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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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Combined effect of pyrometallurgical and hydrometallurgical processes on quartz ore purification
Kuvars cevheri saflastirilmasina pirometalurjik ve hidrometalurjik proseslerin bileske etkisi
Ahmet Deniz Bas*"

“Mugla Sitki Kocman University, Faculty of Engineering, Mining Engineering Department, Mugla, TURKEY
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ABSTRACT

Recent advances in high-tech applications have highlighted the growing demand on highly pure silicates like quartz. Therefore, purification of quartz
ore was determined as the subject of this study performed by pyrometallurgical followed by hydrometallurgical processes. In this research, the effect of
thermal treatment (TT) followed by oxalic acid (OA) bleaching of quartz was examined to have a better understanding on the relationship between Fe
remaining in concentrate and colour response. The level of TT temperature was found to have a significant effect on the purification of quartz by OA. The
maximum Fe rejection rate was observed to occur both for non-treated and TT quartz up to 250°C (Fe content decreased from 624 ppm to <100 ppm, and
L*value increased from 81.34 to 88.23). TT between 400°C and 900°C showed poor purification performance: decreasing L* value, and increasing a* and b*
values. It is important to note that further increase in TT temperature to 1100°C resulted in the poorest bleaching: Fe rejection rate decreased, but colour
response improved providing the highest L* value and the lowest a* and b* values. This finding was explained by the formation of dissolution resistant iron
silicates. Moreover, the rate of Fe removal from quartz ore and differences observed in its colour response by OA bleaching were explained by changes in
crystalline structure and formation of microcracks.

Keywords: Quartz bleaching, Thermal treatment, Oxalic acid, Iron ion, Colour response.

Introduction Purification by physical methods often results in poor purity

Highly pure silicates like quartz, Si0,, and albite, Na-feldspar, levels which is lower than the level needed in the advanced tech-
are on high demand, and they are important raw materials in the nology applications. Ghorbani and Haghi (2009) reported that the
manufacturing of high-tech products such as semiconductor mi- iron removal from feldspar by both wet magnetic separation alone
croelectronics, optical devices, solar cells, nano applications in the and combined with flotation resulted in low performance with Fe
production of paint, paper and plastics in addition to traditional content higher than 0.1%. Previous research studies on physical pu-
ceramic applications (El-Rehiem an El-Rahman, 2008; Dong et al., rification have shown that the first step is the removal of -25 pm
2020; Lin et al., 2020). The level of purity of silicates is a significant fraction as slimes bearing clay minerals. The next step is the mica
indicator that defines its usability in the production of advanced flotation at pH 2.5-3.5 (H,SO,) (Eddy et al, 1972; Bayraktar et al,
technology applications (Yang and Li, 2020). The presence of iron 1998), where mica minerals are floated generally using long chain
oxides as colouring impurities has negative effect as they lower aliphatic amines (Baarson et al., 1962). After the removal of micace-
the quality of final products by impairing transmission in optical ous tailings, metal (Fe, Ti) oxides were floated either by oleate at pH
fibers and the transparency of glasses, discolouring products and 5-5.5 or by sulphonates at about pH 3-3.5. Besides the oleate and
lowering the melting point of refractory materials (Taxiarchou et sulphonates, succinamates, soaps of various vegetable oils, sarco-
al,, 1997; Miiller et al.,, 2012; Vatalis et al., 2015). It is therefore es- sine and hydroxamate type collectors can also be used for the flota-
sential to remove iron impurities associated with silicates (Zhang tion of metal-oxide minerals (Celik et al, 1998; 2001). Yanjie et al,,
et al. 2012; Yang and Li, 2020). In order to remove/eliminate iron (2013) reported that the increase in magnetic field intensity has led
impurities from silicates, various approaches including physical and to a decrease in concentrate yield and iron grade. The concentrate
bio-/hydrometallurgical methods have been proposed by different yield of total iron was found to be over 80% when the magnetic field
research groups (Yan et al,, 1987; Ubaldini et al,, 1996; El-Rehiem intensity was 2.1 Tesla. Although high intensity permanent magnet-
and Abd El-Rahman, 2008; Sarvamangala and Natarajan, 2011; ic rolls are employed for the ores inherently low in iron, flotation is
Zhang et al,, 2012; Vapur et al,, 2017). still indispensable for many ores especially the ones containing high

*Corresponding author/Sorumlu yazar: denizbas@mu.edu.tr e https://orcid.org/0000-0003-4633-9053
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amounts of titanium and iron (Orhan and Bayraktar, 2006). Mineral,
e.g. feldspar, losses by physical methods is a significant issue in in-
dustrial practice which feldspar contant in tailings can reach up to
12% by weight (Orhan and Bayraktar, 2006).

Hydrometallurgical methods by dissolving the impurity min-
erals using various agents provide better results to overcome this
issue (Ubaldini et al,, 1996; Panias et al,, 1996; Veglio et al.,, 1999;
Banza et al., 2006; Li et al.,, 2010; Zhang et al., 2012; Toncuk and ak-
cil, 2016; Mohammed et al,, 2019). Investigations have been made
on the chemical purification using different inorganic and organic
acids (Ubaldini et al., 1996; Veglio et al., 1996; Banza et al., 2006;
Zhang et al,, 2012; Vapur et al., 2017). Among several organic acids,
oxalicacid “0A” (H,C,0,) is one of the most widely used in the disso-
lution of iron impurities. Iron oxide dissolution by OA can proceed
via two main steps which are non-reductive and reductive dissolu-
tion (Bonney etal., 1996; Panias et al., 1996). The non-reductive dis-
solution refers to the presence of iron as Fe(Ill) oxalate complexes,
while reductive dissolution involves an induction period describing
the build-up of Fe(Il) oxalate complexes in solution (Panias et al,,
1996) Previous investigations have shown that OA has good com-
plexation property, high reducing power, and can be recovered as
by-product from other industrial practices (Taxiarchou et al., 1997;
Lee et al, 2007; Du et al,, 2011). Soluble complexes formed in OA
bleach solution can easily be decomposed both microbiologically
and under the action of daylight, thus allowing effective effluent
treatment (Abbruzzese et al.,, 1999). OA was reported to provide the
best bleaching performance over several different organic acids on
the removal of iron from a kaolin sample (Ambikadevi and Lalith-
ambika, 2000).

The dissolution of iron in OA results in the formation of bivalent
and trivalent complex iron ions, [Fe**(C,0,),]* and [Fe*'(C,0,),]*,
respectively. Free Fe?* ion can be identified only in high acidic solu-
tions, while free Fe3* ion is not likely to build-up in OA solutions.
In leach solutions with a pH range of 1-2, [Fe**(C,0,),]" and [Fe®*
C,0,]* ions are stable, while [Fe** HC,0,]* is the only complex ion
exists at pH values lower than 1 (Cornell and Schindler, 1987; Litter
etal, 1988; Panias et al.,, 1996; Torres et al., 1989). Du et al,, (2011)
obtained a 75.4% Fe removal by ultrasound effect during OA (4
g/L) bleaching of quartz at 95°C. Veglio et al., (1998) observed very
poor Fe removal performance, only a 3-9%, by using sulphuric acid
alone at 90°C in drum reactor, but this was enhanced to 45% by mix
of sulphuric acid (2 kg/t) and OA (3 kg/t) as reducing agent. The
poor Fe removal was linked to the characterization of the sample
as 52% of the iron was in the micaceous fraction, which was dif-
ficult to dissolve. In another study by Veglio et al., (1999) 20-30%
of iron removal was obtained when OA, 3 g/L, bleaching of quartz
sand with an average size of 71 um was performed at 80°C. Huang
etal, (2013) reported an iron removal rate of 37.5% by OA at a con-
centration of 6 g/L. Taxiarchou et al., 1997; obtained a 40% of iron
removal rate with the OA concentration of 4.5 g/L at 90-100°C at a
particle size of 265 um. These studies demonstrate the significance
of bleaching agent type, leach temperature, and mineralogical prop-
erties of the sample in iron removal from quartz ore.

Different research groups have shown that the dissolution be-
haviour of iron is affected by the change in heat and acidity in the
leach reactor (Panias et al,, 1996; Lee et al, 2006; Patent 2014).
In order to improve iron removal from quartz, heat treatment ap-
plications have also been tested (Loritsch and James, 1990; Li et
al, 2021).Calcination is also a pretreatment technology in quartz
process and widely combined with high temperature leaching for
removing inclusion impurities within quartz. Crystal structures of
some silicate minerals can be destroyed by calcination (Lin et al.,
2018). Yang et al,, (2018) examined the effect of calcination ap-
plication at 900°C for 2 hours followed by mixed oxalic acid and
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hydrochloric acid bleaching of quartz. They reported a significant
improvement in Fe,0, content remaining in solid from 0.0857% to
0.0223%.

Colour response of quartz appears to be a significant indicator
that determines the quality of product especially for its use in high-
tech industries in addition to chemical leaching data, that is Fe re-
moval from quartz. For industrial applications, white colour refers
to quartz and calcite, red colour to hematite, and yellow colour to
goethite (Vodyanitskii and Savichev, 2017). CIE-L*a*b* which is a
universal colour space, and this is widely used to characterize co-
lour under spectrometric analysis. The L* scale interprets the de-
gree of whiteness in a range from 0 for pure black to 100 for dif-
fuse white, positive value for scale “a” represents red colour, while
negative value is the measure of greenness, the scale “b” shows
yellowness for the positive value (+b) and blueness for negative
(-b) (Green, 1999; Field, 2004). With the help of CIE-L*a*b*sys-
tem, numerically a connection between the colour of quartz ore and
contents of impurities in quartz can be established (Viscarra Rossel
et al, 2006).In a recent study with oxalic acid, L* value was found
to increase with increasing the iron rejection rate: the L* value in-
creased from 80.02 to 88.70 at 0.04M OA, and reached to 89.23 at
the 0.4M OA concentration. This finding was linked to the increased
rejection rate of Fe colouring impurities was proportional to the
increase in whiteness of quartz (Mohammed et al,, 2019). Tuncuk
and Akcil (2016) reported that sulphuric acid bleaching alone and
in presence of oxalic acid yielded a 90.6 L* value.

In recent years, despite the fact that the industry still faces this
issue, i.e. presence of high impurities, combined effect of pyrometal-
lurgical and hydrometallurgical processes on quartz bleaching and
its colour response has received little attentiton. The main objective
of this study is to provide better understanding into thermal treat-
ment (TT) at various temperatures on OA bleaching, and colour re-
sponses on the removal of iron from a quartz ore.

1. Materials and methods

The test material, quartz ore sample, at a particle size of
-300+106 pm, was received from a quartz production facility in
Yatagan region in Mugla, Turkey. Mineralogical characterization of
the ore sample has shown that the sample is predominantly quartz
together with hematite, magnetite, ilmenite and rutile as trace im-
purities (Mohammed etal.,, 2019). XRF and ICP analysis have shown
that Fe,0,, TiO,, MnO, Si0, contents of the feed sample were found to
be 893 ppm, 419.4 ppm, 13.6 ppm and 87.2%, respectively, and this
refers to 624.5 ppm Fe (Bas, 2021).

The washed test material, the feed, was first subjected to ther-
mal treatment “TT” for 3 hours in muffle furnace (Ankatest) at var-
ious temperatures with a 10°C/min heating rate. At the end of TT,
test material was left for cooling down to room temperature in the
furnace, and then stored in nylon bags. Thermally treated test mate-
rial was sampled as portions of 53 gram to be used in experiments
to satisfy 10% solid by volume in the leach reactor. High purity an-
alytical grade OA (Merck, Oxalic acid dihyrdate, assay 299.0%) was
used as bleaching agent. The solution medium was prepared using
distilled water. Agitated leaching was applied using a 500 mL glass
reactor. Agitation at a rate of 400 rpm was supplied by a mechani-
cal stirrer (M-TOPS MS-3020D) in which teflon coated impeller was
used. Reactor was placed on hot plate to perform bleach tests. TT
and OA bleaching tests conditions are presented in Table 1. TT was
conducted at various temperatures for 180 minutes. Following TT,
bleaching test was carried out in 0.1M OA solution at 90°C for 90
minutes. OA bleach test conditions were selected according to pre-
liminary findings and the data available in literature (Mohammed
etal,, 2019).
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Bleach reactor was closed to the atmosphere by using cool-
ing tower and washing bottle. Leach solution was sampled during
bleaching for Fe analyses at predetermined intervals. Over the test
period, pH readings were noted. At the termination of bleaching
test, bleached quartz (the concentrate) was washed thoroughly and
then dried in oven at 105°C. Colour data, L*a*b*, was obtained by
colorimeter from dried quartz product, which values for test sam-
ple were 81.81, 2.39 and 14.17 for L* a* and b*, respectively. Met-
al analyses were performed on both feed, pregnant solutions, and
bleached quartz by inductively coupled plasma mass spectrometry
(ICP-MS). Samples after TT and after OA bleaching were character-
ized by optical microscopy (Motic, SMZ-140-N66).

Table 1. Experimental conditions with levels of parameters (0°C refers to
the test without TT)

Exp.no TT (°C)
0
150
250 180 min;
400 Heating rate:

650 10°C/min
750

900
1100

TT Conditions 0A Bleach Conditions

0.1M C2H204;
90°C;
90 min

RN U WN =

2. Results and discussion

2.1. Effect of TT on Fe Rejection Rate (%) by OA Bleaching from Quartz
Ore Sample

The effect of TT temperature on Fe rejection rate (%) from
quartz ore sample by OA bleaching is shown in Figure 1. Bleaching
on the raw sample (without TT), Fe removal was 45% in the initial
15 minutes, and it reached to 72% at the end of the test period (90
minutes). TT of test samples at 150°C and 250°C resulted in 78%
and 72% Fe rejection rates, respectively. Although Fe removal ki-
netics at 400°C was initially rapid (almost 50% Fe removal in the
first 5 minutes), the kinetics slowed down for the rest of the test
period. It is worth noting that TT temperatures tested above 400°C,
i.e. 400°C-1100°C, the kinetics of Fe removal slowed down. This be-
haviour, i.e. slowdown in leach kinetics, at elevated temperatures
over 400°C can be linked to the formation of more stable iron ox-
ide phases in addition to appearence of iron silicates (Suarez et al.,
2008).

90
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Figure 1. Effect of TT temperature for 3 hours on Fe removal kinetics from
quartz by OA bleaching (0.1M 0A; 90 °C; 90 min bleaching; 400 rpm)

Iron(III) oxalate complexes form in the solution during iron dis-
solution by OA. The trioxalatoferrate(III) ion [Fe(C,0,),]* is the most
stable among iron(I11) oxalate complexes. Thus, hematite (a-Fe,0,)
dissolution can take place according to the reaction of Equation 1,
which predominates in a solution at a pH higher than 4.0.

However, in a slightly acidic solution (pH 2.0 - 4.0), the complex
ion [FeHC,0,]* can probably be formed in the solution, as described
by the Equation 2 (Lee et al,, 1997; Lee et al., 1999).

a — Fe;03(5) + 6C,025q) + 6H(hg) =
2[(F6C204)3]?a_q) +3H;0q) M

a — Fey03(5) + 2HC, 0450y + 6H{yg) =
2[(FeHC,0,)1¢4,) + 3H,0¢ )

TT of quartz at high temperatures, e.g. 900°C, creates fractures
which can lead to greater chemical activity during leaching. Hence,
the impurities associated with quartz tend to react with bleaching
agents along fractures. TT at elevated temperatures can promote
quartz crystal distortion and then enhance leach kinetics of quartz.
Therefore, high temperature TT is expected to help removing built-
in inclusions in quartz ore (Lin et al., 2018)

2.2. Relationship Between Fe Remaining in Concentrate and Colour
Response

When interpreting the whiteness index (WI), the “L*” value was
taken into consideration as follows: a higher “L*” value symbolizes
the whiteness of the material. To note that, Fe concentration and L¥,
a* and b* values in the feed sample (before bleaching) were found
to be 624.5 ppm, 81.34, 1.5 and 11.4, respectively. In the absence
of TT followed by OA bleaching of quartz, 98.8 ppm Fe remaining
in concentrate and 88.01 of L* value were obtained (Figure 2). The
lowest Fe remaining in concentrate of 95.2 ppm with 88.06 L* val-
ue was obtained when the sample was thermally treated at 150°C
followed by OA bleaching. Fe remaining in concentrate and L* value
lower than 100 ppm and 88.23, respectively, were obtained at tem-
peratures up to 250°C.
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Figure 2. Relationship between Fe remaining in concentrate and colour re-
sponse (TT at various temperatures for 180 min followed by 0.1 M OA con-
centration; 90 min bleaching; 90 °C, 400 rpm)

Further increase in TT temperature from 400°C up to 1100°C
resulted in continuos decrease in Fe rejection rate, which corre-
sponds to an increase in Fe remaining in bleached concentrate from
134.9 ppm to 560.9 ppm. However, L* value profile showed a differ-
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ent trend as it slightly increased up to 90.29 at 400°C TT, decreased
down to 79.67 at 900°C TT, and then reached to the highest L* value
0f92.8at 1100°C TT. In a study with sandstones, Gomez-Heras et al.,
(2008) observed first colour change at 250-300°C as a result of the
commencement of thermal oxidation of iron-bearing minerals. It is
important to note that the highest L* value resulted in unexpectedly
the highest Fe remaining in concentrate. This can be explained by
crack propagation as a result of phase change from a-quartz (2.67
g/cm?®) to B-quartz (2.53 g/cm?) causing relative expansion in vol-
ume (Haja'l and Torok, 2004).

In the case of Fe(Ill) oxide, the reduction of Fe** to Fe*" helps
enhancing the rate of dissolution. This enhancement can be linked
to the great ability of Fe**-0 bonds as compared to Fe3*-O bonds
(Baumgartner et al., 1983). The dissolution process involves reac-
tions on the particle surface and linear dependence on [C,0,”] that
serves to a valence electron-transfer to Fe** ions on the surface as
represented in Equation 3 (Baumgartner et al, 1983; Lee et al,,
1997).

C,02™ + 2Fe3* — 2C0, + 2Fe?* 3)

Experimental findings demonstrated that the relationship be-
tween Fe remaining in concentrate and colour response can be de-
picted in three zones (Figure 3). In Zone I (TT up to 250°C), a* and
b* values, and Fe remaining in concentrate as average were found to
be 0.75+0.11 and 3.45%0.20, and lower than 100 ppm, respectively.
These results have revealed that TT up to 250°C showed almost no
effect on quartz purification if compared to that of the bleaching of
non-treated quartz ores sample. In Zone II (TT up to 900°C), a* and
b* values and Fe remaining in concentrate increased by increasing
TT temperature if compared to that of temperatures up to 250°C.
The increase in Fe remaining in concetrate can be linked to the for-
mation of dissolution-resistant phases. Kompanikova et al., (2014)
observed increase in a* value of clay minerals after thermal treat-
ment at temperatures above 400°C, which was linked to the iron
oxidation and the transformation of clay minerals to mullite like
phases.
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Figure 3. Relationship between Fe remaining in concentrate, pH and colour
responses (TT at various temperatures for 180 min followed by 0.1 M OA

concentration; 90 min bleaching; 90 °C, 400 rpm)

TT at 900°C followed by OA bleaching of quartz resulted in the
highest a* and b* values, and the lowest L* value of 11.25 and 20.89,
and 79.67, respectively. Phase change by increasing TT temperature
from 250°C to 900°C resulted in the formation of firstly 3-quartz
(2.53 g/cm?®) at temperatures of 580°C-595°C, and then to tridymite
(2.30 g/cm?®) (Haja’l and Torok, 2004). Such a reasonable decrease
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in solid density causes internal stresses in brittle quartz phase and
creates numbers of cracks at grain boundaries mainly at tempera-
tures above 600°C. Micro-cracks within the crystals appear main-
ly at higher temperatures above 750°C. For this quartz ore sample
tested, the value of a* showed a positive shift from red to green with
increasing temperature from 400°C to 900°C. The colour change is
mostly related to the iron-bearing minerals. Therefore, significant
decrease in the colour quality of quartz can be attributed to both
formation of dissolution resistant phases and crack propagation
(Haja'l and Torok, 2004 Kompanikova et al., (2014) Vodyanitskii
and Savichev, 2017). The presence of iron, as impurity, reduces
the quality of quartz ore by decreasing brightness and increasing
yellowness. Ferric (Fe®*) impurities are known to bring an orange
colour to quartz structure (Figure 4b). These findings have revealed
that mineralogical deportment plays a key role on the leaching be-
haviour of colouring impurities by OA.

250°C 900°C

Figure 4. OA bleach liquor colour of thermally treated samples: (a) at 250°C;
(b) at 900°C

In general, iron impairs the transparency of colourless contain-
er glass and high-quality glass, and transmission in optical fibers
(Ubaldini et al.,, 1996; Veglio et al., 1998). Further increase in TT
from 900°C to 1100°C, i.e. zone III, demonstrated a significant im-
provement in colour response of quartz ore: reached to the high-
est L* value of 92.8 and to the lowest a* and b* values of 0.199 and
2.88. Although the sample post bleaching after TT at 1100°C had
an improved whiteness index, this condition provided the lowest
Fe rejection rates among all experiments, which corresponds to the
highest Fe remaining in concentrate of 560.9 ppm. This behaviour at
1100°C can be explained by the formation of iron silicates (Suarez et
al., 2008). The solution pH was reported to be a key parameter that
controls the presence of various oxalate ions in bleaching system.
The final pH values at the end of bleaching was found to have an
effect on colour responses as function of TT temperature: the low-
est pH of 1.18 was observed at 900°C, and the highest pH of 1.36
was obtained at 1100°C. Below pH 1.5, oxalic acid exists mainly as
H,C,0,, whereas HC,0, is the most predominant species at pH 2.5~
3.0. Final pH of leaching solution has been found to depend on the
leaching time, initial pH for the leaching solution and the leaching
temperature (Nwoye et al.,, 2020).

An important finding observed during bleaching tests is the dif-
ference in the colour of leach liquors. Bleaching of samples TT at
0°C (No TT), 150°C, 250°C, and 1100°C resulted in greenish colour
(Figure 4.a), and the leach liquor had orange colour for samples TT
at 400°C, 650°C, 750°C, and 900°C (Figure 4.b). The greenish and
orange red colours can be attributed to the release of ferrous and
ferric ions to the solution, respectively (Haja'l and Térok, 2004).
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Optimal microscopy images of the feed sample, and samples af-
ter TT and after OA bleaching are demonstrated in Figure 5. The
representative images of bleached samples were selected from
three different zones based on the findings presented in Figure 3.
The brightest colour was observed after TT at 250°C followed by OA
leaching (Figure 5.b). This indicator in whiteness was also suported
by the increase in L* value from 81.81 to 88.23. Not only the L*val-
ue but also Fe remaining in concentrate was also found to be lower
than 100 ppm at this condition (Figure 3). It is important to note
that the solid sample colour became dirty orange-red colour after
TT up to 900°C and OA bleaching. However, TT at 1100 °C resulted
in a dirty white colour included with coloured black particles (Fig-
ure 5.e). Although it had the highest L* value at 1100°C, it showed
the lowest Fe rejection rate which could be linked to the forma-
tion of iron silicates (Figure 2 and Figure 3) (Suarez et al., 2008).

(a) No TT No TT + OA (b) TT250°C TT 250 °C + OA

(c) TT650°C TT 650 °C+ OA (d) TT900"°C TT 900 °C + OA

(e) TT1100°C TT 1100 °C + OA

Figure 5. Optimal microscop images after TT at various temperatures and
after TT + OA bleached samples, (a) TT 0 °C and OA; (b) TT 250 °C and OA;
(c) TT 650 °C and OA; (d) TT 900 °C and OA; (e) TT 1100 °C and OA.

Conclusions

The effect of TT followed by acid bleaching of quartz was exam-
ined to have a better understanding on the relationship between Fe
remaining in concentrate and colour response. The level of TT tem-
perature on quartz bleaching was found to have a significant effect
on the purification of quartz by OA. Fe remaining in bleached con-
centrate, and a* and b* values were found to decrease from 624 ppm
down to 100 ppm, from 1.5 to 0.86, and from 11.4 to 3.65, respec-
tively, and L* value increased from 81.34 to 88.23, when the sample
was TT at temperatures up to 250°C. Increasing TT temperature
from 400°C up to the maximum level tested showed a continuos in-
crease in Fe grade remaining in concentrate. TT between 400°C and
900°C showed poor purification performance: decreasing L* value,
and increasing a* and b* values. It is important to note that further
increase in TT temperature, that is 1100°C, resulted in the poorest
Fe rejection rate, but provided the highest L* value and lowest a*
and b* values. Although colour response was significantly improved
at 1100°C, it reported the poorest Fe rejection rate among other
tests. The findings in this study suggest that changes in crystalline
phase and formation of microcracks play important role on the re-
moval of iron from quartz ore and colour response.
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ABSTRACT

Since 2012, low commodity prices have forced many mining companies to suspend or cease operations. To remain in business, some mine managers are
exploring strategies to reduce operational costs. Given its importance as a cost element, increasing bench drilling efficiency and performance in open-pit
mines has the potential to generate considerable savings. Efficiency and performance gains can be realized by monitoring the drilling operation, analyzing
monitoring data with statistical tools and optimizing operational variables. Finding the best configuration of controllable drilling parameters would help
to increase penetration rate and optimize drill bit replacement time so that fewer drill bits are consumed. In this paper, the optimal replacement time of a
tricone drill bit is formulated as a cost minimization problem and solved by a genetic algorithm (GA). To demonstrate the proposed approach, the effects
of controllable variables on drilling performance are experimentally quantified by statistical methods and used for optimization. Results show that the

proposed approach can be used to determine the optimal replacement time for drill bits in open-pit mines.

Keywords: Open-pit mining, Drilling operation, Design of experiment, Genetic algorithm, Optimization.

Introduction

Rotary drilling is the most extensively used technique for drill-
ing operations, ranging from surface blast hole mining to deep
drilling. The rotary drilling technique is based on two distinct mo-
tions-axial thrust and rotational torque-provided by a hydraulic
or electric rotary head. Axial thrust is needed to push the bit into
the rock to break one unit volume of rock. Rotational torque is a
force acting on a drill rig to rotate a drill bit through the rock for-
mation. The tricone bits use the thrust and torque to spall the rock
(Ghosh et al. 2016). Sufficient weight on the drill bit is necessary
to accomplish the drilling operation. Weight on the bit includes the
dead weight of the drilling rig (i.e., the rotary head, drill rods and
cables) and the pulldown force. A feed system that generates ade-
quate pulldown force is used to move the rotary head up and down
(Atlas Copco, 2012).

Drill holes must also be cleaned during drilling by removing cut-
tings between the wall of the hole and drill rod with compressed air
(Ghosh et al., 2016). The air is also used for cooling to protect the
bearings. Insufficient air pressure is among the primary reasons for
drill bit wear and shorter bearing life. On the other hand, excessive
air causes dust and noise problems, shortens bit life and increases

operational costs (Fiscor, 2011). Therefore, the operational param-
eters of a drilling machine such as rotation speed, pulldown force
and bailing air pressure have a profound effect on rock fragmenta-
tion success.

Rate of Penetration (ROP) is assumed as an effective way to mea-
sure drilling operation because it directly shows the capacity of the
production (Kricak et al., 2015). Even though ROP is directly affect-
ed by the properties of rock formation, it is difficult to model the pre-
cise association between them in relation to non-linearity, complex-
ity and deviousness (Taheri et al., 2016). Furthermore, operational
parameters are adjusted for rock characteristics. The investigators
showed, depending upon the hardness of the rock, that increasing
weight on the bit helps to increase ROP. For the soft type of forma-
tions, bit weight can cause a slight rise in ROP because the teeth of
the bit will bury into the formation and increased torque can hardly
change ROP. Moreover, rotation speed must be chosen carefully to
achieve the desired ROP. High rotation speed increases ROP when
the bit is new. However, the bit is worn the effect of rotation speed
is decreasing dramatically. For hard rock formations, weight on the
bit is crucial to increase ROP until a certain point because it reduces
the life of the bit which affects the drilling rate (Irawan et al.,, 2012).
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It is important to note that before having a high rotation speed in
order to achieve the desired ROP, the drill bit should be allowed to
move into the rock with a slow rotation speed. As a result, it is not
only difficult but also infeasible to develop a model that take into ac-
count all parameters which have a direct impact on ROP (Taheri et
al,, 2016). The complexity of drilling operation increases particular-
ly by geological condition (Hatherly et al., 2015). Hence, the drilling
environment is generally assumed to be homogenous.

Cutting tools are considered the most expensive tools during a
drilling operation (Plinninger et al., 2002), accounting for an esti-
mated 21% of total drilling costs (Tail et al., 2010). The main reason
for tool consumption is bit deterioration associated with the inter-
action between the rock and the bit. As the worn bit penetrates into
the ground, ROP decreases. On the other hand, if the bit is changed
before its beneficial life, the cost of drilling increases unnecessarily
(Tail et al., 2010). As a result, a trade-off can be seen between drill
bit wear and drilling cost (Ugurlu and Kumral, 2020a).

The mechanism of drill bit wear depends on rock characteristics
and equipment reliability (Ugurlu and Kumral, 2020b). Moreover,
operational parameters also have a huge impact on drill bit wear.
Immoderate pull down force can cause over stress on drill bits and
it might even break the teeth of the bits. Besides, both an immod-
erate rotation speed and a lack of bailing pressure are two of the
main reasons for bit wear. Optimization of operational parameters
minimizes operational costs while maximizing the sustainability of
drill bits (Eren and Ozbayoglu, 2010).

Drill bit manufacturers and testing laboratories can provide
predicted drill bit replacement times. However, the manufacturer’s
recommendations are general and do not consider mine- and equip-
ment-specific characteristics (Motahhari et al., 2009). During field
operations, drill bits are changed when the drilling operator detects
comparatively high vibration (Ghosh et al,, 2016). An alternative to
both approaches is to use drill bit monitoring and optimize drilling
parameters to calculate drill bit replacement time. Statistical meth-
ods can be used to find optimum parameters such that longer drill
bit life and higher ROPs will be attained. Accordingly, the operation-
al cost of drilling can be minimized.

Operational cost in drilling consists of two elements; cost of as-
sets and energy consumption. The concept of specific energy, the
energy required to drill a unit volume of rock, is the way to calculate
the energy consumption of drilling activity (Teale, 1965). The op-
erational parameters, such as rotation speed, pull down force, ro-
tation torque, ROP and the area of the hole are needed to calculate
specific energy (Ghosh et al., 2015).

In this research, optimum replacement times for drill bits are
determined for a given drilling operation. First, prior to data gather-
ing in the mine field, a full factorial design model was developed on
the basis of the specified variables and levels. Based on this design,
the testing procedure was conducted on an open-pit iron mine, an-
alyzed and evaluated by statistical tools to quantify the relationship
between operational parameters and ROP. Finally, a genetic algo-
rithm (GA) was applied to determine optimum drill bit replacement
time while minimizing operational costs, calculated from the spe-
cific energy. Field data were chosen over laboratory data because
they were considered to be most representative of operational con-
ditions (Ghosh et al., 2016). The originality of the paper rests on
modeling parameters affecting bench drilling, formulating the prob-
lem through mathematical programming and solving the problem
with a GA.

1. Model development

Model development phases are summarized in Figure 1.
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Figure 1: Model development steps

1.1. Data Collection

Data collection is the first step to develop an appropriate cost
minimization model. In engineering research, the dataset should be
large enough to represent the entire population; on the other hand,
data collection should be cost effective (Myers et al.,, 2009). There-
fore, experimental design methods should be used to create data
collection patterns. They allow the researcher to plan experiments
so as to generate quantitative data. Moreover, they help to minimize
the cost of data collection (Montgomery, 2009).

Full factorial design includes all possible combinations for all
factors. In full factorial design, X* shows the number of trials that are
needed to collect data, where X and k represent levels and factors,
respectively. The three controllable factors (rotation speed, pull
down force and bailing air pressure) were analyzed at two levels. A
23 full factorial design is displayed graphically in Figure 2 as a cube
showing eight combinations.

Figure 2: 2 full factorial design

The operational parameters and their levels were selected by
considering the real drilling operational conditions at mine site.
Table 1 shows the required combinations (C.). (More details about
the mine cannot be provided to protect the confidentiality of the
company).
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Tablel. Full factorial design with three factors at two levels

Rotation Pulldown Bailing Air
C. Speed, Force, Pressure,
(rev/min) (kN) (MPa)
1 40 100 1.0
2 40 100 1.6
3 40 150 1.0
4 40 150 1.6
5 80 100 1.0
6 80 100 1.6
7 80 150 1.0
8 80 150 1.6

1.2 Determination of Drilling Time

Full factorial experiments can be used to detect interactions be-
tween dependent and independent (predictor) variables Equation
(1) is the model of linear regression formula with three independent
variables; a, b and c which are affecting dependent variable Y. a is the
intercept and 3 denotes the partial regression coefficient that is the
change in the dependent variable corresponding to a unit change of
an independent variable when other variables are constant (Mont-
gomery, 2009). In other words, 8 allows the dependent variable to
be predicted from changes to the independent variable. The most
influential independent variable can be determined. The equation is
used to determine drilling time for each drill holes according to the
level of operational parameters - independent variables.

Y=o+Ba+pB,b+B,c+p,,ab+pac+p,bc+f,.abc 1)

123

1.3 Calculation of Drilling Energy

The calculation of energy consumption is required in different
combinations of drilling parameters. The concept of specific ener-
gy is one of the best ways to measure sufficient energy in order to
drill a unit volume of rock for rotary drilling which is a combination
of axial thrust and rotational torque. Axial thrust is a force which is
needed to push the bit into the rock so as to break one unit volume
of rock. Rotational torque is a force acting on a drill rig to rotate
a drill bit through rock formation. Specific energy shows the total
work per unit time which is done by summation of axial feed force
and rotational torque (Ghosh et al., 2016). It is also introduced as
an indicator of the mechanical efficiency of a drilling process. Equa-
tion (2) which is formulated by Teale (1965) shows specific energy
calculation.

e, = G) + (2771) (%) in—lb/in® (2)

where e_is the Specific Energy (in-1b/in’), F is the Axial Feed
Force (Ib), A is the area of the borehole (in?), N is the Rotation
Speed (rpm), T is the Rotary Torque (lb-in), and P is the ROP (in/
min). Variables were converted from imperial units to SI units for
this research.

According to Ghosh et al., (2016), there is a missing part to cal-
culate specific energy correctly. Cleaning the boreholes by bailing
air pressure has a crucial impact to drilling activity. It is as import-
antas other two operational parameters. Hence, bailing air pressure
is the missing part to fill the gap due to determine reliable specific
energy calculation. After calculating specific energy for all combina-
tions, results were converted as KkWh. It helps us to determine the
cost of unit energy (c,) which is the multiplication of specific energy
(e,) and the unit price of energy consumption (P, ).

1.4 Determining Drill Bit Replacement Time

The optimal time of the drill bit replacement under the con-
straint of completing bench drilling in a given time was determined
in this research. The aim is to minimize the operational cost. All
variables needed to develop the optimization model were calculat-
ed from Equation (1) to Equation (3). The model is given below
(Ugurlu and Kumral, 2020a).

- Decision variables
x_represents the number of bits.

t represents the total time required to complete drilling on the
bench which is calculated at the second step of model development.

- Model parameters

¢, is the cost of a bit.

¢, is the energy cost.

t .. is the maximum allowable time to complete the task.
b, is the total number of available bits.

- Objective Function

Minimize x ¢, + c, t, 3)
Subject to;

ty < tparandty> 0 (4)
xn < by (5)
X, >0and x, € N* (6)

1.5 Genetic Algorithm (GA)

The GA optimization technique provided in the Solver MS Office
tool was used to determine the replacement time of drill bits. Me-
ta-heuristics have been widely used to solve various mining prob-
lems (Kumral, 2013; Kumral and Ozer, 2013; Shishvan and Sattar-
vand, 2015).

In the GA optimization technique, several initial solutions (chro-
mosomes) are randomly produced. A set of chromosomes is gener-
ated at random to create a population. The number of chromosomes
in the population is the population size. A new population is created
by the selection process using various sampling mechanisms. The
production of a new solution through an iteration is called a gener-
ation. All chromosomes are updated by the reproduction, crossover
and mutation operators in each new generation. The revised chro-
mosomes are termed offspring.

Although a binary vector is generally used, integer or floating
vectors can also be used as the representation structure in GA-based
meta-heuristics. A chromosome is represented as Y= (y, (1), y, (1,),...
J,.(I ), where m is the population size. Since the problem is a cost
minimization problem, the randomly generated chromosomes are
ranked in ascending order. The selected chromosome is perturbed
through crossover and mutation operators. It is important to note
that good solutions always have less chance to be perturbed. This
mechanism keeps good solutions with higher probability. Thus, as
the process advances, low-cost solutions survive. If the procedure
is continued for sufficient iterations, it converges in optimality or
near-optimality.

2. Case study

A case study was carried out in a bench at an iron-ore mine that
has an abrasive geological condition to evaluate the performance
of the proposed approach. Data sets were collected by full factorial
design of experiment model in two levels which consists of all pos-
sible combinations for all factors. Drill bits were selected as 7 7/8
inches (200 mm) tungsten carbide - tricone - drill bits. Bit replace-
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ment time was determined for eight combinations of operational
parameters. Eight field tests were carried out under the operation
condition to estimate the mean operational life time of drill bits. The
tests were replicated five times and the means were used. The ROP
was recorded from an iron mine every hour for all combinations
until it reached the fifth hour. To quantify the relationship between
operational parameters and ROP for all combinations, operational
characteristics were regressed. Interaction effects were ignored be-
cause their p-values were higher (p= 0.1-0.4) than alpha (p=0.05).
Therefore, interaction effects were extracted from the equations.
Parameter estimation results which were obtained from full factori-
al design by JMP Software can be seen at Table 2. The most influen-
tial parameter for rotary drilling operation is rotation speed when
the bit is new. Over time, because of bit wear, the effect of rotation
speed and the ROP decrease dramatically.

Table 2. Parameter estimation results

Rotation Pulldown Bailing Air

H Int. Speed, Force, Pressure,
(rev/min) (kN) (MPa)

1 156.16 31.11 5.26 6.64

2 148.74 31.11 5.54 6.19

3 108.04 14.79 3.49 3.74

4 47.54 3.14 2.51 0.76

5 11.36 0.14 2.09 0.49

Regression equations showing the exponential relationship be-
tween ROP and drilling length are presented in Table 3, where y is
the penetration time (min) and x is the drilling length (m).

Table 3. Regression equations of the combinations

1 y=7.2471e0001% R? = 0.7434 p=0.014
2 y=7.0330e%0016x R? = 0.7923 p=0.013
3 y=6.9579e00016x R? = 0.7602 p=0.015
4 y=6.6386e"0015 R? = 0.7746 p=0.015
5 y=5.9572e00014x R? = 0.8268 p=0011
6 y=5.734200013 R? = 0.7893 p=0.015
7 y=5.4655e%0015x R? = 0.7853 p=0014
8  y=5.2764"0011x R? = 0.7403 p=0.017

The underlying reason to have relatively low R? results is the ap-
proximation of multiple linear regression method. In addition, the
mining site is assumed as homogeneous; however, rock formation
has many fractures and different minerals. It also directly affects the
ROP. It can be easily seen from Table 3 that the differences between
the intercepts of combinations 2 and 4 and between the intercepts
of combinations 6 and 7 are relatively small. Therefore, the signifi-
cance of the rotation speed for drilling activity is higher than other
controllable parameters.

Table 4 presents the parameters of the simulation. The length of
boreholes was selected as 20 m based on the drill holes in the field
where the data were collected. The cost of the bit was provided by
the mining company.

Table 4. Parameters of the simulation

Total Length (m) 8400
Maximum Time (h) 96
Total Number of Bits 20
Total Bit Cost (C$) 5000
Drill Length per Hole (m) 20
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Total operational cost of eight combinations were calculated
by specific energy formula and the penetration time calculated by
multiple regression equations. The unit price of the energy con-
sumption (P ) was C$0.05/kWh. The results of the simulations are
summarized for all combinations in Table 5.

Table 5. Results of the simulation for all combinations

c Drill Length Drilling Time  Total Drilling  Number
" perBit,(m) perBit, (h) Time, (h) of Bits
1 560 6.15 92.22 15
2 646 7.26 94.40 13
3 700 7.60 91.24 12
4 764 8.72 95.97 11
5 933 9.81 88.30 9
6 1050 11.05 88.39 8
7 1200 13.34 93.39 7
8 1400 14.81 88.86 6

As can be seen from Table 5, the first four combinations con-
sumed more drill bits compared to the last four combinations, be-
cause of the time constraint and the effect of rotation speed. The
ROP is strongly affected by rotation speed, thus the lower level of
rotation speed causes a lower ROP and it also affects drilling time
directly. Therefore, drill bits must be changed to keep ROP high
when rotation speed is low. Pulldown force is slightly significant
compared to bailing air pressure. According to the optimization re-
sults, combination 8 is the most effective: cost minimization is taken
into consideration due to the required number of bits and operating
time which is needed to have a desired drilling operation.

Conclusion

This paper proposes a statistical analysis and model to opti-
mize replacement time of drill bits in open pit mines. First, data
interpretation and statistical testing were implemented to analyze
controllable drilling parameters that affect drilling activity directly.
A full factorial design at two levels was used. A drilling operation
was investigated as a case study for a specific geological condition.
The parameters affecting ROP and their relative importance were
determined. Furthermore, the association between operational pa-
rameters and ROP was quantified for eight combinations. Rotation
speed was the most influential operational parameter particularly
when the drill bit was new. The specific energy formulation was
used to precisely determine operation cost. The GA approach was
developed to optimize drill bit replacement time with a mathemat-
ical approach. The results of the study showed that the proposed
approach can be used as a tool for drill bit management in open pit
mining operations.
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Dogal tas kesme islemlerinde kullanilan elmasl kesici uglarin asinmasiyla olusan atik soketler yiiksek oranda temel ve degerli/kritik metallerin
(~%20-92 Cu, ~%10-38 Co ve ~%0,1-0,9 Ag, ~%0-75 Fe) yani sira sentetik elmas icermektedirler. Bu calismada, mermer tiretiminde kullanilan soket
atiklarindan (%0,91 Ag, %15,8 Co, %51,9 Cu) oksitleyici (HZOZ, 0, hava) ortamda siilfiirik asit liciyle (0,1-0,53 M HZSO4) kritik ve degerli metallerin
(Co, Cu, Ag) geri kazamimi aragtinlmistir. H,SO, ve H,0, derigimlerinin artisiyla kobalt, bakir ve demirin tamami ¢6ziinmis, 1,25 M H,SO, ve 0,5 M
H,0, derisimlerinde ise %90 Ag kazamimi elde edilmistir. Hava ilavesinin oksitleyici olmayan kosula gére metal verimlerine sinirh bir olumlu etkiye
sahip oldugu, bununla birlikte oksijen ilavesinin ise li¢ verimlerini 6nemli dl¢iide arttirdi1 belirlenmistir. Elde edilen sentetik elmaslarin; ~0,4-0,6
mm ¢aplarinda, saglam ve yeniden kullanilabilecek dzellikte olduklar: belirlenmistir. Bu sonuglara gore, oksitleyici ortamda siilfiirik asit liciyle soket
atiklarindan kritik ve degerli metallerin yiliksek metal kazanma verimleriyle geri kazanilabilecegi goriilmektedir.

Anahtar Sézciikler: Mermer/dogal tas, Atik soket, Hidrometalurji, Metal kazanimi, Kobalt, Bakir, Giimiis.

ABSTRACT

Waste segments generated by the abrasion of diamond-impregnated cutting segments used in natural stone cutting processes have a high content
of base and precious/critical metals (~20-92% Cu, ~10-38% Co and ~0.1-0.9% Ag, ~0-75 Fe) as well as synthetic diamonds. In this study, recovery
of critical and precious metals (Co, Cu, Ag) from waste segments (0.91% Ag, 15.8% Co, 51.9% Cu) used in marble production was investigated using
sulfuric acid leaching (0.1-0.53 M H,SO,) in the presence of an oxidizing reagent (H,0,, O,, air). Increasing the concentration of H,SO, and H,0,, a
complete dissolution of cobalt, copper, and iron were achieved, while 90% of Ag was extracted in the leach solutions containing 1.25 M H,S0, and 0.5 M
H,0,. The addition of air as an oxidizing agent had a limited enhancing effect on metal extractions in comparison with those extractions occurred under
the non-oxidizing conditions, while the addition of oxygen significantly improved the metal extractions. It was determined that the synthetic diamonds
obtained from the leaching residues were ~0.4-0.6 mm in diameter, intact and reusable. These findings have shown that critical and precious metals
could be extracted from waste segments at high recoveries using sulfuric acid leaching in the presence of a suitable oxidizing agent.

Keywords: Marble /natural stone, Scrap cutting segment, Hydrometallurgy, Metal recovery, Cobalt, Copper, Silver.

Giris enerji/hammadde {iretimi i¢in ikincil kaynaklardan metallerin
Cevher, konsantre ya da proses atiklarinin yaninda hurda geri kazanim olanaklarinin arastirilmasi ve tretimi biiyiik 6nem

gibi ikincil kaynaklar da onemli potansiyel hammaddeler olarak tagimaktadir.

degerlendirilmektedirler. Artan hammadde talebini karsilayabilmek Diinya dogal tas rezervinin %40’1ina sahip olan ve 2018 yilinda en

icin ve ayrica dogal kaynaklarin korunmasi ve siirdiiriilebilir fazla ihracat yapan Tirkiye'nin 4 milyar m? isletilebilir mermer, 2,8
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milyar m3 traverten, 1 milyar m? granit rezervi bulunmaktadir (URL-
1). Mermer ve diger dogal tas iiretiminde/islenmesinde (Ozgelik,
1999; Ozcelik ve Bayram, 2006) kullanilan dairesel testerelerdeki ya
da katraklardaki elmasli soketlerin (kesici uglar) kullanim émriinii
tamamlayanlar atik/hurda olarak sokiiliip ayrilmaktadir. Bu atik
soketler de genellikle igerdikleri metallerden dolay1 hurda olarak
yurt disina satilmaktadir. Bu soketler, yiiksek oranda farkl temel ve
degerli/kritik metalleri (~%20-92 Cu, ~%10-38 Co ve ~%0,1-0,9
Ag, ~%0-75 Fe) icermektedirler. Dolayisiyla, yiiksek metal icerigine
sahip olan bu atik soketler 6nemli bir potansiyele sahip ikincil
kaynak konumundadir. Bu kaynaklarin degerlendirilmesi, ¢cevresel
ve ekonomik acidan 6nem tasimaktadir. Atik soketlerden ekonomik
oneme sahip metaller (ayrica sentetik elmas) li¢, c6zelti saflastirma
ve metal kazanimi siireglerini iceren hidrometalurjik yontemler ile
geri kazanilabilir.

Toz metalurjisi yontemiyle {retimi yapilan sinterlenmis
soketlerde kobalt ve nikel veya ucuz olmasi nedeniyle demir gibi
metaller ve bu metallerin kombinasyonlari kullanilmaktadir. Matriks
baglayic1 element olarak kullanilan kobalt (Co), elmas tanelerinin
iyi baglanmasini saglamakta ve kesme sirasinda elmas aginmasina
uygun olarak asinmaktadir (Ozgelik, 1999). Ancak kobalt, pahal
ve stratejik (kritik) bir metal oldugundan dolay1 dolgu i¢in genelde
sinterleme kosullarinda ergiyen bronz (bakir-kalay, bakir-nikel
alasimi) veya piring (bakir-¢inko alasimi) de kullanilabilmektedir.
Dogal taslarin kesiminde kullanilan soketlerdeki matriksin
kesilecek malzemenin asindiricilik-sertlik 6zelliklerine baglh olarak,
elmas taneleriyle eszamanli asinmasi gerekmektedir (Karagoz
ve Zeren, 2001). Bu nedenle, sert taslarin kesiminde matriksin
yumusak olmasi; goreceli olarak yumusak taslarin kesiminde ise
matriksin sert yapida olmasi elmas tanelerini tutma yetenegini
artirmaktadir (Yilmaz, 2009). Sentetik elmas taneleri soketteki
matriks lizerine plskiirtiilerek tliretilmekte olup elmas boyutlari
kesim performansini 6nemli 6l¢lide etkilemektedir (Kaplan ve
Budak, 2011; Aktas, 2012). Elmas tanelerinin orant % derisim
cinsinden ifade edilmektedir. Bir karat elmas 0,205 gramdir ve 4,4
karat/cm® %100 derisim (yogunluk) olarak kabul edilmektedir.
Kesilecek tasin 6zelliklerine bagh olarak, dogal taslarin kesiminde
elmas icerigi <%20-50 derisim civarinda (294-840 pm) olan
soketlerin kullanimi daha uygundur (Yilmaz, 2009).

Granit ve beton gibi malzemelerin kesiminde kullanilan kesici
ucglarda elmas baglayici matriks olarak asinma direncini arttirmak
amaciyla tungsten (W) kullanilmaktadir. Elmash soketlerde, W-Co
ve Co alasimlar1 genelde granitlerin kesiminde kullanilirken; Co,
Co-bronz, Fe-Co ve Fe-bronz mermer kesiminde baglayic1 metaller
olarak kullanilirlar. Elmas soketlerin kaynak isleminde giimiis
(Ag) (~%70) ve bakir (Cu) iceren lehim ¢ubuklari veya tozlar
kullanilmaktadir (Oliveira vd., 2007).

“Sert metaller/alasimlar” yaygin olarak kesici ve asindirici
malzeme liretiminde kullanilmaktadir. Sert metal iiretiminde en
yaygin olarak kullanilan metal tungstendir. Tungsten karbiir (WC)
asinmaya karsi direncli bir kompozit malzemedir ve genellikle kobalt
ile birlikte sinterlenerek sert metal tliretiminde kullanilmaktadir
(Shibata vd., 2014). Yaygin olarak kullanilmasindan dolay1 sert
metallerin geri doniisiimii ile ilgili calismalar tungsten iceren atiklar
lizerine yogunlasmistir. WC atiklarindan tungsten ve kobaltin geri
kazaniminda hidrometalurjik ya da pirometalurjik yontemler
kullanilmaktadir. Tungsten iceren sert metal atiklari, konsantre
alkali ya da asit ¢ozeltilerinde direk li¢ islemine tabi tutulmakta,
amonyum para tungstat (APT) ve tungstik asit gibi iriinler
kazanilabilmektedir (Katiyar vd., 2014). Metal semente edilmis
tungsten karbiir, icerisindeki metal matriksi ya da baglayici metali
cozecek ve geride tungsten karbiir kalacak sekilde li¢ islemine tabi
tutulmakta ve secimli olarak kobalt kazanimi gergeklestirilmektedir
(Cizelge 1) (Kim vd., 2014; Lee vd., 2011; Shibata vd., 2014).
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Tungsten iceren sert metal atiklari iizerine olduk¢a fazla
calisma yapilmasina karsin, mermercilik sektoriinde kullanilan
kesici ekipman uglarindan (soketlerden) degerli/kritik metallerin
(Ag, Co, Cu) ve sentetik elmasin geri kazanimina yonelik ¢alismalar
¢ok siirhdir (Skury vd., 2004; Celep vd., 2013; Celep vd., 2016;
Ergiin ve Sénmez, 2016). Celep vd. (2013), atik soketlerdeki
metalik kismi kral suyu (aqua regia) ile ¢dzilindiirdiikten sonra
sentetik elmasi kazanmislardir. Yapilan bu ¢alismalarda elde edilen
sentetik elmaslarin yeniden kullanilabilir 6zelliklerde oldugu ifade
edilmektedir (Skury vd., 2004). Erglin ve Sonmez (2016), hurda
kesici takim uclarindan kral suyunda ¢éziindiirme sonrasinda iki
farkli organik reaktif kullanarak solvent ekstraksiyon yontemiyle
>%99 Cu kazanimi elde etmislerdir.

Cizelge 1. Tungsten karbiir atiklarindan metallerin kazaniminda kullanilan
hidrometalurjik prosesler (Katiyar vd., 2014).

Atik Tiri Li¢ Sicaklk Kazanim/Uriin
Reaktifi (°Q)

WC-Co sert metal C,H,0, 40-80  Cotozu
Metal-Seramik Alasim HCI 110 WC tozu
WC igeren curuf Kral suyu 100 %99,97 saf APT
WC-Co sert metal HNO, 25 %99,7 saf Co metali
Sinter sert karbiir blok H,PO, 46 WCve Co
Semente Karbilir hurda Amin ¢ozeltisi 60 wC

C,H,0, 60 W tozu

HCI 140-195 W metal

H,SO, 160-330 W metal

HCI 55-85 W metal

NaOH 120 wC

Atiklardan temel ve degerli metallerin liginde ¢esitli inorganik
asitleri iceren li¢ sistemleri (HCI/H,0,, H,S0,/H,0,, HNO,, HCIO,,
NaClO) kullanilmaktadir (Yazici, 2012). Metallerin ve alasimlarin
¢ozilinmesi ortamda bir oksitleyici reaktifin varligina bagh olarak
gerceklesmektedir. Ornegin, metalik bakirin asidik ortamda
oksitleyici (yiikseltgen) olmadan ¢dzlinmesi istemli (kendiliginden
gerceklesen) bir tepkime degilken (AG®>0) (Esitlik 1) bir oksitleyici
(H,0, gibi) varliginda tepkime saga dogru istemli bir sekilde
gerceklesmektedir (AG°<0) (Esitlik 2) (HSC Chemistry, 2011):

Cu’+2H* > Cu* + H, . (AG®

2(g)

= +65 kJ) (1)

(20°C)

Cu®+ 10

2(suda)

+2H" - Cu**+H,0 (AGO(ZODC) =-181k]) (2)

Silfiirik asit licinde bakir ve diger metallerin ¢6ziinmesi i¢cin
HZOZ, Oz' Fe3* gibi oksitleyiciler kullanilmaktadirlar (Yazici ve Deveci,
2013; Deveci vd., 2010; Birloaga vd., 2013) Kuvvetli bir oksitleyici
olan (standart indirgenme potansiyeli, +1,78 V) hidrojen peroksit
(H,0,), pahal olmasina ragmen, siilfiirik asit licinde tercih edilen
oksitleyicilerden birisidir (Yazici, 2012). Ancak, hidrojen peroksitin
en O6nemli dezavantajlarindan birisi, 6zellikle metal iyonlarinin
varliginda ve yiiksek sicakliklarda kolayca bozunmas (Esitlik 3) ve
dolayisiyla tiiketiminin yiiksek olmasidir (Yazici ve Deveci, 2010;
Yazici, 2017 ve 2020).

H,0, - H,0+%0,, (3)

Asidik ortamda kobalt ve demir oksitleyici olmadan
¢oziinebilmektedir. Oksitleyici olmayan ya da hafif oksitleyici
sartlarda redoks potansiyelini kontrol ederek Fe ve Co, Cu ve Ag'ye
gore secimli olarak ¢éziindiriilebilir (Habashi, 1999a; Celep vd.,
2016).
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Bu ¢alismada, tilkemizde faaliyet gosteren mermer firmalarindan
alinan ve mermer/dogal tas kesme islemlerinde kullanilan atik
elmash kesici soketlerinden kritik/degerli metallerin (Ag, Co, Cu)
hidrometalurjik yontemler ile geri kazanimi arastirilmistir. Ayrica,
li¢ islemi ile soketlerden sentetik elmaslarin da geri kazanimi
incelenmistir.

1. Deneysel calismalar
1.1. Malzeme

Ulkemizde faaliyet gésteren ve plaka ve ebath mermer iiretimi
yapan fabrikalardan temin edilen atik soketler (yaklasik 200 kg), bu
calismada kullanilmigtir (Sekil 1). Temsili olarak alinan numuneler
halkali degirmende 150 um (d,,) (d,,;; ~600 um) tane boyutuna
ogiitiilerek deneylerde kullanima hazir hale getirilmistir.

Sekil 1. a) Mermer kesme makinesi, b) Dairesel testere, ¢) Kullanilmamis
soket, d) Atik soket (Celep vd., 2021).

Numunenin metal icerigini belirlemek amaciyla, temsili toz
numunelerden yaklasik 5 g numune 100 mL beher igerisinde ¢ceker
ocakta 1siticl tabla iizerinde 2,5 mL saf su ile 1slatilmis ve {izerine
sirasiyla 7,5 mL HCI, 2,5 mL HNO, ve 2,5 mL HCIO, ilave edilerek
kaynar sekilde 1sitilmistir. Bu islem numunenin beherde yas olacak
sekilde kat1 kisim kalincaya kadar devam ettirilmistir. Daha sonra
tizerine 20 mL HCI ilave edilerek 30 dk. hafifge 1sitilmistir. Bu
islemden sonra karisim 50 mLlik balon jojeye siizge¢ kagidindan
gecirilerek saf suyla birlikte 50 mLye tamamlanmis ve Atomik
Absorpsiyon Spektrometresinde (AAS-Perkin Elmer AAnalyst 400)
metal analizleri gerceklestirilmistir. Coziindiirme islemleri 5 tekrarli
yapilmis ve ortalamasi alinmigtir. Ayrica akredite olmus bir analiz
laboratuvarinda da analizler yapilarak sonuglar teyit edilmistir.

Deneysel calismalarda kullanilan numunenin metal igerigi
Cizelge 2'de verilmektedir. Onemli miktarlarda degerli ve
kritik metal olarak Ag, Co, Cu, W ve Ni gibi elementler icerdigi
goriilmektedir. Atiklar yaklasik %50 Cu (500 kg/t), %15 Co (150
kg/ton) ve %0,9 Ag (9000 g/t) icermektedir. Bu degerler, giimiis,
bakir ve kobalt cevherlerinin metal igerikleriyle karsilastirildiginda,
atiklarin giimiis cevherlerine (~100 g/t Ag) gore 90 kat giimiis,
bakir cevherlerine (%0,5-1 Cu) gore ise 50-100 kat bakir ve kobalt
cevherlerine gore (%0,3-1,5 Co) 10-50 kat daha fazla oranda kobalt
icerdigi goriilmektedir. Bu yoniiyle atik soketler, 6nemli miktarda
metal iceren 6nemli bir ikincil kaynak konumundadir.

Cizelge 2. Atik soketlerin kimyasal analizi.

Element icerik, %
Cu 51,9
Fe 19,5
Co 15,8
Ag 0,91
Sn 0,68
Zn 0,61
Ni 0,58
w 0,19
Diger” 9,83

*Diistik miktarlarda Ti, P, Cr, As, Cd gibi elementler ve sentetik elmas

1.2. Yontem

Asit derisiminin etkisinin incelendigi testler sonucunda
gimiis kazaniminin diger metallere goére olduk¢a diisiik
oldugu gozlemlenmistir. Bundan dolayr da daha yiiksek giimiis
kazanimlarina ulasabilmek i¢in daha yiiksek asit derisiminde (1,25
M H,S0,) deneyler yapilmistir. Silfiirik asit li¢ deneyleri, girdap
onleyici ¢ikint1 ile imal edilmis 250 mL hacimli ceketli reaktdérde
gergeklestirilmistir. Bu deneylerde, siilfurik asit (0,1-0,53 M H,SO,)
ve hidrojen peroksit (0,2-0,5 M H,0,) derisimlerinin yam sira
hava ve oksijen varliginin (2,7 L/dk.) metallerin kazanimina etkisi
incelenmistir. Oksitleyicilerin etkisinin incelendigi testlerde, asit
derisimi (0,3 M H,S0,) ve sicaklik (50 °C) sabit tutulmustur. H,SO, ve
oksitleyicilerin derisimleri 6n testler ile belirlenmistir. Deneyler 150
mL ¢ozelti ve 0,5+0.004 g malzeme kullanilarak 2 saat siireyle 700
dev./dk. karistirma hizinda, dijital gostergeli mekanik karistiricilar
ve paslanmaz celikten imal edilmis PTFE kapl, egik kanath
pervaneler kullanilarak yapilmistir Deneylerde sicaklik 50 °C’de
sabit tutulmustur. Cozeltilerin hazirlanmasinda konsantre siilfiirik
asit (18 M H,S0,), hidrojen peroksit (%30 H,0,) ve deiyonize-distile
su kullanilmistir. Deneyler sirasinda belirli araliklarla (10, 20, 30,
45, 60, 90, 120 dk.) alinan 6rnekler, santrifiij islemine tabi tutulmus
ve sonra pH ve E, Olctimleri yapilmistir. Elde edilen ¢ozelti
orneklerinin metal icerikleri (Co, Fe, Cu, Ag), AAS ile belirlenmistir.
Metal derigimi yiiksek olan érnekler 2 M HCl ile seyreltildikten sonra
analiz edilmistir. Li¢ testleri sonrasinda filtre edilen atik, kral suyu (1
HNO,: 3 HC) ile ¢6ziindiriilerek metal icerigi tespit edilmistir. Metal
kazanimu (li¢ verimi, %) li¢ sonu ¢ozeltideki metal derisimi ve li¢
artiginda kalan metal miktarina gore hesaplanmistir.

2. Bulgular ve tartisma
2.1. Siilfiirik asit derisiminin etkisi

Yapilan 6n testler sonucunda farkli metallerin li¢ verimlerinin
de farkli oldugu tespit edilmistir. Bu nedenle, asit derisiminin
metallerin kazanimina etkilerini net bir sekilde gorebilmek
amaciyla dustik derisimde (0,15 M H,0,) ortama oksitleyici ilave
edilmistir. Stlfirik asit derigiminin (0,1-0,53 M H,SO,) metallerin
licine etkisi Sekil 2’de verilmektedir (0,15 M H,0,, 50 °C). 0,1-
0,53 M H,SO, ¢ozeltilerinde kobaltin tamami ¢éziinmustiir (Sekil
2a). Benzer durum demir ¢6ziinmesi icin de gézlenmistir (Sekil
2d). Kobalt ve demirin en disiik asit derisiminde de yiiksek
oranda (>%90) ¢ozlinmesi bu iki metalin standart negatif elektrot
potansiyellerine sahip olmasina (Eh°, sr.=—0.44V (SHE; Standart
Hidrojen Elektrodu) ve EhOCO(“]/CO: -0.28 V (SHE)) baglanabilir.
Sekil 3-4'te deneysel kosullar dikkate alinarak sirasiyla Co ve
Fe icin olusturulan Eh-pH diyagramlar1 sunulmustur. Kobalt ve
demir asidik c¢ozeltilerde (AG® <0) asagidaki tepkimelere gore
¢oziinmektedir (Esitlik 4 ve 5):
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Sekil 2. Siilfiirik asit derisiminin metallerin kazammina etkisi (0,15 M H,0;

50°C).
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Sekil 3. Co-S-H,0 sistemine (0,009 M Co, 50 °C) ait Eh-pH diyagrami (HSC
Chemistry, 2011)

Sekil 4. Fe-S-H,0 sistemine (0,012 M Fe, 50 °C) ait Eh-pH diyagrami (HSC
Chemistry, 2011)
Co®+ 2H*— Co* + H, (AG®

=-56k],AG", . =-55K])  (4)

(20°) (50°C)

Fe® + 2H'— Fe? + H, (AG®, . =-92k],AG’ . =-91k])  (5)

(20°¢) (50°C)

Asit derisiminin 0,1 M’dan 0,53 M’a arttirilmasiyla bakir
kazanimi yaklasik 2 kat artmis ve atik soketlerdeki bakirin biiyiik
bir kismi (%93,5 Cu) kazanilmistir (Sekil 2b). Asit derisimindeki
artisinin giimiis kazanimi iizerine de olumlu etkisi gézlenmistir
(Sekil 2c). Silfiirik asit ¢ozeltilerinde hidrojen peroksit varliginda
bakir ve giimiisiin ¢oziinmesi asagidaki tepkimelerle ifade edilebilir
(Esitlik 6 ve 7):

Cu® + H,0, + H,S0, = CuS0, 0t ZH,0 (MG = 344K, ()
AG .., = -337 k])
2Ag°+H,0, +H,50,- 248" + 50,7 + 2H,0 (AGy.=-254 K], .y
AG .. =-253K])

(50°C)

Asit derisimindeki artisin metal kazanimina olumlu etkisi
peroksitin yiiksek asidik kosullarda kararhiliginin artmasina ve
dolayisiyla daha yavas bozunmasi ile iliskilendirilebilir (Yazic1 ve
Deveci, 2010; Yazici, 2020). Bununla ilgili olarak Yazic1 (2020),
hidrojen peroksitin kararhligini etkileyen en 6nemli parametrelerden
birisinin asit derisimi oldugunu, asit derisimi arttikca peroksitin
katalitik bozunmasinin 6nemli oranda azaldigin1 gostermistir.
Benzer sekilde li¢ testleri esnasinda olgiilen redoks potansiyeli
(E(Ag/AgCD) degerleri, yiiksek asit derisiminde 583 mV’tan 381
mV'a, diisiik asit derisiminde ise 564 mV’tan 340 mV’a azalmistir.
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Ayrica li¢ siiresince diisiik asit derisiminde pH 0,7-1,0 arasinda
iken yiiksek asit derisiminde pH 0,1-0,4 arasinda gozlenmistir.
Literatiirde, e-atik gibi metal/metal alagimlari iceren atiklar ile ilgili
¢ok sayida arastirma oldugu, ancak, atik soketlerle ilgili yapilan
calisma sayisinin ise oldukga sinirli oldugu goriilmistiir. Celep vd.
(2016), siilfiirik asit licinde (1 M H,S0O,, %0,5 kat1 oran, 60 °C) 2%95
Co ve Fe kazanimi elde etmislerdir. 2,5 saatlik li¢ islemi sonunda Ni ve
Sn nin sirasiyla %85’i ve %20’si ¢6ziiniirken, Cu ve Ag ¢dziinmemistir.
Ancak, 1 M H,0, ilavesiyle oksitleyici sartlarda yiiksek metal
kazanimlari (2%96 Cu, %98 Ni, %82 Co, %80 Ag) elde edilmistir.

2.2. Hidrojen peroksit derisiminin etkisi

Sekil 5’'de hidrojen peroksit derisiminin Co, Cu, Ag ve Fe
¢ozlinmesine etkisi gorilmektedir. Derisimdeki artisin kobalt
ve demir kazanimlari {izerine bir etkisi gorillememistir. Her iki
kosulda da (0,2 ve 0,5 M) kobaltin tamami, demirin ise %90’nindan
fazlas1 kazanilmistir (Sekil 5a.d). Giimiis ¢oziinmesinde gozlenen
dalgalanmalarin (Sekil 2c ve 5¢) nedeni tam olarak anlasilamamakla
birlikte demir iyonlarinin indirgeyici/yiikseltgeyici etkisinden
kaynaklanmis olabilecegi 6ngoriilmektedir (Esitlik 8).

Ag+ + Fez+ PN AgO + Fe3+

(AG® . =-37K], (AG .. =+2,3K]) (8)

(20°C) (50°C)

Bununla birlikte, hidrojen peroksit derisimindeki artisin
giimiis kazaniminda olduk¢a 6nemli rol oynadigi Sekil 5c’de
goriilmektedir. Hidrojen peroksit derisiminin 0,2 M’dan 0,5 M’a
arttirllmasiyla giimiis kazaniminda 5 kattan daha fazla bir artis
oldugu goriilmektedir. Ayn1 zamanda bu artig, bakir kazanimini
olumlu etkilemis ve yiiksek hidrojen peroksit derisiminde bakirin
tamami kazanilmistir (Sekil 5b). Bu sonuglar, termodinamik

veriler ile de uyumludur. Eh-pH diyagramlarindan (Sekil 6 ve 7)
gorildigi gibi yiiksek standart elektrot potansiyellerine sahip
olan bakirmn (Eh°; . =+0.34 V) ve giimiisiin (Eh°, . =+0.80V)
¢oziinmeleri icin daha agresif kosullar (oksitleyici varliginin daha
yiiksek olmasi) gereklidir. Ayrica, glimiisiin bakirdan daha yiiksek
elektrot potansiyeline sahip olmasi (Sekil 6 ve 7), ¢oziinmesi i¢in
daha yiiksek oksitleyici kosullar1 gerektirmektedir. Ayni oksitleyici
kosullarda glimiis kazaniminin (Sekil 5¢) bakira (Sekil 5b) gére daha
diisiik olmasi da termodinamik analizlerle uyumludur. Bu sonuglara
gore, hidrojen peroksit miktari (dolayisiyla redoks potansiyeli)
ve/veya kat1 orani ayarlanarak glimiisiin bakirdan sec¢imli olarak
kazanilabilecegi sdylenebilir.

Sekil 6. Cu-S-H,0 sistemine (0,027 M Cu, 50 °C) ait Eh-pH diyagrami (HSC
Chemistry, 2011)
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Sekil 5. Hidrojen peroksit derisiminin metallerin kazanimina etkisi (1,25 M H,50,, 50 °C)
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2.3. Oksitleyicilerin (hava, oksijen, H,0,) metal kazanimina etkisi

Hidrojen peroksitle karsilastirildiginda (+1,78 V), oksijenin
indirgenme potansiyeli (+1,23 V) daha diisiik olmasina ragmen, temin
edilmesinin daha kolay ve ucuz olmasi nedeniyle hidrojen peroksitin
yerine alternatif oksitleyici olarak hava veya oksijen kullanilabilmektedir.
Asidik siilfat ortaminda oksijen varliginda bakirin ¢6ziinmesi Esitlik
9’da ifade edilmektedir (Jackson, 1986; Habashi, 1999b).

Eh(V)
15|
Lo
0.5
0.0 L.

-0.5}

1.0
-1.5] ]

-2.0

pH

Sekil 7. Ag-S-H,0 sistemine (0,00028 M Ag, 50 °C) ait Eh-pH diyagrami (HSC
Chemistry, 2011)

Cu’+H,S0,+%0 ® Cu** +S0,” +H,0 (AG®,, .=

2(suda) (20°C)

(9)
-236 k), AG’,, .= -228 kI)

Oksitleyici olarak hava/oksijenin (2,7 L/dk.) kullanildig
deneylerde (Sekil 8), hava ilavesinin metal kazanimlarinda
oksitleyici olmayan kosula gore ¢ok sinirh artis sagladigi, oksijen
varligimmin ise metal kazanimlarini 6nemli Olgiide arttirdig
gorilmustir. Oksijen ilavesiyle elde edilen sonuglarm H,0,
(0,4 M) varhiginda yapilan deneylerle karsilastirilabilir oldugu
goriilmektedir. Gimis kazanimlarinda ise oksitleyici varliginda
sinirh bir artis gozlenmistir (Sekil 8c). Ayrica, oksitleyici ilavesi
demir ¢6zlinmesini de hizlandirmistir (Sekil 8d). Ortama oksitleyici
ilave edilmediginde ¢ozeltinin redoks potansiyelinin E(Ag/AgCl)
275-357 mV, en yiiksek metal ¢oziinmelerinin gergeklestigi H,0,
ilavesinde 383-649 mV ve oksijen ilavesinde de 327-433 mV
araliginda degistigi belirlenmistir. Hava ilave edildiginde ise redoks
potansiyelinin oksitleyici olmayan kosula benzer seviyelerde
kaldig1 gozlenmemistir. Buna gore, oksitleyici varliginda redoks
potansiyelinde gozlemlenen artislarin metal ¢6ziinme verimleri ile
uyumludur.

Sekil 8. Farkh oksitleyiciler varhiginda (0,4 M H,0,, 2,7 L/dk. Hava ve 2,7 L/dk. Oksijen), (a) kobalt, (b) bakur, (c) gtimiis, d) demir li¢ verimleri (0,3 M H,50,, 50 °C)
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2.4. Sentetik elmaslarin kazanimi

Atk soketlerden ogutilmemis kral suyu (HNO,+HCI) ile
¢ozlindiirme islemleri sonucunda atikta kalan sentetik elmaslarin
goriintiileri Sekil 9a.b ve Sekil 10’da verilmektedir. Elmaslarin hasar
gormemis ve yeniden kullanilabilecek nitelikte, yaklasik 0,4-0,6
mm ¢aplarinda olduklar1 goriilmektedir. Ayrica, yaklasik 9 g soket
¢ozlindiigiinde yaklasik 0,1-0,3 g sentetik elmas elde edilmektedir.
Elde edilen sonuglara benzer sekilde daha 6nce yapilan ¢alismalarda
(Skury vd., 2004; Celep vd., 2013), elde edilen sentetik elmaslarin
yeniden kullanilabilir 6zelliklerde oldugu ifade edilmektedir.

Sekil 9. Sentetik elmaslarin a) Makroskobik; b) Stereo mikroskop gortintiileri

SEI

Sekil 10. Sentetik elmaslarin SEM gériintiisii

Sonuglar

Bu c¢alismada, mermer ve dogal tas kesme islemlerinde
kullanilan ve 6nemli bir ikincil kaynak konumunda olan elmash
kesici ug¢ atiklarindan (%0,91 Ag, %15,8 Co, %51,9 Cu) Co, Cu ve
Ag gibi kritik/degerli metallerin yaninda sentetik elmasin geri
kazanimi arastirilmistir.

0,1-0,53 M H,SO, derisimlerinde kobaltin tamami ¢6ziinmiis
ve asit derisiminin arttirilmasiyla bakir kazanimi yaklasik 2 kat
artmistir (%93,5 Cu). Asit derisiminin artisinin giimiis kazanimi
tizerine de olumlu etkisi olurken demir kazanimina etkisinin ¢ok
az oldugu gorilmiistiir. Ayrica ¢ozelti redoks potansiyellerinin
takibi ile diisiik asit derisiminde hidrojen peroksittin yiiksek
asit derisimine gore daha kisa slirede bozundugu ve dolayisiyla
etkinliginin de azaldig tespit edilmistir.

0,2-0,5 M H,0, derigsimlerinde kobaltin tamami, demirin ise
%90'nindan fazlas1 ¢dézlinmiistir. Derisimdeki artisla giimiis
kazaniminda 5 kattan daha fazla bir artis oldugu (%90 Ag), ayni
zamanda bakirin tamaminin ¢6zliindigi gorilmiistiir. Bu sonuglara
gore, siilfiirik asit ortaminda, oksitleyici olarak hidrojen peroksit
derisimindeki artigin li¢ verimini olumlu etkiledigi belirlenmistir.

Oksitleyici olmayan kosula gore hava ilavesinin metallerin
kazaniminda ¢ok sinirli bir etkiye sahip oldugu, bununla birlikte
oksijen ilavesinin ise o6nemli katkisinin oldugu goriilmiistiir.
Buna gore oksitleyicilerin metal kazanma verimlerine etkisi
H,0,>o0ksijen>hava siralamast ile gergeklesmistir.

Li¢c sonrasinda elde edilen sentetik elmaslarin ~0,4-0,6 mm
caplarinda, saglam ve yeniden kullanilabilecek 6zellikte olduklari
tespit edilmistir.
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Agrega iiretimi, kentlesmenin hizla arttig1 glintimiizde iilkelerin siirdiiriilebilir kalkinmasinda hayati bir unsurdur. Kentli niifus oranlarinin yiikselmesiyle
birlikte, kentlerin ihtiyaci olan yapilarin yapim ve bakimi i¢cin temel hammadde olan agrelara talep artmaktadir. Bu talep artisini uzun donemde, kentli
niifus orani ve kentlesme gostergelerine bagl olarak ¢oklu dogrusal regresyon modelleriyle tahmin etmek miimkiindiir. Bununla birlikte, bu modellere
girecek bagimsiz degiskenlerin arasinda var olabilecek ¢oklu baglantinin bu modellerle yapilacak tahminleri, anlamsiz ve tutarsiz yapabilme ihtimali s6z
konusudur. Bu ¢alismada, regresyon modeline girecek degiskenlerin segiminde kullanilabilecek en uygun yontem belirlenmis ve agrega tiretim miktarinin,
onerilen regresyon modeliyle istatistiksel olarak anlamli bir sekilde tahmin edilebilecegi belirlenmistir. Yapilan tahminlere gére, Tiirkiye’de mevcut
agrega uretim kapasiteleri 2022 yilindan sonra yetersiz kalacaktir. Artacak agrega ihtiyaci igin yeni agrega tiretim alanlariin planlanmasi ve/veya geri
dontistimden uygun kalitede agrega liretim olanaklarinin arastirilmasi gerektigi sonucuna ulasilmistir.

Keywords: Agrega, Kentlesme, Regresyon, Coklu baglanti.

ABSTRACT

Aggregate production is a vital element in the sustainable development of countries where urbanization is rapidly increasing. With the urban population
rise, the demand for aggregates which are the basic raw material for the construction and maintenance of buildings needed by cities is increasing. It
is possible to estimate this increase in demand in the long run with multiple linear regression models depending on the urban population ratio and
urbanization indicators. However, the possible presence of multicollinearity among the independent variables can make the predictions meaningless
and inconsistent due to the inclusion of the multicollinear variables in the models. In this study, the most appropriate method to be used in the selection
of variables to enter the regression model was determined and it is also found that the statistically significant and meaningful estimates of aggregate
production can be done by using the proposed regression model. According to estimates, the current capacity in Turkey will be insufficient after 2022. It
was concluded that new aggregate areas should be planned and/or production possibilities from recycling should be investigated to meet the demand.

Keywords: Aggregate, Urbanization, Regression, Multicollinearity.

Giris

Kum, cakil ve kirilmis taslar da dahil olmak iizere agregalar,
diinyada sudan sonra en ¢ok kullanilan ikinci dogal malzemedir
ve iiretim hacmi agisindan en biiytik madencilik faaliyetidir. Dogal
agregalar, konutlar, ticari isyerleri, hastaneler, yol ve oto yol, demir-
yolu, kopri, havaalani v.b. ulagtirma yapilari yapim ve bakim ingaat
projelerinin yani sira tarim, kimya ve metaliirji sektorleri icinde kul-
lanilan temel bir hammaddedir. Tiikenebilir ve yenilenemez dogal

* akonuk@ogu.edu.tr ¢ https://orcid.org/0000-0002-9577-6674

kaynak olan agregalar, diinyada tiiketilen hammaddeler igerisinde
en biiyiik tiiketim hacmine sahip olmakla birlikte, titkenme potan-
siyeli en diisitk hammaddedir. Bununla birlikte, jeolojik kosullar ve
yogun yerlesimler nedeniyle Avrupa’daki bazi iilkelerde (6rnegin
Hollanda ve isvigre) arz sikintis1 da ortaya ¢ikabilmektedir (Bleis-
chwitz ve Bhan-Walkowiak, 2007). Agrega madenciligi, diger ma-
dencilik faaliyetlerine gore iki agidan farklihk gostermektedir. Bi-
rincisi, agrega tiretim sahasinin, yiiksek talep alanlarinin yakininda
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ve uygun kalitede malzemeyi iceren jeolojik olusumlar bolgesinde
olma zorunlulugudur. Digeri ise, agrega liretiminin; insaat, ¢cimento
ve hazir beton sektorlerindeki gelismelere ve rekabet giiciine bagl
olmasidir (Bleischwitz ve Bhan-Walkowiak, 2007). Agrega rezerv/
kaynaklarinin gelecekte insanligin ihtiyaglarini karsilamada da siir-
diiriilebilir biiyiikliikte olmasi olduk¢a 6nemlidir. Bir dogal kaynagin
insan ihtiyaglarini karsilamada siirdiirtilebilir olmasi i¢in, en az 1000
yil boyunca ihtiyaclar karsilamaya yeterli rezerv/kaynaklarin olma-
s1 gerekir (Escavy v.d., 2020).

Diinya genelinde iiretilen agregalarin yaklasik %65’i hazir beton
iretiminde tiiketilmektedir (O’Neal ve Guis, 2018). Son yillarda ar-
tan kentlesme hamleleri sonucunda konutlarda ve ulastirma alt yapi-
larinda artan talebe gore agrega endiistrisi daha yiiksek bir biiylime
yasamistir. Ulkenin eskiyen binalarini kentsel déniisiimle yenileme
ihtiyaci ile altyapisini onarmak ve genisletmek i¢in yapilan altyapi
harcamalari, agrega tiriinlerine, cimento ve hazir betona talebi daha
da artirmaktadir. Bununla birlikte, ekonomik kriz ve durgunluk do-
nemlerinde agrega, hazir beton, ¢cimento ve ingaat sektdrlerinde
o6nemli kayiplar yasanmakta ve bunun sonucunda da bir¢ok girisim-
ci sektorden ¢ekilme egilimine girmektedir. Ekonomik durgunluktan
¢ikmak icin ise diinyada bir¢ok iilkede dncelikle insaat sektdriiniin
canlandirilmasina énem verilmektedir. Ekonomik canlanma ile bir-
likte talep artislar1 meydana geldiginde, bir¢ok sektorde oldugu gibi
agrega sektoriinde de gelecekteki talebin nasil saglanacagi konusun-
da endigeler ortaya ¢ikmaktadir (Delannoy, 2017). Ozellikle, agrega
iretimi yapilan maden ruhsat sahalarinin hukuki yapisinin durgun-
luk dénemlerinde korunamamasi durumunda, yeniden ruhsat saha-
larinin satin alinmasi ve gevresel izinlerinin saglanmasi, biiyiik mad-
di ve zaman kayiplarina yol acabilmektedir. Yeni bir maden sahasi
icin ruhsatlarin ve isletme izinlerinin alinmasi cevresel etki deger-
lendirme kanunu geregi ile orman, mera, tarim v.b izinlerin alinmasi
ortalama 3-5 yil stirmektedir.

Kentlesme ilk olarak sanayi devrimi sirasinda ytiksek gelirli
iilkelerde, insanlarin fabrikalarda c¢alistirilmasi amaciyla kirsal
alanlardan kentsel alanlara gekilmesiyle baslamistir. Ayrica, tek-
nolojideki gelismelerin ciftliklerde makinelesmeye yol agmasi,
bilgi ve iletisim teknolojilerindeki hizli gelisim ve kentlerin sun-
dugu egitim, saglik, kiiltiirel ve is imkanlarina erisim kolaylig1 da
kirsaldan kentlere gocii arttirmistir. Kirsaldan kente gogiin temel
nedeni diinyanin bir¢ok yerinde oldugu gibi ekonomik firsattaki
farkliliklar olup, kentlerin istihdam acisindan kirsal kesimden
daha fazla imkan sunmasidir. Kentlerde tretilen mal ve hizmet-
lerin degerinin ve verimliliginin daha yiiksek olmasi, kentlerde
altyapinin, hizmetlerin ve bilgilerin paylasilmasi; firmalar ve diger
kurumlar arasinda karsilikli 6grenme nedeniyle kentlerdeki yo-
gunlasma kirsaldan kente gocii tesvik etmistir. Kentlerin genelde
kamu kurumlarinin merkezi olmalari, finansal ve ticari hizmetler
sunmalari, liniversiteleri ve biiyiik hastaneleri barindirmalar1 da
cazibe merkezi olmalarina neden olmustur (Turok, 2012).

Agrega talebi biiytlik ¢ogunlukla insaat sektori talebine bagimh
oldugundan, agrega talep tahminlerinde literatiirde, insaat ve ¢cimen-
to endiistrisini etkileyen makroekonomik, demografik ve sosyal ge-
lismelere odaklanilmistir. Cimento talebinde 6zellikle toplum ntifu-
sundaki artiglarin, kentli niifus oranlarimin ve GSYH’daki gelismelerin
etkileri tizerinde yogun bir sekilde durulmustur (Lopes, 2003; Lopes
v.d.,, 2011; Dlamini, 2012; Berk ve Bigen, 2017; Kuzu Yildirim, 2019).
Agrega talebi konusunda yapilan ¢alismalarda, Coulter (2003), EBA
(2013), O’Neal ve Guis (2018) y1llik niifus biiylime oranini ve hizinin,
Bleischwitz ve Bhan-Walkowiak (2007) kisi basina GSYIH’nin, Me-
negaki ve Kaliampakos (2010) konut insaat sektoriiniin, Delannoy
(2017) nifus artis egilimine bagli olarak ev insasi ve altyapi da dahil
olmak iizere insaat ihtiyaglarinin, Ford ve Spiwak (2017) GSYIH ve
Case-Shiller Konut Fiyat Endeksinin, Smith (2017) evlerin, okullarin,
otoyollarin ve toplam kullanilan diger projelerin insaasi ve bakimi
ile ilgili tahminlerin, Escavy v.d. (2020) issizlik oraninin, Douglas ve
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Lawson (2002), niifus biiytikligi ve enerji tiiketiminin ve Assefa ve
Gebregziabher (2020) ¢evresel etkilerin agrega talebine etkilerini
arastirmiglardir.  Kentlesme konusunda yapilan ¢alismalarda ise,
Altintas ve Kogbulut (2014) kentlesmenin elektrik tiiketimine et-
kilerini, Bide v.d. (2020) kentlesmenin ingaat malzemeleri talebine
etkilerini, Pereira ve Ng (2004 ) kentsel gelisim i¢in insaat agregalari-
nin tiiketiminde cevresel etkileri, Haque v.d. (2018) ve Gedefaw v.d.
(2018) kentlesmenin su talebine etkilerini aragtirmislardir.

Bu calismada; ticari, kamusal ve kisisel konutlari ifade edecek se-
kilde yap1 ruhsati alani, béliinmiis devlet yolu, béliinmiis il yolu ve
otoyol uzunluklari toplamindan olugan béliinmiis karayolu uzunluk-
lar1, demiryolu hat uzunluklary, ilk6gretim, ortadgretim ve okul 6nce-
si toplam derslik sayilari, 6zel ve kamu hastanelerinin yatak sayilar1
ile elektrik santralleri kurulu giicii yillik verilerinden olusan kent-
lesme gostergelerinden hangilerinin agrega tiretimi tizerinde etkili
oldugu farkli coklu regresyon yontemleri kullanilarak arastirilmigtir.
Agrega tretimini etkileyen kentlesme gostergeleri belirlendikten
sonra ilgili kentlesme gostergeleri ile kentli niifus oranlari arasi iligki
arastirilarak gelecekteki agrega iiretim miktar1 tahminleri yapilmig-
tir. Uzun vadeli agrega iiretim tahminleri yapilirken, bagimsiz degis-
kenler arasinda ¢oklu dogrusal baglanti olmasi halinde degisken se-
¢imi lizerine yogunlasilmistir. Yapilan tahmin sonuglari goz 6niinde
bulundurularak gelecekte mevcut agrega maden isletmelerinin iire-
tim kapasitelerinin yeterli olup olmayacag tartisilmistir.

1. Yontem ve veri seti
1.1. Yontem

Bu ¢alismada, derlenen verileri analiz etmek ve agrega iiretimi-
ni tahmin etmek icin ¢oklu dogrusal regresyon yontemi secilmis-
tir. Coklu dogrusal regresyon analizi, bagimli degiskeni etkiledigi
diistiniilen bagimsiz degiskenlerden hangisi ya da hangilerinin ba-
gimli degiskeni daha ¢ok etkiledigini bulmak ve bagiml degiskeni
etkiledigi belirlenen degiskenler yardimiyla bagimli degisken de-
gerini tahmin edebilmek icin gergeklestirilir. Coklu dogrusal reg-
resyon modelinin genel formu Esitlik 1'de verilmistir.

Yi = Bo + BrXis + BaXiz + -+ + BrXix + €5 1)
Y, bagimli degisken

X, bagimsiz degisken,

Bi regresyon katsayisi (modelin parametrelerini),

g, hata terimi

k bagimsiz degisken sayisi

Coklu dogrusal regresyon modelleri parametrelerinin tah-
minde en kii¢lik kareler yontemi kullanilmakla birlikte, en kii¢iik
kareler yonteminin uygulanabilmesi i¢in bir takim varsayimlarin
yerine getirilmis olmasi gerekmektedir. Bu varsayimlar; hata te-
rimlerinin varyansinin sabit olmasi ve birbirinden bagimsiz olma-
lari, hata terimlerinin beklenen degerinin “0” olmasi ve bagimsiz
degiskenler arasinda bir iliski olmamasidir. Bu varsayimlardan
biri ya da bir kag¢1 gerceklesmediginde elde edilen tahmin sonugla-
rinin yanh ¢ikmasi kaginilmazdir (Biiyiikuysal ve Oz, 2016). Bunun
icin hata terimlerinin normal dagilip dagilmadiginin, gézlemler
arasinda ardisik bagimliligin (otokorelasyonun) bulunup bulun-
madiginin, bagimsiz degiskenler arasinda ¢oklu dogrusal baglan-
tinin olup olmadiginin mutlaka test edilmesi gerekir.

Coklu dogrusal baglant, iki ya da daha fazla agiklayic1 degis-
kenin birbirleri arasinda dogrusal bir iliski icerisinde olmasidir.
iki degisken arasinda yiiksek korelasyon oldugunda, her ikisi de
aslinda ayni bilgiyi aktarmaktadirlar. Bu durumda her iki degisken
birlikte modelde olduklarinda etkileri ¢ok fazlayken, her ikisi de
digerinden sonra modele eklendiginde anlamli derecede bir katki
yapmayabilir. Eger her iki degisken de modelden ¢ikartilirsa mo-
delin uyumu diisecektir (Bilyiikuysal ve Oz, 2016).
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Literatiirde, bu ¢oklu dogrusal baglanti sorununu ¢ézmek
icin farkll degisken secim yontemlerinin denenip sonuglarinin
karsilastirildigl calismalar mevcuttur. Haque v.d. tarafindan ya-
pilan ¢alismada, dogrusal regresyon temelli uzun vadeli kentsel
su talebi tahmin modellerinde ¢oklu baglanti problemini ortadan
kaldirmak i¢in farkli degisken secim yontemleri karsilastirilmis
ve farkli degisken secim yontemlerinin farkli tahminci degisken
kiimeleriyle sonuglandig1 belirlenmistir Haque v.d., (2018). Yine
ayni ¢alismada, kisa vadeli su talebi tahmini icin yapay sinir aglari
ve zaman serisi modellerinin benimsendigi ve uzun vadeli tahmin
icin ise coklu dogrusal regresyon analizinin kullanildig1 belirtmek-
tedirler. Benzer sekilde yapilan bir diger ¢alismada, Etiyopya’'da
uzun dénemli kentsel su talebi tahmininde, dogrusal regresyon
modelindeki ¢oklu baglanti problemlerinin ortadan kaldirilma-
sina yonelik farkli degisken se¢cim yontemleri karsilastirilmis ve
aralarinda ¢oklu baglanti olan bir¢ok bagimsiz degiskenin modele
dahil edilmesinin, modellerin performans verimliligini mutlaka
iyilestiremeyecegi gosterilmistir (Gedefaw v.d., 2018)

Literatiirde, degiskenler arasinda ¢oklu baglanti mevcutken
agrega lretimi ve talebi tahmininde degisken secim yontemleri
tizerine ¢alisma bulunmadig tespit edilmistir. Bagimsiz degisken-
ler arasinda yliksek derecede ¢oklu baglanti olmasi durumunda,
uygulanan degisken secim yontemine goére mantiksiz ve gercekei
olmayan bagimsiz degiskenlerin tahmin modeline girmesi sz ko-
nusu olabilmektedir.

Bu ¢calismadaki agrega iiretim miktarinin bagimh degisken ve
kentlesme gostergelerinin bagimsiz degiskenler olarak ele alindi-
g1 coklu dogrusal regresyon analizlerinde, agrega iiretim mikta-
11 Uzerinde etkili oldugu diisiiniilen kentlesme gostergelerinden
coklu dogrusal regresyon modeline girmesi gerekenlerin belirlen-
mesi 6nemli olmaktadir. Bu nedenle; regresyon modeline girecek
bagimsiz degiskenlerin belirlenmesinde varyans artis faktorint
(VIF) azaltarak eleme, ileriye dogru secim, geriye dogru eleme ve
adim adim regresyonla secim-eleme yontemleri kullanilmistir.

1.1.1. VIF Azaltarak Eleme

Bagimsiz degiskenler arasinda ¢oklu dogrusal baglanti bulu-
nup bulunmadigini, degiskenler arasi korelasyon katsayilarinin
veya c¢oklu regresyon modelindeki varyans artis faktorii (VIF)
yardimiyla belirlemek miimkiindiir. Bagimsiz degiskenler arasi
korelasyon katsayilar1 +1’e yakin ise degiskenler arasinda giig-
lii coklu baglant1 oldugu, korelasyon katsayilarinin ise 0’a yakin
olmasi halinde ¢oklu baglanti olmadigini séylemek miimkiindiir.

Bagimsiz degiskenler arasi ¢ok baglantinin belirlenmesinde
VIF degeri kullanilabilmektedir. Tek bir bagimh degisken icin VIF
degeri, bu degiskenin diger tiim bagimsiz degiskenlere karsi reg-
resyonunun R? degeri ile Esitlik 2 kullanilarak hesaplanir.

1 (2)

—R?
1R1

VIF; =

Bagimli degiskeni etkilemesi beklenen tiim bagimsiz degis-
kenler ¢oklu dogrusal regresyon modeline dahil edilerek VIF
degerleri hesaplandiginda, VIF degeri 5'den kii¢iik olan degis-
kenlerin digerleriyle arasinda ¢oklu baglanti olmadigina, 5 ile 10
arasinda olan degiskenlerin digerleriyle arasinda ¢ok baglanti
ihtimalinin zayif olduguna ve 10’dan biiyiik olan degiskenlerin
ise digerleriyle arasinda giiclii coklu baglanti oldugu karari veri-
lebilir. VIF degeri 10’un iizerindeki en biiytik VIF degerine sahip
bagimsiz degiskenlerin her seferinde ¢oklu dogrusal modelden
cikarilmasi islemleri yapilarak, coklu dogrusal baglantisi olmayan
degiskenleri belirlemek miimkiindiir (Craney ve Surles, 2002; To-
pal v.d., 2003; Murray vd, 2012; Thompson, 2013).

1.1.2. Asamali Regresyonla Eleme ve Se¢cim

Wang ve Chen (2016), degiskenler arasinda ¢oklu baglanti ol-
mas1 durumunda, degiskenin modele giris veya silinme sirasinin
kesinlikle etkilendigine dair kanitlar bulundugunu ve degisken
se¢iminde olasi hatalar yapilabilecegini belirtmektedir. Bu neden-
le bu ¢alismada, asamali regresyonla eleme ve se¢im yontemlerin-
den ileriye dogru, geriye dogru ve adim adim olmak iizere {i¢ yon-
teminde uygulanmasi ve sonuglar1 yorumlanarak en iyi modelin
belirlenmesi amaglanmistir.

Ileriye Dogru Regresyonla Secim

fleriye dogru secim yénteminde degisken segme islemine
modelde sadece sabit terimin bulundugu denklemle baslanir ve
degiskenler modele en uygun birlesim saglanincaya kadar teker
teker eklenir. Modele alinmasi diisiiniilen ilk bagimsiz degisken,
bagimh degisken ile en yiiksek korelasyona sahip degisken olup,
ayn1 zamanda bu degisken Y bagiml degiskeni ile en ytiksek F
istatistigini iretecek olan degiskendir. Hesaplanarak bulunan
F istatistigi, 6nceden se¢ilmis a 6nem diizeyinde anlaml ise, bu
degisken modele alinir ve ileriye dogru se¢im yontemi devam
eder. Bu islem, herhangi bir bagimsiz degisken i¢in hesaplanan F
istatistigi degerinin, secilen a 6nem diizeyi F istatistigi degerini
asamadig1 durumda veya modele son aday bagimsiz degisken ek-
lendiginde sona erer (Topal v.d., 2010; Maxwell, 2019). Haque v.d.
(2018), uzun vadeli kentsel su talep tahmini yaptiklari calismala-
rinda, ileriye dogru eleme yonteminin bazi degiskenlerin katsa-
yilarinda gergekei olmayan sonuglar verdigini tespit etmislerdir.

Geriye Dogru Regresyonla Eleme

Geriye dogru eleme yonteminde, baslangi¢c asamasinda model
icine tiim aday bagimsiz degiskenler dahil edilir. Daha sonraki
kademelerde her defasinda en diisiik kismi F istatistik degerine
sahip olan bagimsiz degisken, secilen a 6nem diizeyi F istatistigi
degerine gore 6nemsiz ise modelden kaldirilmak sureti ile isleme
devam edilir. En diisiik kismi F istatistik degerine sahip degiske-
nin katkisi istatistiki olarak 6nemli ise kaldirma islemi gercekles-
tirilmez ve islem orada durdurulur (Kayaalp v.d., 2015; Maxwell,
2019). Yalgin, (2020) ¢oklu baglanti oldugu durumlarda geriye
dogru regresyonla eleme yonteminin genelde kabul gérdiigiinii
belirtmektedir. Haque v.d. (2018) ise ¢alismalarinda, geriye dogru
eleme yonteminin bazi degiskenlerin katsayilarinda mantiksiz so-
nuglar verdigini tespit etmislerdir.

Adim Adim Regresyonla Se¢cme ve Eleme

Adim adim se¢me ve eleme yontemi, regresyonda kullanilan
ileriye dogru se¢me ve geriye dogru eleme yontemlerinin kombi-
nasyonudur. Adim adim regresyonda, her degiskenin modelde yer
alabilmesi i¢in sahip olmasi gereken en diisiik F degerinin (veya
p degeri) belirlenmesinin ardindan, her seferinde bir degiskenin
modele eklenmesi, eklenen degiskenin modelde kalmasi ya da ¢1-
kartilmasi konusunda kararin F degerine gore verildigi bir yontem-
dir. Adim adim regresyonda, modele en son giren degisken disin-
daki tiim bagimsiz degiskenlerin kismi korelasyonlar1 hesaplanir
ve test edilir. Bu kismi korelasyon katsayilarinin incelenmesinin
nedeni modelde mutlaka kalmasi gereken en giiclii degisken sabit
tutuldugunda Y’yi en fazla etkileyen degiskeni bulmaktir. Boylece
ilk modele eklenen bagimsiz degisken ile ¢coklu dogrusal baglantisi
olmayan ve ayni zamanda Y bagiml degiskenini en fazla etkileyen
bir degisken secilmis olmaktadir. Adim adim regresyon yontemi,
her adimda daha 6nce birinci modele girilen tiim tahmincilerin
kismi F-istatistikleri yoluyla geri ¢ekildigi ileri secimin bir modifi-
kasyonu oldugu séylenebilir. Daha 6nceki bir adimda eklenen bir
tahminci, denklemdeki tahminciler ile arasindaki iliski nedeniyle
artik gereksiz olabilir (Kayaalp v.d., 2015; Maxwell, 2019).
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Yalgin, (2020), ¢coklu baglanti olmadigi durumlarda adim-adim
regresyon yonteminin uygulanmasinin genelde kabul gérdigiini
belirtmektedir. Bununla birlikte Kayaalp v.d. (2015) adim adim
regresyonla eleme yonteminin en dnemli yararinin, ¢oklu dogru-
sal baglanti sorununa ¢6ziim getirmesi oldugunu belirtmektedir.

En iyi ¢coklu regresyon modelinin elde edilmesinde yeterlilik
olciitii olarak belirlilik katsayisi (R?) kullanilmaktadir. Modele her
giren yeni bagimsiz degiskenden etkilenmedigi icin diizeltilmis
belirlilik katsayisinin () kullanilmasi onerilmektedir (Maxwell,
2019). Elde edilen ¢oklu dogrusal modelin sapmasiz ve anlamh
olsa dahi otokorelasyonun varligi halinde en kiiciik varyansh ol-
mamaktadir (Cil, 2020). Elde edilen model istatistiksel agidan
anlamli tahminler yapmaya uygun goriinse de, otokorelasyonun
varlig1 halinde yaniltici sonuglar verme ihtimaline karsi secilen
modelin otokorelasyon igerip icermedigini belirlemek i¢in de Dur-
bin-Watson testi yapilmasina karar verilmistir.

1.2. Veri Seti

Calismada yillik agrega iiretim miktarlar1 bagimh degisken ve
kentlesme gostergeleri olan yap1 ruhsati alani, kara yolu uzunlu-
gu, demir yolu uzunlugu, derslik sayisi, hastane yatak sayisi ve
elektrik kurulu giicli bagimsiz degisken olmak lizere yedi degis-
ken kullanilmistir. Bu degiskenlere ait veri seti, Tiirkiye Istatistik
Kurumu'nun (TUIK) Istatistik Veri Portalindaki ilgili tablolardan
2005-2019 yillar arasidaki yillik verilerden derlenerek olustu-
rulmustur. 2005 yilinin baslangi¢ yili olarak secilmesinde TUIK
tarafindan agrega iiretimine ait verilerin bu yilda yayinlanmaya
baslamis olmasi etkili olmustur. Bu degiskenler asagida kisaca ta-
nimlanmistir:

= Agrega Uretim Miktar1 (AGR): Uriin kodu 08.12.12.30 olan
“Kirilmis taglar (beton agregalari, kara yolu yapimi veya demir
yolu balast1 ya da diger balastlama isleri i¢in kullanilanlar) (¢a-
kil tas1, yuvarlak cakil ve cakmaktasi haric)” verileri (TUIK (a),
2021).

= Yapi ruhsati alani (YPR): “Yapi Sahipligine Gore Yapilacak Yeni
ve ilave Yapilar” baghg altinda verilen Toplam Yap1 Ruhsat1 Yii-
z6lgtimii verileri (TUIK (c), 2021).

= Karayolu Uzunluklar1 (KRY): Karayolu Uzunluklar1 bashg: al-
tinda verilen béliinmis devlet yolu, bdliinmiis il yolu ve otoyol
uzunluklari toplamindan olusan béliinmiis yol toplam uzunluk
verileri (TUIK (d), 2021).

= Demiryolu Uzunluklar1 (DMY): Demiryollar1 Uzunlugu, Tren,
Yolcu, Yiik Tasimalar: bashig: altinda verilen Hat Uzunlugu ve-
rileri (TUIK (e), 2021).

= Derslik Sayis1 (DRS): “Ogretim yilina gére ilkégretimde, orta-
ogretimde ve okul dncesinde net okullasma orani, okul, 6gret-
men, 6grenci, derslik ve sube sayisi, sube ve 6gretmen basina
diisen 6grenci sayis1” basligi altinda verilen toplam derslik sa-
yilar birlestirilerek elde edilen veriler (TUIK (f), 2021).

* Hastane Yatak Sayisi (HYS): “Saglik kurumu sayisi, toplam ya-
tak sayis1 ve 1000 kisi basina diisen yatak sayis1” bashgi altin-
da verilen toplam yatak sayisi verileri (TUIK (g), 2021). 2019
yil1 toplam yatak sayisi ise Saglik Bakanlig1 verilerinden elde
edilmistir.

= Elektrik Santralleri Kurulu Giicii (EKG): “Elektrik santralleri-
nin toplam kurulu giicti, briit liretimi, net elektrik tiiketimi”
bashig altinda verilen toplam kurulu gii¢ verileri (TUIK (h),
2021).

Coklu dogrusal regresyon analizleri MINITAB paket progra-
mindan yararlanilarak gerceklestirilmistir. Model olusturmadan
once degiskenlerin her birine iliskin baz1 tanimlayic1 istatistiki
testler uygulanmistir.
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1.2.1. Agrega Uretim Miktar:

Tirkiye’de 2005-2019 yillar1 arasinda gerceklesen agrega
iiretimi ve satis miktarlar1 grafiksel olarak Sekil 1'de verilmistir
(TUIK (a), 2021; TUIK (b), 2021). Bu grafikten agrega iiretim ve
satis miktarlarinin birbirine paralel hareket ettigi ve liretim ve
satislar arasinda giiclii bir iliski oldugu goriilmektedir. Bu yillar
arasinda liretim miktari, satis miktarindan ortalama %7 oraninda
daha yiiksek gerceklesmis olup, yillik %7 oraninda arz fazlasi veya
stok bulundugunu séylemek miimkiindiir.

Tiirkiye’de agrega iiretimi ve satis rakamlari arasinda gii¢lii bir
iliski bulundugundan, bu ¢alismada sadece iiretim miktari tahmini
yapilacaktir. Bu nedenle regresyon analizlerinde bagimsiz degis-
ken olarak yillik agrega iiretim miktarlari (AGR) secilmistir.
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Sekil 1. Agrega tiretim ve satis miktarlari

1.2.2. Kentlesme Géstergeleri

Diinyada kentlerde yasayan niifus orani, yliksek gelirli gelismis
iilkelerde yiiksek, diisiik gelirli az gelismis tilkelerde ise diisiiktiir.
Birlesmis Milletler Niifus Béliimii'niin Diinya Kentlesme Beklen-
tileri 2018 yili raporu verilerine gore, 1950-2020 yillar1 arasinda
Tiirkiye'nin, yiiksek ve diistik gelirli iilkelerin kentli niifus oranlari
ve diinya ortalamasi Sekil 2’de grafiksel olarak gosterilmistir (UN,
2019). Sekil 2’de goriildiigi gibi yiiksek gelirli ve diistik gelirli iil-
keler arasinda kentli niifus oranlarinda biiytik farklar bulunmakta-
dir. Tiirkiye’nin 1968 yilindan itibaren kentli niifus oraninin diinya
ortalamasinin iizerine ¢ikt1g1, 1982 yilindan sonra ise %50’leri
asarak onemli bir sigrama yaptig1 ve son yillarda ise ytliksek gelirli
iilkeler seviyesine yaklastig1 goriilmektedir.
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Sekil 2. Kentli niifus oranlari

Modelin bagimsiz degiskenleri olan kentlesme gostergelerinin
2005-2019 yillar1 arasi degisimi grafiksel olarak Sekil 3’de veril-
mistir.
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Sekil 3. Kentlesme géstergelerinin degisimi

2. Analiz ve Bulgular

Bu ¢alismada, kentlesmenin en 6nemli gostergeleri YPR (m?),
KRY (km), DMY (km), DRS, HYS ve EKG (MW) bagimsiz degisken-
ler olarak ele alinarak, ¢oklu dogrusal regresyon modeli ile bagim-
11 degisken GKR tahmin edilmistir. Coklu dogrusal regresyon ana-
lizi sonucunda elde edilen en iyi tahmin modeline giren bagimsiz
degiskenlerin gelecekteki degerleri ise Tiirkiye'nin kentli niifus
oranina (KNO) bagh olarak tahmin edilmistir.

Coklu dogrusal regresyon analizindeki bagimli ve bagimsiz
degiskenlerin 2005 -2019 yillarina ait verilerinin tanimlayici is-
tatistikleri belirlenerek Cizelge 1'de verilmistir. Degiskenlerin
normal dagilim gosterip gostermedigini belirlemek icin, tekli or-
neklemelerde yaygin kullanilan Kolmogorov-Smirnov (KS) testi

f) Elektrik santralleri kurulu giicti

yapilmistir. KS testi sonuglar1 Cizelge 2’de verilmis ve bagimli ve
bagimsiz degiskenlerin tiimiiniin normal dagilim goésterdigi belir-
lenmistir.

Degiskenler arasi ¢oklu baglanti bulunup bulunmadigini be-
lirlemek i¢in dncelikle degiskenler arasi korelasyonlar hesaplana-
rak Cizelge 3’'de verilen korelasyon matrisi olusturulmustur. Bu
matrise gore, YPR ile diger bagimsiz degiskenler arasinda zayif
korelasyon bulunmakla birlikte, diger bagimsiz degiskenler ara-
sinda ise gliclii korelasyonlar bulunmaktadir.

Ayrica, bagimsiz degiskenler arasi birebir varyans artis fak-
torlerinin (VIF) verildigi Cizelge 4 incelendiginde, YPR ile diger
bagimsiz degiskenler arasi iliskinin VIF degerleri 5’'den kiigiik
iken, diger degiskenler arasu iliskilerin VIF degerleri ise 5’den bii-
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yiiktiir. Hatta KRY ile DMY, DMY ile DRS, DRS ile HYS, DRS ile EKG
ve HYS ile EKG arasi iliskilerde VIF degerleri 10’'unda tizerindedir.
Bu durumda, AGR tahmini i¢in tiim bagimsiz degiskenlerin ¢oklu
dogrusal modele dahil edilmesi halinde, agik¢a varligi gozlemle-

nen ¢oklu baglanti sorunu nedeniyle, R? biiyiik olsa da ve model F
testini gecse de elde edilecek model ile yapilacak tahminler giive-
nilir tahminler olmayacaktir.

Cizelge 1. Degiskenlerin tanimlayici istatistikleri

Degisken Birimi Ornek Sayisi (N) Ortalama Std. Sapma En Kiigtik En Biiyiik
AGR ton/y1l 15 183.039.531 77.558.182 65.115.197 295.432.050
YPR m?/yil 15 154.785.300 5.6043.346 74.549.318 287.333.966
KRY km 15 19.536 5.154 10.178 25.705
DMY km 15 9.581 645 8.697 10.378
DRS sayl 15 560.376 126.955 390.488 762.044
HYS sayl 15 201.434 20.615 170.972 237.504
EKG MW 15 61.100 18.814 38.844 91.267
Cizelge 2. Degiskenlerin KS normallik testi sonuglart
Degisken Birimi Ornek Sayisi (N) KS Degeri P-Degeri Sonug
AGR ton/yil 15 0,171 >0,150 Normal dagilim
YPR m?/yil 15 0,169 >0,150 Normal dagilim
KRY km 15 0,159 >0,150 Normal dagilim
DMY km 15 0,184 >0,150 Normal dagilim
DRS sayl 15 0,115 >0,150 Normal dagilim
HYS sayl 15 0,088 >0,150 Normal dagilim
EKG MW 15 0,141 >0,150 Normal dagilim
Cizelge 3. Korelasyon matrisi
AGR YPR KRY DMY DRS HYS EKG
AGR 1
YPR 0,696 1
KRY 0,899 0,501 1
DMY 0,901 0,527 0,977 1
DRS 0,884 0,441 0,940 0,950 1
HYS 0,842 0,403 0,947 0,947 0,986 1
EKG 0,893 0,457 0,924 0,943 0,991 0,974 1
Cizelge 4. Degiskenler arasi dogrusal baglantilarin varyans artis faktérleri
YPR KRY DMY DRS HYS EKG
YPR
KRY 1,34
DMY 1,38 21,99
DRS 1,24 8,59 10,26
HYS 1,19 9,69 9,69 35,97
EKG 1,26 6,84 9,03 55,81 19,48

Coklu baglant1 sorununu ortadan kaldirmak i¢in verilerin lo-
garitmalar1 (In) alinarak da korelasyon matrisi olusturulmus ve
degiskenler arasi iliskilerin VIF degerleri hesaplanmistir. Ancak,
yeni VIF degerleri normal degerlere benzer sonug verdigi i¢cin ba-
gimsiz degiskenler arasi ¢oklu baglanti logaritmik degerlerle de
ortadan kaldirilamamistir. Bu nedenle, degiskenlerin normal ve-
rileriyle VIF azaltarak eleme ve asamali regresyonla se¢me-eleme
yontemleriyle coklu dogrusal regresyon modeline girecek bagim-
s1z degiskenlerin secilmesine karar verilmistir.

VIF azaltarak eleme yonteminin uygulanmasindan 6nce tim
bagimsiz degiskenler modele dahil edilerek coklu regresyon
denklemi olusturulmus ve regresyon katsayilarinin VIF degerle-
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ri hesaplanmistir. Daha sonra en yiiksek VIF degerine sahip ba-
gimsiz degisken modelden ¢ikarilarak yeniden ¢oklu regresyon
modeli olusturulmus ve regresyon katsayilar1 VIF degeri en ytik-
sek bagimsiz degiskenin modelden ¢ikarilmasi islemine devam
edilmistir. Bu isleme, ¢coklu regresyon denklemi parametrelerinin
VIF degerleri 5’in altina diislinceye kadar devam edilmistir. Ayn
zamanda, elde edilen regresyon denklemin parametrelerinin an-
laml olup olmadi: t testi (p degeri) ile kontrol edilmistir. VIF
azaltarak eleme yonteminin uygulanmasi sonucunda 5’inci asa-
mada YPR ve EKG bagimsiz degiskenlerinin regresyon katsayila-
r1 VIF degerlerinin tiimiiniin 5’in altinda oldugu ve katsayilarin
a=0,05 diizeyine gore anlaml olduklari belirlenmistir (Cizelge 5).
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Cizelge 5. Elde edilen ¢oklu dogrusal regresyon denklemlerinin analiz sonuglari

Yéntem Bagimsiz Katsay1 t p VIF R?, i F DW
Degiskenler

VIF Sabit -78.009.557 -3,03 0,010 - 0,886 56,63 2,132
YPR 0,504 3,59 0,004 1,3
EKG 2997 7,18 0,000 1,3

Adim adim Sabit -78.009.557 -3,03 0,010 - 0,886 56,63 2,132
YPR 0,504 3,59 0,004 1,3
EKG 2997 7,18 0,000 1,3

fleriye dogru Sabit 618.000.000 1,41 0,192" - 0,918 32,48 2,384
DMY -31.300 -0,61 0,556" 31,17
YPR 0,357 2,61 0,028 1,7
EKG 4844 3,08 0,013 24,9"
HYS -3673 -2,22 0,053" 33,1"
KRY 12970 2,15 0,060" 27,6"

Geriye dogru Sabit 387.000.000 1,81 0,100" - 0,923 43,21 2,291
YPR 0,340 2,62 0,025 1,6
KRY 10.163 2,68 0,023 11,6”
HYS -3629 -2,27 0,047 33,0
EKG 4520 3,15 0,010 22,17

*p > 0,05 oldugundan katsay1 anlamsizdir.
**VIF > 10 oldugundan modelde ¢oklu dogrusallik sorunu vardir.

Cizelge 5’de asamali regresyonla se¢cme-eleme yéntemlerinin
sonuclari verilmektedir. ileriye ve geriye dogru eleme yéntemleri-
nin R? degerleri daha yiiksek olmasina karsin, bazi regresyon kat-
sayllarinin VIF degerlerinin 5'in iizerinde oldugu tespit edilmistir.
Ayrica, Cizelge 5'de, ileriye dogru regresyonda secilen bagimsiz de-
giskenlerle elde edilen ¢oklu dogrusal regresyon denkleminde YPR
ve EKG degiskenlerinin katsayilari haricinde, t testi sonucuna gore
(p>0,05) sabit katsay1 da dahil diger katsayilar anlamsizdir. Geriye
dogru regresyonda ise modelin sabiti anlamsiz olmaktadir. Adim
adim regresyonla segme-eleme yontemi sonucunda, ¢oklu dogrusal
regresyon modeline YPR ve EKG bagimsiz degiskenleri girmekte
olup, bu bagimsiz degiskenlerin modele girmesiyle VIF degerleri
5’in altina diismekte ve katsayilarin tiimii anlamli hale gelmektedir.
Bu durumda, adim adim regresyonla segme-eleme yontemi de, ba-
gimsiz degiskenler arasi ¢oklu baglanti sorununu ortadan kaldira-
rak ¢oklu dogrusal regresyon modelini olusturmaktadir.

VIF ve adim adim regresyon secme-eleme yontemlerinin her
ikisi de, AGR ile YPR ve EKG arasinda ¢oklu dogrusal iliski oldugu-
nu gostermekte olup, bu iliskide ve F=56,63'diir. ileriye ve geriye
dogru regresyon yontemleriyle elde edilen modellerin degerle-
ri, VIF ve adim adim regresyon yontemlerine gore daha yiiksek
olmakla birlikte, F degerleri daha kiiciiktlir. Bu sonuglar 15181nda,
sadece 'ye gore en iyi model secimi uygulanmasi durumunda, an-
lamsiz regresyon katsayilarini iceren ve ¢oklu dogrusal baglantili
modellerin secilebilmesinin s6z konusu olabilecegi sylenebilir.

Secme-eleme yontemleri ile elde edilen modeller i¢in Dur-
bin-Watson (DW) yontemiyle otokorelasyon testi yapilmis ve so-
nuglar Cizelge 6’da verilmistir. Bu testte, dL ve dU siir degerleri
a=0,05 giiven seviyesi, n=15 ve k=modeldeki bagimsiz degisken
sayllar1 dikkate alinarak Durbin-Watson Cizelgelerinden elde
edilmistir (Zaiontz, 2021).Buna gore, VIF ve adim adim regresyon
yontemleriyle elde edilen modellerin otokorelasyon icermedikle-
ri tespit edilmistir.

Se¢cme-eleme yontemlerinin degerlendirilmesi sonucunda
elde edilen en iyi ¢oklu regresyon modeli Esitlik 3'de verilmistir.

AGR = —78.009.557 + 0,504 YPR + 2997 EKG 3)
S = 26.138.184 R%(adj) = 88,6%

Elde edilen bu model ile tahmin yapilabilmesi i¢in 6ncelik-
le YPR ve EKG bagimsiz degiskenlerinin 2005-2019 yillar1 arasi
kentli niifus oranlarina (KNO) bagl degisimleri incelenmistir. Bu
inceleme sirasinda, 2008 Kasim ayindan itibaren derinlik kaza-
nan kiresel finansal krizin 2009 yilinda Tirkiye'yi de etkiledigi
(Darican, 2013), ayrica bu krizin yani sira 2018 yilinda baslayan
finansal krizin de 2019 Covid-19 pandemisinin etkisiyle 2019
yilinda da devam ettigi gz dniine alinarak, YPR ve EKG tahmin
modellerinin aragtirilmasinda kukla degiskenlerin kullanilmasina
karar verilmistir. Kukla degisken (KUK) olarak kriz yillar1 2009,
2018 ve 2019 igin “1” kriz olmayan yillar i¢in “0” degerleri kul-
lanilarak elde edilen kukla degiskenle tahmin modelleri Cizelge
7’de verilmistir.

Bu cizelgeye gore, finansal krizlerin YPR'nin KNO ile tahmi-
ninde 6nemli bir etkisi s6z konusu iken, EKG'nin KNO ile tahmin-
de ise herhangi bir etkisi s6z konusu olmamistir. Bu nedenle, YPR
ve EKG'nin KNO’ya bagh tahminlerinde Esitlik 4-5’de verilen mo-
dellerin kullanilmasina karar verilmistir.

YPR = —986.000.000 + 16.133.237 KNO
—93.854.181 KUK (4)

S=36.966.117  R¥adj) = 56,5%
EKG = —472.482 + 7.424 KNO 5)
$=3.99339 Radj) = 955%

Cizelge 6. Segme-eleme yéntemleri ile elde edilen en iyi modeller igin otokorelasyon testi sonuglari

Yontem Hesaplanan DW d, 4-d, 4-d, Karar
VIF 2,132 0,946 1,543 2,457 3,054 Otokorelasyon yok
Adim adim 2,132 0,946 1,543 2,457 3,054 Otokorelasyon yok
lleriye 2,384 0,562 2,220 1,780 3,438 Kararsizlik
Geriye 2,291 0,685 1,977 2,023 3,315 Kararsizlik
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Cizelge 7. Kukla degiskenle tahmin modelleri

Bagimli Degisken Bagimsiz Degiskenler Katsayilar t p S F p
YPR - -591.000.000 -1,48 0,163 51.655.716 0,150 3,48 0,085
KNO 10.381.015 1,78 0,085
YPR - -986.000.000 -3,22 0,007 36.966.117 0,565 10,09 0,003
KNO 16.133.237 3,77 0,003
KUK -93.854.181 -3,66 0,003
EKG - -472.482 -15,27 0,000 3993,39 0,955 297,7 0,000
KNO 7.424 17,26 0,000
EKG - -468.270 -13,68 0,000 4.135,52 0,952 1389 0,000
KNO 7.363 15,37 0,000
KUK 1.001 0,35 0,733
*p > 0,05 oldugundan katsay1 anlamsizdir.
YPR ve EKG tahmin degerleri kullanilarak gézlem yillar1 olan 700 R
2005-2019 yillar: icin AGR’nin %95 giivenirlikle alt ve iist sinir . s QGR-?O“iIemK it
degerleri tahmin edildiginde, AGR gozlem verilerinin 2019 yih 8600 eveut Max. napasite
haricinde %95 giiven sinirlari icerisinde kaldig: tespit edilmistir = Tahm!n Alt Sinin
; 5500 | —@—Tahmin Ust Siniri
(Sekil 4). S
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ekil 4. AGR gozlem ve tahmin degerlerinin %95 giivenirlik alt ve tist sinirlart
g g g

Birlesmis Milletler Niifus Boliimii'niin Diinya Kentlesme Bek-
lentileri raporunda, Tiirkiye i¢in 2020-2040 yillar i¢in yapmis
oldugu kentli niifus oram tahminleri Sekil 5’de verilmistir (UN,
2019).
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Sekil 5. Tiirkiye kentli niifus oranlart (KNO) tahminleri

Bu KNO tahminleri dikkate alinarak, herhangi bir ekonomik ve
finansal kriz olmamasi kosulu i¢cin %95 giivenilirlikle AGR alt ve
ist siur iiretim miktar1 degerleri tahmin edilmistir (Sekil 6).
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2022 yilindan itibaren agrega lretiminde 2017 yilinda ulasilan
mevcut en biiyiik kapasitenin de lizerinde iiretim kapasitesine ih-
tiyac¢ olacagi tahmin edilmektedir. Bu durumda, KNO’da beklenen
artislar nedeniyle, en olumsuz durumda dahi 2022 yilindan itiba-
ren mevcut AGR iiretim kapasitelerinin yetersiz kalacagini soyle-
mek miimkiindiir.

Sonugclar

Bu calismanin ilk asamasinda 2005-2019 yillar1 arasinda
Tirkiye’de iiretilen agrega ve kentlesme gostergelerine ait veri-
ler TUIK'in verilerinden derlenerek bir veri seti olusturulmustur.
Olusturulan bu veri setindeki bagimli ve bagimsiz degiskenler ista-
tistiksel analize tabi tutulmustur. istatistiksel analiz esnasinda ba-
gimsiz degiskenlerin arasinda ¢oklu baglantilar bulundugu belir-
lenmistir. Daha sonra ¢oklu baglanti sorununu ortadan kaldirmak
icin ¢oklu dogrusal regresyon modeline girecek degiskenleri be-
lirlemek amaciyla, dort farkli segme-eleme yontemi uygulanmistir.
Uygulanan bu yontemler icinde, agrega iiretim miktarlarini etki-
leyen kentlesme gostergeleri arasindaki ¢oklu baglanti sorununu
ortadan kaldirmada ve ¢oklu dogrusal regresyon modeline girecek
degiskenlerin seciminde VIF ve adim adim regresyon yontemleri-
nin en uygun ydéntemler oldugu belirlenmistir. ileriye dogru secim
ve geriye dogru secim yontemleri ile elde edilen tahmin modelleri
katsayilarinin ise anlamsiz ve tutarsiz olduklar: bulunmustur. Elde
edilen en iyi tahmin modelinin bagimsiz degiskenleri olan YPR ve
EKG'nin kentli niifus oranina (KNO) bagh tahmininde ise, YPR'nin
ekonomik krizlere de duyarl oldugu belirlenmistir.
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En iyi AGR ve KNO’ya bagh YPR ve EKG tahmin modelleri kul-
lanilarak AGR alt ve list sinir degerleri tahmin edilmistir. Bu tah-
minler ve agrega maden isletmelerinin 2017 yilinda ulastig1 en
biiyiik 295,4 milyon tonluk tiretim kapasitesi dikkate alindiginda,
2022 yilindan itibaren agrega maden isletme kapasitelerinin ye-
tersiz kalacagi sonucuna varilmistir.

Yapilan analizlerden elde edilen bulgular 1s181inda, mevcut ag-
rega lretim kapasitelerinin 2040 yilinda %66 ile %100 arasinda
artirilmasi gerektigi sonucuna %95 giivenilirlikle ulasilmistir. Bu-
nunla birlikte, ulasim maliyetleri géz 6niine alindiginda kentlere
50 km (Escavy vd., 2020) yarigcapl bir alan igerisinde yeni agrega
ocagl olarak kullanilabilecek sahalarin belirlenmesinin zorlukla-
r1 ve her yil cevre koruma tepkilerinin ve 6nlemlerinin arttig1 bir
ortamda, mevcut liretim kapasitesini arttirmanin ¢ok zor olacagi
aciktir. Bu nedenle, Tiirkiye’'de gelecek 20 yilda ortaya ¢ikabilecek
agrega talebini karsilayabilmek i¢in, buglinden insaat, seramik,
maden ve diger sektorlerin geri doniistliriilmis kati1 atiklarindan
agrega lretiminin planlanmasi gerekliligi g6z 6niinde bulundu-
rulmalhdir.

Artacak agrega talebini karsilamak i¢in geri donistiiriilmiis
malzeme kullaniminda, agrega kalitesinde tutarligin saglanmasi
oldukca 6nemlidir. Bu nedenle, geri doniistiliriilmiis malzemelerin
dogal agregalarla birlestirilerek kalite tutarlili1 olan agregalarin
iiretilebilmesi i¢in, bu alanda teknolojik ve bilimsel arastirmalara
oncelik ve destek saglanmasi glinlimiiziin 6ncelikli konusu olma-
hdir.
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Guriilti, hem ¢alisma hayatinda hem de giinliik yasamda bir¢ok olumsuz fiziksel ve ruhsal etkilere sahiptir. Bu etkiler giiriiltiiniin frekansina, siddetine,
maruz kalma siiresine ve maruz kaldig1 giirtiltii diizeyine gore farkliiklar gostermektedir. Calisma hayatinda giiriiltii sorununun goz ardi edilmesi,
calisan saghg iizerinde geri doniisii olmayan ve tedavi edilemeyen isitme kayiplari olusturmaktadir. Bunlarin sonucunda ¢alisma verimi de olumsuz
etkilenmektedir. Bu calismada, bir mermer fabrikasinda ¢alisanlarin 2009 ve 2019 yillarinda yapilan odyoloji 6l¢iim sonuglari, ¢alisanlarin yas, deneyim ve
giinlitk maruz kaldig giiriiltii seviyesi verileri kullanilmistir. TS ISO 1999 standardina gore giiriiltiiye bagh isitme kaybi yasama olasiliklar1 hesaplanmistir.
Standarda gore hesaplanan olasiliklar ile gercek degerler karsilastirilarak, giiriiltiiye bagh isitme kaybinin proaktif yaklasimla tayininde standardin
kullanilabilirligi aragtiriimistir.

Anahtar sézciik: Mermer, Giiriiltiiye bagl isitme kayb, TS IS0 1999, is saglig1 ve giivenligi.

ABSTRACT

Noise has many negative physical and mental effects both in working life and in daily life. These effects differ according to the frequency, intensity, exposure
time and noise level of the noise. Ignoring the noise problem in working life creates irreversible and untreatable hearing loss on employee health. As a
result, working efficiency is negatively affected. In this study, the audiology measurement results of the employees working in a marble factory in 2009
and 2019, the age, experience and noise levels of the employees were used as data. According to TS ISO 1999, the probability of noise induced hearing
loss was calculated. By comparing the estimated values calculated according to the standard with the measured values, the usability of the standard was
investigated to determine the noise induced hearing loss with a proactive approach.

Keywords: Marble, Noise induced hearing loss, TS ISO 1999, Occupational safety and health.

Giris

Gurdltl, hem calisma hayatinda hem de giinliik yasamda in-
sanlar iizerinde bir¢ok olumsuz etkilere neden olmaktadir. Son yil-
lardaki c¢alismalarda iilkemizde mesleksel giiriiltii nedenli isitme
kayb1 yasayanlarin sayisinin 200.000'i gectigi belirtilmektedir (Co-
lak, 2014). Glriltiiniin insan saghgl iizerindeki olumsuz etkileri
Cizelge 1'de verilmistir (Ediz vd., 2002).

Giiriiltiiye bagh isitme kayb: (GBIK), 18. yiizyilldan beri metale
carpma sonucu isitme kaybina ugrayan bakir is¢ileri arasinda mes-
leki hastalik ve yaralanma olarak kabul edilmektedir (Hong vd.,
2013). Kovalchik vd., (2008) calismalarinda, Caligma Istatistikleri

Biirosu’'nun (BLS) isitme kaybin1 2004’ten dnce “diger tiim hastalik-
lar” kategorisinde smiflandirdigini ve isitme kaybinin 2004 yilinda
isle ilgili hastaliklarin %11’ini olusturan ayr1 bir hastalik olarak ka-
tegorize edildigini ifade etmislerdir. Asin giiriiltii, GBIK dahil olmak
lizere, dnemli sosyal ve fizyolojik etkileri olan kiiresel bir is sagl-
g1 tehlikesidir. Diinya Saglik Orgiitii, yetiskinlerde isitme kaybinin
%16’s1m1n mesleki giiriiltilye maruz kalmaya bagh oldugunu bildir-
mektedir (Nelson vd., 2005).

Picard vd. (2008) 89 dBAy1 asan giiriiltii seviyelerinde isitme
kaybinin olabilecegini ve ayrica yliksek gliriiltii seviyelerinin is kazala-
rini1 arttirdigini bulmuslardir.

*Corresponding author/Sorumlu yazar: sonder@ogu.edu.tr e https://orcid.org/0000-0003-0396-9995

** fibrahimoglul@gmail.com e https://orcid.org/0000-0002-0255-0482
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Cizelge 1. Giiriiltiiniin insan sagligi iizerindeki olumsuz etkileri

Etki Saglik problemi
. .. Davranis  bozukluklari, o6fkelenme, genel
Psikolojik rahatsizlik duygusu, sikilma
Fiziksel Gegici veya kalicl isitme hasarlari
Viicut  faaliyetlerinde  degisiklikler, kan
Fizyolojik basincinda artis, dolasim bozuklugu, solunumda
hizlanma, kalp atisinda hizlanma, ani refleksler
Performans [s veriminde azalma, konsantrasyon bozuklugu,

hareketlerin engellenmesi

Ulkemizde Sosyal Giivenlik Kurumu (SGK) istatistiklerine gére
GBIK, kayrtlarda i¢ kulakta giiriiltiiniin etkileri baghg altinda fiziksel
etkenlerle olan meslek hastalig1 olarak E grubunda yer almaktadir. Bu
istatistiklere gore 2007-2017 yillar1 arasinda iilkemizde meydana ge-
len isitme kayiplar1 Sekil 1'de verilmistir.

isitme kaybi
35 32
30 24
25
20
14

15 13
10556I527 I6
5 1
cygn bl 0
A @ © O N LD X L0 0 A
Q' O O N N N N N N NN
O S S S OSSR S S S )

Sekil 1. 2007-2017 yillar1 arasinda i¢ kulakta gtirtiltiiniin etkileri (SGK, 2020).

Gliniimiizde 200.000’den fazla calisanin giiriiltiiye bagh meslek
hastaligina yakalandigi ifade edilirken, SGK istatistiklerine gore gec-
tigimiz 11 yilda iilkemizde bu sayinin maksimum 32 calisan olarak
gerceklestigi goriilmektedir (Sekil 1). 2007-2017 yillar arasinda top-
lam 119 galisanin isitme kaybi yasadigi kayit altina alinmisg, bu da yil-
lik ortalama 11 ¢alisanin giiriiltiiye baglh isitme kaybina yakalandigini
gostermektedir. Ayrica, 2012 yilina kadar kdmiir ve linyit ¢ikartilmasi,
ham petrol ve dogalgaz ¢ikarimi, metal cevheri madenciligi, diger ma-
dencilik ve tasocakg¢ilil, madenciligi destekleyici hizmet faaliyetleri
olarak 5 grupta tutulan madencilik istatistikleri 2012 yilindan sonra
bu faaliyet alanlar1 ayrigtirilarak verilmeye baslanmistir. Bu yildan
sonra kayitlara gére 2014, 2016 ve 2017 yillarinda birer ¢alisan ol-
mak lizere toplam 3 ¢alisan meslek hastalifina yakalanmistir. Ancak,
bu meslek hastaliginin hangi hastalik oldugu istatistiklerden ayrila-
mamaktadir. Ayrintih ¢alismalarin yapilabilmesine zemin hazirlamak
icin SGK istatistiklerinin, arastirmacilarin ihtiyaglarini karsilayabile-
cek sekilde ayrintili olarak yayinlanmasi ve degerlendirmeleri arastir-
macilarin kendilerinin yapabilecegi hale getirmesi gereklidir.

Is saglig1 ve giivenligi acisindan degerlendirildiginde, giiniimiizde
teknolojinin gelismesine paralel olarak mekanizasyona gegisle birlikte
artan giiriltii maruziyetleri, gerekli tedbirler alinmazsa ¢alisanlarda
fiziksel ve ruhsal saglig1 bozmakta, calisanlarin giirtiltii ile ilgili risk-
lerden korunmalarina dair yonetmelige gore 87 dB(A) sinir degeri as-
masl sonucunda ise kulakta zaman iginde tedavi edilemez hasara ne-
den olabilmektedir. Bu nedenle giirtiltii, goz ard1 edilemeyecek kadar
o6nemli bir sorundur ve isyerlerinde giiriiltiiye karsi alian tedbirlerin
etkinliklerinin ve uygulamalariin kontrol altinda tutulmas: gerek-
mektedir.
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1. Tiirkiye’de mermer

Yiiksek sicaklik ve basing altinda bagkalasima ugramis kalkerler
mermer olarak tanimlanmaktadir. Endiistriyel anlamda ise islene-
bilen, cilalanabilen, parlayan ve boyutlandirilabilen veya dekoratif
amagh kullanilan tiim dogal taslara mermer denilmektedir. Giinii-
miizde mermer yerine dogal tas terimi de kullanilmaktadir (Onargan,
2011). Rezervlerin bolgelere gore dagilimi (Ticaret Bakanligi, 2020),
Cizelge 2’de, Tiirkiye'nin mermer rezervlerinin %73,4'line sahip olan
iller Cizelge 3’de verilmistir.

Cizelge 2.Tiirkiye mermer rezervlerinin bélgelere gore dagilimi

Bolge %
Ege Bolgesi 32
Marmara Bolgesi 26
i¢ Anadolu Bélgesi 11
Dogu Anadolu+Giineydogu Anadolu+

Karadeniz+ Akdeniz Bolgesi 31

Cizelge 3. Tiirkiye'nin mermer rezervlerinde en énemli iller (Yiiksel ve Ozkara,
1999)

il Rezerv+Potansiyel (milyon m?) %
Balikesir 1850 35,8
Denizli 652 12,6
Afyon 629 12,2
Tokat 410 7,9
Canakkale 252 49
Toplam 3793 73,4

Afyonkarahisar, mermer ocaklarinin illere gére dagilim istatistik-
lerinde %23,60 oranu ile 2. sirada yer almaktadir (SGK, 2020).

2. Mermer fabrikalarinda giiriiltii iireten kaynaklar ve calisan
saghgina etkileri

Mermer iretiminde S/T kesim makinesi, katrak kesim makine-
si, film (cila) hatt, epoksi hatt1 ve yardimci ekipman olarak bagkes-
me-yankesme-yarma makineleri kullanilmaktadir Bu makinalarin
yan yana konumlandirilmis olmasi, giiriiltiiniin daha ytiksek hisse-
dilmesine sebep olmaktadir. 2017 yili SGK istatistiklerine gore, ma-
dencilik sektoriinde ¢alisanlarinin %46’s1, mermer isletmeciliginin de
icinde bulundugu diger madencilik ve tasocakgilig sektoriinde ¢alis-
maktadir (SGK, 2020). Giiriiltiiniin yiiksek oldugu mermer sektoriin-
de gerekli tedbirler ahnmadiginda GBIK ile karsi karsiya kalabilecek
calisanlarinin pay1 oldukea yiiksektir.

Sosyal ve fizyolojik etkileri olan bir is saglig: tehlikesi olan giiriiltii
isyerlerinde GBIK'ya sebep olmakta ve bu isitme kaybi dereceleri ye-
tiskin insanlarda agagida verildigi gibidir.

-10-15 dB aras1 “Normal Isitme”

16 - 25 dB aras1 “Cok Hafif Derecede Isitme Kayb1”

26 - 40 dB aras1 “Hafif Derecede Isitme Kayb1”

41 - 55 dB aras1 “Orta Derecede Isitme Kaybi

56 - 70 dB aras1 “Orta-ileri Derecede Isitme Kayb1”

71 - 90 dB arasi “Ileri Derecede Isitme Kayb1”

91 dB ve lizeri “Cok ileri Derecede Isitme Kayb1”

(Clark, 1981).
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3. TSISO 1999 standard:

Akustik-giiriiltiiniin sebep oldugu isitme kaybi tahmini ile ilgili TS
ISO 1999 standardi mevcuttur. Bu standarttaki hesaplama prosedii-
ri kullanilarak isitme esik degeri tizerine giiriiltii etkisinin tahmini
yapilabilmektedir. Bu standartta, yasa ve deneyim siiresine ek olarak
glinliik maruz kalinan giiriiltii seviyesinin (dBA cinsinden) ¢alisanlar
tizerindeki yol agacagi isitme kaybinin tahmini amaglanmistir. Kisinin
maruz kaldig1 dB cinsine gore ne kadarlik bir duyma kaybi yasayacagi
bagintilarla hesaplanabilmektedir (TS ISO, 1999).

3.1. Giiriiltiiye Maruz Kalan Popiilasyonda Isitme Esik Seviyesi

Gliriiltiiye maruz kalan popiilasyonun yasla ve giiriiltiiyle iligkili
(YGIES), H', isitme esik seviyesi, standartta Esitlik 1 kullamlarak he-
saplanmaktadir.

, HN
H'=H+N= —— 1)
120
Esitlikte;
H : Yasla iligkili isitme esik seviyesi, dB

N : Glriltiniin sebep oldugu, gercek veya potansiyel kalici
esik kaymasi (GSKEK), dB’dir.

Baginty, sadece H', H ve N’ ye karsilik gelen degerlere uygulanabilir.

3.2. Yagla [liskili Isitme Esik Seviyelerinin (YIES) Veri Tabanlar

Guriltiiye maruz kalmamis popiilasyonda yasin bir fonksiyonu

Cizelge 4. [sitme esik seviyelerinin A veri tabanindan dB olarak segilen degerler

olarak isitme, dogal yaslanma yaninda hastaliklar, ototoksik ilaglarin
gecmisi ve YIES ile degisebilen is yeri ve is yeri disinda maruz kalinan
bilinmeyen seviyedeki giiriiltli gibi yanlislikla yer alan diger faktor-
lerin derecesine de baghdir. Boyle verileri goriintiilemek icin farkli
yaklagimlar kullanilir ve en uygun veri tabaninin se¢imi uygulama
amacina baghdir. Bu standart, YiES icin kullanilabilecek A ve B veri
tabanlar1 olmak tizere iki veri tabanina miisaade eder. B veri tabani,
kullanicinin sagduyusuna birakilmasina ragmen A veri tabani tam
olarak tanimlanmistir (TS ISO, 1999). Bu nedenle ¢alismada hesap-
lamalar A veri tabanina gore yapilmistir.

3.3. A Veri Tabani

A veri tabany, otolojik normal kisilerden yani, kulak rahatsizliginin
hicbir isaretini veya hastalik belirtisini géstermeyen veya kulak kana-
lin1 tikayan kulak kiri bulunmayan ve giirtiltiiye asir1 miktarda maruz
kalma gibi bir ge¢mise sahip olmayan saglik durumu normal kisiler-
den elde edilmistir. Béyle “yliksek diizeyde se¢ilmis” poptilasyonlarda
esik seviyelerinin istatistiksel dagilimi, ISO 7029’da erkek ve kadin po-
piilasyonu i¢in ayr1 ayri standartlastirilmistir (TS ISO, 1999).

3.4. A Veri Tabaninda Segilen Degerler

Isitme esik seviyelerinin A veri tabanindan dB olarak segilen de-
gerleri Cizelge 4’de verilmistir.

isitme Esik Seviyesi, dB

Yas, Yillar
Frekans 30 40 50 60 70
Hz Kesirler

90 50 10 90 50 10 90 50 10 90 50 10 90 50 10

Erkek
500 -6 1 9 -5 2 11 -4 4 14 -3 6 18 -1 9 23
1000 -6 1 9 -5 2 11 -4 4 14 -2 7 19 0 11 25
2000 -7 1 11 -6 3 15 -3 7 21 -1 12 29 3 19 39
3000 -7 2 13 -5 6 19 -2 12 29 3 20 42 9 31 59
4000 -7 2 14 -4 8 23 0 16 36 7 28 55 15 43 79
6 000 -8 3 16 -5 9 26 0 18 41 8 32 62 17 49 >80
8000 -9 3 19 -5 11 30 1 23 49 10 39 75 22 60 >80

Kadin
500 -6 1 9 -5 2 11 -4 4 14 -3 6 18 -1 9 23
1000 -6 1 9 -5 2 11 -4 4 14 -2 7 19 0 11 25
2000 -6 1 10 -5 3 13 -3 6 18 -1 11 25 2 16 34
3000 -7 1 11 -5 4 15 -3 8 21 0 13 30 4 20 41
4000 -7 1 12 -6 4 17 -3 9 25 1 16 35 5 24 48
6 000 -8 2 14 -6 6 21 -2 12 31 2 21 46 9 32 62
8000 -10 2 17 -7 7 25 -3 15 38 4 27 55 11 41 77

3.5. GSKEK Verileri Icin Orneklerin Bulundugu Cizelgeler

GSKEK i¢in 6rneklerin bulundugu cizelgeler, maruz kalma stiresi-
nin, yihin ve maruz kalinan giiriltii seviyesinin Ly, (85,90, 95,100
dB) bir fonksiyonu seklinde ve karsilik gelen A-agirlikli ses basing se-
viyesi bu standart da hesaplanmus alti frekans (0.5, 1, 2, 3, 4 ve 6 kHz)

ve ii¢c % (10, 50 ve 90) icin Cizelge 5’'de verilmistir (TS ISO, 1999).
Sekil 2'de isitme esik seviyesine karsilik gelen isitme yiizdesi ve istege
bagli secilen 27 dB'lik “sinir deger” igin gosterilen kaybin degisik risk-
leriile birlikte Gaussian koordinatlari iizerindeki gosterimi verilmistir.
Risk degerlerinin, sinir deger biiytikliigiine baghligl, bu gosterimle ko-
layca belirlenebilmektedir.
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Cizelge 5. Maruz kalinan farkl giiriiltii seviyeleri, siireleri ve frekanslar i¢in giirtiltiiniin sebep oldugu kalici esik kaymalari

GSKEK, dB
Maruz kalinan Maruz kalma stiresi, y1l
giirilltii seviyesi Frefll‘ans 10 | 20 | 30 | 40
(LEX,h) z Yiizdeler

90 | 50 | 10 | 90 | 50 | 10 | 90 | 50 | 10 | 90 | 50 | 10
500 0 0 0 0 0 0 0 0 0 0 0 0
1000 0 0 0 0 0 0 0 0 0 0 0 0
85 dB 2000 0 1 1 1 1 2 1 1 2 1 2 2
3000 2 3 6 3 4 6 3 4 7 3 5 7
4000 3 5 7 4 6 8 5 6 9 5 7 9
6 000 1 3 4 2 3 5 2 3 6 2 4 6
500 0 0 0 0 0 0 0 0 0 0 0 0
1000 0 0 0 0 0 0 0 0 0 0 0 0
90 dB 2000 0 2 6 2 4 8 3 5 9 4 6 10
3000 4 8 13 7 10 16 8 11 18 9 12 19
4000 7 11 15 9 13 18 10 14 19 11 15 20
6 000 3 7 12 4 8 14 5 9 15 6 10 15
500 0 0 1 0 0 1 0 1 1 0 1

1000 2 2 4 2 3 2 2
95 dB 2000 0 5 13 5 17 7 12 20 9 14 22
3000 8 16 25 13 19 31 16 22 34 18 23 37
4000 13 20 27 16 23 32 18 25 34 19 26 36
6 000 5 14 23 8 16 26 10 18 28 12 19 29
500 2 4 8 3 5 9 4 6 11 5 7 11
1000 3 6 12 6 9 15 7 10 17 8 11 19
100 dB 2000 0 8 23 8 16 31 13 21 35 16 24 39
3000 13 26 41 21 32 51 26 35 56 29 38 60
4000 20 31 42 25 36 49 28 39 53 30 41 56
6000 9 23 37 14 27 42 17 29 46 19 30 48

A D: isitme esigi seviyesi, dB

d’; s0 10 50 90: ©% 1: yas ve giirtiltiiye maruz kalma nedeniyle engellilik riski,% 18

(X noktast)

2: giirtiltiiye maruz kalma nedeniyle engellilik riski,% 11,5 (X
noktasi ile Y noktasi arasindaki fark)

3: Giirtiltitye maruz kalan popiilasyonun YIES’i
4: GSKEK,% 10

5: varsayilan siir deger, 27 dB

6: Niifusun engellilik riski

7: GSKEK,% 50

8: Giiriiltiiye maruz kalmayan popiilasyonun YiES'i
9: GSKEK,% 90 ifade etmektedir.

4. Uygulama ¢alismasi

Afyonkarahisar ilinde faaliyet gosteren mermer fabrikasinda
farkl gorevlerde calisan 35 is¢inin, calistig1 degisik ortamlarin giiriil-
tii seviyesini 6lgmek icin Mestech Dijital Ses Giiriiltii Seviyesi Olcer

Sekil 2. [sitme esik seviyesine karsilik gelen isitme yiizdesi (TS 1SO, 1999). ve kisisel giiriiltii maruziyetini 6lgmek icin CIRRUS CR-110 A kisisel
dozimetre kullanilmistir. Gliriilti 6l¢timleri “TS 2607 ISO 1999 Akus-

Sekil 2'de; tik - Is yerinde maruz kalinan giiriiltiiniin tayini ve bu giiriiltiiniin

A: daha iyi isitme ytlizdesi sebep oldugu isitme kaybinin tahmini” standardina gore yapilmistir.

Calisanlarin 2009 ve 2019 yillarinda yapilan odyoloji 6l¢iim sonuglari
alinmis ve odyometrist ile birlikte degerlendirilerek giiriiltiiye bag-
l1 isitme kayiplar1 tespit edilmistir. Ayrica, bu isitme kayiplar1 TS ISO

B: daha kot isitme yiizdesi
C: % risk
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1999 standardi dikkate alinarak degerlendirilmistir. Standarda uygun
kriterlere sahip ¢alisanlarin 2009 yilindaki yas, deneyim ve giiriiltiiye
bagli isitme esik seviyeleri ile ne kadarlik bir ihtimalle isitme kaybina
sahip olacag belirlenmis ve gercek sonuclarla karsilastirlmistir. Ayni
calisanlarin 2019 yili isitme kaybi olasiliklar belirlenerek isitme test
sonuglari ile karsilastirilmigtir. Isletmedeki 35 calisan icerisinde stan-
darttaki verilere uygun yani 30 yasindan biiyiik, deneyimi 10 y1l ile 40
yil arasinda ve giinliik maruz kaldig giiriiltii seviyesi 85 dB ile 100 dB
arasinda olan 15 c¢alisan bulunmaktadir. Calisanlarin 2009 yilindaki
kisisel bilgileri, maruz kaldiklar1 giiriiltii diizeyleri ve isitme test so-
nuclari Cizelge 6'da gosterilmistir.

Buna gore, Cizelge 4-5 kullanilarak 7. ¢alisan i¢in standarda gore
yapilan isitme kaybi tahmin hesaplanmasi asagida drnek olarak veril-
mistir. Diger tiim hesaplamalar benzer sekilde yapilmistir.

Yas: 51 (50) Deneyim: 28 (30) L_-dBA: 94 (95)

Isitme kayb1 degerlendirmesi igin 1000, 2000 ve 4000 Hz frekans
birlesimi varsayilarak giiriiltiiye maruz kalmamus kiside yasla iliskili
isitme esik seviyesi H_, A veri tabanina gore hesaplanir ve 1000, 2000
ve 4000 Hz frekanslart i¢in ortalamasi alinir.

Hy, o =[(-4) +(-3)+(0)] /3=-23dB

Hy, o, =[(4)+(7) +(16)] /3=9dB

H,, ., =[(14) + (21) + (36)] /3 =23,7dB

Gurtltitye maruz kalan ¢alisanda deneyim siiresi ve maruz kaldig1
guiriiltii seviyesi dikkate alinarak isitme seviyesi hesaplanirken, %50
icin; 4000 Hz de H+N >40 oldugundan, %10 i¢in; 2000 ve 4000 Hz de
H+N >40 oldugundan diizeltme yapilir;

25-[(16x25)/120]=21,6dB

20-[(21x20)/120]=16,5dB

34-[(36x34)/120]=23,8dB

Ny = [(2) + (7) + (18)] / 3=9 dB

Ngo50 = [(3) + (12) + (21,6)] /3=12,2dB

N, = [(5)+ (16,5) +(23,8)] / 3=14,1dB

Guriltiiye maruz kalan ¢alisanda giiriiltii ve yasla iliskili isitme
esik seviyesinin dagilimindaki sonuclar asagidaki gibidir:

H,=(-23)+(9)=6,7dB

', =(9)+(12,2)=212dB

H' =(23,7) +(14,1)=37,8dB

Cizelge 6. 2009 yilindaki kisisel bilgiler, maruz kalinan giirtiltii diizeyleri ve isitme test sonuglari

Lc

Isitme Testi, Isitme Testi,

Calisan  Gorevi Yas Deneyim L_dBA ( deeaE) dB (Sol) dB (Sag) Isitme Kayb1
1 Katrak 30 8(10) 97(100) 145 38 37 Hafif Derecede
2 S/T 45 22(20) 95 143,8 35 33 Hafif Derecede
3 S/T 42 18(20) 95 143,8 34 37 Hafif Derecede
4 S/T 35 13(10) 95 143,8 25 22 Cok Hafif Derecede
5 Epoksi Hatt1 31 8(10) 90 141,5 20 23 Cok Hafif Derecede
6 Elektrikei 33 11(10) 92(95) 140 26 27 Hafif Derecede
7 Bakimci 51 28(30) 94(95) 141 58 57 Orta-ileri Derecede
8 Yarma 35 12(10) 93(95) 143 27 27 Hafif Derecede
9 Yarma 31 8(10) 93(95) 143 30 29 Hafif Derecede
10 Bas/Yankesme 29 7(10) 88(90) 142,1 16 15 Cok Hafif Derecede
11 Film (Cila) 50 27(30) 85 140,4 32 32 Hafif Derecede
12 Film (Cila) 31 9(10) 85 140,4 11 12 Normal
13 Ambalaj 46 23(20) 83(85) 140,8 20 20 Cok Hafif Derecede
14 Ambalaj 40 14(10) 83(85) 140,8 17 17 Cok Hafif Derecede
15 Epoksi Hatt1 37 14(10) 90 141,5 18 17 Cok Hafif Derecede
5 = I Sekil 3'de verilerek risk degerlerinin, sinir deger biiytikliigiine baglili-
=t g1, bu tiir bir gosterimle kolayca tayin edilebilmektedir.
Sekil 3 incelendiginde 95 dBA giiriiltiiye maruz kalan 50 yagindaki
= 0 rtye mars katan caligamin %35 olasilikla yas ve giiriiltiden dolay1 27 dB'lik isitme kay-
g . renntedon s b1 riski mevcuttur.
% —— — j74 — — — Calismada verileri kullanilan ¢alisanlarin 2019 yilinda yapilan isit-
£ . me test sonuglar ve isitme kayiplari Cizelge 7°de verilmistir.
Calisanlarin 2009 yili verileri kullanilarak TS ISO 1999 standardi-
40 — na gore hesaplanan isitme kaybi yasama olasiliklar1 Cizelge 8'de ve-
> oorOlaayanun YIRSl rilmistir.
2 Cizelge 8 incelendiginde, standarda gore 2009 yilinda yas ve is-
yerindeki giiriiltiiden kaynakl olarak gerceklesen isitme kayiplarini
O s s 86 6 =0 @6 55 26 PR yasama olasiliklarinin %18 ile <%10 araliginda oldugu gériilmektedir.
Daha ktii isitme yiizdesi g Bu oranlar, gergeklesen kayiplarin standarda gore belirlenenden %82-

Sekil 3. Yag, giinliik maruz kalinan giirtiltii diizeyi (dBA) ve deneyime bagh
olarak meydana gelen isitme egik seviyesi

Sonug iliskisi, keyfi secilen 27 dB’lik “sinir deger” igin gosterilen
kaybin degisik riskleri ile birlikte Gaussian koordinatlar1 tizerinde

>%90 daha fazla oldugu seklinde de yorumlanabilir. Bu da isyerinde
maruz kalinan giiriiltii disinda etkenlerin de isitme kaybini artirdigi
seklinde yorumlanabilir.

Calisanlarin 2019 yih isitme test sonuglar1 ve TS ISO 1999 stan-
dardina gore hesaplanan isitme kaybi yasama olasiliklari Cizelge 9'da
verilmistir.
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Cizelge 7. 2019 yilindaki isitme test sonuglar

Calisan Isitme Testi dB(Sol) Isitme Testi dB(Sag) isitme Kayb1

1 58 51 Orta-ileri Derecede
2 55 54 Orta Derecede

3 48 51 Orta Derecede

4 37 36 Hafif Derecede

5 33 35 Hafif Derecede

6 32 39 Hafif Derecede

7 72 66 fleri Derecede

8 39 38 Hafif Derecede

9 41 41 Orta Derecede

10 20 20 Cok Hafif Derecede
11 43 41 Orta Derecede

12 20 24 Cok Hafif Derecede
13 27 25 Hafif Derecede

14 20 20 Cok Hafif Derecede
15 26 25 Hafif Derecede

Cizelge 8. Calisanlarin 2009 yihi test sonuglari ve standarda gére mevcut isitme kayiplarini yasama olasiliklart

Calisan 10dB 15dB 20dB 25dB 27 dB Kayip (dB) Gergeklesme Olasilig1 (%)
1 70 50 40 28 25 38 <10
2 70 52 38 22 18 35 <10
3 70 52 38 22 18 37 <10
4 51 35 20 10 <10 25 11
5 34 18 <10 - - 23 <10
6 51 35 20 10 <10 27 <10
7 82 69 53 39 35 58 <10
8 51 35 21 10 <10 27 <10
9 51 35 21 10 <10 30 <10
10 34 18 <10 - - 16 17
11 52 34 22 12 <10 32 <10
12 22 12 <10 - - 12 18
13 38 19 10 <10 - 20 <10
14 35 19 <10 - - 17 17
15 34 18 <10 - - 18 12

Cizelge 9. Calisanlarin 2019 yih test sonuglari ve standarda gére mevcut isitme kayiplarini yasama olasiliklari

Calisan 10dB 15dB 20dB 25dB 27dB  Kayip (dB) Gergeklesme Olasilig1 (%)
1 88 78 62 48 43 58 <10
2 92 74 50 36 31 55 <10
3 92 74 50 36 31 51 <10
4 68 50 35 21 18 37 <10
5 50 32 18 <10 - 35 <10
6 68 50 35 21 18 39 <10
7 92 84 73 58 50 72 <10
8 71 51 35 22 18 39 <10
9 71 51 35 22 18 41 <10
10 50 32 18 <10 - 20 18
11 76 61 45 30 28 43 <10
12 36 19 <10 - - 24 <10
13 55 38 24 14 10 27 10
14 52 38 22 14 <10 20 22
15 50 32 18 <10 - 26 <10
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Cizelge 9'da, isletmeden alinan bilgi dogrultusunda giinliik maruz
kalinan giiriiltii seviyeleri degistirilmeden, 10 yil sonrasinda yas ve de-
neyimin artmasina bagh olarak meydana gelebilecek isitme kaybi ola-
siliklar1 goriilmektedir. Giinlitkk maruz kalinan giiriilti seviyesi 2009
yilindaki ile ayni olmasina karsin, yas ve deneyimin artmasiyla isitme
kaybi artmaktadir. Standarda gore 2019 yilinda yas ve isyerindeki gii-
riiltiiden kaynakl olarak gerceklesen isitme kayiplarini yasama olasi-
liklarinin %22 ile <%10 araliginda oldugu tespit edilmistir. Bu oran-
lar, gerceklesen kayiplarin standarda gore belirlenenden %78->%90
daha fazla oldugu seklinde de yorumlanabilir.

Tiim bu tespitler dogrultusunda TS ISO 1999 standardina gore he-
saplanan olasiliklarin ¢ok daha iizerinde isitme kayiplarinin olustugu
soylenebilir.

Sonuglar ve oneriler

Calismada Afyonkarahisar ilinde faaliyet gdsteren bir mermer
fabrikasinda yas, deneyim ve giinliik maruz kaliman giirtiltii seviyesini
dikkate alarak hazirlanmis olan TS ISO 1999 standard: gore, giirtiltii-
ye bagli isitme esik seviyelerinin tahmini yapilmistir. Bu kapsamda
¢alisanlarin 2009 ve 2019 yillarinda yapilan odyoloji 6l¢tim sonuglari
alinmis ve odyometrist ile birlikte degerlendirilerek isitme kayipla-
11 belirlenmistir. Standarda gore yapilan hesaplamalarda en yiiksek
isitme kayb1 yasama olasiliklar1 2009 yilinda %18, 2019 yilinda %22
olarak tespit edilmistir. Yapilan odyoloji 6l¢iimleri ile paralellik tespit
edilememistir. Bu hesaplamalar standartta kulak koruyucu kullanil-
mamasi durumunda gegerlidir.

Standarda gore degerlendirildiginde, calisanlardaki isitme kaybi-
nin éniine gecmek icin, yasa ve deneyime bagh isitme esik seviyesini
degistirme ihtimali olmadigindan, giinliik maruz kalinan giiriiltii sevi-
yesinin azaltilmasi 6nerilir.

Gliniimiiziin modern diinyasinda yapilan tiim ¢alismalarda bir
standardizasyon beklentisi yiiksektir. Isyerlerinde giiriiltiiniin sebep
oldugu isitme kayiplarinin tahmini i¢in gelistirilmis olan TS ISO 1999
standardi da ¢alisanlarin isitme kaybi yasama olasiligini tahmin etmek
icin 2013 yilinda yayimlanmig ve Kasim 2020°de TS 2607 ISO 1999’un
yerini almustir. Isitme kaybinin tahmini icin, uluslararas: kabul gor-
miis bir standardin mevcut isitme kayiplarini tahmin etmede diisiik
ylizdelerde kalmasi; dlclimlerin hassasiyetinde hatalarin olabilece-
gi, calisanlarin isyeri disindaki giinliik yasantilarinda asir1 giiriiltiiye
maruz kalmis olabilecegi, kulak saglhigini olumsuz etkileyen ototoksik
maddelere maruz kalmis olabilecegi, isyerinde kisisel kulak koruyu-
cularin etkili olarak kullanilmamis veya hi¢ kullanilmamis olabilecegi
gibi ihtimalleri akillara getirmektedir. Etkili kullanmamaya 6rnek ola-
rak, kisisel kulak koruyucunun giiriiltiilii ortamda takilmasi, kulaga

tam olarak yerlestirilmemesi veya uygun kulak koruyucu verilmemesi
soylenebilir.

Mevcut ISG uygulamalar1 kapsaminda, ¢alisanlarin periyodik sag-
ik kontrolleri aksatilmamall, isitme kaybi1 hizli artan c¢alisanlar igin
calisma yeri, is ekipmany, is organizasyonu gibi mevzuatta da yer alan
konularda diizenlemeler hizla yapilmalidir.

TesekKiir

Yazarlar verilerin saglanmasindaki katkilarindan dolayi, odyomet-
rist Ahmet CANGALa tesekkiir ederler.

Kaynaklar

Clark, J.G., 1981. Uses and abuses of hearing loss classification. Asha, 23, 493-
500.

Colak, S.,, 2014. Calisma Ortaminda Fiziksel Risk Etmenleri, Hacettepe Uni-
versitesi HISAM Is Saglig1 ve Giivenligi Haftas1 Etkinligi, 4-10 Mayis 2014
http://www.hisam.hacettepe.edu.tr/issagligi_ve_guvenligi_haftasi/s7.pdf

Ediz, I.G., Beyhan, S., Ak¢akoca, H., Sari, E., 2002. Madencilikte giiriiltiiye bagh
isitme kayiplarinin incelenmesi. Tiirkiye 13. Kdmiir Kongresi Bildiriler Ki-
tabi, 29-31 Mayis 2002, Zonguldak, Tiirkiye.

Hong, O, Kerr, M, Poling, G.L.,, Dhar, S.,, 2013. Understanding and preventing
noise-induced hearing loss. Disease-a-Month, 59, 110-8.

Kovalchik, P.G., Matetic, R}J., Smith, A.K,, Bealko, S.B., 2008. Application of pre-
vention through design for hearing loss in the mining industry. ] Safety Res,
39,251-254.

Nelson, D.I, Nelson, R, Concha-Barrientos, M., Fingerhut, M., 2005. The glo-
bal burden of occupational noise-induced hearing loss. Am ] Ind Med,48,
446-458.

Onargan, T, Kose, H., Deliormanl, A.H., 2011. Mermer, Basak Matbaacilik. TM-
MOB Maden Miihendisleri Odasi.

Picard, M,, Girard, S.A., Simard, M., Larocque, R,, Leroux, T, Turcotte, E, 2008.
Association of work-related accidents with noise exposure in the workp-
lace and noise-induced hearing loss based on the experience of some
240,000 person-years of observation. Accident Anal Prev, 40, 1644-1652.

SGK, 2020, sosyal giivenlik kurumu istatistik yilliklari, http://www.sgk.gov.tr/
wps/portal/sgk/tr/kurumsal/istatistik/sgk_istatistik_yilliklari.

TC Ticaret Bakanhg), 2020. Dogal taslar sektdr raporu, ihracat Genel Miidiirlii-
gii Maden, Metal ve Orman Uriinleri Dairesi.

TS 2607 ISO 1999. Akustik - is yerinde maruz kalinan giiriiltiiniin tayini ve bu
gliriiltiiniin sebep oldugu isitme kaybinin tahmini. Nisan 2015.

TS ISO 1999. Akustik - Giiriiltiiye bagh isitme kaybinin tahmini. Kasim 2020.

Yiiksel, B., Ozkara, B. 1999. Afyon mermer sektoriiniin rekabet analizi, Afyon
Kocatepe Universitesi, 76s.

113



114



Madencilik - Mining, 2021, 60(2), 115-123

Original Research / Orijinal Aragtirma

www.mining.org.tr

Analysis of the karst development law based on multiple exploration technologies of Cambrian

limestone

Kambriyen kirectasinin karstlasma stirecinin farkl arastirma teknolojileri ile analizi

Zhenzi Yu*”, Junhao Ren¢, Bo Zhang®®, Wei Zhao*, Junzhi Wang®, Xinyi Wang¢*

@Energy and Chemical Industry Group of China Pingmei Shenma, Pingdingshan, 467000, CHINA

b State Key Laboratory of Coking Coal Exploitation and Comprehensive Utilization, Pingdingshan, 467000, CHINA

¢ Institute of Resources & Environment, Henan Polytechnic University, Jiaozuo, 454000, CHINA

Collaborative Innovation Center of Coalbed Methane and Shale Gas for Central Plains Economic Region, Henan Province, Jiaozuo, 454000, CHINA
¢ State Collaborative Innovation Center of Coal Work Safety and Clean-efficiency Utilization, Jiaozuo 54100, CHINA

Gelis - Received: 11 Agustos - August 2020 = Kabul - Accepted: 01 Aralik - December 2020

ABSTRACT

Coal mine floor limestone aquifers are a major source of water inrush from the coal seam floor and a serious threat to the safety of coal mining. In order to
reduce and avoid the occurrence of water inrush within the coal mine, we use multiple detection techniques, which are geophysical exploration technology,
drilling technology, water inrush accidents and tracer test, to develop a multi-faceted exploration of karst development and analyze its development
characteristics in the Chaochuan mine No. 1 well. The results show that, the Cambrian limestone (CL) karst water is poor; there is a certain hydraulic
connection. Near faults FyF,F 0 and SF,q the area is less water-rich area, and the deep karst water forms a closed area; 61.54 % of shallow water inrush
accidents in the Taiyuan limestone and CL karsts were caused by large tectonic and nearby shallow faults. The karst vertical zonation is shallow; the shallow

water level decreased more in the West Wing of the No. 1 well than in the East Wing.

Keywords: Transient electromagnetic, Hydrogeology drilling, Water inrush, Borehole water inflow, Dynamic water-level, Tracer test.

Introduction

Water inrush from the coal seam floor has always threatened safe
production in mines. The water inrush is not only sudden, but also
has a strong impact. In a short time, it can flood wells and bring huge
economic losses (Wang et al,, 2017; Wang et al,, 2016b; Wu et al,,
2014). Limestone is often hidden at the base of the coal seam. Due
to its karst development, strongly water-rich with good connectivity,
limestone is the main water source for the coal seam floor under
mining conditions, seriously threatening safe mining of coal (Qiao et
al,, 2014; Dong, 2010; Yang et al.,, 2018).

The karst development of the coal seam floor is affected by many
factors and has very complex features such as hydraulic connections
and water inhomogeneity. How to accurately depict the characteristics
of karst development and the water-rich law is a major issue in the
study of mine hydrogeology (Wu et al, 2013; Kovacs et al,, 2017).
Wang (Wang et al., 2016a; Wang et al., 2018) have studied the water
rich characteristics of the Cambrian limestone in the No. 2 well of the
Pingdingshan coal field and formulated the related countermeasures
for water control by using geological drilling, field connectivity tests,
water drainage drilling, water temperature field monitoring, and
transient electromagnetic exploration. Dai (2010) studied the influence
of geological structures on karst development in the Hancheng mining

area and concluded that (1) the structural fissures are dominant in
karst development, and (2) the vertical karst development shows
a zonal distribution where upper and lower aquifer connectivity
is strong. Hao et al. (2013) analyzed the karst development
characteristics and influencing factors of the Ordovician limestone in
the Gujiao mining area by using the hydrogeological drilling data and
their core characteristics, and concluded that the karst development
is mainly controlled by the lithologic rhythm combination, resulting in
karst phenomenon between the strong and weak phases, where the
ground structure raises the stratum and controls the degree of karst
development. Hu et al. (2010) applied chemical tracer tests to explore
the characteristics of deep karst development in the Qiuji mine and
concluded that the karst development in the mine field is not uniform.
Most of the areas are strong karst regions, and the karst development
in a few regions is mainly characterized by fissure and weak karst
development. The above research on the characteristics of karst
development and the achievements made in the typical coal mine have
laid a scientific foundation for the identification of water inrush sources
and the probability of water in-rush occurring, and previous studies
have also helped determine the direction for prevention and control
of the coal mine water damage, which has important theoretical and
practical significance.

*Corresponding author/Sorumlu yazar: wangxy@hpu.edu.cn : https://orcid.org/0000-0002-5275-9209
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This paper takes the No. 1 well in the Chaochuan mine of
Pingdingshan Coal Co.Ltd, Henan Province, China as an example
(abbreviated as the No. 1 well). Based on the analysis of the
hydrogeological conditions of the mine, geophysical exploration,
hydrogeological drilling, water in-rush feature analysis, underground
water discharge engineering, dynamic changes of groundwater
level, and tracer tests were adopted. A comprehensive analysis of
the Cambrian limestone (abbreviated as CL) karst development
characteristics of the No. 1 well coal seam floor is performed, and
then provide a beneficial reference for the prevention and control of
mine water hazards in the future and reduce the probability of water
inrush accident in karst aquifer of coal seam floor.

1. Geological overview

Chaochuan mine is located about 15 km south of Chenzhou City
in Henan Province. The mine measures about 10 km from east to
west and 4 km from south to north, and the mining area is about 21
km? The No. 1 well is located in the middle of the Chaochuan mine,
with fault F, in the north, coal outcrop in the south, fault F,, in the
southwest, and fault F, in the northeast. It accounts for 34.4 % of the

total area of the Chaochuan mine (Figure 1).

The main faults of the No. 1 well are located on the northern,
western, and southern boundaries of the well field, and a series of
northwest (NW) and near east-west (E-W) faults play an important
role in the burial and distribution of the CL aquifer on the coal seam
floor of the minefield and the discharge of groundwater recharge
and runoff (Figure 2).

The F, normal fault extends 4,300 m in the No. 1 well and with a
drop of 60 m to 130 m. Because the lower CL aquifer of the F, fault
is connected with the No. 2-1 coal seam in the upper plate, the CL
is buried deeper in the lower part, and the karst development is
weak. The F, fault is a lateral non-conducting fault, or a weak water
conducting fault, in the No. 1 well. However, in the fracture zone of
the upper wall, there may be a water-rich strip along the strike of

the fault. The F, normal fault in the No. 1 well intersects the F \ faults,
with an extension of 3,150 m and a drop of 26 m to 118 m. The fault
causes the CL in the No. 1 well to stagger along the deep part. It is a
non-conducting or weakly conducting boundary for the No. 1 well.

The SF,, drop is at 40 m to 130 m, and the extension length is
3,600 m. SF,, causes the CL in the south to connect with the coal
seams or Carboniferous limestone in the north. Thus, it loses the
hydraulic connection with the CL in the north, and the lateral water
conductivity of the fault is weak. The runoff of the CL groundwater is
blocked northward or northeast (NE), resulting in the formation of a
water-rich zone on the southern plane of the fault.

The F,,. normal fault extends 850 m in the No. 1 well with a drop
of 20 m to 70 m. The underground water of the CL, found in the two
disks on the East and west sides of the fault, is connected. Therefore,
the shallow part belongs to the lateral water diversion fault, while
the groundwater hydraulic relations between the two pieces of CL in

the deep fault are weak.

The F,, normal fault is a fault exposed underground, extending
1,600 m with a drop of 50 m.

The No. 1 well coal-bearing stratum is shown in Figure 3. The
leading role of No. 1 well water-filling is the coal seam floor, which
consists of the Carboniferous Taiyuan formation thin limestone and
Cambrian thick limestone aquifers. The L, ,, thin limestone in the
Taiyuan formation is generally developed, with an average thickness
of about 3.83 m, and it is about 8 m from the bottom of the No.2-
1 coal seam. The average thickness of the Cambrian thick limestone
is 146.24 m, with an elevation of -100 to -600 m (Figure 2). The
aquifer is about 50 m from the bottom of the No. 2-1 coal seam. Due
to the well-developed geological faults in the No. 1 well, the karst
fissures in the CL aquifer are also well developed as a result of the
influence of faults and the floor damage caused by mining. The
groundwater is not only the main supply source of the limestone
aquifers in the upper Taiyuan group but also the main water filling
source of the No. 2-1 coal seam mining.

Figure 1. Main fault and karst water supply diagram of Chaochuan mine
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Figure 2. Cambrian limestone elevation in No. 1 well of Chaochuan mine

Figure 3. Coal bearing stratigraphic section: No. 1 well

2. Transient electromagnetic prospecting

in order to discover the water-rich anomalies of the CL aquifer in
the No. 2-1 coal seam, ground transient electromagnetic (Liu et al,,
2017; Sun et al., 2013) exploration was carried out within the No.
1 well range. The following exploration range was used: From the F,
reverse fault southward to -250 m water storehouse, and west from
the 13th exploration line eastward to the 5th exploration line. The
total area was 3.1 km?, with a survey line spacing of 40 m x 40 mand a
total of 3,184 physical exploration points. The detection depth was set
at 80 m in the CL aquifer. According to the transient electromagnetic
apparent resistivity, the aquifer was usually divided into 2 levels, rich
in water and weak in water (Wang et al.,, 2016a; Wang et al., 2018).
According to the exploration situation in this mine, in the top range
of the CL (depth 0~40 m), an apparent resistivity of less than 85 Qem
was defined as a strong water-rich zone; and in the middle of the CL
depth (depth 40~80 m), apparent resistivity less than 90 Qem was
defined as a strong water-rich area. The survey results are shown in
Figure 4.

From Figure 4, the depth of the 0 to 40 m CL has been delineated
in 14 low resistivity anomalies, and the depth of the 40 to 80 m CL
has been delineated in 16 low resistivity zones. The proportions
of the areas occupied by the survey were 17.94 % and 18.42 %,
respectively. In addition, the distribution of the low resistivity
anomaly areas was sporadic and beaded, and the range of a single
low resistivity anomaly was small, which indicated that the CL aquifer
in the No. 1 well range had poor water-richness as a whole. In the
0~40 m and 40~80 m depths from the top interface of the CL, there
were overlapping regions in the low resistivity anomaly area, which
indicated that there was a certain hydraulic connection between the
groundwater in the top and the middle sections of the CL aquifer.
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Figure 4. Deep low resistivity anomaly area distribution of No. 1 well

In addition, near F, F, F, and SF,, the low-resistance
anomaly area was sporadic, indicating that these faults were weakly
conducting water, which was consistent with the actual situation
revealed during the construction of the mine roadway. In addition,
due to the weak water conductivity of F,, F,, F ,,, and SF,, the
hydraulic connection between the deep and shallow parts of the
CL was weak on both sides of the fault. A hydrogeological unit with

relatively closed CL aquifer of the No. 1 well was formed.

3. Hydrogeological exploration

During the No. 1 well exploration, 10 geological holes were
drilled from the target layer to the CL (Table 1). The drilling depth

Table 1. Water leakage of geological boreholes in the CL

was between 16.64 and 652.33 m, and the mean value was 342
m. The final borehole elevation was within the range of 250.94~
-415.21 m with a mean value of -106.17 m. The water leakage in
all 10 boreholes indicates that the karst fissures in the shallow CL
aquifer were generally developed and rich in water.

In the No. 1 well mining process, in order to monitor the
groundwater level of the CL aquifer, eight hydrogeological boreholes
were constructed at different stages (Table 2). The drilling depth was
between 420.20 m and 874.60 m, and the mean value was 555.30 m.
The final hole elevation in the borehole ranged from -242.00 m to
-693.00 m with an average of -355.69 m. There is no leakage in the 8
boreholes, which indicated that the CL karst in the deep part of the
area was weak and not strongly water-rich.

Drilling Leakage point position
) Water leakage

number Depth(m) Elevation(m)
1-101 239.29 -67.38 The exposed thickness of the CL is 56.65 m, and drilling is stopped after leakage
10-97 267.25 -48.44 The exposed thickness of the CL is 104.37 m, and drilling is stopped after leakage
12-21 473.68 -245.66 The exposed thickness of the CL is 38.98 m, and drilling is stopped after leakage
12-96 370.00 -156.88 The exposed thickness of the CL is 44.64 m, and drilling is stopped after leakage
13-93 652.33 -415.21 i(ér\:re;?rlli;istélﬁlltilrlligckness of the CL is the discovery of water leakage, and then
14-91 313.00 -89.94 The exposed thickness of the CL is 34.40 m, and drilling is stopped after leakage
14-92 444.00 -228.93 The exposed thickness of the CL is 12.89 m, and drilling is stopped after leakage
20-23 562.88 -257.07 The exposed thickness of the CL is 82.35 m, and drilling is stopped after leakage
21-88 80.95 196.89 The exposed thickness of the CL is 55.35 m, and drilling is stopped after leakage
27-21 16.64 250.94 The exposed thickness of the CL is 15.45 m, and drilling is stopped after leakage
Mean 342.00 -106.17 The average exposed thickness of the CL is 44.51 m
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r?tﬁgg‘legr Depth(m) Elevation(m) Water leakage
Water 1 440.00 -262.00 The revealed thickness of the CL is 61.50 m, and there is no water leakage phenomenon
Water 2 420.20 -242.00 The revealed thickness of the CL is 3.70 m, with rock breaking, there is no leakage phenomenon
Water 3 489.00 -314.00 The revealed thickness of the CL is 13.00 m, there is no water leakage phenomenon
Water 6 495.20 -289.00 The revealed thickness of the CL is 14.60 m, there is no water leakage phenomenon
Water 7 715.20 -468.00 The revealed thickness of the CL is 7.20 m, there is no water leakage phenomenon
Water 8 424.60 -250.00 The revealed thickness of the CL is 85.20 m, rock breaking, there is no leakage phenomenon.
Water 9 874.60 -693.00 The revealed thickness of the CL is 67.50 m, with rock breaking, there is no leakage phenomenon.
4-99 583.62 -327.50 The revealed thickness of the CL is 74 m, karst is not developed
Mean 555.30 -355.69 The average revealed thickness of the CL is 40.84 m

Comparing the boreholes in Table 1 and 2, we see that the
borehole depth of the former was much smaller than that of the
latter, and the elevation of the final borehole was much higher than
that of the latter. For the exposed CL thickness, the former was 44.51
m, and the latter was 40.84 m. The difference between the two was
not large, but the leakage situation is very different. This is due
to the large amount of groundwater being discharged during the
excavation process of the mine, resulting in a drastic decline in the
groundwater level of the CL aquifers, which made it impossible to see
groundwater in the hydrogeological boreholes of later construction.

4. Water inrush feature analysis

Since 1973, there have been 22 water inrush accidents in the
No. 1 well (Figure 5). Eighteen of them were water inrush from the
limestone aquifer of the bottom plate, accounting for 81.82 % of total

occurrences. There were 13 times where water inrush exceeded 10
m3/h, and 11 of them where the water inrush originated from the
CL aquifer, accounting for 84.62 %. The maximum two water inrush
occurrences were 1,440 m3/h and 1,996 m3/h, both from the CL
aquifer. These results indicated that the most serious threat to No. 1
well mining is the bottom CL aquifer.

For the 13 inrush water incidents with No. 1 well water volume
exceeding 10 m3/h, eight were caused by geological structure (fault
and fold), accounting for 61.54 %. For the eight events, seven were
water in-rush from the fault and one from the syncline. Figure 5
shows that most of the water in-rush points associated with the fault
were located near the fault facing E-W direction, indicating that the
structural fracture zone was a zone of karst fissure, which not only
controlled the enrichment of the groundwater but also affected the
direction of the runoff. Therefore, it was the most prone position for
water inrush in the bottom limestone aquifer.

Figure 5. Distribution diagram of water inrush accidents over the years of No. 1 well.
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Secondly, as shown in Figure 5, there were 18 cases for the
water inrush of the limestone aquifer of the No. 2-1 coal seam above
-200 m, accounting for 81.82 % of the total water inrush accidents,
indicating that the shallow limestone aquifer had more water inrush
than the deep part. The incidents were also more concentrated
in the vicinity of small faults, which was mainly due to the fact
that shallow small faults were more developed than deep ones. In
general, the large faults mainly caused the breakage of the regional
rock formations, while the minor faults made the surrounding rock
mass more broken, resulting in the development of karst fractures.
In addition, the fractured rock layer had a large CO, content, making
the erosion ability stronger and the groundwater circulation in the
karst fracture faster, which led to stronger CO, erosion ability (Lipar
and Webb, 2015). With the increase of depth, the CO, recharge in
the water was not sufficient, and the groundwater circulation slowed
down, which caused the erosion ability of €O, to decrease, so that
the karst development in the mine field eventually led to zoning in
the vertical direction. That is, the shallow karst development was
stronger than the deep part (Zhao, 2014; Dai et al,, 2017).

Based on the analysis of the water inrush frequency, the shallow
karst fracture was more developed than the deep part, which was
consistent with the third part.

5. Downhole drainage and decreasing pressure drilling

In order to reduce the underground water level of the limestone
aquifer in the Cambrian, which will reduce the threat of water
inrush from the floor of the coal seam mining, the special discharge
roadways were constructed (Figure 6) according to the mining
progress of the No. 1 well, and the drainage and decreasing pressure
drilling were built in the roadway (Table 3). According to Table 3,
the benefits could be seen from four indices, such as the number of
water inrush holes, minimum water inflow, maximum water inflow,
and average water inflow. Water inflow must occur in the borehole of
the roadway with an elevation of more than -250 m, The minimum,
maximum, and average water inflows range from 0.01~16.00
m3/h, 150.00~232 m3/h, and 84.28~90.00 m3/h, respectively,
The proportions of water in-rush drilling, minimum water inflow,
maximum water inflow, and average water inflow in the roadway
with elevations below -300 m range from 40.74~100 %, 0.00~1.00
m3/h, 3.00~90.00 m?/h, and 2.00~17.61 m3/h, respectively.
Obviously, the former four indicators were far better than the latter,
reflecting that the karst development of the limestone aquifers of the
deep Cambrian in the deep No. 1 well was weaker than that in the
shallow, which was completely consistent with the results from the
previous analysis in Sections 3 and 4.

Figure 6. Distribution map of draining lane and drilling hole of No. 1 well

Table 3. Summary statistics of water discharge in the draining lane

Drill hole Water inflow (m3/h)
Roadway

Total Number of water inrush Proportion (%) Minimum Maximum Mean
-150 m West Wing 9 9 100 16.00 150.00 90.00
-250 m West Wing 23 23 100 0.01 180.00 85.54
-250 m East Wing 18 18 100 0.50 232.00 84.28
-300 m West Wing 27 11 40.74 0.00 85.00 14.96
-350 m East Wing 5 5 100 1.00 3.00 2.00
-390 m West Wing 37 26 70.27 0.00 90.00 17.61
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6. Analysis of time and space changes in the water level

The location of the groundwater level observation hole for the CL
and its water level dynamic changes are shown in Figure 7.

From July 2000 to July 2006, the drainage of the No. 1 well
mainly occurred in the -150 m West Wing and the -250 m West
Wing discharge roadways, and the discharge volume was stable
at 800 m*/h. The 4-92 observation hole, which was close to the
two discharge roadways, changed from +6.0 m to -210.0 m, and
continued to decrease by 216 m. From July 2006 to March 2012, the
main drainage was in the -250 m West Wing discharge roadway, the
drainage water volume was 1373.5 m3/h, and the water level of the
4-92 observation hole was basically stable at -220~-225 m. With the
implementation of the hydrophobic scheme, the water in the East
Wing -106 m water inrush point disappeared, indicating that the
groundwater of the CL at the shallow elevation of -150 m and F,
fault was closely related to underground water.

From July 2006 to March 2012, while the -250 m West Wing
drainage roadway was draining, drainage also occurred in the -250
m East Wing drainage roadway, with a drainage volume of 2,580.0
m3/h. The water level of the 4-99 observation hole on the east side
of the F125 fault decreased from -11.0 m to -42.2 m, or only 31.2 m.
The water level of the S1 observation hole decreased from -29.2 m to
-60.5 m, which only decreased by 31.3 m, reflecting the poor water
conductivity of the F . fault as a whole. These results showed that
the groundwater hydraulic connection of the CL on both sides of the

fault was not very close.

From April 2012 to September 2013, the water volume of the
-250 m East Wing roadway remained steady at 500 m3/h, and the
water levels of observation holes 2-7 and 3-1 (Figure 6) near the -250
m East Wing discharge roadway decreased from -162.5 m and -184.1
m to -232.4 m and -230.5 m, respectively, while the groundwater
level tended to be consistent. These data indicate that the aquifer
of the CL on the west side of the F ,. fault was well connected. In
addition, the water levels of 4-99 and S1 on the east side of the Flos
fault were stable at -42.7 m and -66.8 m. Compared with holes 2-7
and 3-1 on the west side, the water level difference was above 160

m, which proved that the hydraulic connection of the groundwater

in the CL on both sides of the F . fault was not close (Wang, 2015).
Additionally, there was a difference between the 4-99 and S1 water
levels of the 386 m east side of the Flos fault is 24.1 m, indicating that
the groundwater hydraulic connection of the CL in the east side of
the F125 fault was not close.

From April 2012 to October 2015, a hydrophobic decompression
project was carried out in the -300 m West Wing discharge roadway
(Figure 6). The total hydrophobicity volume was 600 m3/h, and the
water level of S12, 1-1, and 1-2 decreased from -244.8 m, -219.9
m, and -231.5 m to -310.0 m, -315.0, m and -305.4 m, respectively.
As seen from Figure 6, the distances between S12 and the 1-1 and
1-2 holes were 1,000 m and 350 m, respectively, and the water
level elevations of the three boreholes were basically the same in
October 2015, which confirmed the hydraulic connection of the CL
groundwater in the west part of the F,_ fault and the shallow part of
the elevation of -300 m is relatively close.

From May 2014 to May 2017, drilling holes were constructed
along the -390 m West Wing discharge roadway and -350 m East
Wing discharge roadway, and underground water drainage was
performed. The drainage volume of the -350 m East Wing discharge
roadway is only 3 m®/h, the 4-1 water level remains at about -310
m, and there was little change, indicating that the groundwater
hydraulic connection of the CL in the deep No. 1 well was not close.

7. Tracer tests under coal mine

In order to ascertain the hydraulic connection of the CL
groundwater on the east and west sides of the F, . fault below the
No. 1 well East Wing -150 m level, four tracer tests were carried out.
The tracers were all potassium iodide (Zhao et al., 2016; Soulsby et
al,, 2016; Yu and Xu, 2013 Zhou et al., 2011). The interval between
the two tests was more than 2 weeks. The input points were 4-99,
51, S9, and S2 on the east side of the F, . fault (Figure 8), and the
receiving point was the 3-1 water level observation hole on the
-250 m East Wing discharge roadway (Figure 8). Water samples
were collected every 2 h at the receiving point and the potassium
iodide content was measured on-site with a HI93718 portable
iodine analyzer with a test accuracy of 0.1 mg/L. The test results

are shown in Table 4.

Figure 7. Dynamic changes of water and water level in draining Lane of No. 1 well.
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The test results in Table 4 showed that only the potassium iodide
at input point 4-99 was detected in the 4 tracer test, and it took 104
h to reach the -250 m East Wing discharge roadway receiving point
beyond the 660 m distance. The calculated tracer migration rate was
6.3 m/h, indicating a weak hydraulic connection between them.

In addition, from Table 4 and Figure 8, we know that in the four-
time tracing test, when 4-99 was the input point, the potassium
iodide content was detected at the receiving point, and the other
three tests (especially the S2 tracer test closer to the receiving point)
did not detect potassium iodide contents at the receiving point,
indicating that there was no obvious hydraulic connection between
the three input points and the receiving point for the CL groundwater.
The above tracer tests showed that the total hydraulic connection of
the CL karst on both sides of the F,,. fault below the No. 1 well East
Wing -150 m were weak, and only a weak hydraulic connection was
found in the local area, indicating the obvious difference in the karst
space development of the CL.

Table 4. Tracer test summary

Figure 8. Distribution map of input point and receiving point of tracer test

Input Input Acceptance Collection Number of Input pglpt . .
Input Test . . water samples  and receiving Arrival time
. . amount concentration concentration days :
point time (ke) (mg/L) (mg/L) d) collected point (h)
& & g (group) distance (m)
4-99 2010/7/17 5.00 1000 0.3 7 86 660.00 104
9:00 a.m.
S1 2010/8/3 5.00 1000 - 15 184 724.00 Not received
9:35 a.m.
S9 2010/8/19 5.50 1100 - 9 87 913.00 Not received
11:00 .m.
S2 2010/9/15 4.50 900 - 21 120 540.00 Not received
10:00 .m.
Conclusions Acknowledgements

The transient electromagnetic exploration results showed that
the No. 1 well water-rich anomaly area was scattered, and the area
was less than 20 % of the entire exploration area, indicating that the
CL aquifer was weakly water-rich as a whole. The buried depths of
0~40 m and 40~80 m water-rich anomalies partially overlapped,
reflecting a certain hydraulic connection between the shallow and
deep groundwater of the CL aquifer. There were few water-rich
anomalies near the F, F, F,, and SF,, faults, which proved that
these faults were poorly water-rich and water-conducting, making
the deep karst water form an independent closed system.

The comprehensive study of hydrogeological exploration, water
in-rush characteristics, and downhole drainage data showed that
karst development in the shallow part of the CL aquifer was stronger
than that in the deep part, showing vertical zoning. The water inrush
in the shallow part at an elevation of -200 m accounted for 81.82
% of the total water inrush accidents. The water inrush volume
exceeded 10 m3/h, the CL aquifer accounted for 84.62 %, and the
water inrush caused by geological structures accounted for 61.54 %,
which was mainly concentrated near the small faults.

The spatio-temporal variation of the water level and the tracer
test analysis showed that the hydraulic connections of the CL
groundwater in the shallow part at -300 m and the west of the F
fault were relatively close, but the groundwater hydraulic connection
in the deep (elevation -390 m) CL was not close. The F,,; fault had
poor water conductivity overall, and there was a weak hydraulic
connection between the CL groundwater found only in the fault zone
at-200 m elevation; The CL groundwater in the eastern F o fault did
not have a close hydraulic connection.
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