorable conditions for work. In this regard, the authors propose a method for isolating the open-pit mine with a hangar made of contemporary
construction materials. Cellular polycarbonate, which has several advantages, was chosen as the most promising material for insulating dredging works.
The article offers the technical and technological solutions for the proposed method of extending the dredging season. The costs of a dredge hangar for
dredges of different sizes and the annual cost of its movement are calculated. A method has been developed for determining the optimal maneuvering angle
of the dredge and the width of the single face, whose values depend on the type of dredge and the gold content in the sand. The areas of dredge hangars are
determined by the graphical-analytic method. The article presents an example of the air temperature dynamics in a dredge hangar during the year, as well
as determines the duration of the mining season.

Keywords: Placer deposit, Placer gold, Dredge, Mining season, Dredging hangar, Winter season, Far North, Productivity

Introduction A significant part of the world’s placer reserves is located in

Currently, one of the most promising areas in the mining in- northern latitudes with severe climatic conditions. At that, the
dustry of most countries is the extraction of gold, whose signif- ambient air temperature is one of the main factors affecting the
icant reserves are contained in placer deposits. The occurrence duration of the mining season during the dredge development of

deposits. At subzero air temperatures water freezes in the sec-
tion, as well as the rock freezes on the scoops and the dredge
scooping frame, which leads to a decrease in daily productivity
(Rafkatovich and Mironova, 2018; Kostromin, Yurgenson and

ductivi . dth ibilitv of impl . Pozlutko, 2007; Nurok, 1970; Shorokhov, 1973). It is possible to
productivity, minimum cost, and the possibility of imp’ementing increase the dredging productivity in the Far North conditions

in complex hydrogeological conditions (Zhuravlev, 2018; Yershov, by using floating foams, ice-cutting machines, using the heat of
2010; Belov, 2011; Talgamer and Chemezov, 2012; Garnett, 2015; deep waters of reservoirs, water circulation in the bottom water

Zhang et al, 2019; Ryzhov, 2020; Kashirtseva, 2019; Rafkatovich area, changing the chemical composition of water, and others. But
and Mironova, 2018).

conditions of such deposits make it possible to effectively apply
relatively simple technologies. The dredging method has the high-
est technical and economic indicators in the development of plac-
er mineral deposits, which has several advantages, such as high
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practice shows that all of the above methods are not widely used
due to high economic and energy costs, labor intensity, and envi-
ronmental damage.

The most promising method of extending the dredging season
is a proposed method of isolating the dredge section against the
effects of subzero temperatures with a hangar made of contem-
porary construction materials (Shorokhov, 1973; Kislyakov and
Nafikov, 2016; Kislyakov et al., 2017; 2018) (Figure 1). One of
these materials is cellular polycarbonate having several advantag-
es. At that, the frame of the hangar should be designed using metal
structures to strengthen its structure.

The hangar surface should be sprayed with transparent hydro-
phobic compositions that have the cryophobic property, i.e. the
ability to prevent ice and snow from freezing to them.

Figure 1. Schematic diagram of isolating the dredge section by the hangar
during the field development throughout subzero temperatures

The hangar is mounted on a metal sled to allow it to be trans-
ported using mining equipment, such as a bulldozer. The lower
part of the hangar on the side of the dredge stacker must be made
in the form of folding rubber sheets. In the course of moving the
canvas affected by the weight will lean on the dumps and move
along them, excluding heat losses from the hangar. The height of
the canvases attachment is determined based on the maximum
height of the dumps under certain conditions and is adjusted
during the entire period using the hangar. The front part of the
hangar is also equipped with rubber sheets, whose height should
be equal to the height of the sled. Thus, the safe operation of the
hangar during its transportation is provided.

To allow workers to enter the hangar, as well as for the delivery
of goods to the dredge, the hangar is equipped with a door, which
is located in its front part at the location of the dredge ramp. All
the necessary materials (especially large-sized and heavy enough)
are brought to the dredge whenever appropriate before the instal-
lation of the hangar structure. After isolation, the passage of trans-
port inside the hangar is excluded, while the delivery of materials
should be carried out manually. At that, the distance to the dredge
will be only 5-10 meters depending on particular conditions. One
can use a crane mounted on the front mast of the dredge.

The air temperature inside the hangar allows maintaining the
section in a non-freezing state. If it is necessary to clean the section
from ice and sludge, one can use winches installed on the dredge
with a loading device in the form of a grid. One can also use a crane
with a loop as an ice grab, located on the front mast. The ice can
be removed with the dredge itself, namely, using scoops. The ice is
removed through the barrel and stacker into the dumps. For small
volumes of ice and sludge, one can use manual cleaning.
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The turns of the pile dredgers are carried out using side ropes
that are passed through the shore rollers, which reduces their
wear when moving on the placer surface, and also reduces the load
on the winch engine. In turn, the rollers are attached to the shore
through the drawbar. According to the proposed technology, shore
rollers should be installed behind the hangar perimeter close to it,
then the exposed areas in the hangar structure are minimized. It
is necessary to fix the roller on two or three braces, which allows
preventing its movement when turning the dredge.

The excavating of rocks in the vertical plane can be done either
layer-by-layer or working of the face from the bottom or the in-
termediate horizon by sub-working the ledge and then excavating
the collapsed rock. In the latter case, the rock slide can affect the
stability of the hangar, so it is necessary to use only a layer-by-lay-
er excavation. At that, it provides the best conditions and perfor-
mance of the dredge.

The proposed technology provides that in the summer season,
mining operations are carried out according to any development
system. At the same time, the landfills intended for winter mining
are opened. Next, the prepared area is protected from freezing. To
date, there are many ways of such protecting, for example, laying
thermal-insulating coverings, flooding of prepared sites, and oth-
ers. The most economical type is autumn loosening of the soil.

Also during this period, a sump tank should be prepared next
to the site intended for winter mining. The sump serves as an ad-
ditional source of water supply to the dredge section during the
period of stable subzero ambient air temperatures. When calcu-
lating the sump volume, one should be guided by the necessary
inflow of water into the dredge section, which is about 50-200 1/s
for different dredge models. It is also recommended to take into
account the thickness of the ice cover in winter.

By the time of the onset of late autumn, the dredge should be
approached the prepared area. During this period, the installation
of the hangar is carried out. For the rational use of working time, it
is recommended to combine repair works on the dredge with the
installation of the hangar. The average duration of major repairs
on dredges is 30-60 days. To reduce it, it is recommended to carry
out work in three shifts, which will allow completing the repair in
10 days. After the completion of the auxiliary work, the prepared
area is worked out while mining and processing operations, as
well as dump formation in the winter period are carried out inside
the hangar.

When applying the proposed technology, it is recommended
to plan the works so that one excavation site provides production
throughout the winter, which will eliminate the reversals of the
dredge and hangar. In this case, the scheme of operation is sim-
plified, while the cost of dredging and preparatory work will be
significantly reduced. Therefore, with the proposed technology,
it is not advisable to use longitudinal and adjacent development
systems. In cases where a turn of the dredge and the hangar is in-
tended for working out the face in mutually opposite directions,
it is recommended that the dump formation be carried out on the
outer side of the section, which facilitates the installation of the
hangar after the turn of the dredge.

1. Research methods

To determine the parameters of the hangar, it is necessary
to determine the maneuvering angle and the width of the single
dredge face. Consider the possibility of calculating these parame-
ters using the following known formulas:

B =187 3\/106 :l—m (ty + k. - t;), degrees
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B=2-R-sinfm

2 (2)
where is the lateral movement speed of the dredge along the
face, m/s; k_is the number of removed rock layers during the lay-
er-by-layer mining of one face; R is the radius of dredge scooping,
m; t, is the time required for one step, h; t, is the downtime of the
dredge in the corners of the face when moving to the excavation of
the underlying rock layer, h (Leshkov, 1985).

However, when using the proposed technology, the above for-
mulas do not consider the cost of the hangar, its change at different
angles of maneuvering of the dredge, and the gold content in the
sand. Therefore, the optimal width of a single dredge face will be
carried out using the method presented below.

Let’s consider how the dredge performance will change when
using the proposed technology:

_ 60nE

Q=

- K, m*/h (3)

Kp

where n is the speed of the scooping chain, scoops/min; K is the
swell factor of rocks; K_ is the average fill factor of scoops with
rock.

The fill factor of scoops with rock depends more on the angle
of the dredge maneuvering. Thus, at an angle of 60 degrees, the
fill factor is 0.95, while at an angle of 140 degrees, it decreases
to 0.77.

The average annual dredge performance is determined by the
equation:

dear =24-Qs-K,-T, m3/year 4)

where K is the labor utilization rate.

Using the formulas presented above, one can calculate the per-
formance of dredges of different standard sizes at the traditional
technology of field development and the proposed one.

Knowing the annual performance, it is possible to determine
the profit of the enterprise (part of the results is shown graphically
below). The calculations will require knowing the gold content in
the sands and the cost of mining operations.

When applying the proposed technology, it is also necessary to
take into account the cost of the hangar and the annual cost of its
movement (Figures 2, 3). The cost of the hangar includes the cost of
polycarbonate, metal pipes, sleds, and installation of the structure.
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Figure 2. Cost of the hangar depending on the type of dredge and maneu-
vering angle
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Figure 3. Annual costs for moving the hangar for different dredge maneu-
vering angles

2. Results

Next, the difference in net profit at traditional and proposed
technology is determined for different size dredges, different ma-
neuvering angles, and gold content in the sand. As an example,
Figure 4 shows the increase in profit when operating a 250-liter
dredge employing the proposed technology. Here horizontal lines
show the cost of the hangar. The presented results are obtained at
a gold content in the sand equal to 0.1 g/m?3.

While plotting the graphs, equations of the form C=m-'T were
obtained, where C is the profit in million rubles obtained when
using the proposed technology, m is the coefficient depending on
the type of dredge, and the maneuvering angle; T is the payback
period in years.
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Figure 4. Profit and cost of a hangar for a 250-liter dredge at gold content in
the sand equal to 0.1 g/m’?

Knowing the profit and the coefficient m, the payback period
of the investment was found for different dredge maneuvering an-
gles. Based on the obtained values, a curve is constructed whose
equation most accurately describes the location of the values on
the graph (Figure 5). The point corresponding to the shortest
payback period is the most advantageous, and the corresponding
dredge maneuvering angle is the most optimal.
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Figure 5. Dependence of the payback period for a 250-liter dredge on the
maneuvering angle at a gold content in the sand of 0.1 g/m?
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Thus, when using the proposed technology with a 250-liter
dredge at a gold content of 0.1 g/m3, the optimal dredging angle is
67 degrees. The optimal dredging angles for other mining condi-
tions are shown graphically in Figure 6.

Next, the optimal width of a single front bank is determined
according to the known dependence (2). The calculated data, as
well as the resulting equations, are presented in Figure 7.
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Figure 6. Optimal maneuvering angles depending on the dredge type and
the gold content in the sand
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Figure 7. Optimal width of a single front back depending on the dredge type
and the gold content in the sand

When using the technology to isolate the dredge section from
the effects of subzero temperatures, it is necessary to solve the fol-
lowing problem. On the one hand, it is necessary to ensure the safe
maneuvering of the dredge in the hangar, while on the other hand,
to create a hangar with the minimum possible size to reduce the
capital costs of its construction..

The hangar area can be determined based on the graph ana-
lytic method and using the known optimal width of a single front
bank. According to the calculated values of the face width, one can
build hangars for the dredging of different models employing the
AutoCAD software. At that, the safe gap on each side equal to 0.5
m should be taken into account, assuming a one-step movement
of the dredge within the hangar, which is an economically feasible
option.

The results are shown in Figure 8.
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3. Discussion

Below is considered the change in the annual performance of
dredging when applying the proposed technology for dredge iso-
lating. As an example, a conditional field located in the Far North
is considered whose development is carried out using a 250-liter
dredge. The insulating material for the hangar is 10 mm thick poly-
carbonate with a light transmission coefficient of 0.75.

Figure 9 shows the calculated data of the annual air tempera-
ture dynamics in the dredge hangar. At that, it should be noted that
the installation of the hangar is recommended in the fall when the
ambient air temperature is below the water temperature in the
dredge open cast. This allows using the heat released from the
open cast water in the dredge hangar with maximum efficiency.
Thus, in the area under consideration, the installation of the han-
gar must be carried out on September 15.

The hangar must be dismantled when a stable above-zero am-
bient temperature occurs, or when it exceeds the air temperature
inside the dredge hangar. In the current case, the date of the dis-
mantling of the hangar is April 24.

L
T

September November

20
15
10
5
0
-5

‘-I/./

EEd

March

N
o

-15
-20
-25
-30

January

Air temperature, oC

May July

——In natural conditions —#—Inside the dredging hangar

Figure 9. Example of annual air temperature dynamics

Next, the change in the duration of the dredging season when
using the proposed technology is estimated. In all cases, the dredg-
ing season is limited to the period when the daily performance of
the dredge is greater than the minimum allowable performance.
The conducted calculations have shown that when the proposed
technology is applied at the considered conditional field, the dura-
tion of the dredge season increases by 130 days (Figure 10).



R. Z. Nafikov, vd. / Bilimsel Madencilik Dergisi, 2022, 61(3), 143-147

\ 1 ?
. 111\ \
g | . Ak
2 54 / —
3 \ | \ Tseasonal = 190 days / \
g B
g 4 :
é \ Tseasonal = 320 days * \ [
& I l
& 3 5 ; 'F : >,
o " 0
v 1 T
HAY l:
2 : : 1 :
January March May July September November January

Month

=== Minimum allowed value
== == Minimum allowed value

=== When applying the traditional technology
=== When applying the proposed technology

Figure 10. Example of determining the rational duration of the dredging
season

Conclusion

Similar studies were carried out for dredgers of different mod-
els employed for the development of deposits in the region of 50-
70 degrees north latitude. The conducted calculations revealed
that the duration of the dredging season increased on average by
100-150 days. In all cases, the annual dredge performance was
also significantly increased, which allowed recouping the costs of
the hangar and other needs of the enterprise.

For example, when implementing the proposed technology in
a field located in the region of 60 degrees north latitude and em-
ploying a 250-liter dredge, the total annual economic effect was
about 130 thousand dollars.

During the survey, it was also revealed that this method of ex-
tending the dredging season in comparison with others has sever-
al advantages, such as the possibility of uninterrupted operation at
stable subzero temperatures, as well as low cost, and no need for
annual capital investments to extend the dredging season, as well
as ease of operation.

It should be noted that the isolation of mine workings against
the effects of subzero temperatures is possible not only by em-
ploying the dredging method of mining but also by using other
methods of developing placer deposits characterized by a high de-
gree of the water content of the deposit. Thus, today, the present-
ed technology is one of the most promising areas in the mining
industry.
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TTK’da uygulanan 6n gerilmeli ahsap domuzdami sistemi

The system of pneumatic pre-stressed timber crib applied in TTK
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0z

Bu calismada Tiirkiye Tagkémiirii Kurumu (TTK)’da ahsap domuzdami sistemine alternatif olarak gelistirilen ve 2007 yilinda kullanilmaya baglanan On
Gerilmeli Ahsap Domuzdanm (OGADD) sistemi incelenmistir. Yeni bir tasarim ve ayak ici tahkimati olan bu sistem 2007 yilinda “Mehmet Kemal Dedeman
Arastirma ve Gelistirme Proje Yarismasi’nda ddiil almistir. Sistemin irdelenmesi amaciyla yapilan kisisel goriismeler ve yerinde yapilan inceleme ve
gozlemler 15181nda; domuzdamlarinin sokiim agamalarinin ahsap tahkimat sisteme gore daha kisa siirede gerceklestirildigi, tavan ve taban taslarinin
saglam olmasi ve ayrica ayak ilerleme hizinin yiiksek olmasi kosuluyla sistemin istenilen performansi saglayacagi sonucuna varilmistir. Sistemin en 6nemli
pargasi olan hava yastiklarinda meydana gelen sorunlar ve yeraltinda bir ayakta domuzdamlarina gelen yiikler incelenmistir. Ayrica sistemin bir diger
elemani olan hazir ahsap domuzdami malzemeleri hakkinda incelemeler yapilmistir.

Anahtar Sézciikler: Domuzdami, Hava yastigi, Uzunayak madenciligi, Tahkimat, On gerilme

ABSTRACT

In this paper, Pre-Stressed Timber Crib Project developed as an alternative to classical timber crib and started to be applied in 2007 in TTK (Turkish Hard
Coal Enterprise) was examined. This system, which has a new design and in-face supporting, was awarded in the “Mehmet Kemal Dedeman Research and
Development Project Competition in 2007. In the light of on-site examinations and observations and the interviews with relevant workers in TTK for the
purpose of the investigate of PPTC (Pneumatic Pre-Stressed Timber Crib) system in TTK; it was concluded that dismantling stages of timber cribs were
performed in a shorter time compared to the timer crib system and also, the system would provide the desired performance providing that the roof and
floor rock were solid and the digging speed was speed. Problems occurred in the lifting bag, most important part of the system, and the loads on the timber
cribs on a coal production face were examined. In additionally, analyzes were made about timber crib materials which are another element of the PPTC
system.

Keywords: Timber crib, Lifting bag, Longwall mining, Roof support, Pre stress

Giris Son dénemlerde gerek tiretim miktarini artirmak gerekse isci
eksikliginden kaynaklanan sorunlar1 ¢6zmek amaciyla mekani-
zasyona gecis ¢alismalar: hiz kazanmistir. Buna bagl olarak yii-
riiyen tahkimat Unitelerinin kullanildigy, kazi isleminin ise klasik
yontemlerle yapildig1 yar1 veya esnek mekanize olarak adlandi-
rilan sistem uygulanmaya baslamistir. Amasra ve Karadon Tas-
kémiirii Isletme Miiesseselerinde tam mekanize kazi sistemi de
uygulama alani bulmustur.

Yeralt1 komiir madenciliginde genis bir uygulama alani olan
uzunayak lretim ydntemi, Tiirkiye Tagkomiirii Kurumunda he-
men hemen biitiin panolarda uygulanmaktadir. Kurumda uzuna-
yak iiretim yontemi genellikle doniimlii, ancak bazen de ilerle-
timli olarak da gerceklestirilmektedir. Tahkimat sistemi olarak
genelde ahsap kullanilmaktadir. Ama hidrolik direk-celik sarma
tahkimat sistemi de uygulama alanina sahiptir.
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Calismanin ana konusu olan “domuzdamlar1” yeraltinda uzu-
nayak tahkimat sistemlerinin ayrilmaz bir pargasidir. Genellikle
ayak arkasini gécertmek icin kullanilmakla birlikte yeraltinda ¢e-
sitli agikliklarin tahkimi sirasinda yiiksek yiik tasima kapasiteleri
nedeniyle domuzdamlar1 6nemli rol oynamaktadir. TTK’da yaygin
bir sekilde uzunayak iiretim sistemi, arina paralel ahsap tahkimat
seklinde uygulanmakta olup bu sistemde; ayak arkasini gocertmek
icin arina paralel domuzdamlary, siktirma takozlari ile tavana iyice
sikistirilarak kullanilmaktadir.

Bu ¢alismanin amaci; TTK’da ahsap domuzdama sistemine al-
ternatif olarak gelistirilen ve yaklasik 12 yildir kullamlan On Ge-
rilmeli Ahsap Domuzdami sisteminin uygulanabilirligi hakkinda
arastirmalar yapilmasidir. Arastirma sonucunda elde edilen veri-
ler 15181nda sistemin avantaj ve dezavantajlarini tespit edip ma-
dencilik sektdriine saglayacag: katkilar sunulmustur.

1. On gerilmeli ahsap domuzdami tahkimat sistemi

OGADD sisteminin AR-GE calismalarina 2004 yilinda baglan-
mis; yaklasik iki buguk yil sonra sistem son halini almistir. AR-GE
calismalar1 esnasinda 6n gerilme elemaninin (hava yastig1) teknik
ozelliklerine, sistem ile birlikte kullanilacak ahsap domuzdami
malzemesinin boyutlarina ve mekanik ozelliklerine karar veril-
mistir. Sistem TTK’da 2007 yilinda uygulanmaya baslanmistir.

OGADD sistemi; mukavemeti yiiksek ve standart boyutlara
sahip ahsap domuzdami, hava yastig1 ve manometreden olusmak-
tadir. OGADD sistemini olugturan birimler asagida sirasiyla anla-
tilmistir.

1.1. Hazir ahsap domuzdami (HDD) malzemesinin boyutlari ve me-
kanik ozellikleri

Havzada uzun yillar boyunca domuzdami malzemesi olarak
kaymn ve megse cinsi agaclar kullanilmaktadir. OGADD sisteminde
kullanilan HDD malzemesi de kesme (makaslama) ve egilme di-
renci yliksek kayin ve mese cinsi agac¢lardan temin edilmektedir.
HDD malzemesinin dizim kolaylig1 ve meyilli ayaklarda kaymay
onlemek amaciyla ¢intili olmasina karar verilmistir. Cintiler mal-
zemenin iki ucundan 340 mm igeriye dogru ve kalinligi 5 mm ola-
cak sekilde hazirlatilmaktadir. Sistemde kullanilan HDD malzeme-
sinin boyutlari Sekil 1’de verilmistir.

Sekil 1. HDD boyutlart (mm) (Dagdelen vd. 2007a)

Bunun disinda TTK, 6zel ocak kosullari ve Miiessese talepleri dog-
rultusunda 1,20 m ¢intisiz, 1,00 m ¢intili, 1,15 m ¢intisiz ahsap do-
muzdami malzemesi de tedarik etmektedir. Sekil 2’de ise HDD’leri
kullanarak kurulan hava yastikli domuzdami sistemi gosterilmis-
tir.

Sekil 2. OGADD sistemi ve boyutlar: (mm)

1.2. Hava yastigi

Hava yastiklar1 yer tistiinde otomobilden biiytik yiik araglarina
kadar, devrilen araclarin diizeltilmesi veya kaldirilmasi, agir tas
bloklarin kaldirilmasi, mermer bloklarinin devrilmesi gibi bir¢ok
alanda kullanilmaktadir. Hava yastiklari; yer alt1 kosullarina uyum
saglayabilecek esneklikte ve hafif olmalarinin yani sira yiik tasima
kapasitelerinin yiiksek olmasindan dolay1 yeni tahkimat sistemine
dahil edilmistir.

Sistemin en énemli pargasi olan hava yastiklarinin tespitinde
farkli tip ve boyutlarda yastiklar denenmis olup yeralti kosullarina
ve tavan basincina uygun ayrica sistemin bir biitiin olarak calisa-
bilmesine imkan saglayacak bir model secilmistir. TTK’ya ilk ali-
nan Vetter marka hava yastiklarina ait teknik bilgiler Cizelge 1’de
verilmis olup bunlar igerisinden “Aramid” katkili doku ile kuvvet-
lendirilmis V68 tipi se¢ilmistir (Sekil 3).

Cizelge 1. Vetter marka hava yastiklarinin modellerine gére teknik ozellikler (Dagdelen vd. 2007b)

V10 V12 V18 V20 V24 V31 V40 V54 V68
Kal. Kuv. (kN) 94 118 174 190 235 308 388 533 664
Mak. Kal. Yiiksekligi (cm) 20,3 20 27 28 30,6 37 40,2 47,8 52
EnxBoy (cm?) 37X37 32X52 47X 52 48X 58 52X62 65X 69 78X 69 86X 86 95X 95
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Sekil 3. Vetter marka V 68 tipi hava yastiginin gértintimii (Dagdelen vd.
2007a)

TTK’da 2007 yilindan itibaren ii¢ farkl tipte hava yastigi kullanil-
mistir. Kullanilan hava yastiklarinin marka ve modelleri ile teknik
ozellikler Cizelge 2’de verilmistir.

Cizelge 2. TTK'da kullanilan hava yastiklarinin teknik ozellikleri (TTK 2019-4)

Marka Vetter Sava Cag-Tek
Uriin Kodu V68 SLK64/51 LB 8620
Boyut (cmxcm) 95x95 91x91 95x95
Maksimum Kaldirma Kuvveti (kN) 664 646 845
Maksimum Kaldirma Yiiksekligi (cm) 52 51 53
Maksimum Calisma Basinci (bar) 8 8 10
Deney Basinci (bar) 12 15
Minimum patlama basinci (bar) 32 >32,5 >40
Kalinlik (cm) 2,5 3 2,4
Normal i¢ Hacim (It) 161,9 1619 174,5
Agirlik (kg) 21,9 253 27

1.3. Manometre

OGADD sisteminde hava yastiklarina baglanabilen manometre
(Sekil 4) yardimiyla domuzdamlarina gelen basing degeri 6lgiile-
bilmektedir. Manometreden okunan basing degerleri ile domuz-
daminin zorlanma degerleri hesaplanabilmektedir. Ayrica ayak
icerisindeki ortalama yiik yogunlugunun hesaplanmasina da katki
saglamaktadir.

Sekil 4. Basing élctimiinde kullanilan manometre (Dagdelen vd. 2009)
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2. TTK karadon TiM (Taskémiirii Isletme Miiessesesi) OGADD
sisteminin incelenmesi

Bu bélimde TTK Karadon Miiessesesi Gelik Isletme Mii-
diirliigi 1. Ocak tarafindan tretim faaliyetlerinin stirdiirildiigi
-260/-360 kotlar1 arasinda bulunan Acilik Dogu Ayakta kullanilan
OGADD sisteminde yapilan incelemelere yer verilmistir.

2.1. Gelik isletme miidiirliigiinde uygulanan mevcut ayak ici tahki-
mat tiniteleri

Ayakta uygulanan ahsap tahkimat, arina paralel sarmalar ve
bu sarmalari tavanda tutan catal direkler, domuzdamlari ve kama
gibi tahkimat elemanlarindan olusmaktadir.

Ayak tahkimatinda kullanilan sarmalar cam cinsi agaclardan
meydana gelmektedir. Uzunluklar1 400 cm, ¢aplar1 18-22 c¢m ara-
sinda olmaktadir.

Tavandan gelebilecek herhangi bir tavan tasi vb. malzemenin
engellenmesi icin ayrica bir 6nceki sarmadan arin sarmasina dog-
ru kamalar yerlestirilmektedir. Tavana siirtilen kama boylan 120-
150 cm arasindadir ve her sarmada tavan kosullarina gére 8-10
adet kama bulunmaktadir. Tavanin asir1 akici olmasi durumunda
kama sayis1 arttirllmaktadir.

Arin havesinin gerisindeki havede ahsap domuzdami bulun-
maktadir. Ahsap domuzdamlari kazi isleminden sonra ayagin iler-
letilmesiyle birlikte 6n haveye 6telenmektedir.

Domuzdami malzemesi kayin ve mese cinsi agaglardan olus-
maktadir. Bu agaglar 12-20 cm arasinda ¢aplara sahip olup direk
harmaninda boylar1 100-120 cm uzunlukta kesilerek hazirlan-
makta ve ayrica birbirine paralel olacak sekilde iki ytlizeyi hizarda
kesilmektedir. Ayrica Isletme Miidiirliigiinde hava yastiklarinda
kullanilan, 20x20 cm kesitli ve 100-120 cm arasinda uzunluga sa-
hip HDD malzemesi kullanilmaktadir. Ayak tahkimatinin kesit go-
riiniimii Sekil 5’te verilmistir.

2.1.1. Acilik dogu ayakta hava yastiklarina gelen yiiklerin él¢ciilmesi

Karadon TIM Gelik isletme Miidiirliigiinde -260/-360 kotlari
arasinda yer alan Acilik Dogu Panosunda kémiir iiretimi i¢in hazir-
lanan ana basyukari ile iist ve alt taban yollar1 birbirine irtibatlan-
dirilmis ve ilerletimli uzun ayak yontemi ile liretim yapilmaktadir.

Ayak basinda, bagtabandan asagiya dogru yaklasik ilk iki sar-
mada komiir iistte kaldig icin ve taban yoluna baglanti saglamak
amaciyla tavan tasi kazilarak ilerleme yapildigi gézlemlenmistir.
Ayakta arindan komiirtin bosalmasi nedeniyle arina kapak yapil-
maktadir. Ayrica tavanin akici olmasindan dolay: tavanda kullani-
lan kama sayis1 maksimum diizeyde tutulmustur.

Kama
Siiren

Hava yastigi
GOCUK ‘\\\\\\

Domuzdami ¢—
Belleme

KOMUR

Sekil 5. Ayak tahkimatinin kesit gériiniimii
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isletme Miidiirliigiinde ikisi {iretim biri de tahkimat vardiya-
s1 olmak iizere giinde {i¢ vardiya ¢alisma yapilmaktadir. Tahkimat
islemleri genellikle giindiiz vardiyasinda yapilmakta olup ayakta
domuzdamlarina gelen yiiklerin él¢lim islemi {i¢ giin boyunca giin-
diiz vardiyalarinda gergeklestirilmistir. Bu {i¢ giin i¢cerisinde top-
lam alt1 sarmalik (24 m) kisimda tiretim yapilmistir.

Domuzdamlarina gelen ytikleri belirlemek amaciyla hava yas-
tiklarinda olusan basin¢ manometre yardimiyla él¢tilmiistiir. Olgiim
islemi kalibrasyonu yapilmis basing dl¢erin hava yastiklarinin hor-
tumuna baglanmasi ile gerceklesmistir. Hava yastiginin icerisinde
olusan basing degeri manometreden okunarak kaydedilmistir.

Olciim islemlerine baslamadan énce ayakta bulunan sarma ve
domuzdamlar1 numaralandirilmistir. Domuzdamlarinin ayaktaki
kesit ve plan goriintimii Sekil 6 ve Sekil 7’de verilmistir.

Acilik Dogu ayakta ahgap tahkimat kullanilmakta olup arina para-
lel 55 sarma bulunmaktadir. Hava yastiklarinin bastabandan asagiya
dogru ilk 25 sarmadaki domuzdamlarinda kullanildig1 gozlemlen-
mistir. 26. sarmaya kadar toplam 39 adet domuzdami bulunmaktadir:
ilk yedi ve 26, 27, 29 ve 30 numarali domuzdamlarinda hava yastig1
kullanilmamustir. 15, 18, 23, 28, 32, 35, 37 numarali domuzdamlarin-
da kullanilan hava yastiklarinin havasi inmis durumdadir.

Ol¢me islemi, ayakta havasi inmemis hava yastiklarinin hor-
tum kismina manometrenin baglanmasiyla gerceklestirilmistir.

Hava yastigl ile manometrenin baglantisinin yapilmasinin
ardindan yastigin vanasi agilarak yastik icerisinde olusan basing
degeri bar cinsinden yastiga baghh manometreden okunmustur.
Olgiim isleminin ardindan hava yastiginin vanasi kapatilarak baglh
haldeki manometre ¢dziilmiistiir.

Ug giin boyunca kaydedilen degerlere gére, 0,2 bar (1,7 ton)
3,3 bar (28 ton) hava yastiklarindan dl¢iilen minimum degerin 0,2
bar (2 ton) maksimum degerin ise 3 bar (28 ton) oldugu goril-
mistliir Domuzdamlarina gelen maksimum, minimum ve ortalama
yukler Sekil 8’de gosterilmistir.

Ayakta domuzdamlarina gelen ortalama basing degeri ise yakla-
sik 1,3 bar (12 ton) olmustur. Olgiim sonuglar Cizelge 3’te verilmistir.

Acilik Dogu Ayakta uzun siire iiretimin yapilmamasi ve ayak
arkasinin oturmus olmasindan dolay1 domuzdamlarina gelen ba-
sin¢ta herhangi bir artis gozlemlenmemistir.

—w» Domuzdamlari

Sekil 6. Acilik Dogu Ayak’ta élciim yapilan domuzdamlarinin plan goriiniisti
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Sekil 7. Acilik Dogu Ayak’taki 6l¢tim yapilan domuzdamlarinin ayak kesitin-
de gésterimi

30

25

20

Maksimum
Yak

fRRmum vk
(ton)

Yiik (ton)

Ortalama
Yak
(ton)

(0]
7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39
Domuzdami Numarasi

Sekil 8. Karadon TiM Gelik Isletme Miidiirligti 1. Ocak Actlik Dogu Ayak;
maksimum, minimum ve ortalama ytik grafigi

3. On gerilme yastiklarimn ariza ve kullamim dis1 kalma nedenleri

Cesitli yeralt1 kosullar1 ve kullanim hatalar1 nedeniyle arizala-
nan hava yastiklari, gociik altinda kalmadig1 miiddetge yeriistiine
cikarilmakta ve miiesseseler biinyesinde bulunan atélyelere gon-
derilmektedir. Atolyelerde arizalar tespit edilip tamir edilmekte
eger tamiri miimkiin degilse yastiklar kullanim dis1 kalmaktadir.
Hava yastiklarinin yiizeyinde meydana gelen yirtiklar, yastigin
hortuma baglanti noktasinin yastik tarafindan kopmasi gibi ariza-
lar tamir edilemedigi icin kullanim dis1 kalmaktadir. Bunun disin-
da hortumlarda veya hortum baglanti elemanlarinda meydana ge-
len arizalar tamir edilebilecek durumdaysa tamir edilmekte veya
hortum kismi tamamen degistirilmektedir. Hava yastiklarinda ya-
sanan belli bash sorunlar asagida verilmektedir.

3.1 Hava yastiklarinin sénmesi sorunu

Hava yastiklarinin sénme problemi ayak ilerleme hizinin dii-
siik olmasindan dolayr domuzdamlarinin uzun stire dteleneme-
mesi ve bu arada ana tavanin kirilmasi ve domuzdamlarina gelen
ytklerin asir1 artmasi sonucunda meydana gelmektedir.

Sonme olayinin asil sebebi ise; hava yastiklarinin patlama ba-
sincina ulagmasina izin verilmeden igerisinde bulunan havanin
bosaltilmasini saglayan mekanizmanin devreye girmesidir. Emni-
yet valfi olarak adlandirilan bu mekanizma, hava yastiginin iceri-
sindeki basing degerinin 10 bar’a ulasmasi halinde icerideki hava-
y1 bosaltmaktadir. Emniyet valfi, hava yastiginin asir1 yiik altinda
zarar gdrmemesi, patlayarak is giivenligi acisindan herhangi bir
sorun olusturmamasi i¢in kullanilmaktadir. Hava yastiginin hor-
tum kismi ve emniyet valfi Sekil 9’da gosterilmistir.
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Cizelge 3. Karadon TILM. Gelik Isletme Miidiirliigii 1. Ocak Actltk Dogu Ayakta domuzdamlarinda élgiilen yiikler (ton)

Dgmutam gtlenyak  oltlenyak oltlenyk  gmusdem L Gundleten 2. Gin dtten 3Gl liden
(ton) (ton) (ton)
1 - - - 21 * - *
2 - - - 22 2 18 15
3 - - - 23 * 7 *
4 - - - 24 2 7 4
5 - - - 25 6 *
6 - - - 26 - - -
7 - - 4 27 - - -
8 4 17 14 28 * 24 15
9 17 9 9 29 - - -
10 18 18 18 30 - - -
11 14 20 15 31 4 15 6
12 4 17 11 32 * 13 11
13 4 4 33 20 9 9
14 9 11 3 34 13 11 11
15 * * * 35 * * _
16 9 9 7 36 4 7 4
17 9 18 9 37 * 17
18 * * * 38 20 18 18
19 6 20 18 39 26 28 26
20 9 18 17
Cizelgede “-“ isaretiyle gosterilen yerlerde hava yastiklar1 bulunmamakta ve “*” ile gosterilen yerlerde bulunan hava yastiklarinin havalari inmis haldedir.

Sekil 9. Hava yastigi hortum kismi ve emniyet valfi

Sonme hareketinin bir diger nedeni hortum baglanti pargalari-
nin sizdirmazligl saglayamamasidir. 2007 ve 2009 yillarinda alinan
tlim yastiklarda en 6nemli ariza sebebi hortum kismi olmustur. Bu
sorunlar gerek kullanici olan is¢ilerden gerek ocak i¢i calisma sart-
larindan ve gerekse tretici firmadan kaynaklanmaktadir.

Patlatmali kaz1 yapilan ocaklarda, patlama yerinin karsisin-
da bulunan hava yastiklarina tas, kdmiir parcalari ¢arpmakta
veya patlama sonrasinda ¢ikan tel pargalar1 saplanmaktadir. Bu
nedenlerle hava yastiklarinin ve yastiga bagh hortumlarin zarar
gordiigl tespit edilmistir. Bu gibi durumlar karsisinda, hava yas-
tiklarini fiziki darbelerden korumak amaciyla 6nlerine hareketli
bant perdeler yapilmistir. S6z konusu bant perdelerin kullanimi
ile domuzdamlarinda tas kesmesi ve kapsiil teli batmasi nedeniyle
arizalar 6nlenmistir. Ayrica yanlis kullanimdan dolay: yastiklarin
hortumlarinda meydana gelen sorunlari 6nlemek amaciyla is¢ile-
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re sistem hakkinda egitimler verilmistir (TTK 2011). Sekil 10’da
Sava marka hava yastigina ait hortumda meydana gelen yarilma
goriilmektedir.

Sekil 10. Sava marka hava yastigina ait hortumda meydana gelen yarilma

Sénme olayinin sonucunda, asir1 basincin da etkisiyle, yastigin
bulundugu domuzdaminin sékiilmesi imkansiz hale gelebilmek-
tedir. Sikisan yastigl ¢ikarmak i¢in birkag¢ domuzdami pargasi ke-
silebilmekte ve yastig1 yerinden ¢ikarmak icin tutma yerlerinden
cekilmekte veya hortum baglantilar1 zorlanmaktadir. Bu esnada
yastik kenarlarinda ezilme ve yarilmalar, baglanti parcalarinda
catlamalar, hortumlarda yirtik veya kesikler ve yastik yiizeyinde
hizar ve balta kesikleri olusmaktadir. Hava yastiklarinin yiizeyinde
bulunan sizdirmazhig1 engelleyecek deformasyonlar (kesikler, yir-
tiklar) yastigin kullanilmaz hale gelmesine sebep olmaktadir. Bu
durumda olan yastiklar kullanim dis1 kalmaktadir. Sekil 11°'de hava
yastiklarinda meydana gelen deformasyonlar gériilmektedir.



E.H. Evkaya and E. Kaymakg1 / Scientific Mining Journal, 2022, 61(3), 149-156

Sekil 11. Hava yastiklarinda meydana gelen deformasyonlar

Yeraltinda herhangi bir asir1 yiike maruz kalmadig1 halde ha-
vasl inmis yastiklar yer iistiinde bulunan atélyelerde kontrol edil-
mektedir. Hava kaciran bolge bazen gozle goriilmeyecek sekilde
olabilmektedir. Yastikta kagiran bir bélge olup olmadigini anlamak
icin hava yastig1 sisirilmekte ve yiizeyine su dokiilerek hava kaga-
ginin oldugu noktalar tespit edilmektedir.

Sekil 12’de sisirilmis hava yastiginin su ile kontrolii goriilmek-
tedir. Sekilde de goriildiigii lizere 1. ve 2. bolgelerde hava kagagi
mevcuttur.

3.2. Hava Yastiklarinda Nipel Baglanti Sorunu

Hava yastiklarinin kullaniminda karsilasilan bir diger sorun ise
nipel baglanti (metal baglanti elemani) kisminda meydana gel-
mektedir. {lk alinan hava yastiklarinda nipel baglant1 kisimlarinda,
kullanilan malzemenin dayaniminin diisiik olmasindan dolay: ¢at-
lama ve kirillmalar meydana gelmistir (Sekil 13).

Sekil 12. Sisirilmis hava yastiginin su ile kontrolti
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Sekil 13. Hava yastiginin nipel kisminin ¢atlamasi



E.H. Evkaya and E. Kaymakg1 / Bilimsel Madencilik Dergisi, 2022, 61(3), 149-156

Catlayan veya kirilan nipel kismi hava yastifina direkt bagh
oldugu icin hava yastiklarinin kullanilmaz hale gelmesine neden
olmaktadir. Hava yastig1 ile nipelin baglanti noktasinin i¢ disli
(disi) nipel olmasi da nipel ¢atlaklarinin bir diger sebebi olmustur.
2009’da alinan hava yastiklarinda bu hata ile sik karsilagilmis olup
sorunlu yastiklar imalat hatasi nedeniyle degistirilmistir. Ayrica
yastiklarin baglant1 noktasindaki nipelin dis disli (erkek) olmasi
saglanmistir. Bu sekilde i¢ disli nipel ¢atlasa bile hortum kisminda
kalacagl icin yastiga zarar verilmemis ve hortumun yenilenmesi ile
yastigin tekrar kullanilmasi saglanmistir.

Hava yastiklarinin hortum baglanti yerinden kopmasini dnle-
mek amaciyla baglanti noktalar: sabitlenmis ve bu sekilde darbe-
lere dayanikli hale getirilmistir. 2014 yilindan itibaren alinan hava
yastiklarinda baglanti noktasi kenarlara sabitlenmistir (Sekil 14).

Sekil 14. TTKya son alinan hava yastiklarinin nipel baglantisi

3.3. Hava yastiklarinin balonlasma yapmasi sorunu

Yastigin kaucuk iist tabakasi ile aramid (Naylon sinifindan bir
polimer olup Kevlar adi ile de bilinir ve celige yakin bir sertligi
vardir.) tabakanin birbirinden ayrilmasi sonucu hava yastiklarinda
balonlasma meydana gelebilir (Sekil 15).

Sekil 15. Hava yastiklarinda meydana gelen balonlasma arizasi
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Hava yastigina basing verildikce bu ayrilan tabaka arasina hava
kagis1 olmakta ve yastik islevini géremez hale gelmektedir. Soru-
nun aslil sebebi, yastik ile nipelin baglant1 noktasinin i¢ disli nipel
olmasi ve hortum baglantisi yapilirken nipelin kii¢iik bir zorlan-
masinda nipelin ¢atlamasidir. Bu durumda gelen basingli havanin
cok kii¢iik bir delikten iki tabakay1 birbirinden ayirmasina yani
balonlagsma yapmasina neden olmaktadir.

Balonlagmanin diger sebebi ise kullanimdan kaynaklanmakta-
dir. Yastigin iizerine gelen yiiklerin homojen dagilmasi gerekmekte-
dir. Ancak hava yastiklarinin iist ve altina yerlestirilen doérder adet
destek domuzdami malzemesinin diizenli ve aralarinda bosluk
kalmayacak bir sekilde yerlestirilmemesi veya kurulumda yapilan
diger hatalardan dolay: hava yastiginin yiizeyine farkli noktalardan
basing gelmesine yol agmaktadir. Diizensiz veya eksik dizilimden
dolay1 olusan bosluklara hava yastiginin sikismasi ile yastig1 olus-
turan tabakalarin birbirinden ayrilmasi durumu meydana gelmek-
tedir. Bu durum ayrica yastik direncini de diisiirmektedir.

4. Hava yastiklarinin diinyada madencilik alanindaki uygula-
malari

Hava yastiklar1 Ukrayna-Donbass komiir havzasindaki 0.4-
1.2 m kalinhgindaki ince ve 0-90° egimli kémiir damarlarinda
uygulanmustir (Unlii ve Gercek, 2000). Bu sistemde pasif bir tah-
kimat tiirii olan hava yastiklari, artan tavan yiikiiyle biinyesin-
de olusan yiiksek basing sayesinde tavan yiikiini tasimaktadir.
Donbass koémiir havzasinda uygulanan sistem TTK'da kullani-
lan sistemden farkli olarak; hava yastiklarinin damar kalinligina
gore st lste dizilmesi seklinde gerceklesmektedir (Sekil 16).
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Sekil 16. Ukrayna-Donbass kémiir havzasinda kullanilan havayastiklarindan
olusan domuzdami (Unlii ve Gergek, 2000)

TTK bu sistemi ince komiir damarlarinda denemis ve buradan
yola ¢ikarak aktif bir tahkimat tiirii olan On Gerilmeli Ahsap Do-
muzdami (OGADD) Tahkimat Sistemini gelistirmistir.

5.Sonugclar

Son yillarda mekanizasyona ge¢is ¢alismalarina hiz kazandi-
ran TTK'da arina paralel ahsap tahkimath uzunayak yontemi ha-
len yaygin olarak kullanilmaktadir. Bu tiretim yonteminde yalanci
tavanin gocertilmesi ve ana tavanin kirilmasi sirasinda meydana
gelen agir1 yiikler tahkimati zorlamakta ve zaman zaman gogiik ve
benzeri olumsuzluklarla karsilasmamak amaciyla ilave tahkimat
elemanlar1 kullanilmaktadir.

OGADD sisteminin en biiyiik avantaji tavanda hareket bas-
lamadan hava yastiginin sisirilmesi ile 6n gerilmenin saglanarak
tavan ve taban arasinda domuzdamlarinin sikilanmasidir. Ahsap
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domuzdami sisteminde bu sikilama islemi siktirma takozlariyla
insan giiciine dayali yapilmakta ve uygulanan siktirma kuvveti ol-
dukca diislik kalmaktadir. Yeni sistemde, hava yastiklarinin sebeke
basinci ile sisirilmesi sayesinde siktirma kuvveti yeterli olmakta-
dir. Hava yastig1 ile domuzdami malzemelerinin ytizeyleri, taban
ve tavan tasina tamamen temas edecek sekilde kurulmasi sartiyla
tavan ylikleri esit ve tam olarak karsilanmis olmaktadir. Bu sayede
tavanda diizglin bir kirllma hatt1 olusturulmakta ve giivenli, sag-
lam bir ¢alisma alani saglanmaktadir.

Sistemin kullanilmasi ile domuzdaminin sékiim islemi daha
kisa zamanda gerceklesmekte ve bu sayede hem hizl bir sekilde
ilerleme yapilmakta ve hem de tavanda olusabilecek herhangi bir
hareket baslamadan domuzdamlarinin dtelenmesi saglanmaktadir.

Eski sistemde basing altinda bekleyen domuzdamlarinin s6-
kiim islemi zor ve hatta bazen imkansiz olmaktadir. Bu nedenle
domuzdamlarini bulundugu yerden sékmek i¢in birka¢ domuzda-
mi1 kesilmek zorunda kalinmaktadir. Hava yastiklarinin kullanildi-
g1 yeni sistemde domuzdamlarinin sokiim islemi, yastik havalari-
nin bosaltilmasiyla birlikte kolay olmus ve bu sayede HDD sarfiyati
da azalmistir.

TTK yillar itibariyle hava yastiklarinin teknik 6zelliklerinde
degisikliklere gitmistir. Hava yastiklarinin kaldirma kuvveti 67,7
ton’dan 86,2 ton’a yiikseltilmistir. Kaldirma kuvvetinin artmasiy-
la birlikte hava yastiklarinin ¢alisma basinglari 8 bar’dan 10 bar’a
ylikselmistir. Bu sayede hava yastiklariin tasima kapasitesi art-
tirllmis ve basing alan hava yastiklarinin basing altinda sénmesi
onlenmistir.

OGADD sistemi tavan yiikiiniin tam karsilanmasi amaciyla dii-
siik egimli damarlarda kullanilmalidir.

Sistemin kullanilacagi damarin tavan ve taban tasinin saglam
olmasi istenilen performansi saglayacaktir.

HDD malzemesinde bulunan ¢intilerin kurulumda kolaylik
sagladig1 goriilmektedir. Cintiler 6zellikle egimi yiiksek ayaklar-
da domuzdamlarinin diizgiin kurulmasini saglamaktadir. Ancak,
asirt yiik altinda, domuzdamlarinin ¢intilerinin oldugu kisimlar
birbirine gegmekte ve sokiim islemi zorlasmaktadir. S6kiimii yapi-
lamayan domuzdamlarindan bir ka¢inin kesilmesi gerekmekte ve
domuzdamai zayiat1 artmaktadir.

Karadon TIM Gelik Isletme Miidiirliigiinde yapilan él¢iim es-
nasinda ve Kozlu TIM 5. Ocak Acilik Dogu Ayakta yapilan incele-
melerde arizali veya havasi inmis hava yastif1 sayisinin oldukca
yiiksek oldugu goriilmiistiir. Bu durum, hava yastiklarinda bulu-
nan emniyet valfinin devreye girerek yastigin havasini indirmesi
sonucunda ortaya ¢ikmaktadir. Emniyet valfinin devreye girmesi
sonucu yastik havasinin inmesi, domuzdamlarinin asin yiike ma-
ruz kaldigini géstermektedir. Ayak ilerleme hizinin diisiik oldugu
durumlarda ise ayak i¢indeki basincin artmasi da bilinen bilimsel
bir gercektir. Dolayisiyla bu basing hava yastiklarini da etkilemek-
te ve emniyet valfinin devreye girerek yastik havasinin bosalmasi-
na neden olmaktadir. Bu nedenle OGADD sisteminin kullanilacag
ayaklarin ilerleme hizinin yiiksek olmasi 6nemlidir.

OGADD sisteminin kullaniminda yaganan sikintilar1 gidermek
amaciyla egitimler diizenlenmesi is giivenligini saglayacak ve hava
yastig1 zayiatlarinin 6niine gegecektir.

Hava yastiklarinin balonlasma yapmasinin 6énemli nedenle-
rinden biri, yastigin tizerine gelen ytklerin esit bir sekilde dagil-
mamasidir. Domuzdamlarinin kurulumu esnasinda yapilan ha-
talardan dolay1 yastigin yiizeyine gelen ytiklerin belli bolgelerde
yogunlasmasi ile balonlasma meydana gelmektedir. Hava yastig-
nin listiinde ve altinda bulunan dérder adetlik ahsap domuzdami
malzemesinin aralarinda mesafe olmayacak sekilde yerlestirilme-
si ve hava yastiginin tiim ytizeyini kaplayacak sekilde olmasi ba-
lonlagsmay1 6nleyecektir.

156

Patlatma ile iiretim yapildig1 durumlarda, OGADD sisteminin
kullanildig1 ayaklarda patlatma esnasinda; tel, kapsiil, arindan fir-
layan tas vb. malzemeler yastiga zarar vermektedir. Hava yastikla-
rin1 koruyacak sekilde dnlerine hareketli perdeler konulmasi bu
durumun olusmasini engelleyecektir.

Yiik altinda sdniimlenen hava yastiklarinin zarar gérmeden
kurtarilmasi ve hava yastiginin iist ve altinda bulunan HDD mal-
zemelerine sikismamasi icin TTK domuzdami siktirma ve sokme
yastigl ile calisma yonergesinde belirtilen yastigin her iki tarafina
10 cm ytiksekliginde 120 cm boyunda 6zel domuzdami malzeme-
sinin konulmasi gerekmektedir.

TTK tarafindan satin alinan HDD malzemesi teknik sartname-
ye gore 100-130 °C arasinda ve en az 48 saat siireyle buharlama
isleminin yapilmasi gerektigi belirtilmektedir. Oysaki buharlama
islemi yapilirken ortam sicakliginin 100 °C’'nin iizerine ¢ikmama-
s1 istenmektedir. Literatiirde buharlama islemi ile ilgili asagidaki
aciklamalar yer almaktadir:

Buharlama islemi esnasinda odundaki tenen ve dogal antisep-
tik maddeler yikanmaktadir. Bu sebeple mantar ve bdcekler bu-
harlanmis oduna daha fazla zarar vermektedir. Buharlama islemi
odunun islenme 6zelligini iyilestirmekte ve islenmis yiizeyler de
normal odundan daha diizgiin ve parlak bir hal almaktadir. Buna
karsilik buharlandiktan sonra kurutulan odun gevreklestiginden
kolay kirilir (Ors ve Keskin 2001).

Yukarida yapilan agiklamalar 1s18inda buharlama isleminden
sonra buharlanan ahsap malzemenin diren¢ degerlerinde disiis
oldugu ve gevreklestigi icin kolay kirildig1 ve mantar ve b6ceklerin
oduna daha fazla zarar verdigi goriilmektedir. HDD malzemesini
buharlama islemine tabi tutmak hem maliyetleri arttirmakta hem
de malzemenin dayanimini diisiirmektedir. Bu sebeple HDD mal-
zemelerine buharlama isleminin yapilmamasi uygun olacaktir.

Kurum yillar igerisinde sistemde karsilasilan sorunlardan yola
cikarak yukarida bahsedilen degisiklikleri gerceklestirmis ve bu
sayede hava yastig1 kayiplarinda 6nemli bir azalma meydana gel-
mistir. Diger taraftan iiretim yapilacak ayagin tavan ve taban tasi-
nin saglam, damar egiminin diistik ve ayak ilerleme hizinin yiiksek
olmas1 OGADD sisteminin istenilen performansi saglayacagini gos-
termektedir.
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Zayif zeminlerde ag¢ilan biiyiik ¢capl ¢ift tiip tiinellerin birbirine olan etkisinin 3 boyutlu sayisal
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Bolu Tiineli Ankara Istanbul Otoyolu {izerinde yer almaktadir. Bolu Tiineli proje caligmalarina 1993 yilinda baslanmis olup 2007 yilinda trafige acilmistir. 3
seritli ¢ift tiinel olarak projelendirilmistir. Tiinel uzunluklari sag tiinel 2788 m sol tiinel 2954 m’dir. Bolu Tiineli insasi sirasinda 2 kez sel ve depreme maruz
kalmis ve Elmalik kesiminde Diizce Depreminde gociik yasanmistir. Gogiik sonrasinda giizergah degistirilmistir. Bolu Tiineli Kuzey Anadolu Fay Hatti ile
Diizce Fay1 arasindaki tektonik bloktan gegmektedir. Tiinelin istanbul tarafi (Asarsuyu) metakristalin temel kayalar1 icerisinde yer almakta iken Ankara
tarafi (Elmalik) sedimanter kayagclar icerisinde bulunmaktadir. Tiinelde kazi asamasinda kritik sorunlarin meydana geldigi EImalik girisinde Elmalik fay1
bulunmakta olup, tiinelin bu béliimlerinde 1,2 m'ye varan deformasyonlar olusmustur. Diizce Depreminde ise Elmalik sol tiinel tamamen kapanarak gogiik
olusmustur. Bolu Tiinellerinde yasanan sorunlar ve destek sistemleri tiinelcilik acisindan ¢ok degerli bilgiler icermektedir. Bu ¢alismada, destek sistemleri
Flac3d programu ile 3 boyutlu olarak incelenmis, iki tiinelin birbirine olan etkisi, list yari, alt yar1 ve invert kazilarinda meydana gelen degisimler ortaya
konmustur.

Keywords: Bolu Tiineli, Goglik, Flac3d, Diizce Depremi, Ttinel etkilesimi

ABSTRACT

Bolu Tunnel is located on the Ankara Istanbul Highway which started in 1993 and was made available to traffic in 2007. It was built as 3-lane double tunnel.
The tunnel lengths of the right and left tunnel are 2788 m and 2954 m respectively. During the construction, it was undergone 2 earthquakes and flooding,
and the Elmalik section collapsed after the Diizce Earthquake. After collapse, the route diverted. The tunnel passes through the tectonic block between
the North Anatolian Fault and Diizce Fault. The Istanbul side (Asarsuyu) is located within the metacrystalline basement, the Ankara side (Elmalik) is
located within the sedimentary rocks. The biggest problems during the excavation of the tunnel located Elmalik fault where deformations up to 1.2 m and
collapsed in the earthquake. The problems and support systems in the tunnels contain very valuable information for tunneling. In this study, the supports
are examined in 3D with the Flac3d program, the effect of the two tunnels on each other, the deformation changes in the top heading, bench and invert
excavations are studied.

Keywords: Bolu Tunnel, Collapse, Flac3d, Diizce earthquake, Tunnel interactions

Giris ma ve sisme problemleri ile karsilasildig1 goriilmektedir. Buna ek
olarak, tiinel ayna ve tavan desteklenmesi sirasinda karsilasilan
sorunlar da tiinel durayliligini etkilemektedir. Sikisma icin tiinel
ortii yiiksekligi ve kaya kiitlesinin tek eksenli basing dayanimi te-
mel faktorler olarak karsimiza ¢gikmaktadir (Jethwa vd. 1984, Sa-
kurai 1983, Singh vd. 1992, Goel vd. 1995, Hoek ve Marinos 2000).

Zay1f zeminlerde acilan tiinellerin destek sistemlerinin belir-
lenmesi i¢in yapilan ¢alismalar gliniimiizde giderek artmaktadir
(Barla 2002, 2016, Hoek 2001, Aygar ve Gokceoglu 2020, 2021
a, b, cve d, Aygar 2000, 2007, 2020, 20214, 2021b). Zayif zemin-
lerde acilan tiinellerde yasanan sorunlara bakildig1 zaman sikis-
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Zayif zeminler icin destek sistemlerinin tasariminda iki ana yakla-
sim lizerinde durulmaktadir: aktif ve pasif destek sistemi tasarimi.
Bunlardan ilki olan aktif destek sistemi tasariminda deformasyona
izin verilmeden rijit bir tahkimat uygulanirken pasif yaklasimda
ise deformasyona miisaade edilerek esnek bir tahkimat uygulan-
maktadir. Schubert (1996) yaptig1 calismada iksalar tizerinde de-
formasyon boslugu 6nermistir. Hoek (2007, 2012) ise meydana
gelen deformasyonlar icin TH tipi kayan iksalar 6nermis ayrica tii-
nel ayna ve tavan durayliliginin 6nemi tizerinde durmustur. Ayrica
zaylf zemin i¢inde cift tiip olarak acilan genis ¢apl tiinellerde ise
iki tiinelin birbirine olan etkisi 6nem kazanmaktadir. Tiinellerin
kazilar1 sirasinda iki tiip aynasi arasinda belirli bir mesafe
birakilmasi énerilir. Buna ek olarak iki tiinel arasindaki topuk
mesafesi ise en az tilinel ¢capinin 1,5 kati olacak sekilde birakilma-
s1 6nerilir (KGM, 2013). Tiinel kazisi sirasinda ise Yeni Avustur-
ya Tiinelcilik Yontemi (NATM) (Rabcewicz, 1964 a, b and 1965;
Rabcewicz and Golser, 1973) prensiplerine gore tiinel iist yari, alt
yar1 ve invert sekilde boliimlendirilmektedir. Zira tiinel kazisinin
tek asamada yapilmasi miimkiin olamamaktadir. Bu durumda ise
st yary, alt yar1 ve invert kazilar1 arasindaki mesafe ¢ok 6nem ka-
zanmaktadir. Saglam kayalarda bu mesafe 100 ila 200 m’ye kadar
cikarken zayif kayalarda bu deger 20-25 m’ye kadar diismektedir.
Son dénemlerde ise Italyan yontemi olarak karsimiza ¢ikan “kaya
ve zeminlerde deformasyon kontrollii analiz” (ADECO-RS) yonte-
mi tam Kkesit kazi prensibine gére destek sistemi yapilmaktadir
Lunardi 2000a, 2000b, 2008. 2014, 2016, Barla 2002). ADECO-RS
yonteminde tiinel ayna ve tavan durayliligl cok dnemlidir. Bunun
icin tlinel aynasinda uzun fiber bulonlar ¢akilarak ayna tamamen
durayl hale getirilmektedir. Bu asamadan sonra tam kesit tiinel
kaz1 islemi yapilmaktadir.

Bu calisma kapsaminda, zayif zeminlerde acilan tiinellerde
kaz1 kademeleri ile tiinellerin birbirine olan etkisinin incelenmesi
amaciyla Bolu Tiinellerindeki uygulamalar dikkate alinmistir. Bu-
nun icin 3 boyutlu analiz imkani sunan Flac3d (Itasca, 2002) prog-
ram1 kullanilarak tiinel kazi kademeleri ile iki tiinelin birbirine
olan etkisi incelenmistir. Bilindigi tizere Bolu Tiineli yapimi 13 y1l
siiren, kazi ¢ap1 18 m’ye varan genis ¢apl ¢ift tiipten olusan bir tii-
neldir. Kaz1 islemi {ist yary, alt yar1 ve invert seklinde olup tiineller
arasinda 55 m ile 60 m arasinda degisen mesafe birakilmistir. Kazi
islemi sirasinda tiinellerde ciddi deformasyonlar ile karsilasilmis
ve tiinel destek sistemlerinde stabilite ve gociik problemleri ile
karsilagilmistir. Bu sebeple Bolu Tiinellerinde yapilan uygulama-
lar zayif kaya kiitlelerinde agilan tiineller icin ¢ok 6nemli veriler
icermektedir.

1. Bolu Tiineli

Bolu Tiineli Ankara-Istanbul Otoyolu icerisinde yeralmakta
olup, 3 seritli cift tiinelden olugsmaktadur. istanbul tarafinda (Asar-
suyu girisi) kazi islemleri 1993 yilinda, Ankara tarafinda (Elmalik
girisi) ise 1994 yilinda kazi islemlerine baslanmistir. Tiinel kazi is-
lemleri 2006 yilinda tamamlanarak 2007 yilinda trafige agilmistir
(Sekil 1). Kazi islemleri toplam 13 y1l siirmiistiir. Tiineller arasinda
50 ila 60 m arasinda degisen topuk birakilmistir. Tiinel ortii ytik-
sekligi genelde 100 ila 150 m arasinda degismekte olup, en yiik-
sek ortii yiiksekligi ise 250 m’dir. Tiinel kazi ¢ap1 destek siniflarina
bagli olarak 13 m ile 18,2 m arasinda degismektedir. Kazi alani ise
133 m? ile 260 m? arasindadir. Tinellerin tamamlanmis halinde
yatay aciklik olarak 14,0 m ve yiikseklik ise 8,60 m’dir (Sekil 2).

Bolu Tiinelleri Yeni Avusturya Tiinelcilik (NATM) Yontemi-
ne gore projelendirilmistir. Projelendirme asamasinda sikisan
kayadan c¢ok saglam kaya sinifina kadar destek sistemleri
belirlenerek kazi islemlerine baslanmistir. Tiinel kazis1 sirasinda
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ise beklenmeyen jeolojik kosullara gore deformasyonlarda ciddi
artislar gézlenmistir. Bu artislar yer yer Elmalik girisinde yeralan
filis serileri ile kisa fay zonlarinda téleransin 4 ile 5 katina kadar
cikmistir. Karsilasilan yeni jeolojik kosullara gore tiinel destek
sistemleri stirekli olarak revize edilmistir. Destek sistemlerinde
yapilan bu degisiklikler ilk doénemlerde NATM prensipleri
icerisinde kalarak devam etmis ancak basar1 saglanamamistir.
1998 yili itibari ile de NATM prensiplerinin disina ¢ikilarak esnek
bir dis kemer ilkesinden vazgecilmistir. Yapilan bu revizyonlarda
kaplamakalinliginin tamamen artirilmasiydniine dogru gidilmistir.
Bu amagla kisa fay zonlarinda dis kaplama ile i¢ kaplama arasinda
ara kaplama eklenmis (Segenek 3), uzun fay zonlarinda ise alt yar1
pilot tlinel yontemi (Segenek 4) kullanilmistir. 12 Kasim 1999
Diizce depreminde meydana gelen go¢iik sonrasinda ise bu yon-
temlerin uygulanmasina devam edilmistir. Diizce depreminde El-
malik girisinde yasanan gogiik incelendiginde deformasyonlarin
devam ettigi ve soniimlenemedigi bolgede olusutugu gézlenmistir.
Bu bolgede i¢ kaplamasi yapilan ilk 400 m lik kesimde ise herhangi
bir hasar meydana gelmemistir (Sekil 1).
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Sekil 1. Bolu Tiineli yer bulduru haritasi
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Sekil 2. Bolu Tiineli en kesiti

2. Jeolojik-Jeoteknik Kosullar

Bolu Tiineli glizergah boyunca tektonizmaya ugramis birimler
icerisinde agilmistir. Tiineli etkileyen ana fay sistemleri 1. Derece
aktif fay sitemleridir. Bolu Tiineli boyunca yeralan birimler iki gru-
ba ayrilabilir. ilk grup istanbul girisinde (Asarsuyu) Metakristalin

Sekil 3. Bolu Tiineli jeolojik profili (Geoconsult,1998)
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kayalardan olusmakta olup genelde metasediman seriler icerisin-
de agilmisti. Bu boliim Bakacak fay zonunun tiineli kestigi yakla-
sik km:62+800 e kadar olan bolgeyi kapsamaktadir. Bu noktadan
sonra ise Ankara girisinde (Elmalik) yeralan filis serisini kapsa-
maktadir. Bu bdlgede diisiik agili faylar ile kesilmis olup bu iki grup
arasinda yaklasik 200 m uzunlugundaki Bakacak fay1 bulunmakta-
dir. Elmalik girisinde tiineli olumsuz etkileyen altaki metakrista-
lin tabaka iizerinde yeralan iistteki sedimanter serisi icerisindeki
dustik acih faylardir. Tinel kazisi ise genelde bu béliimde yapilmis
olup beklenmeyen asir1 deformasyonlara neden olmustur. Elma-
lik tarafinda karsilasilan filis serileri tektonizmaya ugramis kiltasi,
silttas1 ve kirectasi birimlerinden olusmaktadir. Bu kesim genel
olarak kaygan ytizeyli ve yiiksek plastik 6zelliklere sahip fay kili
malzemesi icermektedir. Tiineli olumsuz etkileyen Bakacak fay1
icin ise Lettis vd (2000) tarafindan yapilan ¢alismada fayin uzun-
lugunun 10 ile 15 km arasinda degistigi belirtilmis ve tiineli 200
m’lik bir kesimde Kkestigi belirtilmistir. Fayin yonelimi yaklasik
olarak dogu-bati yoniinde olup tiineli km:62+800 ile 63+000 ara-
sinda dik olarak kesmektedir. Bu fay zonu kirmizi renkli yiiksek
plastik 6zellikli olup biiyiik oranda kaygan ylizeylere sahiptir.

Bolu tiineli 4 ana boéliime ayrilabilir. Bunlar metakristalin ta-
baka (Yedigéller formasyon), metasediman serileri (Ikizoluk for-
masyonu), Filis serisi (Findicak Formasyonu) ve killi fay zonlari
olarak ayrilabilir (Dalgig, 2002). Bolu Tiineli'nde sayisal analiz
calismalari icin metakristalin tabaka ile filis serileri i¢cinde gegi-
len béliimler incelenmistir. Bu bdliimlerin érti ytikseklikleri filis
serisinde 50 m, metakristalin tabaka i¢in ise 100 m’dir. Sekil 3’te
Bolu Tiineli’'ne ait jeolojik profil verilmektedir.



E. B.Aygar / Scientific Mining Journal, 2022, 61(3), 157-167

2.1. Filis serisinin jeolojik ve jeoteknik ézellikleri

Filis serisi icinde gegilen boliim tiinelin Elmalik girisine yakin
kisminda olup km:63+910 ile 64+120 arasinda yer almaktadir. Tii-
nelin bu boliimii, temelde diisiik plastik 6zellik gdsteren filis seri-
sinde kazisi yapilmis kiltasi, kumtasi ve marnl kiregtasini iceMr-
mektedir. Marnl kirectasi ve biresik kalkerli kumtasi az dereceden
orta dereceye kadar bozunmus, zayiftan orta dereceye kadar de-
gisen dayanima sahiptir. Kiltasi tabakalari ise ytiksek oranda bo-
zunmus ve oldukea zayif 6zelliklere sahiptir ve bloklu malzeme ile
ince matriksler halindedir. Matriks, toplam kiitlenin %20 ila 40’1n1
olusturmaktadir. ince matriksler killi kumlu silt yapilarindan olus-
maktadir. Sekil 4‘de bu béliime ait jeolojik kesit sunulmaktadir.
Cizelge 1'de kaya kiitle parametreleri verilmektedir (Geoconsult,
2002).

Sekil 4. Filis serisi icinde gecilen béliimtin jeolojik kesiti

Cizelge 1. Filis serisine ait zemin parametreleri (Geoconsult, 2002)

icsel Kohez- Young Hacimsel Makaslama Birim

slirtiinme  yon modili  modiil moduli hacim

acist agirhk

20° 50 kPa 493 411 MPa 190 MPa 22kN/m?
MPa

2.2. Metakristalin tabakanin jeolojik ve jeoteknik é6zellikleri

Metakristalin tabaka icinde gecilen boéliim km: 62+890 ile
63+080 arasinda yer almaktadir. Kaya kiitlesi amfibolitler ile be-
yaz renkli saglam kuvars icinde makaslama boliimlerine sahiptir.
Bu boliim kahverengi yesil ve gri renkli orta dereceden ytiksek
dereceye kadar bozunmus olup oldukgca zayif 6zelliklere sahiptir.
Sekil 5te metakristalin tabakaya ait jeolojik kesit sunulmaktadir.
Sayisal modellemelerde kullanilan béliime ait zemin parametrele-
ri Cizelge 2’de verilmektedir (Geoconsult, 2002).

Cizelge 2. Metakristalin tabakaya ait zemin parametreleri (Geoconsult,
2002)

icsel Kohezyon Deformasyon Hacimsel Makaslama Birim

siirtiinme modulil modiil modulii hacim

acist agirlig

25° 50 kPa 1000 MPa 833 MPa 384 MPa 22kN/
m3
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Sekil 5. Metakristalin tabaka icinde gecilen boltimiin jeolojik kesiti

3. Sayisal Analizler

Sayisal analiz ¢aligmalarinda FLAC® programi kullanilmistir.
Flac3D programi sonlu farklar metodu ile ¢alisan bir sayisal analiz
programidir (Itasca, 2002). 3 boyutlu olarak zemin, kaya ve diger
yap1 elemanlarini modelleyebilmektedir. Tiinel analizlerinde kul-
lanilacak olan yapisal elemanlar modele tanimlanabilmektedir.
Modelde kazi islemi {ist yari, alt yar1 ve invert seklinde modelle-
nebilmekte ve destek elemanlar1 da modele tanimlanabilmekte-
dir. Sayisal analizler i¢in Bolu Tiineli'nde CM35 ve CM45 destek
siniflar1 se¢ilmis olup (Sekil 6), bu kesimler sirasiyla metakris-
talin tabaka ile filis serisi icerisinde yer almaktadir. Pliskiirtme
beton kalinliklar1 sirasi ile 35 cm ve 45 cm olup 9 m ile 12 m
uzunluklarinda kendinden delgili bulonlar kullanilmistir. Tavan
kesiminde ise siiren olarak IBO tipi bulonlar kullanilmistir.

! 6 adet IBO R32S, boy =9.00m

6 adet IBO R32S
boy = 12.00m

1BO R32M ENJEKSIYONYU SURE
| mm=0,4pm, BOK=6,00n

|

| %%

| 2 -

| < 2. TABAMURTME BETQN/
| |

e —e . — % 30N/m1m?, ds=15cm CM 435 destek sistemi

> $ r
| USTYARI o ON/mm?, ds=5cm CNI 35 destek sistemi
[ S

: ALT Y:}ffA e E' 4 adet IBO R32S,
| ?E» boy = 9.00m

Sekil 6. CM 35 ve CM 45 destek sistemi detaylari (Aygar, 2020)
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3.1. FLAC® programu ile statik analizler i¢in yapilan modelleme
calismalari

Statik ¢6ziimlemeler i¢in FLAC?® programu ile olugturulan mo-
dellerde tiinel kazi ve destek sistemleri modellenmistir. Modelle-
me sonuglar1 degerlendirilerek tiinelde meydana gelen yenilme
durumu ve yerdegistirmeler incelenmistir.

Statik durumda meydana gelen degisimler ve elde edilen so-
nuclar tiinel kazis1 ve destek sistemlerinin degerlendirilmesi a¢i-
sindan onemlidir. Zira olusturulan modeller Bolu Tiinelleri'nde
uygulanan kazi ve destek sistemi ile drtiismektedir. Bundan dolay1
statik durumda meydana gelen degisimlerin incelenmesi destek
ve kazi sisteminin dogrulugu agisindan 6nem kazanmaktadir.

Bolu tiinelleri icin normal arazi kosullarina uygun olacak sekil-
de modeller olusturulmustur. Modelin tiinel baslangi¢ noktalar1 0
olarak kabul edilmistir. Modelde sol tiinel baslangi¢ noktasi 0,0,0
sag tlinelde ise 0,55,0 olarak alimmistir. Kaz1 islemleri 0’dan itiba-
ren Y ekseni boyunca yapilmistir.

Modelleme sirasinda yergekimi ivmesi kullanilarak baslangi¢
gerilmeleri olusturulmustur. Olusturulan model invertte x, y, z
yonlerinde sabitlenirken, sol ve sag yiizeyleri x yonlerinde, mo-
delin 6n ve arka ytiizeyleri y yoniinde sabitlenmis ve tavan ise sa-
bitlenmemistir (Sekil 7). Modellemelerde sinir kosullari ile agiklik
etkilesimini 6nlemek i¢in, en biiytik agikligin ytlikseklik veya genis-
liginden en az 4 ila 5 misli mesafede olmasi gerekmektedir. Bundan
dolay1 modelin sol tarafinda 80 m, sag tarafinda ise 135 m, invert
béliimiinde ise 80 m mesafe birakilarak modellemesi yapilmistir.
Model derinligi, y ekseni diger bir ifadeyle tiinel ekseni yoniinde
100 m olarak alinmistir. Tiinel ¢apinin 16 m oldugu géz dniine
alindiginda modelde sinir kosullar1 uygun olmaktadir.

Sekil 7. Olusturulan modelde sinir kosullart

Modelde arazi kosullarina uygun olarak sag ve sol tiinel ara-
sinda eksenden eksene 55 m mesafe birakilmistir. Tiinel kazisi ti¢
asamada yapilmaktadir. Bu agamalar st yari, alt yar1 ve invert ka-
z1s1 seklindedir. Modellemede tiinel kazis1 uygulama asamasinda
oldugu gibi li¢ asamada yapilmistir (Sekil 8).

UsT

Sekil 8. FLAC®® programi ile olusturulan modelde tiineller arasinda birakilan mesafe

Tiinellerde iist yary, alt yar1 ve invert kemeri kisimlari arasinda
gercek uygulamaya paralel olarak tiinel ekseni yoniinde 60 metre
mesafe birakilarak yapilmistir. Sekil 9°da modelleme asamasi sira-
sinda uygulanan kazi ve destek sistemi sematik olarak verilmek-
tedir. Modelleme baslangicinda bu mesafeyi olusturmak icin sol
tiinelde ilk 40 m’lik kisimda tist yar1 ve alt yar1 boliimlerinde kazi
ve desteklerin yapildig1 varsayilarak modelin bu béliimii bosaltil-
mis ve destek elemanlar1 yerlestirilmistir. Ayni sekilde sol tiinel
ist yar1 boliimiinde 40 ile 60 m’lerde de kazi ve destek isleminin
yapildig1 ayrica invert béliimiinde de ilk 36 m’lik boliimiin kazi
ve invert betonun tamamlandig1 varsayilmistir. Ayrica sol tiinelde
ilk 24 m’lik béliimde i¢ kaplamanin yapildig1 diisiiniilerek modele
uygulanmistir. Béylelikle sol ve sag tiineller arasinda tiinel ekseni
yoniinde istenilen 60 m’lik mesafe saglanmistir. ingaat agamasinda
list yariile alt yar1 arasinda 20-30 m mesafe birakilmaktadir. Invert
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ile alt yar1 arasindaki mesafe ise en fazla 4 m olmaktadir. Kaz is-
lemleri, her bir kademede iist yarida 1 m, alt yari1 da 2 m ve invertte
4 m olarak yapilmaktadir. Modelde kazi islemleri tiinelde yapilana
uygun olarak sol tiinelde list yarida 60. m den baslayarak 1'er m’ lik
kazilarla 60 ile 66. m’ye kadar 6 asamada, alt yarida ise 40 ile 46 m’
ye kadar 2 ser m’ lik kazilarla 3 asamada, invert bdlimiinde ise 36
ile 44 m’ye kadar 4 er m’lik kazilarla 2 asamada yapilmistir. Ayrica
sol tlinelde 0 ila 24 m’ler arasinda i¢ kaplama betonu yapilmistir
(Sekil 9). Sol tiinelde kaz1 ve tahkimat islemleri bitirildikten sonra
sag tiinelde kazi islemlerine baslanmistir. Ust yarida ilk 8 m’ lik bé-
liimiin kazis1 1 er m’lik kazilarla 8 asamada, alt yarida ayni sekilde
ilk 8 m’lik boliimiin kazis1 2’ser m’lik kazilarla 4 asamada ve invert
béliimiinde ise ilk 8 m’lik boliimiin kazis1 4’er m’lik kazilarla 2 asa-
mada bitirilmistir (Sekil 10). Sekil 10 sag tiinelde kazi durumunun
tamamlanmis halini géstermektedir.
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Sekil 9. Sol tiinelde yapilan modelleme asamalart

Sekil 10. Sag tiinelde modelleme asamalart

Statik analizlerde i¢ kaplamanin yapilmadig1 durumu ayrinti-
I1 bir sekilde inceleyebilmek i¢in sag tiinelde i¢ kaplama betonu
yapilmamistir. Sekil 11’de sol tiinel icin modelde olusturulan i¢
kaplama betonu gosterilmektedir. Model lizerinde meydana gelen
degisimleri gorebilmek ve zamana bagh olarak yerdegistirmeler
ile gerilmeleri izleyebilmek amaciyla referans noktalar: se¢ilmis-
tir. Sol tiinel iist yar1 kazisi sirasinda meydana gelen degisimler
icin 62 m, sol tiinel alt yarida meydana gelen degisimleri gorebil-
mek amaciyla 42 m, sag tiinelde iist yar1 tavan kisminda meydana
gelen degisimleri gorebilmek amaciyla 2 m secilmistir. Belirlenen
bu noktalarda modelleme asamalarina bagl olarak yerdegistir-
me grafikleri ¢izdirilmistir. Sekil 12’de model {izerinde belirlenen a) Sol tiinel iizerinde belirlenen noktalar
noktalarin konumlari verilmistir.

b) Sag tiinel tizerinde belirlenen noktalar
Sekil 11. Modelde olusturulan i¢ kaplama betonunun kesiti goriiniisti

Sekil 12. Model iizerinde yerdegistirme ve gerilmelerin incelenebilmesi be-
lirlenen noktalar
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Ayrica tiinelde meydana gelen yenilme durumlari incelenmis-
tir. Flac3d programinda yenilme durumlar verilirken asagidaki
kisaltmalar kullanilmaktadir (Itasca, 2002);

Shear-n: makaslama gerilmesine bagh olarak yenilmenin ol-
dugunu ve hala devam ettigini géstermektedir.

Shear-p: makaslama gerilmesine bagh olarak yenilmenin ol-
dugunu ancak kuvvetlerin azalmasindan dolay1 yenilmenin durdu-
gunu gostermektedir.

Tension-n: ¢ekme gerilmesine bagh olarak yenilmenin oldu-
gunu ve hala devam ettigini gostermektedir.

Tension-p: Cekme gerilmesine bagl olarak yenilmenin
oldugunu ancak kuvvetlerin azalmasi nedeniyle durdugunu
gostermektedir.

N: Herhangi bir yenilmenin olmadigini géstermektedir.

Filis serisinde agilan tiinel icin sag tiineldeki kaz1 islemi sira-
sinda, ilk etapta st yarida ilk 10 m’lik bolimiin kazisi yapilmis
daha sonra alt yar1 ve invert kazilarina baslanmistir. Metakristalin
béliimde ise, list yarida 2 m kazi, daha sonra alt yarida 2 m kazi is-
lemi ile beraber tiinel kazis1 bir biitiin olarak devam etmistir. Boyle
2 farkli sistemin sec¢ilmesindeki temel etken ring kapanma mesa-
fesinin tiineller tizerinde etkisini gérebilmektir.

3.1.1. Filis Serisi Icin Yapilan Statik Céziimler

Tiinellerde en son asamada meydana gelen yenilme durumlar1

Sol tiinelde meydana gelen yenilme durumuna bakildigin-
da, st yarida makaslama kuvvetlerine bagh olarak yenilmelerin
olustugu ancak kuvvetlerin azalmasi ile durdugu goézlenmektedir.
Alt yar1 bélimiinde ise, makaslama ve ¢ekme kuvvetlerinin etki-
siyle yenilmelerin meydana geldigi, ancak kuvvetlerin azalmasi
ile sonlandi81 goriilmektedir. Sag tiinelde meydana gelen yenilme
durumlarinda ise, ayni sekilde alt yar1 boliimiinde makaslama ve
cekme kuvvetlerine bagh olarak yenilmelerin meydana geldigi ve
kuvvetlerin azalmasi ile durdugu gozlenirken, iist yarida ise etkin
olarak makaslama kuvvetlerinin etkisiyle yenilmelerin meydana
geldigi ancak kuvvetlerin azalmasi ile yenilmelerin durdugu belir-
lenmistir.

Sekil 14 ve C(izelge 3’te tiinellerde meydana gelen
yerdegistirmeler sunulmaktadir. Sol tiinelde kazi islemleri ile be-
raber iist yar, alt yar1 ve invert boliimlerinde yerdegistirmelerin
devam ettigi gozlenmistir. Sol tiinelde kazi islemlerinin durmasi ve
sag tlinelde kazi islemin basladigi durumda ise, sol tiinelde degi-
simlerin durdugu goézlenmistir. Bir anlamda tiineller arasinda bi-
rakilan mesafenin yeterli oldugu goériilmiis ve tiinellerin birbirine
etkisinin olmadig1 anlasilmaktadir. Tiinellerde meydana gelen de-
gisimler sinir degerler icerisinde kalmistir. Tiinellerde yapilan kazi
asamalar1 ve destek sistemleri ile tiinel durayliligl saglanmistir.
Sag tiinelde ilk etapta tist yarida 10 m’lik bolimiin kazis1 seklinde
baslamis ve bu agsamadan sonra alt yar1 ve invert kazilarina gegil-
mistir. Secilen bu yéntemde {ist yarida kazi asamalar: sirasinda
degisimlerin sol tiinele gére daha hizli bir durumda oldugu goriil-
mektedir. Meydana gelen degisimler kazi asamalarinin bitmesi ile
beraber sabitlendigi ve tiinel durayliligini etkilemeyecek diizeyde

ile yerdegistirme degisimleri incelenmistir. Olusturulan model- kaldig1 gézlenmistir.
lerde statik kosullarda meydana gelen yenilme durumlar Sekil
13’te verilmektedir.
I Block State Blok St
o Ione shea'r-n shear-p
Sa- . ion- hear-n shear-p tensior
| —_fi’:——— AT :E;:;_; shee?r ptenswn P EE%E tsensalgr?negsfal:g tension-p
L L 11T shagr-p tansion-p :—T:L?r‘w?;fa?ﬁ tension-p
1] I 5 S e, e T tension-p
a) Sol tiinel b) Sag tiinel
Sekil 13. Statik analiz sonucunda sol ve sag tiinelde meydana gelen yenilme durumu (kesit gériintisti)
Cizelge 3. Tiinellerde meydana gelen yerdegistirme ve gerilmeler
Belirlenen noktalar X yoni (mm) y yonii (mm) z yonii (mm)
Sol tiinel 62 m tiinel tavani 1,84 12,2 -89
Sol tiinel 42 m alt yar1 -8,63 -1,97 -18,5
Sag tiinel 2 m tiinel tavani 8,94 -7,01 -156
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Sekil 14. Sol tiinel Tist yar1 62. m’de, alt yar1 42.m’de ve sag tiinel 2.m’de tiinel kazi asamalarina bagl olarak meydana gelen diisey yerdegistirmeler

3.1.2. Metakristalin Tabaka I¢cin Yapilan Statik Analiz Céziimler

Metakristalin tabakada analizler sonucunda meydana gelen
yenilme durumlar1 Sekil 15’ te sunulmaktadir. Sol tiineldeki ye-
nilme durumlari incelendiginde alt yar1 b6liimiinde makaslama
ve ¢cekme gerilmelerine bagh olarak yenilmelerin olustugu ve
kuvvetlerin azalmasiyla durdugu gézlenmistir. Ust yar1 bélimiin-
de ise etkin olarak makaslama kuvvetlerin etkisiyle yenilmelerin
meydana geldigi ve zamanla gerilmelerin azalmasiyla durdugu
gbzlenmistir. Sag tiineldeki yenilme durumlarinda ise alt yar1 bo-
limiinde makaslama kuvvetlerin etkisiyle yenilmelerin olustugu
ve gerilmelerin azalmasiyla durdugu gozlenirken invert boliimiine
yakin kisimlarinda makaslama kuvvetlerin etkisiyle yenilmelerin
devam ettigi goriilmektedir. Ust yar1 bsliimiinde ise etkin olarak
makaslama kuvvetlerinin etkisiyle yenilmelerin meydana geldigi
ve zamanla kuvvetlerin azalmasiyla durdugu goézlenmistir. Sekil
16’da ve Cizelge 4’de tiinellerde meydana gelen yerdegistirmeler
ve gerilmeler sunulmaktadir. Meydana gelen yerdegistirmelerden
de goriilebilecegi gibi, filis serisine benzer sekilde sol tiinelde kazi
isleminin bitmesi ile beraber sag tiinel kazisina baslandig1 dénem
sirasinda yerdegistirmelerde bir degisim gdézlenmemis ve sabit
olarak devam etmistir. Bir anlamda sag tiinel kazisinin sol tiinele
bir etkisinin olmadiginy, sol tiinel ile sag tiinel arasinda birakilan
topuk ve ayna aralarindaki mesafelerin yeterli oldugunu goster-
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mektedir. Tlnellerde meydana gelen degisimler sinir degerler
icerisinde kalmistir. Tiinellerde yapilan kazi asamalar1 ve destek
sistemleri ile tiinel duraylilig1 saglanmistir. Ayrica filis ve metak-
ristalin tabakalarda sag tiinel i¢in yapilan farkli modelleme asama-
lar1 incelendiginde, iist yarida kazi isleminin 10 m devam ederek
daha sonra alt yar1 ve invert kazilarinin yapildig1 durumda tiinel-
deki yerdegistirmelerin daha hizli oldugu gézlenmistir. Metakris-
talin tabaka da ise; {ist yari, alt yar1 ve invert kazilarinin ardisik
olarak yapilarak tiinelin bir biitiin olarak (ttinel halkasimin tamam-
lanmasi) destek gorevini yapmasindan dolay1 yerdegistirmelerin
daha yavas diizeyde oldugu g6zlenmistir. Bu sonug bize tiinelin tist
yarl, alt yar1 ve invert kazilarinin en kisa siirede bitirilmesi ve tii-
nelin bir biitiin olarak destek gérevinin yapmasi tiinel durayliligi
acisindan 6nemini gostermektedir.

Cizelge 4. Tiinellerde meydana gelen yerdegistirmeler

Belirlenen noktalar X yoni (mm) y yoni z yoni
(mm) (mm)
Sol tiinel 62 m tiinel tavam 1,22 15,3 10,3
Sol tiinel 42 m alt yar1 8,00 26,9 19,4
Sag tlinel 2 m tiinel tavani 3,38 447 67,8
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Block State
Block State lone

shear-n shear-p

Nong . shear-n shear-p tension-p
shear-n shear-p tension-p shear-n tension-n shear-p tension-p
shear-p shearp

shear-p tension-p

shear-p tension-p tension-p

Sekil 15. Statik analiz sonucunda sol ve sag tiinelde meydana gelen yenilme durumu

Sekil 16. Sol tiinel iist yar1 62 m’de, alt yar1 42 m’de ve sag tiinel 2 m’de tiinel kazi asamalarina bagl olarak meydana gelen diisey yerdegistirmeler
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4. Sonugclar

Analizlerde yerdegistirmeler sinir degerler icerisinde kalmak-
tadir. Tiinel kazisinin ardisik olarak yapilmasi tiinel stabilitesi agi-
sindan énemlidir. Ust yari, alt yar1 ve invert mesafeleri miimkiin
oldugunca erken tamamlanmali ve tiinel destek sistemleri bir bii-
tlin olarak ¢alismalidir.

iki tiinel arasinda birakilan topuk mesafesi ile iist yar1 aynalari
arasindaki birakilan mesafeler yeterli geldigi goriilmiistiir.

Zay1f zeminlerde agilan iki tiinelin birbirine olan etkisinin en
aza indirilmesi en 6nemli faktorlerden birisidir.

Her bir kaya sinifi icin bu mesafeler zemine gore revize edil-
melidir. Aksi takdirde tiinellerin birbirine olan etkisi tiinel destek
sistemlerinin stabilitesi tizerinde olumsuz etki yapacaktir.

Zayif zeminlerde agilan tiinellerde i¢ kaplama betonu tiinelde
deformasyonlarin soniimlenmesinden hemen sonra yapilmalidir.
Aksi takdirde olusacak olan sisme ve sikisma basinglar1 uzun doé-
nemde dis kaplamanin stabilitesini olumsuz etkileyecektir.

Zayif zeminlerde yapilacak olan i¢ kaplama uzun dénemde olu-
sabilecek olan sisme ve sikisma basinglarinida karsilacak diizeyde
olmalidir. Bu bolgelerde i¢ kaplama donatili olarak yapilmalidir.
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0z

Endiistri 4.0 devrimi ve Nesnelerin Interneti gibi teknolojilerle dijitallesme, kaynaklarimizin ve ekonomilerimizin déngiisel olmasini gerektirmektedir.
En basta Avrupa Birligi olmak tizere tiim iilkeler, kritik hammaddelerin sorumlu tiiketiminin, liretiminin ve geri doniisiimiiniin siirdiirtilebilir kalkinma
hedeflerine ulasmanin bir yolu olarak cok énemli oldugu konusunda hemfikirdir. Omriinii tamamlamuis iiriinlerden kritik hammaddelerin geri kazanilmasi
icin uygun maliyetli bir geri doniisiim yontemi, madencilikten ¢ok daha az cevresel etkiye sahiptir. Biyohidrometalurjik ve hidrometalurjik yontemler, kritik
hammaddelerin, 6zellikle nadir toprak elementlerinin ¢ikarilmasi i¢in hizl gelisen, segici, cevre dostu ve uygun maliyetli teknolojilerdir. Bu makale, ikincil
kaynaklara genel bir bakis saglamakta ve kritik hammaddelerin kazanimi i¢in ekonomik bir yol olarak hizmet edebilecek bazi umut verici yontemlerin
kullanimina iligkin yiiriitiilen ¢alismalarin senaryosunu dzetlemektedir.

Anahtar Kelime: Biyohidrometaluryji, Déngtisel ekonomi, Geri déniisiim, Hidrometalurji, Kritik hammadde

ABSTRACT

Digitalization with technologies such as the Industry 4.0 revolution and the Internet of Things requires our resources and economies to be circular. All
countries, especially the European Union agree that responsible consumption, production and recycling of critical raw materials are essential as a means of
achieving sustainable development goals. A cost-effective recycling method for the recovery of critical raw materials from end-of-life products has far less
environmental impact than mining. Biohydrometallurgical and hydrometallurgical methods are fast developing, selective, eco-friendly, and cost-effective
technologies for the extraction of critical raw materials especially rare earth elements. This article provides an overview of secondary resources and
summarizes the scenario of studies regarding the use of some promising methods that can serve as an economical way to recover critical raw materials.

Keywords: Biohydrometallurgy, Circular economy, Recycling, Hydrometallurgy, Critical raw material

Giris listeye yeni hammaddeler eklenmekte veya kritik durumda olma-

Son on yilda, hammadde arzi ve aksakliklarin potansiyel olum- yan hammaddeler bu listeden gikartilmaktadir

suz etkileri konusundaki artan endiselere yanit olarak “kritik ham-
madde” kavrami ortaya ¢ikmistir (Avrupa Komisyonu, 2010). Bir
hammadde, iireten iilkelerin siyasi ve ekonomik durumlari, arz
yogunlugu, tedarik daralmalari, ikame potansiyeli, geri doniisiim
orani ve bunlarin ekonomi tizerindeki etkileri dikkatle degerlendi-
rildikten sonra “kritik” olarak etiketlenmektedir (Massari ve Ruber-
ti, 2013). Her ii¢ y1lda bir Avrupa Komisyonu tarafindan yayinlanan

2020 yilinda Avrupa Komisyonu, boélgesel endiistrilerin ortaya
¢ikan bircok 6nemli teknolojisi i¢in kritik olan ve olasi siyasi gergin-
likler nedeniyle 6nemini vurgulayan 30 hammaddenin bir listesini
yaymlamistir (Avrupa Komisyonu, 2020a). 2017 ve 2020 kritik ham-
madde listesi karsilagtirildiginda; 2017 yilinda kritik hammadde
olarak goriilmeyen Boksit, Lityum ve Titanyum’un listeye eklendigi
ve tam tersi 2017’de kritik hammadde olarak goriilen Helyum'un ise
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2020 kritik hammadde listesinden ¢ikarildig goriilmektedir. Ayrica
stronsiyum 2020 kritik hammadde listesinde yer alan tek yeni aday
hammaddedir.

Cizelge 1. Kritik neme sahip hammaddelerin listesi (Avrupa Komisyonu, 2020)

2017 ve 2020 Kritik Hammaddeler

Antimon Fosfor Magnezyum HNTE
Barit Galyum Niyobyum PGM
Berilyum Germanyum Silikon metal ~ Helyum
Bizmut Hafniyum Skandiyum Boksit
Borat Indiyum Tantalyum Lityum
Dogal grafit Kobalt Tungsten Titanyum
Dogal kauguk Ko__kl_z_isabilir tas k6- Vanadyum Stronsiyum
miiri
Fosfat kayalar1  Kalsiyum florit ANTE

® 2017 ve 2020 kritik hammaddeleri
©-2017’de kritik hammadde olup 2020’de listeden ¢ikarilanlar
e 2017’de kritik hammadde olmayip 2020 listesine eklenenler

e 2017’de degerlendirilmeyip 2020’de degerlendirilen kritik ham-
maddeler

“Kritiklik Seviyesi” 2 ana baslik altinda toplanmigtir:

1-) Ekonomik Onem (EQ): Avrupa Birligi'ndeki son tiiketim uy-
gulamalarinda kullanilan belirli bir hammaddenin énemine ve bu
uygulamalarda yerine kullanilabilecek hammaddelerin 6nemine da-
yanir.

2-) Arz Riski (AR): Belirli bir hammaddenin tedarik edilememe
riskini 6l¢en faktorlere dayanarak hesaplanir. Bu faktorlerden bazi-
lart; kiiresel arz, kaynak saglayan tilkeler, iilkeler arasi ticaret kisit-
lamalar1 ve anlasmalari, ikame hammaddelerin varlig, arz1 saglayan
tilkelerin yonetim durumu gibi faktorlerdir.

Kritik hammaddeler, grafigin kritiklik bolgesi (Arz Riski = 1
ve Ekonomik Onem = 2.8) icinde bulunmaktadir (Sekil 1). Bu kri-

tik hammaddeler listesinde, Cizelge 1'de verilen 27 hammadde ve
3 element grubu yer almaktadir (Avrupa Komisyonu, 2020a). Ug¢
element grubu; Platin Grup Metalleri (PGM) (iridyum, paladyum,
platin, rodyum, rutenyum), Agir Nadir Toprak Elementleri (ANTE)
(disporsiyum, erbiyum, evropiyum, gadoliniyum, holmiyum, lutes-
yum, terbiyum, tulyum, iterbiyum, itriyum) ve Hafif Nadir Toprak
Elementlerini (HNTE) (lantanyum, seryum, praseodim, neodimyum,
samaryum) icermektedir.

Gelismis ve gelismekte olan bir¢ok iilke kritik hammadde tale-
bini karsilayamadigindan, metal ve metal konsantrelerin ithalatina
bagimliliklar1 nedeni ile bélgesel kritik hammadde listelerini olug-
turmustur. AB’ye benzer sekilde Amerika Birlesik Devletleri (ABD)
de, ulusal giivenligi ve ekonomisi i¢in 35 hammaddenin kritik dne-
me sahip oldugunu tespit etmis ve bunlarin icinde 31 hammaddenin
ithalatinda %50’den fazlasina bagimli durumdadir (US-DOE, 2019).
AB, Amerika Birlesik Devletleri, Japonya ve Avustralya kritik ham-
madde raporlarinda sunulan ortak kritik hammaddelerin 2019 yil
verileri ile piyasa degerleri ve kiiresel lireticilerinin bir listesi Cizelge
2’ de gosterilmektedir.

Endiistri 4.0 hedefleri ve nesnelerin interneti (IoT) teknolojileri-
nin benimsenmesiyle ileri teknoloji iirtinlerinin ve miithendislik sis-
temlerinin iiretiminde kullanilan bu kritik hammaddelerin kazanim
oranlarini en list diizeye ¢ikarmak i¢in uluslararasi atik ydonetim ¢6-
zlimlerine ihtiya¢ duyulmaktadir (Awasthi vd., 2018). Etkili toplama
sistemleri, kritik hammaddelerin geri doniisiimii/kazanimi i¢in bir
on kosuldur ve bu amagla kullanilan altyapinin yerel kosullara uygun
olmasi gerekir. Atik miktarini azaltma, tamirat, yeniden kullanim ve
geri doniisiimiin daha belirgin hale gelmesiyle malzeme akislarini
ele alan ve dongiisel ekonomiye (DE) dogru ilerleyen ¢ok yonlii bir
yol izlenmelidir (Scott ve Barrett, 2015). Birincil kaynaklarin arama,
madencilik ve islenmesinden sonra elde edilen kritik hammaddele-
rin dongiisel ekonomi akis semasi Sekil 2’de gosterilmektedir. Don-
giisel ekonomi, triinlerin, malzemelerin ve kaynaklarin kullanim
omriiniin miimkiin oldugu kadar uzun stirdiig, kaynak kullanimini
ve geri doniisiim yolu ile kaynak kaybini en aza indiren bir ekono-
midir (Avrupa Komisyonu, 2017). Geri déniisiim / kazanim ile ham-
madde kazanimu islevsel hale getirilerek siirdiiriilebilir kaynak kulla-
nimi1 hedeflenmektedir.

Cizelge 2. Piyasa degeri ve kiiresel tireticiler ile ortak kritik hammaddelerin listesi (Panda ve Akcil, 2021)

Hammaddeler Kiiresel Pazar Degeri (milyon $) En biiytik tireticiler*
Antimon 153 Cin (%63)

Galyum 5.275 Cin (%97)
Germanyum 2.855 Cin (%65)

indiyum 5.275 Cin (%39)

Lityum 1.978 Avustralya (%61)
Kobalt 1.576 KDC* (%71)
Niyobyum 15.905 Brezilya (%88)

NTE 4.338 Cin (%72)

PGM 51.234 GA? (%57)
Skandiyum 4.338 -

Tantalyum 6.029 KDC! (%41)
Titanyum 4.485 Cin (%40-Metal, %27 {lmenit) Avustralya (%29- Rutil)
Tungsten 571 Cin (%82)
Vanadyum 5.099 Cin (%54)

*cografi potansiyeli gésterir.

’Kongo Demokratik Cumhuriyeti, ’Giiney Afrika
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NTE: Nadir Toprak Elementleri, PGMs: Platin Grup Metalleri

Sekil 1. Kritik hammaddelerin arz riski - Ekonomik énem grafigi (Avrupa Komisyonu, 2020a)

Sekil 2. Déngiisel ekonomi akis semast (EIT RawMaterials, 2020a)

Geri déniisiim, 6nemli bir ikincil hammadde (IHM) kaynagidir.
Hammadde arzinin giivenligine ve daha déngiisel bir ekonomiye
dogru ilerlemeye katki saglayabilir. Bazi kritik hammaddelerin
yluksek geri doniisiim potansiyeli olmasina ve hiikiimetlerin dén-
glisel ekonomiye gecme yoniindeki tesviklerine ragmen, kullanim
omri dolmus (End-of-life, EoL) iriinlerin geri doniisiim girdi
oranlari oldukea diisiiktiir (Sekil 3).
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Sekil 3. ABynin kritik hammadde talebini karsilamak igin geri dontisiimiin
mevcut katkisi: EoL tiriinlerin geri doniistim girdi oranlart (Deloitte Susta-
inability, 2017)

Avrupa Komisyonu, Dongiisel Ekonomi Eylem Plani’'nda Avru-
pa Yesil Mutabakati (European Green Deal) kapsaminda batarya ve
araclarin gelecek hareketliliginin temelini olusturacagi belirtilmis ve
dongiisel is modellerini tesvik etmek amaciyla émriinii tamamlamis
elektrikli araglarla (EOL-EVs) ilgili geri doniisiim verimliliginin arti-
rilmasinin énemi vurgulanmistir (Avrupa Komisyonu, 2020b). Tiir-
kiye’de 16 Temmuz 2021 tarihinde Yesil Mutabakat Eylem Plani’na
iliskin genelge yayimlanarak, eylem planmin uygulanmasini takip
etmek ve gerekli koordinasyonu saglamak tizere “Yesil Mutabakat
Calisma Grubu” olusturulmustur (Resmi Gazete, 2021). Eylem Plani
cercevesinde 9 temel baslik altinda (sinirda karbon diizenlemeleri,
yesil ve dongiisel bir ekonomi, yesil finansman, temiz, ekonomik ve
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giivenli enerji arzi, stirdiiriilebilir tarim, siirdiiriilebilir akilli ulasim,
iklim degisikligi ile miicadele, diplomasi, Avrupa Yesil Mutabakat1i
bilgilendirme ve bilin¢lendirme faaliyetleri) 32 hedef ve belirlenen
hedeflere ulasilmasi amaciyla 81 asama yer almaktadir. Eylem Plani-
nin “Yesil ve Dongtisel Bir Ekonomi” bagligi altinda gergeklestirilecek
adimlar ile Avrupa Komisyonu Ekonomi Eylem Planina adaptasyo-
nunun saglanmasi ve AB’deki degisikliklerin tilkemiz tizerindeki ola-
st etkilerine karsi hazirlikli olunmasi hedeflenmektedir. Bu neden-
le, ulusal dongiisel ekonomi eylem planinin hazirlanmasi olduk¢a
onemlidir. Bu dogrultuda geri kazanilmig ikincil iirtin ve malzeme
kullanmmu i¢in teknik kriterlerin belirlenmesi gerekmektedir (Yesil
Mutabakat Eylem Plani, 2021). Yesil Mutabakat Eylem Plan1 2021
dogrultusunda tilkemizin yenilenebilir enerji ve enerji verimliligi
calismalarinin, Avrupa Yesil Mutabakati kapsaminda getirilen de-
gisiklere paralel olarak degerlendirilmesi ve ihtiya¢ olmasi halinde
gelistirilmesi gerekmektedir.

Bu derleme; Avrupa ve diinya ¢apinda yaymlanmis kritik ham-
madde ve dongiisel ekonomi raporlarini ve 30’dan fazla arastirma
makalesini icermektedir. Teknik ve ekonomik fizibiliteye bagh ola-
rak, kritik metallerin 6mriinii tamamlamis tirtinlerden geri doniis-

tiiriilmesine odaklanan en son egilimler yansitilmis ve hidro&bi-
yohidro-metalurjik ¢alismalar 6zetlenmistir. Stratejik sektdrlerde
kullanilan ve kritik hammadde sinifinda yer alan NTE’lerin geri ka-
zanimi ve yonetim stratejileri hakkinda da bazi ¢evre dostu yenilikei
¢alismalar yer almaktadir ve bu tiir yaklasimlar giiniimiizde olduk¢a
fazla ilgi gormektedir.

1. Kritik hammaddeler nerede kullanilir?

Hammaddeler AB ekonomisinin tiim sektorleri i¢in kilit unsur-
lardir. Ozellikle kritik hammadde olarak degerlendirilenler (Avrupa
Komisyonu, 2020a), yenilenebilir enerji, elektrikli ara¢ teknolojisi
(e-mobilite), savunma sanayi, havacilik ve dijital teknolojiler gibi
stratejik sektorlerin gelistirilmesi i¢in temel 6n kosullardir (Buc-
hert vd., 2012). Ayrica cesitli endistriyel ekosistemlerin isleyisi ve
bitiinliigi icin gereklidir (Cizelge 3). Kritik hammaddeler kategori-
sinde yer alan tungsten, telefonlarda titresim &zelligini saglamak-
tadir. Galyum ve indiyum ise LED teknolojisinin bir parcasidir. Yar1
iletkenler silikon metale, hidrojen yakit hiicreleri ve elektrolizoérler
ise PGM’lere ihtiya¢ duyarlar (Avrupa Komisyonu, 2020c).

Cizelge 3. Endiistriyel Ekosistemler icin Kritik Hammaddelerin Uygunlugu (Avrupa Komisyonu, 2020c)

Havacilik Mobilite

Enerji yogun

Yenilenebilir

Savunma Elektronik 5 hotiv endiistriler enerji Saghk Dijital Ingaat
Antimon v v v
Barit 4 v v v
Boksit v v v v v v v v
Berilyum v v v v v
Bizmut v v v v v v
Borat 4 v v v v v v
Kobalt 4 v v v v
llfé)rl;l;i{aibilir tas v v v
Kalsiyum florit 4
Galyum v v v v v v
Germanyum v 4 v v
Hafniyum v 4 v v v
indiyum 4 v v v
Lityum v v v v v v v
Magnezyum v v v v v v
Dogal grafit 4 v 4 v v v v
Dogal kauguk v v v
Niyobyum v v v v v v
Fosfat kayalar1 v
Fosfor v v
Skandiyum v v v
Silikon metal v v v v v v v
Stronsiyum v v v v v
Tantalyum v v v v v
Titanyum v v v v v v
Tungsten v v v v v
Vanadyum v v v v v v
PGM v v v v v v
ANTE v v v v v v v
HNTE v v v v v v v
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Mevcut bilgilere dayanarak yayinlanan Avrupa Komisyonu 6n-
gorii raporunda belirtilen stratejik teknolojiler ve sektorler, 2030
ve 2050 y1li igin kritik hammadde goriiniimiinii saglayarak son
verilere dayal kritiklik degerlendirmesini tamamlamaktadir (Av-
rupa Komisyonu, 2020d). AB’nin (COVID-19 salgini éncesi) 2050
yili icin iklim notrliigii senaryolarini tahmini hammadde talebine
cevirmekte ve tedarik zincirlerinin farkli seviyelerindeki tedarik
risklerini ele almaktadir (Avrupa Komisyonu, 2020a). Buna gore;
tlim AB ekonomisine mevcut arz ile kiyaslandiginda elektrikli ara¢
pilleri ve enerji depolama icin, AB’nin 2030’da 18 kat daha fazla
lityum ve 5 kat daha fazla kobalta ve 2050’de neredeyse 60 kat
daha fazla lityum ve 15 kat daha fazla kobalta ihtiyaci olacaktir. Ta-
lepteki bu artisin arz sorunlarina yol agacagi agikca goriilmektedir.

Kalic1 miknatislarda kullanilan NTE’lere olan talep (6rn. elekt-
rikli araglar) dijital teknolojiler veya riizgar jeneratorleri icin 2050
yilina kadar on kat artabilir (Avrupa Komisyonu, 2020c). NTE'ler,
giines panelleri, riizgar tiirbinleri, elektrikli araglar ve enerji ve-
rimli aydinlatmada ikamesi olmayan hammaddeler olup iklim
degisikligiyle miicadele ve cevresel kaygilarin giderilmesi icin de
olduk¢a énemlidir. Ornegin, iilkelerin iklim ve enerji hedeflerini
karsilamasi i¢in gerekli olan ve Avrupa Yesil Mutabakati ile belir-
tilen disiik karbonlu teknolojilerin iiretiminde NTE'lere olan ta-
lebin 2030 yilina kadar 20 kat artmasi beklenmektedir (EIT Raw-
Materials, 2020b;c).

Piller, elektrikli araglar i¢in bir gii¢ kaynagi olmanin yaninda
giines ve riizgar gibi cesitli kaynaklardan tiretilen enerjiyi de de-
polar. Kobalt, lityum, grafit ve nikel, pil iiretiminde kullanilan stra-
tejik hammaddelerdir. Disporsiyum, neodimyum ve praseodim ise
elektrikli araglar ve riizgar jeneratorleri i¢in motor yapiminda ha-
yati 6nem tasiyan nadir toprak elementleridir. Lityum-iyon piller
savunma uygulamalari i¢in ¢ok énemli olmakla birlikte, bunlarin

gelisimi ve gelecekteki kullanimi, éncelikle tasinabilir elektronik
cihazlara, sabit enerji depolamaya ve elektrikli araglara yonelik si-
vil talepten kaynaklanmaktadir (Bobba vd., 2020).

Orta ve uzun vadede yakit hiicreleri, hidrojen yakit tedarigi
ile potansiyel bir temiz enerji ¢6ziimii sunacaktir. Yakit hiicreleri,
stirdiiriilebilir ve giivenli enerji tedarik sistemlerine 6nemli 6l¢tide
katkida bulunabilir. Yakit hiicrelerinde, oksidasyon rediiksiyon re-
aksiyonlari ile yakittan giice dontisiim i¢in yliksek katalitik aktivite
ve seciciligi nedeni ile yaygin olarak platin veya platin grubu me-
tallerden yapilan katalizorler kullanilmaktadir. Mevcut arastirma-
lar, katalizorlerde bu kritik metalleri azaltmaya veya ortadan kal-
dirmaya ve artan aktivite ve dayaniklilik tizerine odaklanmaktadir
(Leader, Gaustad ve Babbitt, 2019).

Robotik; endiistri, tarim, tip, ulasim, sosyal hizmetler, askeriye,
uzay arastirmalar1 ve denizalti operasyonlarinin bir¢ok uygulama
alani i¢in muazzam potansiyele sahip gelismekte olan bir teknolo-
jidir. Robotikte kullanilan 44 hammaddeden 19’u AB ekonomisi i¢in
kritik olarak etiketlenmektedir. Cin, robotik uygulamalarda kullani-
lan kritik hammaddelerin %40’indan fazlasini saglamasi sebebiyle
en biiytlik kritik hammadde tedarikg¢isi konumundadir ve onu Giliney
Afrika (%10) ve Rusya (%9) izlemektedir (Bobba vd., 2020).

Dron olarak da bilinen “insansiz Hava Aracglar” (IHA),
1970’lerden itibaren baslayan sivil uygulamalari ile 2015 yilina
kadar tarim, bilim, lojistik ve ticaret gibi ¢esitli alanlarda gercek-
lestirilen bir milyonun tizerinde linite satis1 sayesinde pazara ha-
kim konumda olmustur. Bununla birlikte, deger acisindan pazar
¢ogunluguna hala askeri uygulamalar hakim olup bunu ticari ve
hobi uygulamalar izlemektedir (Statista, 2019). Cizelge 4’te stra-
tejik sektorlerde kullanilan teknolojiler ve bu teknolojilerin igerdi-
gi kritik hammaddeler belirtilmistir.

Cizelge 4. Stratejik sektérlerde kullanilan teknolojiler ve kritik hammaddeler (Bobba vd., 2020)

Teknolojiler

Kritik Hammaddeler

Lityum-iyon

Pil Teknolojisi gelmektedir.

Yakit Hiicreleri

i
@

iklim degisikligi icin en uygun maliyetli yenilenebilir enerji teknolojilerinden

Hem e-mobilite hem de aralikli elektrik iiretimi saglayan enerji depolama sis-
temlerinde hizla yayillmaktadir. Savunma sanayi i¢in giderek daha 6nemli hale

C, Si, Ti, Co, Li, Nb

Yakit olarak hidrojen ile, henliz ¢ok yaygin olmamasina ragmen, gelecekte
enerji sistemlerinin dekarbonizasyonu ve e-mobilite icin ytliksek potansiyel su-
nacak olan 6nemli bir enerji doniistiirme teknolojisidir.

Co, Pd, Pt,C, St; Ti

Riizgar Enerjisi birisi olup biiyiiyen bir sektoér olmaya devam etmektedir. Nb, B, Dy, Nd, Pr
Elektrikli Ceki Elektrikli araglarda temel bilesenlerdendir. NTE igeren kalict miknatish motor-
Motorlart ® ar gilinlimiizde ve gelecekteki e-mobilite uygulamalari i¢in 6zellikle etkili ve B, Dy, Nd, Pr, Si
caziptirler.
Fotovoltaik Riizgar enerjisi ile elektrik sektoriiniin kiiresel déniistimiine énciiliikk etmek-

Teknolojiler  tedir.

Enerji teknolojileri ve otomotiv uygulamalarinda oldugu gibi savunma sanayi
ve havacilik endiistrisinde de iiretim asamalarinda rolii giderek artan, gelis-

{HA, hem sivil hem de cesitli savunma uygulamalart icin giderek daha fazla kul-

B, Ge, Si, Ga, In, Mo

Be, Ga, In, Nb, Ti, B, Dy,
Nd, Pr

Be, Ga, Ge, In, Hf, Mg, Nb,
Sc, Ti

Robotik
mekte olan bir teknolojidir.
Dronlar lanilmaktadir.
3D Baski
Dijital

Teknolojiler

Geleneksel tedarik zincirlerini hizla yeniden sekillendirecek ve 6zellikle savun-
ma sanayi ve havacilikta geleneksel imalatin yerini alacak, tiiketilen hammadde
ve islenmis malzeme miktarinda ve tiiriinde dnemli bir degisiklige yol agacaktir.

Kritik hammaddelerin ¢ogu, bilgi ve iletisim teknolojisi (BIT) cihazlari ve gelis-
mis elektronik cihazlar icin 6zellikle gereklidir.
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Ti, Mg, Co, Hf, Nb, Sc, Si,
w Vv

B, Co, Ga, Ge, Si, Li, C, In,
Mg, W, NTE, PGM
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Cin, Amerika Birlesik Devletleri, Japonya ve diger iilkeler,
gelecekteki tedarikleri glivence altina almak, kaynak agisindan
zengin llkelerle ortakliklar yoluyla tedarik kaynaklarini ¢esitlen-
dirmek ve kendi i¢ hammadde bazli deger zincirlerini gelistirmek
icin hizli bir sekilde calismalarini siirdiirmektedirler (Avrupa Ko-
misyonu, 2020c). Rademaker vd. (2013), 6zellikle AB’nin Cin'e
bagimhiligi bulunan NTE’lerin kritiklik seviyelerini azaltmak icin
bu hammaddelerin geri doniisiimiine odaklanmistir. 2030 yili-
na kadar riizgar tiirbinleri, elektrikli araglar ve sabit disk siirii-
clilerinde kullanilan kalici miknatislarin icerdigi neodimyum ve
disporsiyuma kiiresel talebin artacagini ve uzun vadede NTE geri
déniistimiiniin toplam talebin 6nemli bir bélimiini karsilayaca-
gin1 6n gormektedir.

2. Kritik hammaddelerin déngiisel ekonomiye kazandirilmasi

Son yillarda Avrupa Birligi'nde birincil liretimin kisithhgi,
yuksek ithalat bagimlilik orani, diisiik ikame, diisiik geri do-
niislim oranina sahip olan ve Endiistri 4.0 devriminin anahta-
r1 olarak anilan kritik hammaddelerin geri doniisiimii daha da
onemli hale gelmektedir (Lgvik vd., 2018). Gelismelere ek ola-
rak, mevcut COVID-19 salgim kiiresel makroekonomik 6lgcekte
derin etkilere neden olmustur. Diinyanin neredeyse yaris1 kilit
altindayken, COVID-19 salginina etkili bir yanit icin gerekli olan
bazi kritik hammaddelerin arzinin siirmesi endise kaynagi hali-
ne gelmistir (Akcil vd., 2020; UNECE, 2020). Kritiklik sorununa
en biiyiik ¢6ziim, liriin/bilesenlerin yeniden kullanimi ve verimli
olarak geri doniisiim yoluyla birden ¢ok iiriiniin yasam dongiisi
boyunca ekonomi i¢inde tutuldugu dongiisel ekonominin benim-
senmesidir (Krystofik vd., 2018). Boylece kritik hammaddelerin
ekonomik iiretkenligi en st diizeye c¢ikarilmis ve kiiresel talep
azaltilmis olur.

Su anda metallerin kazanimii¢in uygulanan mevcut yontemler
pirometalurjik,  hidrometalurjik ve  biyohidrometalurjik
yontemlerdir. Pirometalurjik yontemler, genellikle materyallerin
homojen olmamasi, yiiksek geri doniisiim maliyetleri ve daha
disiik ticari degere sahip saf olmayan geri dontstirilmiis
trinler gibi farkli nedenlerden dolay1 tercih edilmemektedir.
Geri doniistim triinlerinin birincil kaynak olan madencilik
sektoriiyle rekabet etmesi beklenmektedir (Jha vd., 2016).
Hidrometalurjik yontemler, li¢ yonteminin ardindan ¢oktiirme,
swvi-sivl  ekstraksiyon, adsorpsiyon ve iyon degisimi gibi
¢ozelti saflastirma tekniklerine dayanmaktadir (Tan vd. 2016;
Venkatesan vd., 2018; Yurramendi vd., 2019). Yiiksek maliyeti ve
asidik kosullar kullanimini zorlastirsa da metal-organik ¢oziicli
tabanl yontemler de ¢evre dostu olarak goriilmekte ve bu konu
tizerinde arastirma faaliyetleri gerceklestirilmektedir (Cheisson
vd., 2019; Sun vd., 2018). Son zamanlarda 6ne ¢ikan biyohidro-
metalurjik yaklasimlar daha az maliyet gerektirmesi, biliyiik 6l-
cekli uygulamalar i¢in teknik fizibilite saglamasi ve toksik veya
tehlikeli yan triinler olusturmamasi sebebiyle kritik metallerin
kazanilmasi i¢in umut verici olmaktadir (Sethurajan ve Gaydar-
dzhiev, 2021).

Uygun kazanim yontemi ikincil kaynagin tiirii ve kritik ham-
madde icerigine gére belirlenmektedir. ikincil kaynaklardan kri-
tik hammaddelerin kazanimi i¢in son yillarda gerceklestirilen
hidrometalurjik ve biyohidrometalurjik ¢alismalar Cizelge 6'da
sunulmustur. Isik yayan diyot (LED) endiistrisinde ac¢iga ¢ikan
Galyum nitriir (GaN) atig1 yiiksek ekonomik potansiyele sahip
galyum icerigi nedeniyle olduk¢a 6nemlidir. Chen vd. (2018), GaN
atigini farkl asitlerin etkisi, konsantrasyon, basing, sivi-kati orani,
sicaklik ve zaman gibi farkli deneysel parametreler ile degerlen-
dirmis ve yaklasik %98,5 verim ile galyum kazanmay1 basarmis-
lardir. Kullanim 6mrii dolmus araglarin igerdigi kritik metallerin
kazanimi i¢in bu araglarin ¢esitli pargalar1 tizerine bir¢ok aras-
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tirma faaliyetinde bulunulmus ve ¢esitli hidrometalurjik ve biyo-
hidrometalurjik yontemler test edilmistir (Chan vd., 2020; Ilyas
vd., 2020; Muddana ve Baral, 2019). Hammaddelerin geri kaza-
nilmasi i¢in EoL-fotovoltaik panellerin (PVs) geri doniistiiriilme-
sine odaklanilmis arastirma faaliyetleri de zamanla artmaktadir
(Chung vd., 2021; Savvilotidou ve Gidarakos, 2020).

Arz riski ve ekonomik 6nem ag¢isindan diistik-orta arz riski al-
tinda oldugu kabul edilen lityumun iiretimi i¢in birincil kaynaklar
son yillarda hizla tiilkenmektedir (Munir vd., 2020). Kullanilmis
Lityum iyon bataryalar (LIB)’da bulunan Li miktari, birincil Li
kaynaklarindan (spodiimen cevheri) neredeyse 10 kat daha faz-
ladir (Zhao vd., 2019). 100 kg katotlu bir lityum iyon araba akiisii
6-12 kg Co ve 36-48 kg Ni icermektedir. 2050 yilina kadar, yil-
da 50 milyon ile 80 milyon elektrikli arag tiretmek i¢cin 500.000-
800.000 ton kobalt ihtiyac1 dogacaktir. Bu rakamlar 2030’un
otesinde, mevcut madencilik kapasitelerini ¢oktan asacaktir
(Turcheniuk vd., 2018). LiB’ler, arz riski ve ekonomik 6nemi daha
ylksek olan Co ve bunun yaninda Cu, Mn ve Ni gibi metaller i¢in
alternatif kaynak olarak gériilmektedir. Kullanilmis LiB’lerin uy-
gun yontemler ile geri doniisiimii daha da acil hale gelmektedir
(Sethurajan ve Gaydardzhiev, 2021). Bu nedenle c¢esitli sirketler
(Accurec (Krefeld, Almanya), Toxco Inc. (Annaheim, Amerika Bir-
lesik Devletleri/ Kanada), Umicore (Briiksel, Belgika), Sony (Tok-
yo, Japonya), vb. tarafindan bir¢ok hidrometalurjik proses gelisti-
rilmistir (Cizelge 5).

Cizelge 5. LIB geri doniisiimiinde kullanilan endiistriyel uygulamalarin ézeti
(Lvvd., 2018)

Sirket Proses Kazanilan metaller Kapasite
(ton/y1l)
Umicore Pirometalurji CoCl, 7000
(Belgika)
Hidrometalurji Li,CO;
Ni(OH),
Glencore Pirometalurji Alasim (Ni/Co/Cu) 7000
(Kanada+
Norveg) Hidrometalurji
Accurec Hidrometalurji Co alasim Li,CO3 6000
GMbH
(Almanya)
Retriev Hidrometalurji Co tuzu Li,CO3 4500
Teknolojileri
(Amerika
Birlesik
Devletleri)
Sumitomo- Pirometalurji Alasim (Ni/Co/Cu) 150
Sony Hidrometalurji
(Japonya) Co0

LiB’lere desarj, sékme, kirma ve eleme gibi bir dizi 6n islem
ve li¢ ve/veya biyoli¢ yonteminin ardindan uygulanacak ¢oktiirme
yontemi, yiiklii ¢ozeltinin icerdigi safsizliklar nedeni ile Li ve Co
ekstraksiyonu i¢in sinirl ve zaman alicidir (Provazi vd., 2011). Son
calismalar, asamali ¢oktiirme ve solvent ekstraksiyonuna dayali
tekniklerin stirekli modda ¢alismaya olanak saglamasi, az reaktif
tilketimi ve reaktif rejenerasyonu gibi sebepler dolayisiyla daha
verimli oldugunu gostermektedir (Othman vd., 2020; Wellens vd.,
2012). Djoudi vd. (2021), lityum, kobalt, nikel, mangan ve bakir1
LiB’lerin yiiklii li¢ ¢ozeltisinden kazanmak i¢in hidrometalurjik bir
slire¢ tasarlamislardir (Sekil 4).
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Cizelge 6. Kritik hammaddelerin ikincil kaynaklardan geri kazanimu iizerine son yillarda gerceklestirilen hidrometalurjik ve biyohidrometalurjik ¢calismalar

Atik Kaynag: Yontem Optimum kosullar Verim (%) Referans
Galyum Nitriir .
(GaN) atigi (LED Basingli HCl ligi 0,25 mol/L HC, 30 mL/g s/k oran, 200°C (15 Ga 98,46 Chen vd,, 2018
s atm) sicaklik, 180 dk li¢ siiresi
enduistrisi)
1-850°C
1-Demagnetizasyon 2-0,5 M HCl, 95°C li¢ sicakligy, 100 g/L k/s ora-
NdFeB miknatislar 2-HCl ligi n1, 500 dev/dk karistirma hizi, 300 dk lig siiresi -
(Riizgar tiirbinleri) 3-Okzalat ile ¢oktiirme 3-1 M okzalik asit, pH 2’de NTE 99 Kumari vd, 2018
4-Kavurma 4-800°C kavurma sicakligi, 120 dk
kavurma stiresi
_ 3 3
1-Sentetik HCl lig ¢ozeltisi 1-9,00 g/3dm Nd.203’ 0.50 g/d@ .sz..03 Ve Nd(III) 99,7
. . 2,55 g/dm” Dy, 03 iceren sentetik li¢ ¢ozeltisi ’
2- Primene 81R-Cyanex 572 iyo- .
. ) 2- 0,30 M P81R-Cy572, organik/siv1 faz orani .
NdFeB miknatislar nik sivist ile karsi akimli solvent . Tb(III) 99,99 Pavén vd., 2018
. (0/S)=1/4, ardindan 10 dakika ¢alkalama (2
ekstraksiyonu asamali)
- i Dy(1II 99
3-Organik faz siyirma 3-1,2 M HCl ile siyirma y(I11)
1-Demagnetizasyon 1-400°°C,1,5 saat
Z-Og“iitme Y 2- < 355 pm tane boyutu
NdFeB miknatislar g . 3-1 M Glikolik asit, 70°C sicaklik, NTE 95 Gergoric vd., 2019
3-Organik asit ligi
4-Solvent ekstraksiyon 1/80 k/s oram
4 4-1M D2EHPA, 1:1 organik/siv1 faz, 25°C
Akiskan katalitik . . . 30°C sicaklik, 6,4 pH, %1 kat1 yogunlugu, 21 Ti 76
Kurma katalizéri Fungal li¢ (Aspercillus niger) giin biyoli siiresi v 52 Muddana ve Baral, 2019
Dizel oksidasyon . 8 mol/L HCl, %3 H,0,, %8 k/s orani, 55°C Pd 94
katalizorleri HCI +H,0, ligi sicaklik, 180 dk lig stiresi Pt 90 llyas vd., 2020
Cu-In-Se (CIS) H.SO. lici 1 M H,S04, 0,01 k/s orani, 90°C sicaklik, 500 In 961 Savvilotidou ve
paneller 25U g dev/dk karistirma hizj, 1 saat lig stiresi ! Gidarakos, 2020
Lityum-iyon ba- Li 100
s 1,5 M H,S04, %1 H,0,, 20 g/L k/s orani, 50°C Co 98,4
taryaf;(];];i;drlkh H,S0, + H,0, sicaklik, 60 dk lig siiresi Ni 98,6 Chan vd., 2020
¢ Mn 98,6
Litvum-ivon ba- Orta derecede termofilik bakteri C 99.9
v y e lici (Acidithiobacillus caldus, 45°C sicaklik, 130 dev/dk karistirma hizi, 24,25 0 ’
taryalar (Diziistii » . e L Ghassa vd., 2020
. Leptospirillum ferriphilum, Sulfo- g/1 FeS04.7H,0, 2 giin biyoli¢ siiresi -
bilgisayarlar) ) Li 84
bacillus spp. ve Ferroplasma spp.)
Lityum-iyon ba- 98
tarvalarmn LiCoO Asidofilik bakteri li¢i (Leptospi- %5 k/s orani, 1,25 pH, 42°C sicaklik, 180 dev/ Li
v . % rillum ferriphilum ve Sulfobacil-  dk karistirma hiz, 0,3 g/L GSH (glutatyon) 96 Liuvd., 2020
katot aktif malze- , . ; . e
mesi lus thermosulfidooxidans) ilavesi, 1,5 giin biyolig siiresi Co
1-Sentetik HCl li¢ ¢cozeltisi 1-4.0 M HCl ¢ozeltisi i¢inde 1 g/L Co, 1,14 g/L C 99
Lityum-iyon batar- Mn, 1,40 g/L Ni ve 0,39 g/L Li 0 > Othman vd.. 2020
yalar 2- [P8888][Oleate] iyonik svist 2- 8 M HCl'de (pH =-0,9), 0/S=1, 22°C, 5 dk, 40 Mn 89 !
ile solvent ekstraksiyon dev/dk karistirma hizinda solvent ekstraksiyon
c-Si fotovoltaik .. 1:10 k/s orani, 0,35 M I, konsantrasyonu, 0,7 M
paneller [o-KI ve HNO lii I” konsantrasyon ve 10 dk lic siiresi Ag % Chung vd, 2021
1-Sentetik H,50, lig gozeltisi 1.5 g mol/L H,SO, ¢ozeltisi icinde 2590 mg/L Co 920
. L . Co, 2610 mg/L Ni, 1400 mg/L Mn, 800 mg/L Li
Litvum-ivon batar- 2 AL“f:nl\i ‘g{(‘;rt’;la{kssl:”z:le S0 2-0,3 mol/L ALI-SCN, 0/5=1 solvent ekstraksi- Ni 99,9
g ziar 4 yon ve %5 NH3 ile Co siyirma Nguyen ve Lee, 2021
Y 3-Alamin 336, Cyanex 301 ve 3-0,5 mol/L Alamin 336+Cyanex 301, pH 2'de Mn 99,9
Ali-CY iyonik sivilart ile solvent SX ve %75 kral suyu ile Ni siyirma-1 mol/L Ali- L 999
ekstraksiyon CY, pH 2’de SX ve 1 mol/L HCl ile Mn siyirma 1 '
Lityumeigon 1-HoS0, lii 2-1-2 M NaOH ile pH 4-6'da Cu, pH 6-7'de
bataryalar 2-NaOH ile kademeli Ni, pH 8'de Co, pHL}(éSa Mn ve Na,COs; ile Co 100 Djoudi vd., 2021
¢oktiirme 12803
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Sekil 4. LiB’lerden metallerin kazanimi icin tasarlanmis hidrometalurjik stire (Djoudi vd., 2021)

NdFeB miknatislar, agirlikca yaklasik %30-35 oraninda NTE
icermektedir (Schulze ve Buchert 2016). Esas olarak Nd, Pr gibi
HNTE'nin yani sira az miktarda Dy, Tb ve Gd gibi ANTE de iger-
mektedir (Kumari vd., 2018). Riizgar tiirbinlerinin jeneratorlerin-
de bulunan NdFeB miknatislarin agirliginin 1000-2000 kg’a kadar
ciktig1 disiiniildiigiinde riizgar tiirbinlerinden kazanilan bu kritik
hammaddeler toplam NTE arzinda énemli bir rol oynayacaktir
(Yang vd., 2017). Bu kapsamda, Kumari vd., (2018), kullanilmis
riizgar tiirbini miknatislarindan NTE’leri (Nd, Pr ve Dy) geri ka-
zanmak i¢in bir piro-hidrometalurjik yontem gelistirmistir. Riizgar
tiirbinlerinin NdFeB miknatislari icin 850°C’'de demagnetizasyon
isleminin ardindan 0,5 M HCI ile 95°C li¢ sicakligi, 100 g/L kati/
swv1 (k/s) orani, 500 dev/dk karistirma hizi ve 300 dk li¢ siiresin-
de NTE'lerinin neredeyse tamami ¢ozeltiye alinmistir. Okzalat ile
¢oktiirme ve kavurma islemlerinin ardindan %99 saflikta karisik
nadir toprak oksitleri (NTO) elde edilmistir. Itakura vd. (2006), 3
M HCl ve 0,2 N oksalik asit iceren sulu bir ¢6zelti icinde 110°C’de 6
saat boyunca optimum kosullar altinda ticari olarak temin edilebi-
len Ni kapli NdFeB sinterlenmis miknatislardan hidrotermal y6n-
tem ile NTE’lerinin kazanimini saglamislardir. Bagka bir ¢alisma,
neodimyum ve disporsiyumun %80’den fazlasinin segici olarak
kazaniminin, kavrulmus NdFeB miknatislardan 180°C’de bir otok-
lavda 0,02 mol/L HCI ¢ozeltisi ile miimkiin oldugunu géstermistir
(Koyama vd., 2009). Gergoric vd. (2019), benzer olarak asit licinin
ardindan solvent ekstraksiyon yontemi kullanarak %95’in lizerin-
de NTE kazanmislardir.

Siirdiiriilebilirlik ve ekolojik acidan, genellikle NTE ve Fe ara-
sinda yiiksek secicilige sahip olan iyonik sivilar ile solvent ekstrak-
siyon yontemi de atik asidin geri dontstiiriilebilirligini ve metalle-
rin verimli bir sekilde ekstraksiyonunu saglamaktadir (Kitagawa
ve Uemura, 2017; Padhan ve Sarangi, 2017). iyonik sivilar, s1v1 sivi
ekstraksiyon islemlerinde organik fazin yerini alabilir ve ugucu
olmamalar1 nedeniyle daha giivenli sistemler ortaya ¢ikarabilirler
(Wellens vd., 2012). Esasen bu islem, NTE’lerin kendilerini iki ka-
rismaz sivi metal fazi arasinda dagittigi bir sivi alasim sistemi tara-
findan NTE alagiminin segici olarak ¢éziilmesinden olusur (Binne-
mans vd., 2013). Triheksil(tetradesil)fosfonyum kloriir (Cyphos®
IL101), ti¢ degerlikli nadir toprak iyonlarinin ekstraksiyonu ve HCI
cozeltilerinden Fe®* iyonlarinin ekstraksiyonu icin iyi karakterize
edilmis bir iyonik sividir (Vander Hoogerstraete vd., 2013). Nd'nin
kloriirlii li¢ ¢ozeltisinden ekstraksiyonu icin Cyanex 302, PC88A,
Cyanex 272, NaCyanex 302, NaPC88A ve NaCyanex 272 arasinda
karsilastirmali bir calisma gerceklestirilmis ve Cyanex 272'nin di-
ger solventlere gore daha yiiksek ekstraksiyon hizina sahip oldu-
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gu fakat pH degisikliklerine oldukc¢a duyarli oldugu belirlenmistir
(Padhan vd., 2017). Pavon vd. (2018), sentezlenen Primene 81R:-
Cyanex 572 iyonik sivilarin, pH degerine duyarlilik eksikliklerinin
iistesinden gelebildigini bildirilmislerdir. 0,30 mol/L Primene
81R-Cyanex 572 iyonik sivi1 ile iki asamali ters akim ekstraksiyon
isleminde pH ayarlamasi olmadan Nd/Tb/Dy iceren sentetik li¢
cozeltisinden %99,7 Nd ekstrakte etmeyi basarmislardir. Kubota
vd. (2012), iyonik siv1 1-oktil-3-metilimidazolyum bis(triflorome-
tansiilfonil)imid i¢cinde ¢6ziilmiis N,N-dioctildiglikolamik asitten
(DODGAA) olusan iyonik siv1 bazli destekli bir sivi membran siste-
mi gelistirmislerdir. Bu sistemde nadir toprak iyonlari, demir (III)
iyonlarina karsi yiiksek gecirgenlik gostermistir.

Iyonik siv1 ekstraksiyonunun hala belirsiz mekanizmalar ol-
masi ve ¢ogu iyonik sivi tiirliniin ytliksek fiyata sahip olmasi, yaygin
kullanimina engeldir. Fakat kimyasal tiiketimini azaltan, segiciligi
yliksek iyonik sivilarin kullanildigi ve geri dontistiiriildiigi kapal
dongii sistemleri de yeni arastirma konulari arasinda yerini al-
maktadir (Kitagawa ve Uemura, 2017). Arastirma faaliyetlerinin
genisletilmesi ile NTE geri doniisiimd, sifir atik ¢6ziimlerinin elde
edilmesi (yani, NTE'lerin geri kazanilmasi ve atiklarin degerlen-
dirilmesi) acisindan 6nemlidir. Tiim bu érnekler ile 6nerilen geri
doniisiim akis ¢izelgelerinin ticarilestirilmesine iliskin bilingli ka-
rarlarin alinmasi, her zamanki gibi bir is senaryosuna gore genel
bir ¢evresel fayday1 destekleyen saglam Yasam Dongiisii Degerlen-
dirmesi (YDD) ¢alismalari yapildiktan sonra miimkiin olacaktir.

3. Sonuclar

Yiiksek ekonomik degere ve arz riskine sahip kritik ham-
maddeleri barindiran atiklarin geri déniisiimiini saglamak ve bu
kritik hammaddelerin siirdiiriilebilir tedarikini giivence altina al-
mak, tiim tilkeler i¢in zorunlu bir hedeftir. Atik NdFeB miknatislar,
LiB’ler, PV’ler gibi ikincil kaynaklar, cevreye ve topluma fayda
saglayan geri doniisiim teknikleri ile kritik metallerin talebini
karsilamak i¢in biiyiik bir potansiyele sahiptir. Teknoloji
icin kritik metallerin arz1 halihazirda bir endise konusu iken,
COVID-19 salgini uluslararasi tedarik zincirlerini bozarak daha
fazla endiseye neden olmustur.

Avrupa Yesil Mutabakati ve Birlesmis Milletler Paris Anlasmasi
gibi ulusal ve uluslararas1 6nlemler ile iklim degisikliginin dniine
gecilmesi ve gelecek nesiller i¢in yeterli kaynaklarin birakilmasi
hedeflenmektedir. Dijital ve temiz teknolojilerde kullanilan kritik
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hammaddelerin ¢ogu, 6zellikle NTE’ler, tedarik zincirleri ve dén-
giisel ekonomi i¢in bir yol haritasi olusturarak, bu hedeflere ula-
silmasi yolunda atilan adimlardir. Bu baglamda, kritik hammadde
iretimi icin ikincil kaynaklarin islenmesini amaglayan yeni geri
doniisiim teknolojileri, ¢cevresel sorunlari hafifletmenin yani sira
degerli maden kaynaklarinin korunmasina da olanak saglayacak-
tir. Geri doniisiim i¢in gelistirilen hidrometalurjik ve biyohidrome-
talurjik stirecler, hammaddelerden katma deger saglama olanak-
larini ortaya koymaktadir. Hidrometalurjik yontemlere entegre
edilen yeni, ekonomik ve ¢evreye duyarli biyohidrometalurjik yol-
larin uygulanmasi umut verici bir secenek olsa da bu ¢alismalar
pilot dlgcekte testler, proses dizayn ve tekno-ekonomik analiz ge-
rektirmektedir. Bu amagla, kiiresel olarak HydroWEEE EUFP7, RE-
E4EU H2020, EIT RawMaterials projeleri gibi endiistriyel siire¢ ve
teknoloji gelistirme projelerine ihtiya¢ duyulmaktadir.

Giintimiizde, kritik hammaddelerin kazanimi siirdirilebilir
degildir. Kritik hammaddelerin atiklardan etkin ve siirdiiriilebilir
bir sekilde kazanimi i¢in ¢esitli yeni teknolojilerin yakin zamanda-
ki gelisimi, bilim diinyasinda ¢ok fazla dikkat cekmekte ve arastir-
ma faaliyetleri hizla genisletilmektedir. Ozellikle kapali déngii geri
doniisiim sistemlerinin potansiyelini arastiran senaryolar arttikga,
endistrideki kritik hammaddelerin déngitisellik potansiyelleri de-
gerlendirilmekte ve uygun eko-tasarim yollar1 olusturulmaktadir.
Bu teknolojiler dogru kullanilirsa, yalmizca tedarik riskini azal-
tarak ilkelerin siirdiiriilebilir kalkinma hedeflerine ulagsmasin-
da yardimci olmakla kalmaz, ayn1 zamanda sosyal, ekonomik ve
cevresel siirdiriilebilirlik arasinda denge kurmaya da yardimci
olabilirler.
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