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ONSOZ

Maden miihendisligi, yer kabugunda bulunan dogal kaynaklarin
giivenli, verimli ve siirdiirlilebilir bigimde iretilmesini ve
degerlendirilmesini amaclayan ¢ok disiplinli bir miihendislik
alanmdir. Bu siirecte kaya mekanigi, yeralt1 ve yeriistii madencilik
faaliyetlerinin tasariminda, giivenliginde ve siirekliliginde temel bir
rol istlenirken; cevher hazirlama ise c¢ikarilan hammaddenin
ekonomik degere doniistiiriilmesini saglayan vazgecilmez bir
asamadir. Bu iki disiplin, madencilik zincirinin farkli halkalar1 gibi
goriinse de, gercekte kaya davramigi ile kirma, Ogitme ve
zenginlestirme siirecleri arasinda giiclii ve karsilikli bir etkilesim
bulunmaktadir.

Bu kitap, kaya mekanigi ile cevher hazirlama stireglerini biitiinlesik
bir bakis acistyla ele almayr amaglamaktadir. Kaya dayanimi,
kirilma davranisi, siireksizlik sistemleri ve ylikleme kosullarinin;
cevher hazirlamada kullanilan kirma, 6gtitme ve ayirma teknolojileri
tizerindeki etkileri, kitabin temel odak noktalarindan birini
olusturmaktadir. Ayn1 zamanda, jeomekanik ozelliklerin siireg
tasarimina entegrasyonu ile deneysel ve kuramsal yaklasimlarin
birlikte degerlendirilmesi hedeflenmistir.

Kitapta yer alan boliimler; kaya mekanigi, akustik emisyon, kaya
dayanimi,  jeomekanik = modelleme, komiir ve  mineral
karakterizasyonu, mineral katkili ve siirdiiriilebilir malzemeler gibi
maden miihendisliginin hem klasik hem de giincel arastirma
alanlarimi  kapsamaktadir. Alaninda uzman akademisyenlerin
katkilariyla hazirlanan bu c¢alismalar, hem bilimsel literatiire katki
sunmakta hem de uygulamaya yonelik 6nemli ¢iktilar icermektedir.



Bu eser; lisans ve lisansiistii diizeyde 6grenim goren Ogrenciler,
akademisyenler, aragtirmacilar ve madencilik sektoriinde gorev
yapan mihendisler i¢in bagvuru kaynagi niteligi tasimay1
amaclamaktadir. Ayrica, disiplinler aras1 yaklasimlar1 tesvik ederek
kaya mekanigi ile cevher hazirlama arasindaki biitiinciil anlayisin
giiclendirilmesine katki saglamasi hedeflenmektedir.

Bu kitabin ortaya g¢ikmasinda emegi gegen tiim yazarlarimiza
bilimsel katkilar1 i¢in tesekkiir eder, ¢alismanin maden miihendisligi
alanina ve ilgili tim paydaglara faydali olmasini temenni ederiz.

Dog. Dr. Engin OZDEMIR

Inonii Universitesi
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BOLUM 1

ROCK FRACTURES AND EARTHQUAKES

Mehmet Kemal GOKAY *

Introduction

Earth has a crust which is formed in different crustal parts,
continents. Continents have different kinds of rock masses and they
are in microscale movements over the mantle levels of Earth which
have been described through continental drift content in related
literature. Movement of the continents caused by Earth’s gravity and
induced horizontal stresses which have been governed by rock mass
behaviours including their micro & macro scale discontinuities. The
level of the 3 dimensional, 3D, stresses can be realised when the
amounts of slips are observed in the rock masses. When the 3D rock
mass loading in continental scale, and the geological time periods
are under consideration; a) Rock mass strength behaviours under
long lasting 3D loading (in differentiating loading rates) conditions;
b) Rock breakage conditions which have been realised in different
depth of the continents under different temperatures & structural
features (discontinuities, cavities, defect zones, etc.); ¢) Pore volume
liquid pressure conditions of the rock masses, due to different liquid
contents of the rock masses which depend on their porosities &
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permeability features they have different pore volume pressures
which have been differentiated in geological time scale; d) Different
toughness properties of the solid rock materials, etc.) should at least
be analysed to understand fracturing features of the rock masses.
Earth crust has not formed through homogeneous, (massive,
compact, solid) materials. It includes continents which have
numerous types of rock masses in different depths. Rock masses here
could be magmatic, metamorphic and sedimentary types including
interlayers, cavities, fractures, faults, folds, and other structural
discontinuity & defect-zone features. Thus, rock masses consisting
of Earth’ crust have their mechanical behaviour according to their
positions in the crust which influence the surrounding circumstances
including 3D stress-states and temperatures. Additionally, rock
masses’ porosities & permeabilities, fluid & gas contents
(groundwater, oil, inorganic & organic natural gasses etc.) are
expected to be different according to their surrounding conditions.
Since 3D stress-state in the crust influenced mainly by; a) The
Earth’s gravity and gravities of the other celestial masses (like the
moon, etc.); b) Influences of centrifuge force acting on the crust
formed due to Earth’ self-rotation, the rock masses in the crust have
their structural differentiations (due to formed discontinuities) which
are subjected to change in time un-reluctantly. That’s why 3D stress-
state changes in rock masses have been researched in rock mechanics
contexts under “time-dependent” titles.

Complexities in rock masses’ discontinuity & strength
characteristics could straightforwardly be observed through in-situ
tests. On the other hand, laboratory tests performed for the rock
material samples supply data to explain rock materials’ behaviours.
Since uncertainty cases related to the rock mass contents, (material
differences, weakness zones, discontinuities, cavities, voids, etc.),
are unpredictable, rock engineering commendations have been
provided through rock mass rating systems to classify and expect

certain type of rock mass behaviours on the base of engineering
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experiences. When the earthquake features are aimed to be studied,
the focuses of the researches are usually related to; Seismic wave
events and their harmful effects; Rock fracturing (breakages) of the
rock mass bridge parts among the discontinuities (mainly faults); and
Shearing of the faults under differentiating 3D stress-states. These
features in fact have pre-seismic, coseismic, and post seismic
influences governing by 3D stress-states (including rates of
loadings) , 3D rock mass strength characteristics, 3D rock fracture
loading & resistance parameters, surrounding temperatures, and
time-effects, (short-time or long-time influences).

Strain energy build-up & release conditions for rocks

Rock material types and their failure behaviours (brittleness,
ductility, plasticity, viscosity, cohesions, internal friction angles, etc.)
as intact rock material characteristics influence their strain energy
storing capacity under 3D loading conditions. This energy is
dynamic in characters as it is evaluated in conceptual content. Stored
strain energy level is directly related to the toughness of the rock
material and it can be differentiated according to the rock materials'
high or low toughness values which are independent of their ultimate
failure strength levels. Actually, energy accumulated in the rock
material for example can be discharged without any remnant strains
for elastic parts of their stress-strain loading, (at uniaxial
compressive strength, (UCS), tests. However, it is well known that
after their yielding points (Fig. 1), rock materials have overwhelmed
their elastic limits and they started to exhibit inelastic behaviours,
they resist applied loads by supplying non-returnable strains (with
discharging the stored energy) while keeping certain amounts of
stored strain energy up to complete ultimate stress levels (Fig. 1)
where whole stored energy in the tested samples are discharged at
the time of samples’ collapse, breakages. The amount of non-
returnable energy used for inelastic strains defines the types of rock
behaviours; brittle or ductile.
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Figure 1. Toughness differences of two materials which are governed by
the areas under the stress-strain curves, (SEN, 2023).

In the brittle rock behaviours, rock materials can supply a
minimum amount of strains (or none) before their total crush. On the
other hand, ductility levels of rock materials have defined the
amount of strains before their total crushing points. Stress-strain
curve shapes can then be used to calculate toughness values for the
rock materials tested for UCS tests. During these tests, strain energy
storage levels for the tested rock samples fluctuated until the ultimate
strength failure (rock sample crushing) stages due to energy usages.
(discharges). for internal strain related microfracture initiations and
propagations. Strain energy stored in the samples depends on the
area under the stress-strain curve ended with the total collapse of the
test samples. These area differences differentiate the rock material
toughness levels which supply also the resistance to the applied
loading.

Detection of rock fracturing

When the failure of the rock material test samples under
consideration for UCS tests, elastic and inelastic regions at stress-
strain curves, yield and ultimate stress levels, toughness (stored
strain energy levels), elastic modulus are all important to define rock
behaviours. However, fracturing patterns in the rock samples have
also been researched to realise where the rock samples fractures are
initiated and in which directions they are propagating. One of these
studies has been concentrated on acoustic emission, AE, capturing
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during rock strength. During laboratory strength tests, micro-
fracturing caused by applied loads forms vibrations (sounds waves)
which are detected through several sensors to localise their locations
in the test samples. These micro-fracturing procedures include
fracture initiations and propagations. Ultimate strength (crushing)
levels illustrated in Fig. 1 represent the applied stress levels on the
test samples where the whole accumulated strain energy levels
(toughness values) are discharged as a sudden rupture action. Rock
material crushing, (sudden stored strain energy release), here causes
shockwaves which are ready to travel in the surrounding mediums
(solid rock materials, liquid, or gas). Similar shocks also are released
as the testing rock material supplies micro-cracking under applied
loads before their ultimate ruptures. Then, localisation of the micro
shocks caused by micro-fracturing in the test samples through AE
sensors open new opportunities to understand rock fracture
initiations, and propagation directions according to applied stress
conditions and rock material homogeneity differentiations. Xu &
Hu, (2020) showed numerous micro-events occurred in different
positions of the rock samples during laboratory compressive strength
tests. Actually, in these studies, 3D positions of the AE events and
the time of their occurrences have been accepted as common signs
of failure paths of rock fractures.

Stored strain energy during elastic loading phases of the
compressive tests have been gradually used (discharged) to initiate
new micro-level rock fractures and their propagations. When the test
samples are ductile rock materials, micro-cracking phases are
provided through enough time-periods to realise testing rock
materials’ inelastic deformations. However, for the brittle rock
materials at the compressive tests, the time-period for the same
inelastic phase is very short which is difficult to capture through
measuring techniques. Li, et al. (2017) for instance presented
compression test results for marble plate samples including pre-

prepared holes. They supplied results of “digital image correlation”,
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DIC, analyses to locate fracture initiation and propagations through
the images captured from the tested marble plates’ surfaces.
Positions of the fractures and their propagation directions were
presented according to their occurrences (captured simultaneous
images for a very short period of time helped to detect fracture
propagation directions according to locations of the hole at the
plates. Rock mechanics tests facilitating AE either in laboratory or
in-situ scale have provided valuable data for engineers to understand
rock fracturing according to test related circumstances, (local
locations, 3D loading conditions, loading rates, rock (material or
mass) behaviours, etc.). Therefore, like AE signal distributions
presented in Fig. 2 which were measured during the laboratory
compressive loading tests have valuable outputs for engineers like
the in-situ shear test outputs presented by Ishida, et al. (2010). These
authors supplied AE monitoring results measured during in-situ
direct shear test, "conducted in a survey tunnel for an underground
powerhouse in central Japan”, (Ohtsuki City, Yamanashi Prefecture).
They wrote that, “it is necessary to determine the key types of
geological inhomogeneities and how they govern the locations of
acoustic emission events and the release of their seismic energy”.

Figure 2. Acoustic emission, AE, signals (red dots) determined during
lab. compressive tests in which the test samples have circular and
elliptical empty hole at the centre of the samples, (after Xu & Hu, (2020).

-6



AE signal detections for a selected in-situ location have
resulted in the detection of the event locations caused by micro-scale
rock fracturing. Random distributions or certain localization of these
events and their AE levels have their clues also for the fracture
features, (discontinuity irregularities along the sliding planes, or
fracture propagation at the leading traces of discontinuities). When
shearing (slipping) of the rock fractures under monitoring, positional
coordinates of the existing fractures and newly initiated rock
fractures are important to evaluate rock fracture propagations. AE
data are then used to detect AE event locations that coincide with the
rock fracturing features. When AE event monitoring is not enough
for the selected engineering projects, microseismic activity
monitoring techniques can be handled to detect rock mass fracturing
which might possibly cause bigger rock burst problems. Tang, et al.
(2010), for instance, provided their results for the microseismic
monitoring study performed at “the tunnel construction of Jinping-II
hydropower station” in Sichuan Province, China. Microseismic
monitoring is a geophysical method to monitor “time and location of
microcracks induced during the deformation and failure processes of
rock masses” as these authors stated. Releasing of the accumulated
3D in-situ strain energies in rock masses has been occurred through
different types of rock fracturing (fracture initiations and/or fracture
propagations) causing emission of shockwaves. Detecting and
positioning of microseismic events provide valuable decision
parameters which result in where micro level fracturing is taking
place in the rock masses like AE analysis.

AE and microseismic event monitoring were performed for
two echelon transfixion fractures (20x2 mm in length&aperture
dimensions with 60° inclinations, rock bridge between the cracks;
distance between the crack tips=20 mm, angle between crack tip
positions=90°, that is vertically positioned) cut in laboratory test size
(150x65x30 mm) red sandstone samples under different uniaxial

loading rates by Wang, et al. (2021). Red sandstone samples, (brittle
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and almost homogeneous rock with E=45 GPa), were obtained from
Linyi Mountain (Shanfdong, China). The authors wrote that they
observed significant static loading rate influences on this rock
fracturing behaviour during their testing stages. They determined
that AE and microcracking behaviours of the test samples were
differentiated by changing the loading rate. They reported that
increasing the loading rate caused “the dominant failure modes of
fractured sandstones change from mode-II shear to mode-I tensile
fracture”. They stated also that “acoustic signals gradually increase
with the applied axial stress”. They also noted that each rock bridge
breakage, rupture, “corresponds to a drop of stress and an extreme
value of AE counts”.

Another study which included AE signals which were obtained
from UCS tests was supplied by Li, et al. (2019). The UCS test
samples were obtained from Longmaxi marine shale (Sichuan Basin,
China), and UCS tests were performed with the collection of the AE
signals. They wrote that “AE locations at different stress stages
during the loading process” were determined to evaluate fracturing
events’ spatial distribution to understand rock material fracture
propagation tendency in the test samples. The authors performed X-
ray computed tomography, (CT), to scan UCS test samples to
reconstruct 3D induced fracture distributions (including invisible
micro fracturing features as well). According to the authors,
combination of AE events and CT scanning data helped them to
“explain temporal and spatial crack evolution”.

When the cracks (fractures) are observed on the face of; rock
slopes, tunnel wallrocks & roofs, rock cliffs, even at the columns &
beams of the surface/underground structures, Gokay (2016) pointed
out that the rock masses usually have these cracks unseen
elongations. Microscale cracks’ elongations at the tips of the existing
fractures which cannot be seen by human eyes could possibly be
detected by means of electrical conductivity measurements. When

the targeted search areas of any rock & concrete surfaces are marked
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with square-net sketches, electrical conductivity value differences
among the corners of the small square areas in this net presents the
traces of the unseen micro-fractures. These traces help the engineer
to understand propagation tendency directions of the observable
fractures.

Engineers who work on rock mechanics subjects especially
about the rock mass fracturing features and their influences on
specially purposed engineering projects would like to have 3D maps
of existing rock discontinuities, (including fractures, faults, folds,
etc.) for a defined rock mass volume in Earth’ crust. On the basis of
engineering projects, engineers performed in-situ and laboratory
tests to define rock mass types, their properties and behaviours in
rock mechanic contents. When the rock fractures like faults and fault
zones are concerning subjects in these projects, types of faults and
their fracture initiations, and propagation tendencies cannot be
analysed without evaluations of 3D stress-states & their directions
together with 3D discontinuity locations. The types of rock masses
and their mechanical behaviours are known to be directing the
strength failure of the rock-bridges among their discontinuities.
Thus, in-situ monitoring systems supplying data for AE and
microseismic events from the targeted rock masses will be more
helpful by knowing the existing rock mass defects like;
discontinuities, cavities, weakness zones, etc. Therefore, engineers
who have to deal with the rock mass defect problems through the
engineering history in mining and civil engineering fields have
developed their experiences to compensate for known rock mass
behaviours with the developed professional experiences. However,
as the type of projects are changing and as their depths are getting
deeper, complexity of rock mass behaviours increases as well.
Deciding about the rock masses’ 3D extensions; Existing rock
fractures which are ready to cause progressive propagations; In-situ
stress-state & water content alteration at surrounding rock masses of

engineered spaces or volumes (in/on Earth’s crust) are at least
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needed to analysed for stable surface & underground engineered
structures. In deep Earth’s crust; influences of high temperature,
restricted porosity & permeability features (due to high stresses,
progressive differentiation of pore pressures due to captured fluids
& gasses, rock masses have their special properties there to direct
rock fracturing and deformation characteristics which are important
to be evaluated in earthquake events.

Numerical models to predict rock mass fracturing behaviours

Since the importance of the 3D modelling of the
discontinuities are realised in the last 30 years, studies presenting
different features of rock masses have been performed to handle 3D
digital modelling. For the cases of discontinuity models, rock mass
volume which had been divided into smaller rock blocks (pieces) by
discontinuity planes are presented in digital geometric model cases.
Influences of discontinuity dips & dip directions on rock mass
blocking have been evaluated through these digital models for the
supplied data set opportunities. When engineered structures are
included in these models, boundaries of the projected structures and
discontinuity sets interactions provide valuable information for
engineers to analyse the stability of the projected structures,
(Ikegawa, 1992). Rock masses have discontinuities which could be
considered as “geometric surfaces”. Like the intersecting 2D
surfaces in space, several discontinuity surfaces divide the rock
masses into rock blocks which could be interlocked by 3D in-situ
stresses, or they are ready to slip over the discontinuity surfaces.
Therefore, their sliding (displacement) potentials according to the
supplied engineered free-surfaces (open-pit mine slopes, road-cut
slopes, foundations related slopes, natural rock cliffs, underground
space sidewalls & roofs, etc.) should be considered for the required
stability conditions. Thus, it could be said that primary targets of
certain engineering projects are covered by the stability analysis of
engineered structures (including discontinuities as well). Reservoir

--10--



characteristics of the fractured rock masses, especially concerning
the groundwater, oil and natural gas related operations need 3D
discontinuity net modelling works. These models are valuable
decision supports in; shall gas explorations, radioactive waste
disposal depository designs, large scale dam projects, underground
energy storages (as compressed air, oil or natural gas depots),
underground waste (solids, gases like CO?) depositories.

When the stability of the rock masses is analysed in much
bigger scale to include certain geological features, rock fracturing
positions as faults & fault zones are analysed through 3D stress-
states and their differentiation in depth through geological times.
Rock faults which release the stored strain energy caused by the
combined influences of 3D field stresses (compressions, tensile,
shear, etc.) produced not just small/big scale rock mass
displacements but also the shockwaves travelling through the
surrounding rock masses. Secondary stage of the rock fracturing is
started just after these shockwaves, (quake waves) emissions. As the
stored strain energy is small in quantities like in the case UCS tests,
shockwaves formed during fracturing of the test specimens stay in
low levels and are measured through AE sensors. Actually, AE
sensors are supplying valuable data sets for engineering activities in
mining, oil, ground, and civil engineering applications. Localisation
of the AE signals and their differentiation in time (daily. Monthly,
yearly basis) can be used to trace any rock fracturing activity near
these applications, projects, to supply required precautions. When
the rock masses below the ground surface are considered according
to the depth; a) Economic mining and civil engineering operations
are expected in first -50 m depth could be: (excavation of structural
foundations, openpits, tunnels & galleries of transportation and their
facilities); b) Underground mining depth (down to ~ 1500 m); c)
Deep mining depth (~ 1.5-3 km); d) Moderately deep rock mass
related geologic (structural) features (down to ~ 25 km): e) Depth

more than 25 km can be considered for deep rock mass structural
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features. Actually, the statements given by Daub, et al. (2010); “due
to large temperatures and pressures, rocks deep in the earth”, “flow
at rates of order cm/year, like a highly viscous fluid” are very
important decision parameters in earthquake analyses. These authors
called the depth of Earth down to -15 km as “shallow depth”. They
wrote that shallow depth, “referred to as the seismogenic zone, rocks
resist plate motion, and remain locked until the force becomes large
enough that the material fails, and the fault slips rapidly on the order
of meters/second in an earthquake”. When the numerical analyses
are considered to apply large scale rock masses’ or rock faults’
movements, 3D stress-strain evaluations are managed by large scale
3D numerical mesh-nets. When the stresses-strains interactions in
the Earth’s crust are considered, movements along the main fault
belts represent the boundaries of the Earth-plates (continental
plates). Displacements at these borders might also influence the
other inner continental faults. In-situ field stresses originated due to
the Earth’s gravity, continental drift, gravity force of the Moon &
other space masses, Polflucht force (Wegener, 1924), Coriolis forces
(Griggs, 1939) are the main reason of the in-situ 3D stress-states.
Rock masses’ strength related (mainly; compressive, tensile, and
shear) resistances to in-situ stresses through their rock masses and
discontinuity properties govern the rock failure types where some of
them could produce earthquakes shockwaves as well.

Numerical analysis studies performed by researchers (Zhao, et
al. 2004; Zhang, 2015; Li, et al. 2017; Ma, et al. 2019; Xu & Hu,
2020; Wu, 2022; Chen, et al. 2024; etc.) presented the features of
numerical mesh-nets to analyse 2D & 3D stress-strain states of
targeted rock masses. For instance, Zhao, et al. (2004) worked on in-
situ stress related faulting through their deformation modelling.
They wrote that they used the “Finite Element Method”, FEM, to
analyse stresses & deformations due to “strike-slip, tensile and thrust
faulting considering rigidity layering in the crust”. Their mesh-nets,

(X, v, and z (vertical) dimension) were large enough (170x170x75
--12--



km) to include a fault plane (x, and z (vertical) dimension) with
(25x10 km), (Fig. 3). Their model studies outputs included surface
deformations values in x,y,z directions for modelled; strike-slip,
tensile, thrust faults, and the horizontal and vertical surface
deformations through the FEM analyses performed for the modelled
subduction thrusting at the Japan trench.

Z(km)

Deptn(n)

50 Y(km)

a—— 1R

BT T [Er— Lo

| 10km

E3 E3
Vertical fault Fault dipping 45" a)

Figure 3. a) The rock mass models used by Zhao, et al. (2004),

[ “triangles mark the profile along which the surface displacements and
the maximum shear stress changes (depth=7.5 km) ”, (vertical-fault model
conditions for strike-slip & tensile faulting, and inclined-fault model
conditions for thrust faulting]. b) Partial position of the crustal structure
of the Japan trench through the FEM mesh-net, (Zhao, et al. 2004).
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Figure 4. Numerical model considerations for interrelated mechanical
and hydraulic rock behaviours, a) “Stochastic discrete fracture network
with 148 disk-shaped fractures”, b) Boundary conditions of uniaxial and

triaxial loadings for the modelled simulations. (Ma, et al. 2019).
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When the 3D stress state is considered for numerical analyses,
the unit cubic volume can be assumed to be loaded as Ma, et al.
(2019) performed for their 3D models. These authors even included
mechanical and hydraulic conditions of the modelled rock mass
through FEM and “unified pipe network method”, (Fig. 4). They
analysed “stress effects on the equivalent permeability of complex
discrete fracture networks”.

Rock mass fracturing and resultant quake features

Rock masses can be positioned in the Earth’s crust in different
depths with their relation to their types mainly magmatic,
metamorphic and sedimentary rock masses. This differentiation
influences the main structural features in them as well. According to
their orogeneses they have been influenced with different 3D in-situ
stresses in differentiating rates. In addition, their chemical
compositions have been confronted by weathering processes
according to their position in/on the Earth’s crust. The strength
characteristics of the rock masses are then gradually deteriorating in
time. However, there are also influences which have their positive
impacts on rock masses’ strength characteristics like; Metamorphism
due to high compression and/or high temperature; Cementation
effects of the fracture fillings (silicification, calcination,
precipitations of other cementitious materials which make the rock
masses more strengthful). The fluid (oil, groundwater) and/or gas
filled pore volumes (in micro/macro scale) in the rock masses have
their positive and negative impacts on the rock mass mechanical
behaviours due to their pore pressures. Actually, all the rock masses
consisting of the Earth’s crust are subjected to the 3D in-situ stresses,
while they are displaced over the Earth’s mantle layer. Then, when
the rock mass failure is under consideration due to the in-situ
stresses, brittleness and ductility (strain softening, strain hardening)
of the rock masses are primarily guiding types of rock mass strength
failures, (sudden rock fracturing, (faulting), or gradual failing with
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supplying inelastic strains up to final collapse of the rock materials
where the 3D stresses concentrated in the rock masses (rock bridges
among the discontinuities, asperities at the rock fractures, core
centres of the rock masses which transferring the stresses, etc.).
Release (discharge) of the stored strain energy in the rock masses
accumulated in time due to 3D in-situ stress-states are then expected
to occur in sudden, wild rupture (for brittle rock masses), and slow
(gradual) actions (for ductile rock masses). If there is an existing
fault or fault belts where the 3D in-situ loading is effective and stress
transformation related shear stresses are occurred to force faults to
supply shear displacements, like at the shear box tests in the
laboratories, shearing could be occurred sudden or slow actions
which are depended on the normal stresses acting on the fault planes
and the friction angles of the planes. The toughness values in this
kind of rock fracture displacements are related to stored strain energy
levels locally around the rock fracture zone through shear and
normal stresses. As a fault zone which includes several faults has its
sliding conditions at the field scale fully depended on the rock faults’
shearing behaviours. One of the faults or a couple of them which
have less resistance values to the applied stress-state can be the
causes of displacement initiation here which might trigger the other
faults in the same zone for their fracture slides. The governing
parameters related to rock fault shearing are the ones like at the shear
box test in the laboratories. These factors; normal stress rates over
the faults, cohesions, fault plane walls’ strength values, and friction
angles along the fault planes which basically depend on asperity
angles and their strengths. If the rock masses around the faults have
higher toughness values, that means they could store high levels of
stress related energy. For the opposite conditions lower energy levels
are stored at the rock masses around the faults. These energies are
ready to discharge in any case of rock fracturing. The shear
displacements at the rock fractures are supplied due the shearing

conditions realised for individual rock faults. This also means that
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discharging some parts of stored strain energy is realised when the
fault plane resistance fails and sliding occurs. In cases of high-level
strain energy discharge (release) to cause sudden displacements,
(fully depend on the toughness of the fractured rock masses),
earthquake shockwaves are expected to be emitted as well.

Actually, when the earthquakes are analysed briefly through
rock engineering points of view, influences of earthquake
mechanism have been realised in 3 main phases. First phase includes
all the conditions to produce sudden (brittle) or slow rate (ductile)
rock mass fracturing (which may include fracture related large-scale
rock mass displacements). Rock faulting and related displacements
are not the only effects in these circumstances. Shock waves formed
due to the rock bursts are emitted into the surrounding rock masses
with different waveforms. These waves cause additional damages
according to their origination energy levels in the rock masses away
from the actual rock burst positions. This event forms the second
phase in earthquake cases. Time differences between 1% and 2
phases here are “short” as described in seismologic studies (time gap
here depends on the dynamic wave travelling differences among the
rock masses). Third phases described here are developed after the
earthquake (postseismic period). Since the 3D in-situ stress-state are
active but differentiating all the time, rock masses around the sheared
rock faults (reason of the earthquake) have influenced without any
delays. Due to the rearranging of the 3D in-situ stress values and
directions, (new fracture planes and crushed zones are expected to
be active parameters in the induced 3D stress conditions after the
quakes), rock masses fractured due to quakes force to supply
additional deformations accordingly. Third phases described here
might be extended in days, months or years. Studies in rock
mechanics concerning the earthquakes factors through “before-
during-after” periods then provide engineering decisions for rock-
related projects in/on that rock masses.
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Rock mass conditions at earthquake locations

Rock material testing in laboratories are mostly performed
under stable, (uniform), standard loading rates. When the dynamic
loading conditions are questioned, the studies like the one performed
by Zhang & Zhao, (2014) need to be noted. As it was pointed out
before rock burst and flash sliding in the rock masses through faults
have their rock mechanics related factors and their interconnected
cause & effect relations. However, there is another case which
engineers should consider for safe & stable project sites. That is
earthquake related shock waves and their harmful influences on rock
masses. Energy levels of shock waves, and dynamic strength
characteristics of rock masses are important to understand the shock
wave damages in rock masses. It is also obvious that these damages
are differentiated according to the distances away from quake focus
and the rock masses’ resistances to the travelling shock waves. In-
situ stress-state influences all the rock masses and rock fractures at
different depths. In this content, Cocco, et al. (2023) stated that strain
energy has been accumulated “in the volume surrounding the fault
due to tectonic loading” during interseismic time periods. When the
earthquake happens, strain energy stored triggered; “sudden transfer
of strain energy (elastic and gravitational, 4W) from the wall rocks
into radiated energy (elastic waves, Er) and dissipated energy in the
fault zone (crystal plastic, fracture, and friction, E¥z)” is realised.
That is summarised by the authors like: AW=Er+E¥rz (in Joule).
Research related to the rock mass failures, faulting, and shear sliding
at existing fault zones can be acknowledged by evaluating the study
of Brady, (1974). The author wrote about the shear fault initiation
and subsequent growth in rock which is directed by scale
independent failure theory. The author also defined four phases of
faulting through the theory like; dilatation, inclusion, closure, and
growth phases.
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Large scale rock mass displacements through main fault belts
which also caused seismic events have been surveyed for years. In
one the early works, Isacks, et al. (1968) mentioned the new global
tectonics approach in the late 60s which was strongly supported by
seismological observations. The approach was “founded on the
hypotheses of continental drift, sea-floor spreading, transform faults,
and under thrusting of the lithosphere at island arcs”. These authors
stated that the “continental drift” hypothesis “had a substantial
impact on the field of geology when it was proposed in 1929 by
Wegener”, (Wegener, 1966). The data supplied by the works of
Dietz, (1961) and Hess (1962) helped to understand ‘“seafloor
spreading” and “ocean trenches”. Other studies related to continental
drift hypotheses were listed by Isacks, et al. in 1968. They also noted
that “relative movement and interactions” of continents define main
features of tectonics which are; “spread apart at the rifts, slide past
one another at large strike-slip faults, and underthrust at island arcs”.
Then, in later years McKenzie & Parker (1967) performed a study
including “the mobile lithosphere concept” to study earthquake
mechanisms for the Northern Pacific region.

Howells, (1974) was one of the researchers who wrote about
the rock mass conditions at earthquake focus locations. Rock mass
types and their main rock mechanics features including
discontinuities govern their failure behaviours under long-time
influences of 3D in-situ stresses. Howells wrote that earthquakes
which were originated due to “reservoir impounding” had their depth
of occurrences at “several km”. Due to inaccessibility to that depths,
the author supplied logical reasoning in data collection for the rock
properties. These works cover; the behaviour of surface rocks,
laboratory test simulation for deep seated rocks, observations of rock
properties at deep tunnels & mines, rocks and liquids encountered at
deep boreholes. The author stated that rock “failure is controlled as
much by the orientations of the planes of weakness as by the

directions of the principal stresses”. Then the next questions may be
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asked in a theoretical approach if the 3D in-situ stress directions and
magnitudes have been changed in geological eras or not. These
differentiations have included changing the principal stress ordering
as well. These changes have possibly been repeated several times in
long periods of geological eras. Because displacements occurring
due to continuous continental drift progress have supplied dynamic
3D stress-state.

For the concerned subjects related to tectonic boundaries
surrounding the continents, early studies of earthquakes occurring at
those boundaries had their impact on the understanding of the
stresses and deformation conditions at these localisations. Brace,
(1977), stated that studies had been supplied in the US since 1972
about earthquake prediction and its mechanism. The author reviewed
the laboratory studies “relevant to earthquake and predictions”. As a
stick-slip movement causing earthquake shake waves, the author
concentrated on the two processes; “fracture of asperities and
indentation creep of asperities”. When predicting earthquakes in
concern, Byerlee, (1978a), wrote about the rock mechanics related
parameters “which occur before fracture of initially intact rock and
before stick-slip on faults or before between finally ground surfaces
of rock”. These rock related properties are “dilatancy, creep, acoustic
emission, and changes in seismic velocity and attenuation, electrical
resistivity, magnetic moment, and gas emission”. When the editorial
note supplied by Byerlee & Wyss, (1978), checked, the following
statement summarized the earthquake concepts; “friction is one of
the central problems for the understanding of earthquake source
mechanism and earthquake preparatory processes”. They mentioned
the factors influencing the shear strength of the already existing
faults. They forwarded major questions related to this subject as;
“How is friction along fault planes overcome?”. Then they pointed
out the following facts; if the local in-situ stresses are high, if there
are weakening factors for the fault planes’ frictions like the

influences of groundwaters and clay minerals, frictional resistance at
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rock fault planes may be overcomed. At this point evaluations of
Rice, (1979) may be helpful to understand the mechanics of
earthquake ruptures. According to the author, these ruptures could
appropriately be considered in “three areas”; First one is;
“representation of elastic field generated by earthquakes” which
covers in general “computation of elastic displacement fields
generated by displacement discontinuities on faults and by
distributed inelastic strains”. Second area is; “fundamentals of the
rupture process in geological materials”; includes mainly strength
weakening of the rocks through the fracturing. The concept here has
“tensile crack mechanics”. Additionally, it covers; “inelastic and
ultimate strain-softening response of stressed rock masses, the
reductions of shear strength with ongoing slip”. The author
mentioned the influences of “time and rate dependence of these
processes” as well. Third area is; “Processes on a tectonic scale
leading to earthquake instabilities” covers mainly “description of the
tectonic loading process”.

Rock fracture sliding conditions are tested in laboratory
conditions in different loading and sliding-plane roughness
conditions by researchers. One of these studies was presented by
Wang, et al. (2018). They performed laboratory time-dependent
shear testing through concrete samples. Artificial surface roughness
prepared for these samples were settled in different 5 “joint
roughness coefficient”, JRC, groups defined by Barton (1973). Then,
they determined “the time-dependent behaviour of rough artificial
joints under shearing conditions was investigated” for their
mechanical characteristics. Time-dependent strength behaviours of
rock masses and rock fractures are the research areas to realise
natural loading conditions in the Earth’s crust. In this content,
Crampin, et al. (1984) works can be presented here which was about
“subcritical crack growth”. These types of fractures have slow
progression in solid masses under the influence of “low stresses at

low strain rates”. Since the cracks propagation aligned along the
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maximum compressive stress direction in 3D compression in-situ
field, “such subcritical crack growth produces extensive-dilatancy
anisotropy (EDA) throughout earthquake preparation zones”. The
authors, (Crampin, et al. 1984), suggested that EDA was crucially
important in the driving mechanism of the earthquakes, which
describes mainly “differential opening and growth of existing cracks,
throughout a large part of the volume of an earthquake preparation
zone”. These statements put forward the criticality of the fracture
mechanics contexts in rock engineering. Fracture initiation &
propagation conditions under different 3D stress-states and
alternating  solid material types have been researched
comprehensively in mechanical, civil, material, and rock
engineering subjects. Actually, Atkinson, (1987), stated that fracture
mechanics has been started with the studies “in attempts to
understand the failure of glass”. Then the works followed in “the
stability of metal engineering structures in service, and, more
recently, the fracture properties of engineering ceramics”, as the
author noted. Fracture mechanics in rock materials have also been a
concentrated field of studies recently in rock engineering concepts
through mining, civil, geotechnical, and geophysical engineering.
Atkinson (1987) supplied a list of works, researches, performed by
different researchers in; earthquake mechanics, earthquake
prediction, plate tectonics, propagating oceanic rifts, magmatic
intrusions and their associated earthquakes, uplift & erosion of
crustal rocks. The concept supplied by Costin, (1987), had pointed
out the time-dependent strength characteristics of the rocks. His
introduction statements included the facts related to the rate of
stresses influencing the rock masses. Rate of loading through the
long-period of time (in geological eras) directly influences the strain
rates in the rocks. He wrote that in ordinary laboratory testing, the
strain rates range from 10 to 10 per second, (s-1). He supplied the
strain rate for “natural geological processes” as; 10712 to 1071 per

second, (s-1). These rates certainly influence the strength of rocks
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and time-dependent rock behaviour researches in the rock
engineering field presented that; long-term loading of the rock
materials and rock masses (constant rate & creep behaviours, or
alternating rates of loading in 3D conditions) decreases the strength
of them. Costin (1987) wrote the results of the studies supplied by
Scholz, (1968a,b), and Bonafede, et al. (1976), that time-dependent
effects of the rock mass loading are “important in the analysis of
geophysical phenomena such as earthquake aftershocks and
recurrence intervals”. Scholz, (1992), wrote also about “stick-slip
theory of earthquakes” which had been noted in Brace & Byerlee,
(1966). According to Scholz this theory created a new paradigm. He
wrote in 1992 that the theory was provided through rock mechanics
contents but it had not been accepted yet in “the world view of
seismologist”. According to the author “the central issue of the
paradigms to be discussed here has to do with what causes the
sudden slip that results in earthquakes”, and the other issues in
discussion were; “the value of the shear stress necessary to initiate
the earthquake, and the value of the shear stress that remains on the
fault immediately following the earthquake.” Scholz, (1992)
described the old paradigm “which may be called the strength theory
dates from Tsuboi, (1932a).” Whereas the stick-slip theory of
earthquakes supplied by Brace & Byerlee, (1966) marked “the
beginning of the application of rock mechanics to the earthquake
mechanism problem”. When the earth crust is under consideration,
it includes different types of rock materials forming different rock
masses which have numerous discontinuity configurations.
Mechanical behaviours of the rock masses in different depth of crust
have produced various time & rate dependent 3D behaviours in the
influences of various time & rate dependent 3D in-situ stresses under
the effects of different surrounding temperatures. Rock mass
toughness, stiffnesses, internal friction angles, cohesions, Poisson’s
ratios, viscosities etc. directly influence the rock mass mechanical

behaviours and rock fracture related deformations. That is; when the
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rock fractures are observed through their displaced directions on the
Earth’s surface (along the considerable surface distance, in km), the
question should be asked; What were the 3D stress-states causing the
movements? Are they slow rated displacements (creep types, time-
dependent movements)? or Are they sudden deformations through
an earthquake? Whatever the cause and the results of these
deformations, responses to these enquiries (considerations) might be
evaluated through the available approaches in rock mechanics.

As a solid medium, Earth’s crust was fractured. Then, the
following questions must be considered in any engineering
approach; Is it possible to locate the fracture surfaces in their 3D
position? What were the rock masses along the fractured zone (s)?
What was the 3D stress-state before and after the earthquake? What
was the main cause of rock mass deformation (including rock
fracture propagations, or etc.)? What are the quake shock differences
created during the earthquakes as the fractured rock masses are
differentiated (including 3D fractured surface property differences)?
Overall, rock material testing and rock material property
differentiation complexities become more complex when the
uncertainties in data are included. Thus, the strength characteristics
of rock masses are under consideration, more comprehensive
uncertainty cases should be considered for engineering decisions.
Then, when a decision is required for a project through an
engineering evaluation, engineers should be careful about their
analyses and be aware of the uncertain data properties related to the
Earth’ crust, (rock masses).

When these logical causes & effects evaluations in the field of
in-situ 3D stresses-strains for rock masses are under consideration in
earthquake reasoning, researchers like Kanamori, (1994), supplied
their rock mechanics related thoughts. Kanamori’s statements are
given at the beginning of his paper and presented “an earthquake is
a sudden rupture process in the Earth’s crust or mantle caused by

tectonic stress”. Actually, Sibson, (1989), described the rock masses
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displacements in the upper 1/3 or 1/2 of deforming continental crust
as; “accommodated largely by seismic slip increments on existing
faults”. Katamori, (1994) noted that “to understand the physics of
earthquakes it is important to determine the state of stress before,
during, and after an earthquake”. He stated that the earthquake
rupture zones are “usually planar (fault plane)”. He added also that;
this zone might have complex geometries, and stress distributions at
these fault zones can be phased as; “interseismic periods” [time
(mounts, years, decades, centuries,), intervals between quakes]; and
“coseismic period” [earthquake durations (seconds, minutes)]. At
this point, the statements written by Sibson (1989) should be noted
for rock folds. The author stated about “the high-level folding in the
crust” and wrote that high-level folds might have “a consequences
of fault displacements, in at least some instances, the incremental
amplification of such folds accompanies seismic slip episodes on the
faults (King & Vita-Finzi, 1981; Stein & King, 1984)”. According to
Sibson (1989), “faulting is truly a brittle process” and rock mass
brittle behaviours are dependent on these rock masses’ toughness,
cohesions, internal friction angle, Poisson’s numbers, (rock
materials and rock masses related) characteristics, and
environmental 3D time related stress (compression, tensile, shear,
impact, etc.), and temperature differentiation.

It has been known for a long time that as the depth increases
in the Earth’s crust the rock masses’ temperatures also increase.
Thus, if there is a deep rock sample located at 5, 10 or 25 km depth
of the Earth, it will demonstrate different rock deformation
behaviours. The temperature increase (gradient) in the Earth’s crust
was pointed out by Fridleifsson, et al. (2008) approximately about
25-30 °C/km, (72-87 °F/mi). This reveals that the expected
temperature might probably be around 125-150 °C at 5 km depth of
Earth’s crust, (thus, the temperature of the rock masses could then
be around 250-300 °C at 10 km depth, and 625-750 °C at 25 km

depth). Further researches are going to present what are material &
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mass characteristics of rocks forced to change as the depth of the
crust is increased other than temperature and 3D in-situ stress
changes like; rock densities, porosities, permeabilities, etc. Sibson
(1989) supplied a graph that showed the influences of temperature
through shear resistance at rock faults vertically elongated into depth
of the crust. The curve in the graph shows linear increase of “shear
resistance” levels down to a “conceptual depth (transition level,
zone)”, and then the shear resistance levels decreased (inverse,
exponentially) due to rock property differentiation in those depths.
According to Sibson (1986) the transition zone, (FR/QP zone),
defines the rock property change from “unstable frictional faulting”,
(FR) to “localized quasi-plastic shearing flow”, (QP), where
“localized in mylonite belts”. As it was pointed before; Sibson,
(1986), noted that seismic activities are “restricted to the upper one
third to one half of deforming continental crust, its lower bound
apparently governed by the onset of greenschist facies metamorphic
conditions at temperatures of 300-350°C (Chen&Molnar, 1983;
Sibson, 1983)”.

Rock fault rupture which is initiated or propagated (slipping)
during earthquakes in the crust have some rock mechanics
considerations related to their dimensions. First parameters in this
context are; the rock mass types under fracturing, existing fracture
surfaces & rock bridges among them, fault (discontinuity) dip & dip
direction, slip (movements) directions & amounts, the surface area
of the ruptured fault plane, discontinuity surface types, irregularities,
ratio of full contact area at the fractioned (ruptured) fault plane, etc.
Conceptual approach supplied by Sibson, (1989) hinted at a point to
understand the scale of ruptured rock fracture sizes in the concept.
The author wrote that “one can obtain some grasp of typical rupture
parameters associated with earthquakes of different magnitude”. He
supplied the values related to the ruptured rock fractures for 8
earthquake magnitude grades, (M1, M2, ....., M8) after calculation

by using “elastic dislocation theory, (Kanamori & Anderson, 1975)”
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and “moment-magnitude relationship, (Hanks & Kanamori, 1979)”.
The values given here for M1 & M8 are as follows: Average slip:
(~1mm for M1, ~4 m for M8); Rupture length, (L) or width, (W):
(~30 m for M1, ~100 km for M8); Rupture area, (A=L.W): (~10° m?
for M1, ~10* km? for M8). Sibson (1989) also added the rupture
length or width values for “a vertical fault in a 15 km deep
seismogenic zone” approximately 650 km for the M8 earthquake
magnitude. These rock fault rupture dimensions and average slip
values demonstrate the 3D in-situ stresses and their rupture powers.

Doglioni, et al. (2015), for instance described normal, thrust,
strike-slip rock faulting behaviours together with the Earth’s crust
brittle-ductile transition, (BDT), zone in different time periods
(interseismic periods, and coseismic times). They wrote that BDT
layer “separates the seismogenic elastic-frictional upper layer from
the underlying quasi-plastic layer defined that BDT” and this layer
“represents the lower limit for most of the crustal seismicity
worldwide (Scholz, 1990, and references therein)”. During the
interseismic stage, the authors “assumed a constant slip rate in the
ductile fault segment (shear zone), whereas the upper brittle segment
is practically locked”. They defined brittle layers as, “the volume of
rock above the slipping ductile fault segment acts as an accumulator
of elastic energy during the interseismic period. Once the shear stress
has exceeded the fault strength, the mainshock occurs, and the elastic
layer releases the accumulated energy”. This causes quake shocks
and is defined as a coseismic stage.

When the shear strength laboratory scale test for rock samples
through shear box and the test parameters are under considerations,
sheared rock fractures (discontinuities): undulations, roughness,
irregularities, contract areas, apertures, fillings, fracture surfaces
weathering, fractured surfaces’ compressive strength (JCS), normal
stresses on the fractures, shearing stresses applied to fractures should
be controlled and tested for the test results. These parameter

interrelations could possibly be a decision matter in rock faulting
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considerations. Then, parametric interrelations were put forward by
Gokay, (2000), through pairwise rating procedure defined by
Hudson, (1992), as “interaction matrix” concept. Diagonal members
of the defined interaction matrix example here included influencing
factors related to shear box strength test of the discontinuities. They
were; cohesion, normal stress, shear stress, friction angle before the
shearing (include the effects of impurity roughness), and after the
shearing (include the effects of broken impurities, cushion-effects of
the crushed impurities). Researchers who are dealing with the factors
influencing shear strength of the discontinuities, (rock fractures,
faulting) could possibly introduce additional parameters to the given
diagonal members of the described interaction matrix. These deepen
the pairwise rating analyses of rock shearing.

Tian, et al. (2023) presented their works about “the shear creep
and stress relaxation of serrate discontinuity in rock mass under
different loading paths”. Serrate discontinuity surfaces with different
“slope angle of the serrate” were modelled through the concrete and
tested under different stress conditions for; creep test, stress
relaxation, and unloading stress conditions. They reported the
influences of irregularity slopes and they wrote that “the larger the
slope angle is the larger both the creep and relaxation are”.

Since the rupture area defined for earthquake in the crust have
considerable dimensions when it is compared with laboratory shear-
box test samples, the influencing factors defining resistance to slip
(shearing) under the combined influences of 3D in-situ stresses
could have different factors to be effective on the resultant rock
rupture movements. Thus, parameters before, during, and after the
earthquake slip have to be searched through rock mechanics context
together with information & knowledge gained in seismic data
analyses & evaluations. It is important to cover all the influencing
rock rupture shearing parameters. For instance, Kayabali et al.
(2025), wrote that “compared to conventional stress—strain

assessments, the strain energy approach offers a more
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comprehensive perspective”. According to the authors this energy
accumulation & release consideration could be the manner to
understand earthquake energy capacities. Like the laboratory shear
box test results their tests showed that roughness (irregularities,
asperities) on the tested surface of the shearing joints have important
influences on the resultant strength against shearing. They presented
this fact through the strain energy accumulation differences with the
differences in joint surface roughness, and acting normal stress
differences on the joint surfaces. They also wrote about “the cyclic
nature of earthquakes” which influence the level of the accumulated
strain energy at the fractured rock masses. According to their
laboratory tests, “energy values vary as a function of normal stress.
Here, strain energy is the key factor controlling the internal damage
(i.e., roughness degradation) of rock joints”.

Another fact which should be considered while analysing 3D
in-situ stress effects on rock fractures was also pointed out by
Ziegler, et al. (2024). They presented that “geological structures and
stiffness contrast that perturb stresses and deviate them from the
regional pattern”. They reported “abrupt rotations of horizontal
stress orientation of up to 90° when faults are crossed”. According to
them, high stiffness contrast causes the stress rotation angles. They
noted also that faults “striking perpendicular to the maximum
principal stress orientation” cause “no stress rotation”, for the faults
striking parallel to the maximum principal stress orientation
“experience either no stress rotation or a 90° stress rotation,
depending on the stress ratio and the rock stiffness contrast within
the fault core”. These outputs revealed that 3D in-situ stress-state
and their influences on the rock mass defects & discontinuities
should be followed not only for the engineering applications in oil,
mining, and rock engineering purposes, but also in earthquake
predictions and analyses under the concept of fractured rock mass
considerations.
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Dong & Luo, (2022), wrote that rock fracture shearing,
(slipping), test is “powerful tool to explore the physical processes
and mechanisms of pre-earthquake, earthquake, and aftershock”.
Rock fracture conditions before-during-after earthquake should then
be evaluated accordingly. The authors note that the following general
variables are the main parameters in fault and earthquake studies;
stress, velocity, material, fluid, and temperature. They mentioned
“the main issues focus on the investigations of the process of shear
failure and rupture nucleation, the weakening and strengthening of
fault, the characteristics of slip behaviour, and the signal
characteristics of slip”.

Preseismic, coseismic and postseismic rock displacements

Since the earthquakes are related to rock mass ruptures through
rock faulting, shear strength of the rock bridges among the rock
discontinuities, and shearing strength properties of existing rock
fractures are main directing factors of preseismic periods. Acting 3D
in-situ stresses at certain locations in the Earth’s crust are then
important to monitor for their differences in time. These stresses in
observable depth of the Earth might be obtained with a certain cost
of time and budget for mining and ground engineering projects.
However, when the earthquakes are in the research focus, the depths
which are considered are deep enough around 3-50 km. According
to Kanamori & Brodsky, (2001) “most earthquakes occur at depths
down to 50 km, but some as deep as 670 km have been observed in
certain regions”. Thus, it is difficult to specify fractured rock mass
properties or shearing features of rock faults during these deep
earthquakes. It is also impossible to mention any measured 3D in-
situ stress values & directions at such depths. However, the tests
performed at deep; oil, natural gas, or scientific research-based
exploration rigs have their hints for the difficulty of these
measurements. Beside these technical obstacles, Kanamori &
Brodsky, (2001), stated that advancement in geodetic measurements,
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including satellite-based ground positioning systems, have provided
an opportunity to follow the displacements of the continents. These
authors reported that displacement for California, US, for instance,
was determined as 2-7 cm per year. According to them this amount
of movement “translates into a strain accumulation rate of
approximately 3x107/y along plate boundaries”. They wrote that this
value is about 3x107%/y for plate interior regions. Then, they used the
rigidity value, (shear modulus), of 3x10* MPa for the Earth’s crustal
rocks (for California, US) to calculate “stress accumulation rate of
102 MPa/y along plate boundaries”. Directions and amounts of 3D
in-situ stress-states at different positions of Earth’s crust (including
different depth positions as well) are then ready to influence existing
rock faults and rock bridges among them. Thus discontinuities’
(faults, fractures etc.) dips & dips directions, their cohesions &
friction angles, apertures, fracture irregularities & filling material
properties, groundwater or any other fluid existence influencing the
shearing procedure are all important factors. These factors direct 3D
positioning of the rock bridges and fault planes with respect to acting
3D stresses and influencing the level of resistances to the
displacements (or ruptures) conferring to their time-dependent
failure characteristics. According to Kanamori & Brodsky, (2001),
“typically, there is a sudden displacement of the crust at the fault
plane following the failure, and elastic waves are radiated”. They
wrote this statement because of their accepted cause of the
earthquake, they pointed out that “for most earthquakes, the
displacement occurs at an existing geological fault, that is, a plane
that is already weak”. Release of the accumulated strain energy
during the earthquake has started a new procedure of stain energy
accumulation at the rock fracture, (rock fault), regions. Kanamori &
Brodsky, (2001), reported the Tsuboi, (1932b) result which
mentioned that coseismic strain decrease for “the 1927 Tango
(Japan) earthquake”, was ranging roughly from 3x10~° to 3x107.

Rock masses and their mechanical properties are governing factors
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in these strain energy accumulation which are released as a rock
burst (or series of bursts in short time) at the rock bridge materials,
or sudden sliding at the rock fracture shear failures.

Rock masses’ toughness characteristics and existing rock
fractures’ toughness properties in fracture propagation are main
research areas to understand the rock fracturing or shearing under
low stress level (time-dependent behaviours) or high stress levels
(sudden collapse due to rock mass strength failure, or shear strength
failure of discontinuities (fractures, faults, etc.). When the shearing
surface of the rock fractures, faults, are taken into consideration, it is
obvious that shearing contact areas have been differentiating as the
slip has been realised gradually in time. Thus, as the shearing occurs,
contact areas, shear & normal stresses amounts & directions could
be undulated due to angles of irregularities which are resisting the
slip. In this context, for an active fault which has long and complex
structures at the plate boundaries or inner parts of the plates, it is less
likely to resist acting shear stress levels with their full surface areas.
Conceptually, total amounts of contact areas at the single fault plane
should be less than the full surface area of that fault plane. Then the
contact areas and demonstrated resistance to the acting 3D in-situ
stresses have been differentiating in time as the rock fracture
surfaces slip over each other in micro scales. Then, the contact areas,
and resistances formed there acting against the shearing stresses
have been differentiating in time as the rock fracture surfaces slip
over each other in micro scales. That is, differentiating resistance
values over the whole fracture surface is an expected output due to
the contact areas related shearing parameter differences. As the
contact areas and shearing resistances are differentiating along the
fault planes, resultant shear slipping could be different for a large
scale rock fault. At this point a graph presenting; “slip distribution
on the fault plane of the (magnitude 7.3) 1992 Landers, California,
earthquake”, (Kanamori & Brodsky, 2001), demonstrated different

slipping values, (ranging in 0-7 m), over the fracture surface area,
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(depth: ~15 km, length: ~70 km, elongated away from the
earthquake epicentre). As the authors wrote that this graph presented
“the largest slip, nearly 7 m, occurred underground about 33 km from
the epicentre”, (from; Walt & Heaton, 1994). In the similar content,
Lockner & Beeler, (2002), stated the rock mechanics conditions of
the “crustal faults" through; “complex and irregular geometry,
typical fractal in nature, that includes irregular, interlocked surfaces,
offset segments, bends, and junctions”. These authors noted that rock
fractures in depth have high 3D in-situ stresses surrounding them.
According to the authors “the natural tendency for irregular fault
surfaces to move apart during sliding is suppressed”. Thus, shearing
of the rock fractures “involves grinding and crushing of grains and
must involve continual fracture of asperities or interlocked regions”.
They pointed out that shearing of the irregularities (asperities) in
different parts of the fault surfaces as crushed areas “may in fact
control the position and timing of earthquake nucleation”. Lockner
& Beeler, (2002), supplied a review of shear strength of rocks
through the available approaches, and they wrote “frictional contact
theory” imply that, contact areas which are resisting to acting
shearing stresses across a fault plane is a small part of the actual,
(total) fault plane area. These words help engineers working in
ground engineering projects to understand the progressive fault
shearing, (earthquakes), occurrences at certain Earth’s crust
positions. Because resistance against the shearing stresses on the
faults’ surfaces have gradually relocated from time to time (in micro
scale) due to the elimination of irregularities in different parts of the
rock faults.

Influences of 3D in-situ stresses in the rock masses have their
differentiations due to the changes of stress rates and their directions
in time. In this content, the words supplied by Stein, (1999), was as
follows; “an earthquake alters the shear and normal stress on
surrounding faults. New evidence strengthens the hypothesis that

such small, sudden stress changes cause large changes in seismicity
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rate”. Stein mentioned the studies performed to analyse ‘“stress
changes and seismicity on major faults within 100 km of the Mw=6.9
Loma Prieta, California, shock™ in the US. According to the author,
Parsons, et al. (1999) “found that the seismicity rate change is
associated with the calculated shear stress change for major faults”.

Kanamori & Brodsky, (2001), wrote also the similar statement
for the influences of earthquakes on the surrounding rock masses in
short and long time periods. A review provided by Sibson, (2003),
on the other hand, has information about the thicknesses of “the
principal slip zone” which covers “the bulk of coseismic shear
displacement during an individual rupture event”. According to his
statements; “surface deformation from rupturing may occupy swaths
tens of meters or more in width, but trenches across active faults
generally reveal that incremental slip is accommodated by a
principal slip zone” that is tens of centimetres or less in thickness”.
Sibson, (2003), mentioned about the temperature increase over the
slipped rock fracture surface. He supplied a graph showing
“expected temperature increase” is decreasing with the “shear zone
thickness”. The graph has 3 exponentially “decreasing curves” to
present the influences of “uniform adiabatic heating for various
values of coseismic slip”. The curves illustrate the decrease of the
temperatures from 1000 °C. He referred the study of Wenk, et al.
(2000), and wrote that ~1000 °C “would be sufficient to introduce
partial melting in most crustal rock types”. Sibson, (2003) also
mentioned the studies of Jeffreys, (1942), McKenzie & Brune,
(1972), and Cardwell, et al. (1978) who noted about ‘“shear
localisation” in the slip zones which “commonly lead to friction-
melting”. In later years, Cocco, et al. (2023), supplied description of
principal slip zone, (PSZ, where the slip is taken place during the
earthquake, coseismic slip), fault core, (FC, it surrounds the PSZ
zone), and damage zone, (DZ, it is outer layer at the rock masses
fracture walls, and it covers PSZ and FC zones), with 3D block

figure which illustrates the rock fracture sheared by earthquake.
--33--



According to the authors “large seismogenic faults consist of
approximately meter-thick fault cores surrounded by hundreds-of-
meters-thick damage zones”.

In later years works enhanced related to earthquakes, and
researchers have tried to obtain data for coseismic periods (facts
which are occurring during earthquakes), like; Why the Earth’s crust
have fractures? and Why the existing rock fractures have tendency
to propagate rather slowly or flush burst in actions? One of these
researchers who worked on the subject was Beeler, (2006). The
author wrote that, “seismically radiated energy” causes ground
motions & damages during coseismic periods. According to the
author different “processes that may affect fault strength or limit
radiated energy during rapid slip have been identified”. The author
concentrated on the identification of “necessary fault properties to
be measured for use in models and data analysis” to “summarize the
existing data from mechanisms of high-speed strength loss”:
“conventional low temperature friction (Byerlee, 1978b), flash
melting (Goldsby & Tullis, unpublished), bulk melting (Hirose &
Shimamoto, 2005) and unexpected weakening due to gel formation
(Goldsby & Tullis, 2002)”. At this point, it is significant to mention
the paper supplied by Di Toro, et al. (2010). Their field data collected
for “the large glacier-polished exposures of the Ademello (Gole
Larghe Fault)” had evidence of partial melting realised during the
earthquake slip. Studies including microstructural (rock mechanics),
mineralogical, geochemical data assembly “provides information on
the earthquake source parameters”. According to the authors,
“Moderate - to large - magnitude earthquakes nucleate at 7-15 km
depth and most information is retrieved from seismology”. They
provided an abstract, (sketched), figure and pointed that “physico-
chemical processes active during rupture propagation” in the
earthquake zones have hints related to the earthquake sources factors
like “coseismic slip, the rupture directivity and velocity, the dynamic

friction and earthquake energy budgets”. Di Toro, et al. (2010) noted
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also that, at an earthquake while the slip length is increasing due to
friction, high temperatures formed at the opposite surfaces of
fractures, and they are “separated by a thin layer of melt”. The
authors wrote, “melting occurs at the wall rocks for rock—rock
interaction and for phase transition at the melt—-wall rock and melt—
survivor clast boundaries (Nielsen et al. 2008)”. Then the melt here
injected into any possible permeable micro spaces, (voids, cavities,
discontinuities, etc. which were already available (pre-existing), or
newly developed “fractures produced under the dynamic transient
stress field at the rupture tip during propagation and due to the
volume increase related to the melting of the rock”.

In their paper, Brantut & Platt, (2017), noted that seismic
events are “largely confined to the upper crust, typically above the
600 °C isotherm, (McKenzie, et al. 2005)”. Brantut & Platt, also
wrote that; in this zone brittle failures are expected. The frictional
strength parameters which are effective on the “resistance to sliding
on an optionally oriented fault plane” are important. As described
earlier, these slips could be ductile type (steady and stable, time-
dependent deformations etc.), or brittle type (earthquakes, fast slip
in different rate of displacements). Displacements occurred during
these slips “dominate the dynamics of faulting”. Brantut & Platt,
(2017) also noted that, “in the past decade, a number of experimental
and theoretical studies have shown that fault rocks tend to weaken
dramatically at high slip rates (typically above 0.1 m/s), (e.g., Di
Toro, et al. 2011)”. Brantut & Platt, (2017), wrote about “dry rock
mass conditions” and reported that “dominant dynamic weakening
mechanism in the earliest stages of slip is flash heating at asperity
contacts, (e.g. Rice, 1999, 2006; Beeler et al., 2008; Goldsby and
Tullis, 2011)”. Brantut & Platt, (2017) mentioned “the macroscopic
friction coefficient decreases at high slip rates because the local
frictional heating at highly stressed asperity contacts is sufficient to
melt or thermally decompose them”.
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Acosta, et al. (2018), stated that coseismic periods include
displacements, (slips), due to weakening of the faults. “Degradation
of fault asperities by frictional heating (e.g. flash heating)” is
expected for dry faults. For rock masses including fluids in their
faulty weakness zones, they stated “theoretical models predict faults
to weaken by thermal pressurization of fault fluid”. They worked on
“thermal pressurization and flash heating” conditions in fault
weakening and stated that “fluid thermodynamic properties” are
influencing factors here through “dynamic records of laboratory
earthquakes” conditions. They wrote that “flash heating drives
strength loss under dry and low (1 MPa) fluid pressure conditions”.
According to these authors “the heat buffer effect has maximum
efficiency at mid-crustal depths (~2-5 km), where many
anthropogenic earthquakes nucleate”.

Actually, temperature increases occurring during shearing of
the fractured rocks were measured also through laboratory rock
material testing. Wu, et al. (2006) wrote that rock fracturing is
concerning “in rock engineering and includes tectonic earthquakes,
rock bursts, rock slopes, rock pillar failure and coal pillar failure”.
The authors wrote that “Luong (1987) firstly studied the infrared
radiation of concrete in the process of loading and fracturing with
thermal imaging technology”. Rock samples fractured under
compressive loading were monitored by Wu, et al. (2006) with
infrared radiation to deduct fracture initiation and propagation
through the heat generated due to friction occurring on the sliding
micro-fractures. As it was noted by these authors “there are two
important rock physics mechanisms: thermomechanical coupling
and frictional heat, for the change of thermal parameters in loaded
rock”. In later years Wu & Liu, (2009), worked on earthquake
sensing anomalies which could be detected through remote sensing
measurement techniques including satellite-based measurements.
These authors presented results also for infrared radiation

abnormalities detected through laboratory test specimens of rock
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materials, (through; uniaxially loaded intact rocks, uniaxially loaded
rock samples including a central hole, compressively sheared rocks,
biaxially (2D) loaded rocks, Bi-sheared friction sliding rock blokes,
and impacted rock samples). They concluded that, “the infrared
radiation image abnormality referring to the spatial-temporal
evolution of infrared radiation from a loaded rock surface is an
important precursor for rock fracturing and failure”.

Satellite-based measurements include Global Positioning
System, (GPS), outputs related to xyz-coordinates for the targeted
Earth’s surface sections in successive time periods are also
conducted to monitor relative displacements of the ground surfaces.
Borghi, et al. (2009), for instance wrote that, they concentrated the
deformation of area located at the junction between South-Eastern
Alps and external Dinarides (at Italy, Western Slovenia, Austria)
through 7 continuous GPS monitoring stations and some other
“elaborated networks”. Coordinate measurements of the permanent
stations were evaluated through statistical methods to differentiate
displacements in time. Their results included calculated stress-strain
amounts and directions for the stations. The authors pointed out also
that “the existence of an important amount of aseismic deformation”
had also been shown through the measurements.

Marone, et al. (1991) stated that “surface slip from large
earthquakes often continues subsequent to the earthquake for a
period of a year or more”, (in postseismic periods). According to the
authors, these “postseismic slip, or afterslip” displacements at the
rock masses “was first documented in California”, US, after the
Parkfield in 1966, (Smith & Wyss, 1968). Marone, et al. (1991)
mentioned five studies on different large earthquakes which afterslip
occurrences were measured and documented by other researchers in
between 1968-1987. Thus, earthquake rock bursts which cause
coseismic deformation during a short period of rupturing are not the
only influence of earthquake rock bursts on the rock masses. Certain

levels of deformation are continued after the quake shocks in the
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period of in-situ stress re-settlements at the earthquake affected rock
fractures and surrounding rock masses. If the case is explained
through laboratory shear box test conditions, during the shear
testing, cracking of the irregularities which are resisting the applied
shear stress level cause shear displacements and this movement
could be facilitated with the cushion effects of the crushed rock
particles (as a resistance reducing filling material). However,
influencing the normal & shear stress concentrations on the shearing
fracture plane may be differentiated due to irregularity breakages,
(changing the contact areas on the sliding fracture plane). Thus,
stresses’ concentrations have begun to accumulate at the new
positions on the sliding plane after the earlier ones crushed away. For
in-situ rock mass cases, surrounding rock masses of earthquake
focus have their stress-strain modification through quake related
strain-energy releases (conceptually expected). Then, these rock
masses (including rock fractures) have their stress-strain adaptations
after the coseismic influences. These amendment effects continued
in postseismic periods as well. These re-adjusted new 3D in-situ
stress-strain conditions have converted to the new pre-seismic period
for the next quakes in future.

Conclusions

Earth’s crust is solid and mainly consists of rock masses
including numerous discontinuities. These rock masses have their
displacements around the Earth as dispatched continents. In-situ
stresses in 3D directions are the main cause of these displacements.
Stresses-strains influence the rock masses in different positions of
the crust causing continental drifts which the displacements have
been different in magnitudes and directions through rock mass
fractures and faults. Influences of temperature increase with the
depth causes the rock mass mechanical behaviour changes. At the
transition zones (in the depth of Earth), as the depth increased brittle
to ductile rock behaviours transitions have been realised due to the
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increasing temperature effects. Earthquake mechanics including;
Strain energy accumulations in the rock masses and rock fracture
zones (pre-seismic periods); Destructive, sudden, rock mass
fracturing or rock fracture shearing caused by earthquakes
(coseismic periods); and 3D in-situ stress-strain re-arrangements
after the quake damages in the nearest rock masses around the quake
focuses and rock mass damages in far fields due to earthquake shock
waves are actually directly related to mechanics properties of the
rock masses and their rock fracture contents. Research on these
parameters and seismic wave characteristics of the earthquakes
directs further studies in earthquake related analysis and engineering
evaluations. Uncertainties in rock mass related data sets and
difficulties in testing of the rock masses have been the main obstacles
of all earthquake related reasoning and calculations. However, rock
mechanics related research supplies new dimensions in this field of
science in progressive manner which could possibly be cooperative
for earthquake prediction activities as well.
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BOLUM 2

ROCK STRENGTH DIFFERENTIATION IN
LONG-LASTING LOADING CONDITION

Mehmet Kemal GOKAY *

Introduction

Underground spaces have been formed in Earth’s crust either
in natural progress or man-made efforts. Micro-scale rock spaces as
voids and porosities have their direct impact on the reservoir
properties of the rock masses which have their considerable
economic values in cases of groundwater, oil, natural gases contents.
Underground spaces, (as caves, sinkhole extensions, urban spaces,
road tunnels, metro tunnels, depots, shelters, etc.), are all influenced
by 3D in-situ stresses which could be changed according to their
positions at the Earth’s crust. There are instrumentations to measure
in-situ stresses and analyses to explain their differentiation in time.
When engineers are asked to prepare stability analyses about cave &
cave networks, metro systems, road & rail tunnels, urban
underground spaces used for living spaces, shelters, shopping
centres, etc. which the outputs of the analyses influence large
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number of people in societies, engineers dealing with such kinds of
analyses related to the constructions of underground & surface
structures at those facilities should be in organised with all the other
related engineering and science based professionals. Explaining the
stabilities in risk evaluation through Eurocode-7 base concept forces
the engineers cover all the contexts for underground space stabilities
supplied by those professions. Actually, the authorities asking
reports related to the stabilities of underground spaces should also
realise the fact that, there is no certain way to supply this decision.
So, engineers can only perform their best efforts to estimate the risks
to evaluate the stability conditions according to their experiences.
That means the legislative rules and National Acts documented for
law related court issues in the disputed circumstances need to be
written in a more detailed manner to include uncertain features of the
rock masses and their behaviours which have still been researched
to be defined in more definitive manners.

Some of the underground space cases like in natural caves,
mining openings and tunnels (road & rail tunnels, metro tunnels)
include long-term stability conditions. Engineers should consider
time-dependent behaviours of country rocks around them when the
usage of these spaces extended in time. For the cases of caves, stable
ones could be explored for their evidence of stabilities. Long-lasting,
induced 3D in-situ stress concentrations surrounding them have their
interrelation with the strength of the rock masses positioned at their
roof, floor and sidewalls. When the “unsupported time” concept,
(Bieniawski, 1989), is considered for the stable caves, thousands or
millions of years might be taken into account. In a hypothetical
manner, any isolated, representative, volume of the Earth’s crust
could be analysed in rock mechanics context to explain their main
mechanical characteristics. The main purpose of this study here,
covers to explain strength behaviours of rock masses under the
influences of long-lasting 3D in-situ stress-states.
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Time consideration in engineering works

Civilisation has been developed mainly through engineering
activities together with the available raw material and energy options
in human history. Beside the requirements of foods and water,
protected spaces (volumes) have also been arranged in different
ways (caves, houses, apartments) to improve societies’ lifestyles.
Safe and stable living volumes at surface & underground structures
have then gradually been constructed or excavated to use for years
beside the early-times’ ready to enter safe caves. When the load
bearing elements, (units), at those structures are under consideration;
columns, beams, and floor-slabs at the surface structures could
mainly be analysed for their strength characteristics. Strength of
country rocks surrounding the underground spaces are the cases of
similar stability analyses for underground structures. Bearing
capacities of those structural features are analysed by engineers to
understand their stability performances, (for the cases which applied
load levels on them could be estimated). Strength of material
properties can only be obtained through standard, suggested,
sampling & testing procedures in rock and construction engineering.
Therefore, types of steels, concrete, bricks, rocks, and other
materials’ strength values are generally “averaged values” obtained
from the tests performed on the samples selected in random manners.
Engineers already know uncertainties in materials’ property
estimations. Uncertain facts about material compositions and
discontinuity distributions in them are the main obstacles in
providing their full explanations of test result differences.
Laboratory and in-situ property differentiations of the rock types in
engineering decision environments are the other obstructed
evaluation cases for engineers. All the criteria and methodologies
offered to estimate “rock mass” properties through “rock material”
laboratory tests and rock mass classification systems have their
uncertainties which engineers try to handle by their experiences.
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Performing tests at the proposed locations of rock masses cannot be
realised in most of the cases due to lack of opportunities at all.
Researchers have supplied their improvements whenever they have
reached meaningful new methodologies (or adjustments) to obtain
strength characteristics of rock materials and rock masses. This is a
never-ending procedure in rock engineering applications. Time-
dependent strength behaviours of the rock materials and rock masses
have similar testing procedures to be continued.

When the time-dependent rock engineering tests and
evaluations are under consideration, requirements of civilisations are
governing the project limitations. Time consideration for urban
settlements at a hillside for instance has their own conditions which
are changed in time. The number of constructions and loads applied
through them to the hill have increased in time due to the
requirement of more living volumes, (i.e. population increase), in
modern societies. Urbanisations which have been observed as
illustrated in Fig. 1 & 2 are common cases experienced for the
settlement conditions in time. Rock masses located under the surface
structures as their foundations have their stability conditions which
should be evaluated for the time-period of their whole services, (until
the surface structures’ demolishing projects). The question arose
here; what kinds of responsibilities have been handed to engineers
due to their design & control efforts realised through construction
companies, and official government offices? Engineers basically
should evaluate stability of the foundations they are obligated to plan
for their project site together with the general stability conditions of
the hillside as well (Fig. 1 &2). Any danger of; landslides, slope
failures, rock falls, and known or unknown underground space
collapses (sinkholes, subsidence etc.) at the project site of these hill
must be evaluated during the design & plan phases of the projects,
(before their construction,) for their aftermath conditions including
casualties as well.
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Figure 2. Rock mass conditions which should be evaluated to have safe
underground spaces. Time-dependent properties of rock masses should be
evaluated together with increasing numbers of man-made structures in/on

the ground surface in time.
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Time dependent behaviours of rocks

Stress distribution on any selected, hypothetical, rock masses
at the Earth’s crust have its explanations, these 3D in-situ stresses,
(ov, chmax), chmin)), have been originated due to Earth’s gravity,
influence of other galactic masses, influence of Earth’s rotation,
continental drifts, solid mass density differentiation in the crust,
thermal influences, chemical & radioactive reactions, etc. which
were reviewed in Gokay, (2025). Lu, et al. (2018) wrote in this
content that they also “consider six loading forces that would
generate stress changes on the Earth: hydrological loading,
atmospheric pressure, ocean water (including tides and non-tidal
variation), solid lunisolar tides, pole tide, and postglacial rebound”.

Stress-states at certain Earth’s positions are different in
magnitudes and directions after realizing surface/underground
excavations due to induced 3D stress-states. In-situ stresses can be
changed in depth in the Earth’s crust and they are influenced by any
defects in the rock masses like discontinuity surfaces, cavities, etc.
Stresses over the rock masses then have been ready to differentiate
due to many types of natural and man-made influences. One of the
factors directing the in-situ stress directions and their transfers to the
further positions in the crust is the strength properties of the rock
masses.

a) Rock materials:
Rock material and rock mass failure criteria which have been

supplied to focus the limit conditions of rocks’ failures on the bases
of their strength characteristics (mainly; uniaxial compressive
strength (UCS), cohesion, internal friction angle, rock mass related
constants, rock mass classification related ratings, etc.). In most of
these evaluations, failures are analysed for the applied 3D in-situ
stress-states, (magnitudes and directions), influencing on the
selected rock masses without considering “time periods of loading,
and loading rate differentiations” in these failure events. Stresses
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over the laboratory rock material test samples are supplied by
hydraulic presses according to suggested “standard loading rates”.
Therefore, failures at the test samples in UCS tests and triaxial
compressive tests take several minutes (may be around 3-10
minutes) to reach total collapse of the samples. It depends on the
tested rock materials’ mechanical behaviours. On the other hand; in
the Earth’s crust, 3D in-situ stresses acting on a hypothetical cubic
rock mass volume might be the results of sudden loadings, (due to
the effects of nearside rock blasting, abrupt caving events of
underground spaces (cavities), earthquakes, faulting, etc.) or
gradually differentiating in-situ stress (Gv, Gh(max), Gh(min))
conditions. Important circumstance which should be considered here
is that: How long time is required to form failures in the rock masses
due to these applied stresses? Studies performed for the rock
toughness properties might have explanations for the brittle and
ductile rock behaviours to understand “time” requirements to reach
full rock collapses. The “time” word here represents “termination”
of the time periods where release of the collected stress related
strain-energies (toughness related) in the rock masses have totally
discharged, (released abruptly or progressively). At this point, the
results obtained from the limestone samples which were tested by
Paraskevopoulou, et al. (2018) under “static load levels in
unconfined conditions to examine the time to failure” conditions can
be given as an example for the time-dependencies in rock strength
studies. The authors stated that, in certain engineering projects like
radioactive waste repositories, time-dependent rock strength
behaviours govern their overall behaviours. According to the author,
when the lifetime of an engineering project is quite long (i.e. 1K,
100K or exceeding 1000K years), “lifetime and sustainability are
critical design parameters”. In long-lasting 3D stress-states then
cause different time-related outputs in rock strength behaviours.
Then, in later years Paraskevopoulou, (2021), listed time-dependent

rock mass behaviours like; “creep, squeezing, swelling, stress
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relaxation, and strength degradation”. These rock mass responses
“can occur during both the construction and the maintenance of
underground openings depending on the in-situ conditions that
control the mechanical behaviour”.

The stress applied on the rock materials at the hydraulic press
can be adjusted according to the researchers’ preferences. Standard
suggested lab. tests on the other hand have their standard
unconditional, (unchanged), loading rate values for the solid
materials like (rock and concrete test samples). However, it is well
known that loading rate differences cause the differentiation of the
test results directly. For instance, if the compressive loading rate is
higher at UCS tests, then the resultant UCS graphics obtained in the
test are differentiated as well. Studies performed on uniaxial and
triaxial rock materials’ strength tests to define these differentiations
in their strength values by changing the loading rate conditions. For
instance; Altun (2024) surveyed the earlier works on this subject and
presented his test outputs for the selected rock materials.

Moreover, the stress-strain relations of concrete samples
obtained by (Rusch, 1960) given in Bieniawski (1970), Fig. 3.
Bieniawski wrote that, “the stress-strain curves after strength failure
gradually become flatter as the rate of straining decreases”. Thus, the
strength characteristics (stress-strain relation) of the rock materials
have been obtained with different curves as the loading rates are kept
at different levels. When 3D in-situ stress conditions for a targeted
position in the Earth’s crust are thought, it is predictable that stress-
state at that position has differentiated in different orders in
geological time, unceasingly.

Li, et al. (2024) stated that loading rates over the rock material
influence its strength behaviours. These authors tested the fabricated
artificial rock-like samples (prepared through quartz sand and barite
powder cemented with gypsum in 300x300x300 mm cube
dimensions) by handling different loading rate circumstances.
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Figure 3. Stress-strain relation curves obtained from the concrete test

sample, (Rusch, 1960). In this graph,” x=Uniaxial compressive stress
(MN/m?); y=Axial strain (107°); z=Loading duration needed to attain
6.107 strain with the strain rates indicated”, (Bieniawski, 1970).

The authors noted that earlier research (Okubo, et al. 1992;
Fuenkajorn, et al. 2012; Zhao, et al. 2020) had shown “compressive
strength of rocks increases with the loading rate”. Moreover, they
forwarded that increasing in the uniaxial loading rate results in
significant increase in peak strength values initially. Then these
values slightly decreased. They noted that the primary reason for
these outcomes “due to the complex interaction between the
longitudinal and transverse deformations of the test models and the
stress concentration intensity at the crack tips”. They mentioned the
effects of different loading rates influenced “internal deformation
responses and crack propagation”, (“as evidenced by change in
elastic modulus, Poisson’s ratio, and SIFs”, (SIFs: The stress
intensity factors). According to them “differences in loading rates
affect the rate of stress concentration and release. Generally, at lower
loading rates, a rock-like model has had sufficient time to adjust its
internal  structure, including dislocation slip and lattice
rearrangement (Li, et al. 2021; Harbord, et al. 2023)

Actual 3D loading conditions in Earth’s crust are
differentiating in magnitudes, directions and rates which means rock
masses have influenced continuous fluctuations of 3D stress state.
Thus, 3D in-situ stresses have been differentiated according to their
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positions in the crust. Additionally, stresses have time-dependent
influences on the rock masses which are following numerous loading
and unloading phases with constant, increasing and decreasing
loading rates. Engineering works which are located in (mining
openings, metro tunnels, etc.) and on (surface structures) the Earth’s
crust have their influences from the rock masses, immediately when
they are excavated or constructed in/on the crust.

Tang, et al. (2021) stated that researches on loading rate effects
on “peak strength in uniaxial compression” have been performed in
earlier times. They wrote that Okubo, et al. (1990) defined a relation
to express UCS differentiation with loading rate change through “n”
parameter which “was also referred to as the stress corrosion index
(Sano, et al. 1981)”. Since engineering projects located in the Earth’s
crust have been influenced by 3D stress-state, they have been
stressed triaxially and forced to supply failures, like the cases which
have been repeated numerous times at fractured, faulted, rock
masses. One of the 3D stress-state cases formed on the rock masses
is triaxial compression one. Natural loading rates for ov, ch(max),
ch(min) have continuously been expected to be changed according to
the in-situ stress environment around the targeted rock masses. Tang,
et al. (2021) wrote that “only a few studies related to this topic have
been published” until the year 2021. As they noted “Okubo, et al.
(1990) observed that the triaxial compressive strength, (TCS),
increased proportionally with respect to the logarithm of the loading
rate and that the loading rate dependence of TCS was similar to that
of UCS”. Tang, et al. (2021) reported also the work of Okubo et al.
(2013) which had included observation that “the increment of TCS
(Ac) when considering a tenfold increase in loading rate was almost
independent of the confining pressure”. Wasantha, et al. (2015)
stressed on the term “strain rate” which “dependent on the intensity
of loading (including absolute load value and loading rate) in the real
world”. They pointed out that loading conditions of rocks should be

well understood to predict their mechanical responses. As they
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noted, these rocks’ strength related behaviours influence rock
failures “in a variety of engineering applications, including
tunnelling, dam infrastructure and rock caverns”. Wasantha, et al.
(2015) listed 9 studies (published between 1971 and 2011) which
included strain rate experimental works on different rock types. They
concluded that the results in these studies (most of these 9 studies)
presented that; yield strength, ultimate strength and elastic modulus
increase with increasing strain rate.

b) Rock masses:
At this point the result supplied by Gao & Kang, (2017) should

also be mentioned here that, rock mechanics related problems in
engineering applications (like; mining openings, tunnel excavations,
storage of spaces in rock masses for oil and natural gasses etc.) are
“strongly related to the mechanical properties of rock in the post-
failure region”. It is then important to study the rock masses’ post-
failure behaviours in mining (i.e. coal-measure rocks) activities.
Induced 3D stress conditions and their rates have been changed
differently during underground excavation periods. For this subject
Tutluoglu, et al. (2015) wrote that “proper choice of plastic
constitutive laws and post-failure parameters is important for the
modelling of the failed state”. For the mine pillars supporting roof
rock masses like the columns at the surface structures, these authors
pointed out that “the safe and optimum design of supporting pillars
is not only based on the peak pillar strength, but also on the post-
failure behaviour”.

Loading rate dependency of complete stress-strain curves had
been tested for various rocks (Lei et al. 2008). They noted that time
dependent (rheological) behaviours of the rocks are “fundamental
mechanical properties, which are essential in understanding the
mechanism of earthquake or estimating the long-term stability of
rock structures”. They wrote also that “loading rate dependency is
an essential factor of the viscoelasticity of rock”. Either the rock
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materials or rock masses, 3D stress applications on them can be in
different manners. Firstly, for the cases of laboratory tests, stress
over a selected rock material, (i.e. UCS tests’ vertical loading) can
be adjusted at different rates as they are shown in Fig. 4. Applied 3D
stress conditions on the laboratory test samples could be; i) Constant,
(static), in time, (Fig. 4a), 11) Gradually increasing in time, (Fig. 4b),
and 1i1) Gradually decreasing in time, (Fig. 4c), When these basic
loading rates are multiplied, many further loading rate procedures
could also be modelled in stepwise manners, (Fig, 4d & 4e¢). For the
second case; when the loading conditions for the selected rock mass
volume in the Earth’s crust are under consideration, it can be
accepted that this volume has been loaded with primary in-situ
stresses, (0v, 6hmax), chmin)). As it was stated before the magnitudes
and directions of these stresses even in a single borehole can be
observed in different values in depths (Gray, et al. 2013). Therefore,
evaluating the differentiation in ov, chmax), chmin) values brings
complexity to 3D in-situ rock mass stress conditions. Actually,
considering ov variations in geological eras over a selected position
in the Earth’s crust has many uncertainties as well. Rock mass
morphologies and 3D stress-states have continuously been changed
due to the influences of; sedimentation, earthquake, thermal
expansion & contraction, volcanism, continental drifts, weathering,
climate effects, etc. For example, sedimentary rocks have their
weathering, transport, deposition, lithification phases.

c o c c o
t t t /Zf-/f‘/‘lt fﬁ_‘:
a) b) c) d)

e)
Figure 4. Basic loading types over rock masses (with hypothetical

consideration): Stress, o, formed due to increase of the overburden loads
in time, t, (loading-rates could be, constant (stable), increasing,
decreasing, increasing in stepwise, sudden increase at certain steps.
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Figure 5. Sedimentary rock layers (their thickness, composition, grain,
etc. are different in character. a) “Sedimentary rock cliffs, (Leene /
Shutterstock.com”, Worldatlas, 2025). b) Deposition & weathering rates
for sedimentary rocks, (stress over the lower sedimentary rock layers in
different magnitudes and rates, based on sedimentations or weathering).

Sedimentary rock layers like it is given in Fig.5 have older
layers as the depth increases. Environmental circumstances occurred
during the deposition times of these rock masses had specially
influenced the thicknesses of the deposited layers. Each new
deposited rock layer (like in Fig. 5), had applied its dead load over
the bottom layers. The magnitudes of these loads are changed
according to these layers’ volumes & densities. When the rate of
sedimentation is considered for each stratum, this rate directly
governs the loads over the bottom rock layers as well, (Fig. 4d, 4e,
5a, 5b). When the sedimentation rates presenting in Fig. 5 are under
considerations, loading rate originated due to any selected
sedimentary rock stratum (one of the layers above the predetermined
datum line) have depended on the sedimentation (deposition +
lithifiction) of that stratum in geological time period (era). Since the
sediment layers’ intersections can be accepted as the gap in
sedimentation, they can also be accepted as the constant loading
periods over the predetermined datum line. Since there is no
additional sediment deposition in these gaps related time-periods,
there are no additional loads over the lower rock layers.
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Rock types forming Earth’s crust are always in dynamic
differentiation in time. Their oogenesis, magmatic and metamorphic
rock types positioned in different depth, their weathering phases,
fracturing under high in-situ stresses, their breakdown from massive
rock masses into different sizes of breccia up to the soil masses
through chemical and physical influences have been continuously
happened to form current Earth’s crust features since at the
beginning of the solid crust oogenesis. When the sedimentary rock
formation (like in Fig. 5a) under consideration, Sediment layers
deposited over and over each other have gradually increased the
burden load over the rock layers at the bottom layers. Compaction
occurring during the sedimentary rock depositions, decrease the rock
strata porosities & permeabilities while increasing densities as the
vertical loading rises due to the accumulated thickness of overburden
sediment layers in time. Since the sediments accumulation have
depended on the environmental conditions, sedimentary rock
formation time periods could be differentiating which influence the
vertical loading rate over the bottom layers. In this content,
Bjorlykke, et al. (2008) stated that compaction of sediment “is driven
towards higher density (lower porosity) by mechanical compaction
following the laws of rock and soil mechanics and by chemical
compaction controlled by thermodynamics and kinetics”.

In sedimentation as Dasgupta & Mukherjee, (2019) noted that
there are different types of compaction which have occurred at
sedimentation evolutions. There might be “simple or advanced
models exist for mechanisms of uniform and non-uniform sediment
compaction that increases density and reduces porosity”. These
models were forwarded to explain “major processes for the sediment
compaction”. All the rocks are under influences of 3D in-situ stresses
which are differentiating in magnitudes (loading rate variations), and
direction in time. Therefore, in engineering projects’ design efforts,
3D in-situ stresses and the strength of the rock masses at the targeted

projects’ positions (in/on the Earth’s crust) should be analysed
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through time-dependent influences of 3D stress-strain conditions.
Even at the surface of the Earth’s crust, rock masses might have got
locked strains due to the influence of earlier stress-states (strain
energy deposited in earlier times). Therefore, project engineers
should be ready to evaluate design parameters related to the rock
masses by including their time-dependent strength behaviours.

¢) Hard rock conditions:
Time-dependent rock behaviours have long been recognised in

practical rock mechanics works performed in mining and civil
engineering projects. Influence of time on the performance of
underground space mentioned by Laufer (1958) through time & span
parameters. Lajtai (1991) wrote that, in Lajtai & Schmidtke, (1986)
and Lajtai & Bielus, (1986) papers, 50 % strength reduction was
reported to be expected in cases of long-term constant loading
conditions. Lajtai (1991) said that the rock mass strength is “only a
small fraction of that of intact rock”. The author pointed out that 50
% loss of intact rock material strength has been expected to occur
under the effects of long-lasting loading. According to Lajtai (1991);
rock mass classification systems (Bieniawski, 1976; Barton, 1976)
which have time-dependency related facts covered through “stand-
up time” procedures. He wrote that “in these references, the stability
charts showing the relationship between stand-up time and
unsupported span suggest a strong time effect”. According to Lajtai,
rock mass classification systems handout stand-up time prediction
for the rock masses including unsupported spaces, which means “a
reduction in strength with time ranging from a half to about one-
twentieth of the short term strength. This is obviously more than the
expected loss of 50 % for the intact rock”, strength values.

Lockner (1993) noted the importance of brittle rock failure
behaviours for structures which are in/on brittle rock masses.
According to him, (in a larger scale); faulting, earthquakes, tectonic
processes, and crustal plate bending could also be required to explain
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time-dependent behaviours (deformations) of them. Because, these
influences have occurred under the stress levels (static, fatigue) well
below these brittle rocks’ unconfined compressive strength, UCS,
values. Lockner (1993) listed the earlier researches performed to
explain static fatigue for glass material [Baker & Preston, 1946;
Charles, 1958; Mould & Southwick, 1959; Adams & McMillan,
1977], and for rocks & single crystal quartz [Griggs, 1936, 1939,
1940; Martin, 1972; Scholz, 1972; Wawersik, 1973; Wawersik &
Brown, 1973; Cruden, 1974; Martin & Durham, 1975; Kranz, 1980;
Lajtai, et al. 1987].

Lockner, (1993) performed creep tests on Westerly granite,
(Rhode Island, US). He used cylindrical laboratory test samples
(with; d=25.4mm and L=63mm). He performed the tests with the
confining pressures 40 MPa for dry samples and 60 MPa for
saturated samples. Test samples were then tested with axial stress
which firstly increased with 0.1 MPa/s rate up to 345 MPa level
(77% of ultimate dry strength). In the second phase of the
experiments the axial stress had been kept stable along the next
approximately 20 hours to observe creep behaviour of the granite
sample. He performed other creep tests for the same granite rock
material by selecting different stable axial stress levels ranging from
65% to 90% of the granite rocks’ ultimate strength. Lockner (1993)
wrote that “creep response” was monitored for them as well.

Understanding time-dependent strength is vital for the
engineering projects which have been planned for long-lasting
operations in mining & civil engineering applications. Malan, et al.
(1997) pointed out cases which included “observations of time-
dependent fracture formation and seismic data” collected from
Southern African, (Rep. of South Africa), deep hard rock mining
conditions. The data indicated that these “mines show significant
time-dependent behaviour”. Their works focused on defining time-
dependent rock behaviour for these underground mines through the

laboratory and underground mining conditions. They plotted creep
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micro-strain differentiation through their tested time hours for
quartzite and lava test samples. They wrote that; “laboratory creep
experiments of quartzite and lava specimens indicate that these rocks
undergo measurable creep strain at stress values below the failure
strength®. In order to supply a modelling approach related to creep
behaviours of rocks, the “Burgers viscoelastic model” was used by
Malan, et al. (1997). Then, creep behaviour obtained from the creep
test and the Burgers model for quartzite was then given like in Fig.
6. These authors’ studies provided that, “time-dependent rock
behaviour observed for deep level stope is much more significant
than what can be expected of the creep of intact rock™. In this study,
it was observed that, the model works here indicated that
underground rock behaviours are directed “mainly by rheological
behaviour of the fracture zone and the resulting time-dependent
formation of new fractures”.

Actually, as Zienkiewicz & Cormeau, (1974), stated that creep
and plasticity "separate the two important groups of phenomena” in
solid mechanics. Creep is related to time effects on loaded solids and
“results in the creep strains developed at a finite rate”. Plasticity
behaviour in solids “develops permanent, (plastic) strains
instantaneously and time does not enter directly into considerations”.
However, they noted also that these two groups of behaviours cannot
be separated and “only the combined effect is measurable”. In order
to define rocks behaviour including these features, (creep &
plasticity), elasto-visco-plasticity approach had been supplied.
Zienkiewicz & Cormeau, (1974), wrote that “Bingham material”,
(Bingham, 1922), was the earliest work in visco-plasticity, and then
Perzyna (1966) supplied the survey in this subject of rock mechanics
together with his approach.

In later years, Malan (2002) noted remarks and pointed out the
importance of the works including time-dependency behaviours of
the rocks. He noted that his work focused on hard crystalline rock.

Hard rock creep behaviour has started to be studied more intensely
--62--



- 1.90E-03

1.86E-03

1.86E-03

184E-03

STRAIN

1.826-03 |{

1.8DE-03

{—— Quarzite creep at 107 MPa
-+~ Burgers model

1.78E-03
4 5 10 15 20 25
TIME (hours)

Figure 6. Creep test result performed with 107 MPa constant axial stress
and its “Burgers model” outputs (quartzite sample), (Malan, et al. 1997).

due to the requirements of stable radioactive waste repositories,
long-lasting civil-purposed urban underground spaces (including
metro-tunnels, shopping-centres, underground warehouses, etc.).
Malan (2002) wrote that “many of these repositories are located in
salt and potash” rock masses, but, “some are planned in crystalline
rock such as granite”. When the design purposes of these
underground spaces are considered, securing their long-term
stabilities should be planned and monitored by considering the time-
dependency behaviours of rock masses.

Then Malan, (2002), followed analytical & numerical
approaches (viscoelasticity, continuum elasto-viscoplasticity,
discontinuum viscoplasticity) to model time-dependent behaviour of
deep excavation in hard rocks. In engineering projects hard rock
loading conditions are mostly long-lasting types and rock
engineering design efforts should include their time-related
considerations as well. For instance, Drescher & Handley, (2003)
supplied similar outputs and wrote that time-dependent properties of
hard rocks are consequent of “at least four mechanisms”. These are;
a) “compression creep of intact rock”, b) “rock material dilation
arising from stress damage”, c) “shear creep on discontinuities”, and
d) “discontinuity dilation with growing shear displacements”.
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d) Squeezing rock conditions:
Squeezing rock influences at mines have been observed

through closures of the underground spaces. After the excavation of
the spaces, an induced stress-state is formed as a secondary stress
field around the openings. Failure of the micro-cavities and other
deformations might cause undulation in the induced stress values
locally. In later periods, induced stress levels are balanced as a
secondary stress-state. The rock mass deformation characteristics in
the induced zone are then explained by creep behaviours of rocks
occurring due to constant loading (compressions and shearing) by
researchers in this field of study. For instance, Bosman et al. (2000)
wrote about the squeezing rock conditions that occurred at
Hartebeestfontein mine in Rep. of South Africa. According to the
authors “squeezing mechanism was dominated by creep along
bedding planes with a soft talcaceous infilling”. Creep tests were
performed for this mine by collecting samples from hangingwall and
sidewall strata to control their compressive creep behaviours. The
parameters which were adjusted as controlled laboratory test
environments were constant room temperature, (20°C), and relative
humidity level, (40%). The authors supplied creep curves for axial
strain-time differentiation for compressive creep tests, and for shear
displacement-time differentiation for shear-creep test results.

Since surrounding temperature conditions have influences on
laboratory rock tests, Li et al. (2019), worked about the temperature
influences on soft rock-like specimens to observe their creep
differentiations. They performed their “uniaxial compression multi-
stage creep” tests at 6 temperature groups (ranging in 10°C-60°C).
They reported their test results showed that increasing the testing
temperature caused upward shifts of stress-strain curves. They added
also that increase in testing temperature and creep time resulted in
“average creep modulus of similar materials in soft rock decreases”.

In-situ stress conditions of rocks under natural and engineered
loading circumstances have their differentiations in 3D in-situ
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stresses acting on them and other influencing factors (like; effective
pressurised liquids & gasses, chemical & mechanical weathering
conditions, biological activities, temperature differentiation in the
rock masses, etc.). Brantut, et al. (2012) noted that pore water
pressure’s chemical effects cause stimulation of the “time dependent
brittle deformation through sub-critical crack growth” which cause
“rocks to deform and fail at stresses well below their short-term
failure strength, and even at constant applied stress, (brittle creep)”.
These authors then provided “a micromechanical model” to handle
“time dependent brittle creep of water-saturated rocks under triaxial
stress conditions”. According to them “in porous rocks, creep due to
stress corrosion is in competition with pressure solution creep”, and
they showed that “long term creep due to stress corrosion is a high
stress, low temperature phenomenon, relative to pressure solution
creep”. Another study supplied by Jiang, et al. (2012) mentioned the
in-situ stress-states that have been accumulated through the
geological eras. According to them, “the excavation of underground
space changes the equilibrium of stress fields stored in rock mass
and leads to rheological adjustment to a new stress equilibrium. They
also noted the works of Martino & Chandler, (2004), Maejima, et al.
(2003), and Xu, et al. (2011) in this content. Jiang, et al. (2012)
performed in-situ tests in an experimental tunnel (width: 28.5 m,
height: 21 m, length: 352 m, with arch shaped roof, at Jinping-II
hydropower station in Sichuan province, China). The rock mass at
the test site was Triassic era marble with 3 primary discontinuity sets.
As they pointed out, time-dependent deformation happening in the
surrounding rock masses of underground structures could be in two
progression paths. Damages in these rock behaviours are either
“accelerated” or “slowdown” in character. During the ultrasonic
wave tests, “only slowdown time-dependent damage had been
observed”. They wrote also that “the time-dependent damage of rock
mass could last a long time, i.e., nearly 30 days”. Another researcher

who was, Deng, et al. (2014) studied underground spaces and
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caverns for gas storage purposes. Their analyses included the
nonlinear viscoelastic, viscoplastic and viscodamage models to
evaluate deformation in the salt-rock mass surrounding the caverns.
The model analyses were “incorporated into the deformation
reinforcement theory to simulate the time-dependent deformation”
of these rocks. The authors used this theory and the rock mass
models mentioned to assess long-term stability of the gas storage
opened in the salt-rock mass quantitatively.

Works researching static creep behaviours of “hard rock”
conditions, (studies performed for the projected workplaces like
deep South African, (RSA), hard rock mines, deep tunnels, radwaste
repository projects etc.) have been continued to evaluate problematic
cases in mining sectors. Malan (2002) noted here that time-
dependent behaviours of “soft rocks” are also worked by researchers
like; Muirwood, 1972; Nakano, 1979; Aydan, et al. 1993; Barla,
1995 to understand their characteristics. As it was stated by Barla,
(2002); time-dependent soft rock deformations have long been
experienced in tunnel works in Italy. “Squeezing” rock description
has been used for this soft rock behaviour in tunnelling due to “large
time-dependent convergence”. According to him, squeezing is a
resultant action after combination of induced stresses and material
properties which forces the rock masses towards any available low
stressed locations, or free surfaces. The time-dependent rock
deformations in soft rock conditions are experienced in Italy, Europe
and Japan mainly at tunnels. Barla (2002) wrote about the efforts of
special excavation and support methods which were reported for the
squeezing rock mass conditions when it was encountered “at the first
railway tunnels were excavated” in 1800. As Barla pointed out that
squeezing rock had special attention and definition by Terzaghi
(1946), He defined a key influencing factor as the clay content of the
squeezing rock masses, and he noted that; “squeezing rock is merely
rock which contains a considerable amount of clay”. Terzaghi

pointed out also that: “squeezing rock slowly advances into the
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tunnel without perceptible volume increase. Prerequisite of squeeze
is a high percentage of microscopic and sub-microscopic particles of
micaceous minerals or of clay minerals with a low swelling
capacity”. Barla (2002) mentioned the effects of squeezing
behaviour of rocks around the tunnels and wrote that squeezing is
“synonymous with yielding and time-dependence; it is closely
related to the excavation and support techniques which are adopted.
If the support installation is delayed, the rock mass moves into the
tunnel and a stress redistribution takes place around it. On the
contrary, if deformation is restrained, squeezing will lead to long-
term load build-up of rock support”.

Engineers who have monitoring and reporting responsibilities
of urban underground spaces including metro tunnels have their
work-related burden & hesitations when they are asked to supply
decisions about these spaces’ stability performances in advance with
periodic manners. Actually, the procedures should be performed and
fulfilled with several groups of engineers including rock mechanics
researchers in a pre-described manner (i.e. Eurocode-7). Due to the
uncertainties in every level of data collection, laboratory & in-situ
tests, empirical & numerical analyses on the bases of short-term rock
yielding strength and time-dependent rock behaviours, etc.,
engineers might have been overburdened with unnecessary
responsibilities. Uncertainties in rock mass behaviours should then
be described in official reports & project offers in such a manner that
the project owners must realise that the reports & design works
offered by engineers have natural risk of instabilities due to these
parameters’ undetermined, (uncertain), values & distributions in
rock masses. According to Barla (2002), the rock masses considered
as squeezing rocks are “associated with poor rock mass
deformability and strength properties; based upon previous
experience”. According to him; “gneiss, micaschists and calcschists
(typical of contact and tectonized zones and faults), claystones, clay-
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shales, marly-clays, etc.” rocks could be squeezed if the loading
conditions are appropriate.

Squeezing rock mass predictions have long been studied and a
graph, (Fig.7), was reported by Barla (2002) to define rock mass
squeezing prediction around a selected tunnel location. Squeezing
rock behaviours around tunnels were researched also in Japan.
Aydan, et al. (1993) provided the predictions of rock squeezing
conditions for the circular tunnels. They mentioned, ’the
plastification of intact rock under the redistributed state of stress
following the excavation” is one of the reasons causing large
deformations around tunnel excavations. They stated also; if this
deformation occurred “instantaneously, it is called rock-bursting. On
the other hand, if the deformation takes place slowly, it is termed as
squeezing”. In this point, mentioning “the nature of motion”
description supplied by Aydan (1989) has valuable information to
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Figure 7. Squeezing rock prediction supplied by Goel, et al. (1995) &
Goel (2000) given by Barla, (2002); x-axis defining rock mass number,
[N=(Q)where SRF=1], and y-axis defining [H.B (0.1)]. Where Q is the
rock mass rating in Q-system (Barton, et al. 1974) value which should be
obtained for SRF=1 conditions for the selected rock mass; H and B are
the depth and width of the tunnels in metres.
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understand “large inward closure of tunnels” through; a) complete
shear failure, b) buckling failure, and c) shearing and sliding failure.

Underground space stability cases have been in concept of
time-dependent rock behaviours. As the concept has been enhanced
engineers are going to handle more realistic approaches to
understand the long-lasting stability cases of these spaces in micro
and macro scales together with their natural & man-made
characteristics. Underground spaces’ depths, locations and
surrounding rock mass types are main considerations in their
stability performance analyses. Rock masses with brittle or ductile
type of rock behaviours have their differentiation in time-dependent
mechanical behaviours. Squeezing rock mass deformations around
tunnels and their stability cases should be considered in more
comprehensive manners for underground spaces in urban
settlements for instance. Tunnels excavated for metro, rail, or road
system connections have their usage including transportation
vehicles, machines, which have their vibration influences. Some
other underground spaces on the other hand include urban usages
which do not vibrate as the ones in transportation sectors. But, urban
underground spaces have their climate and water supply and
discharge conditions which could create stability deterioration in
cases of any operational failure to increase moisture (water content)
of the rock masses surrounding these spaces.

Their research related to “the underground-city spaces” of the
historical Cappadocia region in Turkey, Aydan & Ulusay (2003)
wrote that “one of the reasons for time-dependent behaviour may be
resulting from swelling minerals in rocks ”. But, they pointed out that
a very small part of the rock deformation around the underground
spaces of the Cappadocia region, (Turkey), originated due to
swelling rocks. Aydan & Ulusay noted that the main time-dependent
rock behaviours in this region have been controlled by ‘“the
degradation of deformability and strength characteristics of rocks

with time”. In later years, Aydan & Ulusay, (2013), performed a
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study at Derinkuyu region, (Cappadocia, Turkey), and wrote that the
tuff rock masses they observed there were “good quality” in
classification but, they also perceived that UCS and deformation
modulus of the tuff rock masses were “likely to be between 1/3 and
2/3 of those of intact rock”. They put forward that decompositions
of the tuff rocks mass and long-lasting loading conditions are two
main mechanisms in their damaged conditions.

Hagin & Zoback, (2007) worked on the compaction of
unconsolidated sand reservoirs and they preferred to describe the
deformation of them in either “time-dependent or time-independent
rather than elastic or plastic”. Barla, et al. (2008) wrote also about
squeezing rocks which were originally termed during the “the
pioneering days of tunnelling through the Alps. It refers to the
reduction of the tunnel cross section that occurs as the tunnel is being
advanced”. Barla, et al. (2008) stated also that squeezing rock
deformations realised in “particular combination of material
properties and induced stresses causes yielding in some zones
around the tunnel, exceeding the limiting shear stress at which creep
starts”. In mining operations or underground space related
excavations for urban facilities (metro tunnels, underground depots
& centres including social, cultural, commercial etc.) encountering
squeezing rock mass conditions are not the required case. However,
as Barla, et al. (2008) pointed out “squeezing conditions may vary
over short distances due to rock heterogeneity and fluctuations in the
mechanical and hydraulic properties of the rock mass”. Therefore,
engineers planning underground spaces have their countermeasure
plans of the pre-measures for expected squeezing deformations, (as
far as they can be identified through exploration-drillings before the
projects). Adjusting underground space dimensions, (enlarging to
compensate for deformations) for the underground locations where
squeezing rock behaviour is expected is one of the options in
engineering applications. Barla, et al. (2008) also mentioned time-

dependent rock behaviour models, [Viscoelastic-plastic model
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(CVISC), (Itasca, 2006); Elastic-viscoplastic model (VIPLA),
(Lemaitre & Chaboche, 1996); Stress hardening elastic viscous
plastic model (SHELVIP), (Debernardi, 2008)]. Then they compare
the actual in-situ deformation data from the severely squeezing
carboniferous zone, (encountered in the Saint Martin access adit,
along the Lyon-Turin Base Tunnel between France and Italy), and
the results obtained from these models. In 2008 Barla & Barla wrote
that “it is agreed today that squeezing of rock stands for large time-
dependent convergence during tunnel excavation”. According to
them, squeezing words is “synonymous with yielding and time-
dependence”. As the authors described before, squeezing conditions
occur around the tunnels when ““a particular combination of material
properties and induced stresses causes yielding in some zones” there.
According to the authors, “exceeding the limiting shear stress” is
related to creep. They added that the deformations around the tunnels
“may terminate during construction or continue over a long period
of time” and squeezing rock behaviour there, subject to the
techniques used in tunnel excavation & supporting.

Sone & Zoback, (2013) worked on shale-gas reservoir rocks
sampled from “Barnett, Haynesville, Eagle Ford, and Fort St. John”
shale rocks from US and Canada to perform triaxial strength
laboratory tests. The authors noted that “ductile creep property and
brittle strengths of shale-gas reservoir rocks are dependent on
material composition and sample anisotropy”. They also mentioned
that creep deformations in the test samples with higher clay and
organic content were “more pronounced.

At this point, work performed by Grosi¢, (2014) can be
mentioned. He worked on flysch rock mass and other rock masses
found around the Adriatic highway (near Rijeka, Croatia)
construction for their deformability and creep properties through
numerical modelling. He used linear elastoplastic Mohr-Coulomb
models (for construction phase) and viscoplastic Burger-Mohr-

Coulomb model (for service period). He provided recommendations
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for the rock masses’ (flysch rocks and its weathering circumstances)
“strength, deformability and creep properties” on the base of these
analyses and measured data (inclinometer measurements). He
pointed out “up to 50% of displacements of construction phase”
during the measuring time intervals of the highway service period.
He wrote that this deformation was “as a consequence of the time-
dependent behaviour of the rock mass”. Displacement values
obtained from surface/underground rock masses are directly related
to their mechanical behaviours, 3D stress-states and all the other
influences which force the rock masses to pass through different
weathering conditions. For instance, rock slope deformation
differences at different parts of; the sea cliffs, open-pits, road-cut
cliffs, cliffs at mountain regions, etc. have their indications related to
3D active & post-era stress-states, and rock masses strength
properties including time-dependent behaviours. Similarly,
deformation is observed at underground rock masses which have
their displacement characteristics (short-term, long-term bases)
toward the micro&macro scale underground spaces. In this field of
engineering, 3D in-situ data collections then have their valuable
assets in engineering designs and also in the evaluation of the rock
behaviours. Thus, the work performed by Shen, et al. (2014) can be
considered here to present the results they obtained from Shanghai
metro tunnels. It was reported that these tunnels had been excavated
(around 9-15 m depth) in “a very soft clay layer with high water
content, high compressibility and low permeability”. As they wrote
that “Shanghai is located on the South bank of the estuary of Yangtze
River”. Thus, it is located over “a soft deltaic deposit with some
isolated outcrops of bedrock”. The authors reported that deformation
monitoring procedures had been charted for the metro tunnels after
their constructions. Outcomes of the collected data analyses were
then reported as; “significant settlement and substantial differential
settlement of tunnels have occurred after more than 10 years’

operations. The long-term settlement rate was greater in the first few
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years and afterwards reduced gradually”. The authors informed also
that “long-term tunnel settlement is mainly due to urbanisation-
induced land subsidence in Shanghai. The magnitude of tunnel
settlement is correlated to sublayer settlement rather than ground
surface settlement”. They also pointed out that long-term
deformation of the rocks around the tunnels had been influenced by
“nearby construction and groundwater infiltration”.

Similarly, Tarifard, et al. (2022) wrote about the rocks around
the Shibli tunnels. These tunnels were opened for Tabriz-Zanjan
highway at the West-Northern part of Iran. The authors analysed,
(through the numeric analyses of finite-difference-method), the
creep behaviour of the rocks (weak rocks) and underground water
influences to evaluate “the time-dependent stability of the tunnel
lining”. Another work related to time-dependent behaviours of rock
mass was supplied by Liu, et al. (2015). They wrote about the
Callovo-Oxfordian (Cox) argillite rock sample properties obtained
through triaxial compressive creep tests. The samples were clayey
rocks and obtained from the underground research laboratory of
Andra, Bure, France. The laboratory studies have been based on the
safe disposal of the radioactive wastes which include long-time
prediction studies for rock strength behaviours. They performed
creep tests by adjusting deviatoric stress (through different values of
confining pressure). They pointed out that “the increase of deviatoric
stress enhances the creep strain which clearly exhibits an anisotropic
behaviour”.

Rock masses have fractures and weakness zones and their
influences on rock strength are one of the research concepts in rock
mechanics. Likewise, Jia, et al. (2018) wrote about Baihetan
Hydropower Station (South China) construction (covers arch dam
and underground power stations) where the rock mass includes
discontinuities like; “inter-layer bedding planes, inner-layer bedding
planes, faults, and base cracks”. The authors noted that these rocks

have higher humidity, lower density & strength values besides weak
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filling materials of discontinuities. Since the creep behaviour of
discontinuities is important for the stability of this power station
construction, laboratory multi-loading shear creep tests were
performed under different normal stresses for the selected fault
(undisturbed rock discontinuity) samples. The authors noted that the
test results showed the time-dependent deformations, and they
noticed; transient, steady-state, and accelerated creep stages besides
significant effects of “applied normal stress” on these creep stages.

Rock discontinuities have also influenced time-dependent
behaviours of the rock masses. Then, Yang, et al. (2021) studied the
time-dependent behaviour of the rock-like samples including pre-
located fractures. Uniaxial compressive creep test samples were
moulded through concrete mixtures, [including; Portland cement,
water, fine sand (mixture ratio: 1: 0.55: 2.34) to form C32.5
concrete], in (15x15 cm) base area & (30 cm) test length dimensions.
Modelling of the joints in the test samples were formed by “inserting
thin steel shims” with 1.5 mm in thicknesses during moulding of the
samples. Removing them before setting of the samples’ mortar were
created open joints at the test samples with the planned positions &
orientations (joints’ parameters: joint spacing, joint length, rock
bridge length, and joint angle). Yang, et al. (2021) then supplied
strength of the rock-like concrete samples by taking care of uniaxial
creep strength behaviours of samples according to configured joint
models. Their results presented that “joint distribution has great
effect on failure mode and long-term strength” of the samples. In
addition, their results also pointed out that rock samples including
modelled joints had produced rock failures due to “the propagation
of wing cracks and quasi-coplanar secondary cracks”.

Wang & Cai, (2025) worked also on “the mechanical response
of jointed rock mass”. These rock masses’ behaviours in long-time
periods are important “for the design of geotechnical structures with
a long service lifetime”. Therefore, the authors’ studied “time-

dependent deformations of jointed rock masses based on the 3D
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distinct element method (DEM) incorporating discrete fracture
networks (DFN)”. They proposed “a new 3D creep constitutive
model for jointed rock masses”. They studied “the TASO8 tunnel in
“Asp6 Hard Rock Laboratory (HRL) in Sweden” as a case study as
well. When the engineering decision is required for the long-time
stability of the layered rock masses. Studies performed for the creep
behaviour of the bedded rock materials are inspiring assets for the
engineers in the decision positions.

At his point, the results presented by Kwasniewski & Nguyen
(1988) need to be mentioned. They presented their laboratory studies
on the UCS and elastic modulus of rock materials, (carboniferous
coal-measure bedded shale samples obtained from; Moszczenica,
Borynia, and Wilchwy in Poland). The lab. test samples had their
differentiation with the bedding angles. These creep tests, which
were performed under the constant loads by taking influences of
bedding angles of the coal-measure shales into account, yielded
different results. The authors reported that “the characteristics of
creep strain anisotropy increase approximately in a linear way” from
0°to 90° (with +15° increments) bedding angles measured from the
vertical plane. Similarly, Tian, et al. (2021) wrote about the layered
rock masses encountered during tunnel excavations in Western
China. Research concerning the layered rocks are generally related
to “time-independent deformations and anisotropic strength
behaviours”. Research including time-dependent behaviour of the
layered rocks are then very limited. Therefore, the authors worked
on “an analytical transversely isotropic creep model for layered
rock”. The model was based on the crack tensor introduced by Oda
(1982)”. In this model Tian, et al. (2021) covered the effects of “the
bedding plane orientation, spacing, length, and stiffness ratio” for the
particular layered rock’s creep behaviour. The model outputs were
verified through the test results supplied by Wu, et al. (2018). They
performed laboratory creep tests to observe the bedding plane

influences. The test samples were “cubic greenschist with 10x10x10
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cm in dimensions”, they were “sampled from the auxiliary tunnel of
Jinping-II hydropower station”. The creep test had been performed
“under uniaxial compression with multi-stage constant loading”
conditions.

e) Mining & oil industry influences:
Kushwaha, et al. (2019) noted that there are urban areas in the

world which are located just over the abandoned underground mine
spaces. This location might have subsidence features which are
dangerous for all types of surface structures. Thus, stability of
abandoned; mine pillars, stope fillings, and all kinds of underground
mine openings have extra stability considerations because of the
surface structures just over them. As Kushwaha, et al. (2019) stated,
many underground workings in India are below railway lines. Safety
of the commuters are then supplied either relocating the lines or
ensuring stability of the existing lines over the abandoned mine
workings. In general, there are different types of pillars left in
abandoned underground mines (the number of them is dependent on
the selected mining methods). Time-dependent strength behaviours
of these pillars are important for the stability of surface structures.
The subsidence related rock deformations in overburden strata are
depending on the stability of the abandoned pillars. Kushwaha, et al.
(2019) noted that due to the strength deterioration of coal mine
pillars, there are possibilities of widening of the abandoned mine
roadways due to spalling, discontinuities, bed separations, crack
formations etc. Additionally, the authors also pointed out that
defining stability conditions of abandoned underground mine
working sites were difficult due to their inaccessibility.

When the coal seam features are under consideration with the
engineering works at the related coal mine operations, strength,
permeability and temperature have been considered as parameters
influencing the coal properties as time-dependent factors. Cai, et al.
(2025) wrote that, “the deep coal undergoes time-dependent
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deformation by the coupling of long-term temperature and stress”.
Then the coal bed related permeability values increased or decreased
which directly influenced the coal-bed methane drainage. Changing
the drainage properties of coal bed has two main outcomes which
influence the selected engineering works differently. Controlled
methane drainage, discharge, from the coal seams in time is good for
mining engineering operations. Thus, the coal basins with high
permeability might probably have less methane content which is
favourable for mining activities. However, if the engineering work
mainly purposed to harvest methane gases from coal basins, then this
type of coal basins is not advantageous. These engineers are
exploring low permeable coal basins which have more possibility to
trap methane produced during coal sedimentations. According to the
authors high temperature environments cause the coal related creep
behaviours to develop more rapidly.

At this point the study performed by Sone & Zoback, (2014),
should be mentioned which include deformation characteristics of
“shale gas reservoir rocks and its long-term effect on the in-situ state
of stress”. They wrote that the laboratory creep tests (rock samples
were collected from several shale gas reservoirs in the US). “exhibit
time-dependent deformation of varying degree”. They also noted
rock samples which have “higher clay and organic content exhibit
more creep”. According to them moisture influenced, “enhance”,
creep deformation. Since they performed the tests in room
temperature, they wrote also that their test conditions were different
from some shale gas reservoir conditions where the temperature at
those shale gas reservoirs can be higher than 100°C.

Fu, et al. (2020) worked also on time-dependent deformation
and fracture conditions around underground spaces. They studied
fracturing around underground spaces (circular, rectangular and
inverted U-shape openings) under hydrostatic stress conditions
through numerical analyses (3D discrete element grain-based model,

3DEC-GBM). They considered time-dependent deformations in
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their analyses. They pointed out that “the surrounding rocks around
the circular, inverted U-shaped openings are much more stable than
those around the rectangular opening”. They noted also that, the
cracks (dominantly tensile cracks) around these openings are
gradually increased in time. Estimation of time-dependent rock
behaviours through rocks’ mechanical properties have been studied
by several researchers, and rock material behaviours like elastic,
viscoelastic, plastic, viscoplastic, etc. have been considered to
provide numerical modelling. One of these works was provided by
Xu, et al. (2012). The authors had supplied a 2D numerical model
and they wrote that the model was “an attempt to replicate the time-
dependent brittle deformation of heterogeneous rock”, under a
constant uniaxial compression. They noted that the model they
worked on allowed them “to simulate a large range of observations
from the laboratory scale, (Tang, 1997, Tang et al. 2000), to the in-
situ macroscopic scale, (Xu et al. 2006, Tang et al. 2008), and even
the crustal scale, (Tang et al. 2003)”. They noted that their results
can be used to understand “geological and geophysical phenomena
in the Earth’s brittle upper crust” more deeply.

Analysing the engineering structures through strength of
involved materials and the 3D stresses they might come across is
actually the starting point of solid mechanics. Time-dependent
strength characteristics of solids especially rocks (including
numerous discontinuities and weakness zones) are getting further
noticed to understand their strength behaviours for engineering
structures. When the engineering structures are constructed for long-
time usages, strength decreasing in time under constant loading
conditions becomes important. According to Frenelus, et al. (2022),
rock creep behaviours and time-dependent rock deformations are
influenced by the types of rock masses, (including “high strength
hard and brittle rocks”). They wrote that “rock creep impacts are
increasingly significant at great depth”. Stability of deep reservoirs

in oil&gas industry, and mine openings in deep underground mines
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are considered for rather long-period of service times. Their design
parameters are then well-thought-out with their surrounding rock
masses and long-term strength characteristics of them.

Engineered structures need long-time stability considerations

Stability considerations for engineered structures in/on rock
masses have different uncertain parameters to be predicted for them.
That may be one of the grounds, the official safety precaution
parameters should include 3D in-situ stresses & strains related
stability precautions as well. Mining operations have their shift
engineers as a group to control all the mining related operations
including stabilities of underground and surface excavations &
structures. There is no man-shift time period in mines in which mine
engineers are not keeping their shift duties full of responsibilities.
Similar questions for urban engineering structures in/on Earth’s crust
should be asked as well. Engineering groups who are responsible to
supply decisions about the engineered structures during construction
and operation periods should also be organised in detail. Each
country which has surface structures, (as; buildings, dams, bridges,
viaducts, settlements, cities, etc.), and underground structures, (like;
metro tunnels & stations, underground spaces, etc.), for different
purposes should consider and prepare legal backgrounds. Otherwise,
stability related failures occurred due to the lack of engineering
evaluations of these structures (including time-dependent rock
behaviours) at their excavation-construction-operation periods
might possibly be called a “natural disaster” to cover these
mismatches. Therefore, efforts in describing time-dependent
behaviours of engineering excavations at surface/underground
structures are more important than all the other factors to evaluate
these structures usages in urban areas. In this context, the work
performed by Liu, et al. (2020) can be forwarded to present
influences of basement excavations of a surface skyscraper building
near underground metro tunnel section, (Nanjing Metro Line 2,
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China). The authors performed in-situ measurements (in 4 years of
field study) before and after the deep foundation excavation periods
in “silty-clay” and “muddy-silty-clay” layers, to obtain actual rock
mass deformations magnitudes in time. In order to evaluate possible
deformation due to the projected foundation excavation, numerical
analyses were also performed before the projected surface
construction. There are 2 side by side tunnels, (down-track and up-
track metro tunnels, each 6.2 m in diameters), near the foundation
location, (depth of the tunnels from the ground level is 15 m and
distance between the nearest tunnel (up-tract tunnel) and deep
excavation site is 33 m). Deformations (convergence in diameters
and their settlements) of these tunnels were reported by the authors
in 3 phases; slow growth (pre-excavation), rapid growth (main
excavation), and stable growth (post-excavation) stages according to
the deep foundation excavation stages, (Liu, et al. 2020). The
measurement of the accumulated crown settlement levels, (from the
selected measurement positions of up-track tunnel), were reached up
to; [(+2) - (-18 mm)] at the end of the pre-excavation stage; [(+1) -
(-32 mm)] at the end of the main-excavation stage; and [(-1) - (-33
mm)] at the end of the post-excavation stages. These reported
deformation levels measured in 4 years’ time of surface foundation
excavation which have their points to be considered as an example
for the interacting projects (surface/underground structures) in 3D
induced stress-strain conditions.

The societies willing to have modern urbanisations through
master urban plans which are getting gradually complicated (Fig.
1&2). Thus, surface and underground structures should be regulated
as a group, (in small regional bases for instance), for their stability
conditions. Supplying comprehensive documented National-Acts to
regulate engineering works are then getting more value and bring
fair justice into modern life. Providing engineering stability & safety
services without considering; Proper in-situ data assemblages;

Proper test sample collections (includes drill carrots if they are
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required); Well documented laboratory and in-situ tests; Rock mass
classification procedures; Rock materials’ and rock masses’ strength
values and their evaluations; Time-dependent deformations of rock
masses for the surface/underground structures; should not be taken
into deep considerations for modern time rock related projects.

For instance, Wang, et al. (2024) concentrated on the stability
of the tunnels’ long-time stability considerations due to their
importance in modern urban style. They wrote that, “during the long-
term operation of tunnels, surrounding rock undergoes creep effects
under environmental loads”. According to them these loads are a
result of the changes occurring at the surrounding rock masses. Time
effects on the rock masses; (strength deteriorations due to weathering
influences, and time-dependent deformations) influence the long-
term operational tunnel safety. Therefore, they conducted model
studies by including time-dependent properties of weak rock &
tunnel lining structures. Their model included the deformation
determinations on the bases of stresses and depths by taking into
their time-dependent characteristics as well. According to their
results; When the load is managed to be kept constant over the
surrounding rocks and tunnel lining structures; stresses in the
surrounding rocks, contact force between lining & rocks around the
tunnels, deformation at lining structures, “increase over time and
eventually tend to stabilize”. The authors wrote that these influences
are increased with depth. When the influences of horizontal stresses
are considered, their effects on surrounding rocks are important in
shallow depths (<500 m). Thus, horizontal stress differentiation on
lining structures has then “play a critical role in the long-term safety
of the tunnel structure”.

Similarly, the work supplied by Chen, et al. (2025) includes
evaluation of tunnel supports related to Yukon High-Speed railway
[the Chongqing to Kunming, (China), high-speed railway which is
about 699 km length including 294 km of tunnels, (54 tunnels)]. The

authors systematically analysed the viscoelastic-plastic behaviours
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of tunnel related “surrounding rock under creep action”. They
proposed “a method for calculating the support time of tunnels under
different geological conditions”.

Conclusions

Engineering structures as surface or underground projects have
their individual stability conditions, and engineers are responsible
for their excavations, constructions and maintaining (monitoring &
servicing) works according to their professions in countries. Time-
dependent rock behaviours are then one of the concerns for these
structures in/on rock masses constructed for different purposes.
When the number of people using metro lines, visiting underground
cities, caves, getting services at underground culture-sport-society
centres, working at underground warehouses-depots, shopping &
working places at underground passageways & shopping malls etc.
in a particular short-time period are considered, it is more than 100K-
250K or more people could be using these urban underground spaces
in large metropolitan city areas. Thus, the long-term stability
conditions of these structures have vital importance for the whole
cites for their social lifes, morals and economies. Beside these
modern usages of urban underground spaces, when the mining sector
is concerned, long-term stability cases are getting distresses also for
deeper and larger mining operations. Safe mining working
conditions should also be monitored accordingly. However,
following safety rules and precautions for rock mass related
engineered structures in/on the Earth’s crust include rock masses’
related uncertainty characteristics. Time-dependent 3D in-situ stress
rates and related changes in the rock masses’ strengths have
gradually become effective in engineering designs and operations.
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BOLUM 3

INTERACTION MATRIX CONSIDERATIONS FOR
ROCK SHEARING PARAMETERS

Mehmet Kemal GOKAY !

Introduction

Rock masses’ mechanical behaviours under three dimensional,
3D, in-situ stress-states are important for the engineering
applications which can be a project subject in geophysical,
earthquake, civil, mining, oil & natural gas drilling, etc. engineering
fields. Actually, different types of rock mass behaviours have been
studied under various conditions in rock engineering contents. Rock
material and rock mass related failure criteria, and rock mass
classification systems were proposed by researchers in rock
mechanics subjects for defined, (limitations of them specifically
encountered) analyses. In these researches, the common point is; one
specific rock property is tested, (checked, observed through
experiments, etc.), and its relations with specified rock related
variable(s) were determined by isolating it from the other
surrounding influences. However, due to the complex nature of the
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rock mass types and their behaviours, rock masses should better to
be analysed as a whole, for their combined behavioural outputs. Any
other proposed testings, (evaluations, solutions, etc.) in these types
of characterisation problems always stay out of the natural
environmental conditions which means they might be questionable
on the basis of their realities, (real-world, touch-down analyses).
Interaction matrix concept offered by Hudson (1991, 1992) was then
one of the efforts to cover the rock behaviour as a whole through a
“Rock Engineering System”, (RES), approach. In this approach,
rock behaviours under different rock mechanics circumstances are
asked to evaluate through engineering expertise ratings. There are
rock mechanics related laboratory and field testings to define rock
properties under standard, pre-defined, conditions. These test results
and actual rock mass conditions surrounding the rock engineering
projects need to be analysed as a whole interrelated content. Since
there are numerous factors influencing each other in the rock masses,
their considerations in multi-dimensional environments, (including
all the influencing factors on the rock masses, and all the properties
of them) are complex decision cases. Thus, analysing rock
engineering problems at specific locations in “full-scale conditions”
needs to evaluate the case as a whole, deeply, which can not be
managed at current level of knowledge & technology. Then, rock
properties and related rock mass behaviours surrounding different
engineering projects are tried to be distincted through their outputs
on the basis of different circumstances (inputs, project conditions,
etc.). At this point, understanding “interrelated” rock mass properties
have an important role to form pairwise analyses in rock engineering
problems. Interaction matrix concept has then opened a new
dimension in “rock engineering considerations”, and illustrates new
directions in evaluation of rock conditions to understand “rock-
material” and “rock-mass” properties. Thus, interaction matrix
related deductive decision reasoning (Hudson, 1992) can then

possibly be used for different rock engineering projects' related
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decision cases. Because the matrix provides an opportunity for
quantitative aggregation of expertise, it can facilitate the creation of
collaborative decision-making environments through various
domain specialists in different rock mechanics cases. In this context,
complex rock shear problems, such as rock sliding under different
rock mass conditions, can be solved by considering the interaction
matrix approach. Considering the rock engineering decision
parameters that influence rock shear, (sliding) conditions is the main
initial step in defining and establishing the "universal set" of decision
parameters for decision analyses.

Rock mass behaviours under influences of 3D in-situ stresses
can be analysed through stress-strain graphics obtained from in-situ
tests. However, the content of the rock masses in mineral scale
(micro-scale) and rock fracture (fault) scale, (macro-scale), are
different and the resultant differences in the graphics cannot be easily
estimated. Uncertainties are natural features of the rock masses
which need then engineering decision approaches to be estimated
according to gained experiences through the rock masses under very
similar stress&strain characteristics. Scientific and engineering
disciplines that study the chemical, physical, thermodynamic, and
mechanical (strength) properties of rocks also include studies on
rock minerals’ and their combined (complex) form of masses’
behaviours, (i.e., rock masses). In common knowledge about the
geology, it is known that magma can seeps from the Earth's magma
layer into the fractures and cavities of the Earth's crust and begins to
cool, (forms different types of rock masses). Factors influencing the
diverse behaviour of these rock masses, (one of the factors can be
varying rock mass forming environments), cause further
complexities in their fracturing conditions. Mineral contents of the
magma that seeps into the Earth's crust cause to form different rocks
and ores. The depth at which the magma cools; The physical and
chemical properties of this magma seepage; and The progression of

the magma within the Earth's crust are just some of the many
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interactions that lead to the formation of different types of rock
masses. Relatively, different cooling rates of the magma that seeps
into the Earth's crust, and different rates of 3D in-situ stress-states in
time causes multifaceted stress-strain interactions which may
provide favorable conditions for rock mass fracturing.

In the context of the rock mass formation; igneous,
metamorphic and sedimentary rocks have been researched including
main fault belts originated due to the movements of continents,
(continental drift approach; Wegener, 1966). When the rock mass
fractures (faults) in the Earth’s crust under consideration, their
mechanical behaviours including their initiations & propagations
have numerous parameters which should be considered as combined
interrelated factors. Although there are studies to define rock
shearing at different scales, (rock material, and rock mass scales),
there might be additional characteristics waiting for their
exploration. Thus, complexity of the rock characterisation and rock
fracture features including uncertainties in the measured & observed
properties drive engineers to use expert-rating type decision
analyses. When the data collection & evaluation are considered for
the rock masses, experts’ ratings and classifications are the common
conventional solutions for current level of knowledge. If a decision
is required for a rock mass type or a rock engineering problem, then,
rock material & mass related parameters should be considered &
evaluated comprehensively. They should be; listed, checked,
observed, tested, analysed, compared, back-analysed, etc. through
the underlying mechanical & physico-chemical influences. That
means, rock mechanics’ decisions regarding the proposed
engineering projects, problems ought to be reached by gathering as
much information, data, knowledge, etc., as possible. The scope of
each decision study is then explored to supply “reasonings” in
decision support systems through a wide range of parameters that
can be involved. Since there is usually no full coverage of solutions

for the whole complex, (comprehensive) rock engineering problems
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(which include numerous decision parameters with their uncertainty
characteristics as well), engineers & researchers have asked to select
the most important, (interactive, dominant), decision parameters
influencing the project decisions. Selection of these parameters are
performed according to either available results of studies &
researches which could be in the form of analytical & observational
relations, (equations), or expertise & knowledge supplied by field
experts. Thus, "deductive" decision reasoning recommended like in
the interaction matrix concept is one manner to determine these
decision parameters (for intended purposes) in complex problems.
As it is well known from research studies, a complete explanation of
mechanical rock failure issues is not yet possible.

In cases where there are also uncertainties about rock
material&mass behaviours, rather than attempting to resolve (and
explain) the behaviours in full coverage, it is more convenient to
evaluate the proposed rock related subject through a “black-box”
approach. In this conceptual approach, input & output parameters
related to “the mechanisms”, which is defined as a black-box, are
accepted to explain the proposed “mechanisms” (or subjects), then
they should be selected as realistic as possible. Actually, the black-
box approach was described and used in different studies by different
researchers, (Cauer, 1941; Ashby, 1956; Wiener, 1961; Belevitch,
1962; Bunge, 1963; Cauer, et al. 2000; Haskel-Ittah, 2023), to
provide reasonings & related outputs for the selected systems which
had not available full explanations for their internal relations.

Shearing features of rock fractures

Earth’s crust has been formed mainly by rock masses and
almost all of them have discontinuities, folds, voids, micro
porosities, fissures and failure zones. Large scale discontinuities,
fractures, (faults), are usually related to tectonic displacements. In
laboratory scale rock materials, or in rock masses, the rock fracturing
subject is analysed by considering available micro-voids which
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initiate rock fractures. Directions of fracture propagations in 3D rock
mass conditions are then controlled by 3D in-situ stresses. Basically,
3 main state-of-phases in rock fracturing progress could also be
considered by using the “black-box” concept, (Fig. 2). Considered
black-boxes are arranged in this figure for; 1) Intact rock conditions
under the influences of 3D stresses, (a single black-box form, a
cubical rock unit, which is influenced by 3D stress-state to provide
shear fracturing during pre-seismic period; ii1) Coseismic period,
exact time (sudden burst or elongated) of rock shearing creates
several influences on the defined cubical rock unit, iii) Newly
fractured rock conditions, (or already fractured rock mass
conditions), in the conceptual cubical rock unit, rock fracture planes
are under 3D stresses to provide further rock shearing, (sliding),
(post-seismic period), (Fig. 2). All the decision parameters, (input-
signals, input factors), which are influencing mechanical behaviours,
(output-signal, output factors), of these 3 phases are then considered
here through the “black box™ concept.

In order to understand this concept background, logic&usage
principles of an electronic circuit element, named “transistor”’, may
be sampled here. Each transistor element has 3 connection ports for
its connection to the other parts of electronic circuits. Electric current
passing through its 2 main connection ports could be regulated by
supplying electrical signals to the 3™ port. Then, if a transistor is
assumed as a black-box which its specially structured behaviours,
(output-signals), have already pre-described for variable input-
signals. Engineers working on electronic circuit projects are then
concentrating on the inputs&outputs of the selected transistor types,
instead of their internal structures which cause these behaviours.
Similar logic may be involved for rock engineering subjects. That is;
black-box concept suits to handle decisions required for the cases
originated from rock behaviours. Because, full coverage of rock
materials’ and rock masses’ mechanical behaviours could not be

possible due to the obstacles in their property determinations.
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Mechanical behaviours of rock materials and rock masses depend
on; their structural features, scales (size of the projected rock
materials & rock masses), rate of loadings, their time-dependent
strength properties, physico-chemical environmental influences,
(Fig. 1), etc. In addition, uncertainties about their internal features
(discontinuities, voids, weakness zones, etc., and their
heterogeneous distributions) are also extra decision factors to be
considered. When the mechanical behaviours of the rock materials
and rock masses are considered, black-box concept may help rock
engineers in their projects.

For instance, when a design approach for an engineering
structure in/on a certain rock mass requires this rock mass’s
mechanical behaviours; that rock mass can be thought as a black-
box. Mechanical behaviours of the handled rock mass are the box’s
output-signals, and factors influencing the selected rock mass’s
mechanical behaviours could be thought as this box’s input-signals.
Thus, the term “input-signals” here can be used for; 3D in-situ
stress-states (including their differentiation rate in amounts &
directions in time), surrounding temperatures, void pressures, etc.
Each of these input, regulating, factors on the selected rock mass’s
output-signals (mechanical behaviours) is important.

Heat Time Radioactivity
Stress \ \
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Solid impacts

Magnetism\

Sound, - Liquid influxes
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Earth’s gravity  Others Gravity influences
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Figure 1. External factors affecting conceptual cubical rock units, (after

Gokay, 2000).
-97--



i) Pre-seismic period  ii) Coseismic time  iii) Post-seismic period

Figure 2. External 3D stress-states influence the selected cubical rock
units in 3 different conceptual phases, (Dotted Red line: Initiation of
rock fracture; Straight Red line: Rock fracture plane).

For instance, surrounding temperature has an important impact
on mechanical behaviours of deep seated rock masses. When the heat
gradient of Earth is under consideration, rock faults situated in deep
rock masses might have been assumed to be surrounded by high
temperature. According to Fridleifsson, et al. (2008), temperature
increase rate with increasing depth is approximately 25-30 °C/km,
(72-87 °F/mi). Then, rock masses’ temperature can be more than
250-300 °C at 10 km depth, (625-750 °C at 25 km depth).
Temperature increase in Earth’s depth causes rock mass behaviour
differentiation, then, Sibson (1986) wrote about the transition zone
where rock mass behaviours change from ‘“unstable frictional
faulting”, to “localized quasi-plastic shearing flow”. Sibson, (1986),
pointed out also that seismic activities usually occurred above this
transition zone, where the rock masses are expected to show more
brittle properties, (which means also; rock masses are expected to
present more ductile properties due to the high surrounding
temperature below the transition zone). Thus, evaluation of each
decision parameter (input-signal) influencing rock mass behaviours
has rather multipart outputs which influences whole other input
factors, signals, as well while effecting the rock mass behaviours as
an output factor, signal.
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The approach used as a black-box concept can then be started
to consider a specific rock volume here which is a cubical rock unit,
(the dimensions of the unit, can be adjusted according to the project
requirements). The dimensions of these units could be millimetres,
several meters or kilometres according to the engineered decision
considerations. Since the mechanism of the real rock behaviours can
not be totally revealed, it is preferred to analyse the rock mass
characteristics through applied external influences on them (input
signals), and the results (responses) obtained from the rock masses
(output signals). In examining the effects of the external applied
factors on a cubical rock unit, the interplay of the unit cube and the
changes occurring in its internal structure will be influential.
Considering that multiple physical-mechanical mechanisms interact
simultaneously in the cube, the difficulty of fully understanding and
calculating the entire phenomenon is evident. Then, influential
connections among the external parameters while affecting the
cubical rock unit should be investigated crucially to cover up,
(understand), the subject (which is rock shearing in this focused
study). One way out of these complex considerations could be
achieved by pointing, (defining the relations) the inter-relationships
between these parameters. The resulting evaluations will then be
useful, (helpful), in explaining the behaviours of the cubical rock
units at the phases shown in Fig. 2.

Actually, each decision parameter which influences the
conceptual cubical rock unit has numerous sub-factors which are
internally differentiating according to external factors. Thus, the
whole systems presented in Fig. 2 then, are ready to be explained
through numerous (thousands, millions, etc.) interrelations. In
engineering projects (in mining, geophysics, civil, etc. fields),
responsible engineers have their experiences to apply decision
limitations for these factors to understand the rock shearing related
conditions like; i) shearing in the laboratory & field (in-situ) test

samples; ii) shearing at the foundations of the planned houses &
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apartments; iii) shearing at the underground or open-pit mines; iv)
shearing at the urban underground space circumstances; v) shearing
at the shallow or deep fault zones. Sub-parameters of the externally
influencing factors listed in Fig. 2 could then be short-listed as

follows:

-Earth’s gravity: Gravitational acceleration differences observed in the
Earth’s crust; gravity related in-situ stresses; rock materials’ mass-weight
relations; constructive & harmful influences of “Earth’s gravity” on the
(conceptual) cubical rock unit, etc.

-Gravity influences of galactic masses: The gravitational effect of the Sun,
the moon, comets, and the other planets of the Sun on the Earth's crust;
constructive & harmful influences of “gravity influences of galactic masses” on
the (conceptual) cubical rock unit, etc.

-Stress: Stress-strain relations obtained according to applied 3D stress
conditions at laboratory or in-situ conditions; constructive & harmful influences
of “stress” on the (conceptual) cubical rock unit, etc.

-Heat: Volumetric expansion due to applied heat energy; expansion
variations in the rock masses; heat transfer types & relations; thermodynamic
rules; temperature differences in the Earth’s crust; constructive & harmful
influences of “heat” on the (conceptual) cubical rock unit, etc.

-Sound & vibration: Sounds; vibrations; seismic wave types; seismic wave
velocities & frequencies; rock mineral vibrations; peak particle velocity (PPV)
differences; P&S wave types; shockwaves of quakes; body waves (direct &
indirect) inside the Earth; constructive & harmful influences of “sound” on the
(conceptual) cubical rock unit, etc.

-Light: Light waves and their differences; light waves as an energy source;
light properties; constructive & harmful influences of “light” on the (conceptual)
cubical rock unit, etc.

-Magnetism: Magnetic field intensities; magnetic fluxes; magnetic pole
direction changes in the Earth; magnetic capacity differentiation due to heat
fluctuations; constructive & harmful influences of “magnetism” on the
(conceptual) cubical rock unit, etc.

-Electrons: Electrons mobility in the Earth; natural electron flux density;
constructive & harmful influences of “electrons (electrical currents)” on the
(conceptual) cubical rock unit, etc.

-Radioactivity: Radioactivity level differences in the Earth; radioactive
minerals; radioactive wave types and their damages; constructive & harmful
influences of “radioactivity” on the (conceptual) cubical rock unit, etc.
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-Solid impacts: Solid rock fragments at the rock shearing (sliding) planes;
filling characteristics of rock fractures; clay-silt-sand type of rock fillings; solid
rock particle replacements at rock fracture surfaces and open rock voids in the rock
masses; constructive & harmful influences of “solid impacts” on the (conceptual)
cubical rock unit, etc.

-Liquid influxes: Porosity & permeability of the rock masses; liquid
content of the rock masses as groundwater, oil, etc; liquid pressure influences on
the rock masses and rock fracture surfaces; compressibility of the liquids at the
rock cavities & fracture apertures; diffusion rate; absorption & adsorption
properties of rock masses; mixing properties of liquids; constructive & harmful
influences of “liquid influxes” on the (conceptual) cubical rock unit, etc.

-Gas influxes: Movement of gases within rock fractures & voids; porosity
& permeability of the rocks; diffusion rate; absorption & adsorption properties of
rock masses; mixing properties of gases; constructive & harmful influences of
“gas influxes” on the cubical rock unit, etc.

-Other effects: There are several other physically & chemically effective
influencing factors on rock shearing mechanisms; volume increase & decrease due
to clay mineral chemical reactions; rock fracture surface roughness and
undulations; toughness of the rock fractures in sliding behaviours; constructive &
harmful influences of “other factors” on the cubical rock unit, etc.

In rock mechanics related studies (projects), decision
parameters (for instance the ones influencing rock faulting), can be
selected according to scale of studies. This eventually affects the
scale of “input&output signals”, in other words “causes&eftects
features” related to the rocks. Depending on the project objective,
understanding how project parameters affect each other in the rock
mass will then be checked in first place to understand the proposed
real-world complex rock mass behaviours.

Interactions of “influences” affecting rock fracture shearing

Under the influence of 3D in-situ stress states, complex
strength-related interrelations occur between rock mass properties in
rock masses. All parametric effects happen simultaneously, and their
cumulative outputs on rock masses’ mechanical behaviours have not
yet been fully elucidated. Rock engineering research observations
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have already been conducted for a defined rock material (or rock
mass) factor while differentiating one or two of its property variables
in controlled test conditions. Therefore, while acknowledging about
the selected and tested rock parameters, the output results may be
outside the realm of natural rock mass behaviours. Then, researchers
& engineers begin to apply the existing methodologies presented to
understand the real rock mass failure conditions under different
loading conditions. Defining binary, (pairwise), relations between
parameters influencing rock mass mechanical behaviours, (through
the “interaction matrix” approach), offer an engineering solution
then for the engineers & decision makers .

In the interaction matrix approach introduced by Hudson
(1991), compatible deductive reasoning is offered to explain the
binary relationships between parameters. The fundamental idea of
the interaction matrix concept can be related to decision analyses,
and its focus on expertise collecting features through the “deciding
about the interactions” between the matrix’s parameters in a pairwise
manner. Interaction levels between pairwise parameters are asked to
be defined, (rated), in 5 criticality levels, (lowest: 0 and highest: 4).
Square matrix structure is set-up here and the ratings (as numbers)
in the matrix’s members (other than the diagonal ones) are
eventually changed only between “the natural numbers” 0 and 4.
These are criticality levels which are actually expert’s decisions for
the explanation of the interactions between the pairwise decision
parameters selected for a specific decision target. In this approach,
interaction of parameters are classified according to the expertise &
knowledge of the decision makers (experts, engineers, etc.)
specialized in that field. Hudson (1992) described these 5 criticality
levels in the interactions as follows: uncorrelated relation, (no
relation) (0), weak interactions (1), moderate interaction (2),
strongly correlated, high interaction, (3), and critically related
interaction, (4). Decision parameters with which their interactions

are asked to the experts, (for the selected engineering projects related
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objectives, on rock mass behaviours, for instance), were placed in
the diagonal members of the interaction matrix, while other matrix
members were used to explain the relations between these
parameters.

It is important to point out here that, expertises could be
collected through different interaction matrices, structured for
different final decision targets. The graded and evaluated interaction
matrices transform into a quantitative expertise capture activity. In
this form, interaction matrices could also be accepted as part of
decision support system considerations. Decisions supplied for the
decision parameters’ interactions are experts’ ratings which are
valuable assets for any decision environment. Binary ratings in
quantitative quantities in these matrices should be saved according
to the expertise fields, expert descriptions, and the time&date of
experts’ ratings. As the workers, formens, engineers, officers, and
managers are changing in the history of an engineering company,
these interaction matrix ratings are then records of their expertises
for the time (date) of executions.

The concept of the interaction matrix was reviewed for the
evaluations of project parameters, Gokay (1993). The interaction
matrix approach was also used as a mechanism network for “the
fully-coupled model” for rock engineering systems, RES,
(Jiao&Hudson, 1995). This model was developed from the RES
concept, (Hudson, 1992), and graph theory. Harrison & Hudson,
(2006) wrote about interaction matrix mechanism pathways usage
for hazard identification in rock engineering applications. The
authors supplied an example related to “hazard identification for
underground nuclear waste repositories”. In the same year; Yildirim
et al. (2006) provided an interaction matrix practice for the analysis
of coal mine spontaneous combustion conditions. Ceryan & Ceryan,
(2008) also presented interaction matrix application “as a semi-
quantitative method”, and they applied the matrix for “a slope failure

susceptibility map” for the Dogankent area, (Giresun, Turkey). In the
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meantime, Erdogan, (2008), studied the application of interaction
matrix concept for underground coal mine efficiencies. He collected
interaction matrix ratings from the employees of an underground
lignite (coal) mine located at Ermenek, (Konya, Turkey). Then, he
analysed the graphical results (cause&eftect graphs) of the ratings
which were changed to some extent according to the occupational
duties and responsibilities of the employees. Kim, et al. (2008)
studied methodology to quantify rock behaviour surrounding the
shallow tunnels. These authors offered a rock behaviour index, RBI,
with facilitating RES. Additionally, Ge (2025) supplied interaction
matrix related work to evaluate rockfall problems. Salmi, et al.
(2025) presented “quantifying risks and controls for the resilient
design and optimisation” study handling RES for “long and ultra-
long ore passes”.

In addition to these applications, logic of evaluation, (binary,
pairwise reasoning), participated for the interactions matrix concept,
has been used to present pairwise interrelated “relations, equation”
also, (Gokay, 2000). In this presentation, binary presentations of
available relations, (equations), for the selected decision parameters
are placed at the diagonal members of the interaction matrix formed.
The matrix concept considered here for the presentation of decision
parameters’ binary relations is called (in this work) as a “Relation
Display Matrix”, (RDM). RDM approach is a second manner in
considerations of decision parameters’ binary interrelations through
matrix form. As a first matrix application, the interaction matrix
concept is provided and it covers the experts’ ratings to explore
complex, multiparametric decision environments, (Hudson, 1991),
(like in the cases of the rock mass behaviour explorations). Second
approach, RDM on the other hand is not offered for experts’ rating
procedures. RDM is a matrix presentation form for the pairwise,
(binary) relations (equations) of the selected decision parameters.
Defining the decision parameters at the diagonal members of RDM

is the first step of these deductive parametric relation search studies.
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Second steps include the searching of the studies & works to
discover if there is any theoretical-analytical-observational etc.
equation which defines pre-described pairwise relations between the
selected decision parameters. After surveying & documenting the
available relations, (equations), for the specified decision targets of
the RDM, they placed into the coincided interaction matrix members
accordingly. When, all the members of the RDM are defined,
cumulative, (combined), binary related equations are supplied in the
matrix form (i.e. for the case of laboratory scale triaxial stress-strain
interrelation for an intact rock material is given in Fig. 3). That
means, selected RDM, (with the selected decision parameters in their
diagonal members), is openly representing the available relations at
its matrix member other than the diagonal ones.

(1
(2)
™~ Stresses, &x=1/E(ox-v(0yt0y))
(6% Oy, G7) ey=1/E(cy-v(oxto2))

&~1/E(c,-v(ox+0y))

3)

ox=E(&x) Strains
oy=E(gy) (€2 Ey, €7)
o~E(¢,)

@

Figure 3. Relations (equations), between stresses (external influences)
acting on a cubical rock unit and resultant strains (internal rock
material responds) obtained through available equations. Effective
decision parameters’ relations could then be revealed to be understood
more deeply by defining RDM with diagonal members 1) Elastic
modulus, 2) Stresses, 3) Strains, 4) Poisson’s ratio, (after Gokay, 2000).
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If there is no defined pairwise relation for the diagonal
members, then the specific matrix-cell which is supposed to include
“already defined relation” is filled with “null” character. This type of
RDM-cells can also be filled with a “function” symbol,
v=f(x,ab,c,.....z), to represent an unknown relation between the
related decision parameters. This means that, there is no available
defined relation for the proposed binary parameters yet. These cells
also present where new research studies might be diverted.

It should be pointed out here also that; supplying interaction
matrices ratings by experts’ understandings, (experiences) for the
same decision parameters used in RDM case provides opportunities
to focus these two matrices’ members more comprehensively.
Because if there is no defined relation for a RDM-cell, then the
similar matrix-cell position at the interaction matrix can be checked
for its rating levels defined by different experts. This option helps
the decision makers to understand the content of the focused
pairwise relations in interaction matrix and RDM more clearly.

Interaction matrix submission for shear-box test parameters

Uniaxial or triaxial loading conditions for the recommended
(standard) laboratory scale intact rock test samples produce stress-
strain states in the samples which provide gradually micro-fracture
initiations. As the loading conditions stay remnant with stable or
differentiated rates, fracture initiations in different parts of the
samples tend to combine through their propagation efforts. Stress
concentrations along the traces of fracture propagation directions
cause a destruction zone inside the rock samples. Shear and tensile
strength of the rock samples also govern the fracture propagations
properties while the intact rock samples are crushed by applied
uniaxial or triaxial compressions. That means, after destruction
zones (weakness planes) are developed by initiating individual micro
rock fractures, the rock materials of the test samples resist induced
stress-states (compression, shearing and tensile influences) along
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these developed planes. The failure of the rock sample is then
controlled by the toughness properties of the rock materials in the
tested samples. Then, it is important to understand the rock failure
cases as deep as possible under the influences of 3D stress-states
through the fracture planes, either; i) initiated and then started to be
propagated at intact parts of the rock masses (like the case illustrated
as S2 in Fig. 4), or ii) sheared along the (already) available fracture
planes, (discontinuity planes including faults) in the rock mass, (like
the case illustrated as S1 in Fig. 4). The shear strength influencing
factors, (ISRM, 2007; Muralha, et al. 2014), are then considered
through RDM and interaction matrix cases to cover all the known &
undiscovered relations, and experts’ ratings in engineering senses.
The parameters considered for the shearing of the discontinuities,
(fractures) in the laboratory rock samples (shear-box test samples)
can then be listed as follows, (parameters which directly affect the
results of the shear-box tests are); o, normal stress on the fracture
plane; os: shear stress affecting on the fracture plane; ¢: friction
angle of the fracture plane, (surface); i: roughness (incidence) angle
of the asperities on the fracture plane; C: cohesion of the fracture
surface. When these parameters are put into the diagonal members
of RDM and proposed interaction matrix, the other members of the
two matrices could then be loaded by related equations and ratings
accordingly. The shearing parameters considered in the shear-box
test are presented in Fig. 4 for their interaction matrix related ratings
procedures, or RDM related relation loading steps. Pairwise
relations, (for instance), for the selected decision parameters
positioned in the diagonal members of the RDM (Fig. 4) are then
defined at “Cause & Effect” cells numbered as C1, C2, ..., C10, and
El, E2, ...., E10, as follows;

C1 represents the cause of on on 7, [t = f (on, Other factors)];
C2 represents the cause of on on ¢, [¢= f (on, Other factors)];
C3 represents the cause of on on i, [i= f (on, Other factors)];
C4 represents the cause of on on C, [C= f (on, Other factors)].
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Similarly;
El represents the effects of z on on; [on= f (z, Other factors)];
E2 represents the effects of ¢ on on, [on= f (¢, Other factors)];
E3 represents the effects of i on on, [on= f (i, Other factors)];
E4 represents the effects of C on on, [on= f (C, Other factors)].

In these evaluations, “f” stands for a symbol of defined
function (or evaluation) if there is possibility to explain the cause or
effect interactions (reactions). For instance, for C1 and E1 members
of the given RDM in Fig. 4, included the relation definition as
follows;

C1; [zt =f (on, Other factors)], as: 7= on.tan(¢+i)+C
El; [on= f (7, Other factors)], as: on= (z-C) / tan(¢+i)

There are some other factors influencing the rock fracture

shearing at the laboratory scale shear strength tests, (shear-box tests).

S1: Shearing on existing fracture.
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Figure 4. Considering selected parameters (on, t, ¢, i, C; excluding;
discontinuity wall strength, alteration level at the discontinuity walls,
infilling types&thickness, etc.) interactions influencing shearing of
fractures; (Si:Shearing on existing fractures; S»:Shearing on newly
formed fracture due to intact rock failure). Interrelated binary relations
(Ci: Causes, Ei: Effects) can be defined either by the interaction matrix
procedure provided by Hudson (1992) for quantitative decision steps, or
they can be defined through the supplied RDM procedures.
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These are; water content of the test sample, uniaxial
compressive strength of the rock fracture surfaces, weathering
characteristics of the rock fractures, alteration observed at the rock
fracture surfaces, filling materials (their types & mechanical
properties), temperature of the test samples, etc. As far as the
engineering projects require detailed property checking, parameters
in this list can be increased to include more factors affecting the
results of shear strength tests. Thus, there is no limitation in the
numbers of the diagonal members of the defined decision related
interaction matrix and RDM to understand the rock shearing cases
in Earth’s crust.

Interaction matrices for in-situ rock shearing conditions

Selected decision parameters define the boundaries of the
proposed target in an engineering decision. Parameters listed at the
diagonal members of the interaction matrix given in Fig. 4 for
instance, cover the shearing conditions designated for the shear-box,
(shear strength) tests. For more detailed reasonings of the rock
fracture shearing, the number of interactive decision parameters
should be increased. This must be the step followed for rock mass
fracture characterisation. Actually, identifying properties of rock
masses and rock fractures includes complex conditions which can
not be fully defined through the already supplied relations. That
means, some of the decision factors of certain rock engineering
subjects have not been researched totally with all the effects of its
influences. Actually, in some cases, current stages of research &
technology have not provided full explanations about the selected
rock mechanics problems. Some cases are not even tested due to the
obstacles which can not be handled in current time. The deep Earth
(> 5-10 km) rock mass related observations & tests may be handled
in this group of rock engineering activities in future. Similarly, deep
rock mass properties including rock fracture shearing conditions are
then analysed through conceptual evaluations. Since there is no easy
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access to the rock masses at that depth, parameters selected due to
their influences on a deep rock fracture shearing can be suitable for
interaction matrix ratings instead of interrelated reaction definition
for the matrix members of the RDM in this subject

Interaction matrices’ diagonal members are representing the
number of parameters evaluating for the selected project’s
quantitative decision. Since the matrix concept captures the
experiences & expertises of the field experts (by accepting their
ratings through binary interactions), the numbers of diagonal
members can be enhanced according to the decision problems.
Hudson, (1992), wrote that, “interaction matrix could have any
number of loading diagonal terms, from two onwards” which also
defines the level of the “matrix resolutions”. Hudson noted that “the
larger the number of loading diagonal terms, the finer the
resolution”. Thus, providing an interaction matrix which has a large
number of diagonal members is ready to capture more representative
evaluation of the decision problems. For instance, Hudson, (1992)
illustrated core interaction matrix (which has 8 diagonal members)
conditions for a sample project. Defining this matrix’s diagonal
members for “inner near field” factors are the starting core decision
factors. After that, adding some more diagonal members for “outer
near field” factors, (and adding more diagonal members for “far
field” factors) enhance the proposed interaction matrix size and
related evaluations. Similar approach could be considered during
evaluation of rock shearing conditions. Fracture shearings in rock
mass are controlled by 3D in-situ stress-strain conditions and
strength properties of rock masses & their fractures. Then,
considering rock shearing at shallow depth or deep Earth’s crust
locations helps engineers to extract rock shearing parameters in
different sets. Then, selected parameters from the groups are loaded
as diagonal terms of sub-grouped matrices for interaction matrix and
RDM. These sub-grouped matrices can be thought of as different

subroutine source codes prepared for different software (computer)
--110--



programming targets. If the engineers organise interaction matrix
and RDM procedures which divide their decision targets into sub-
grouped subjects, (sub-grouped decision steps), specially collected
decision parameters are then possibly grouped for the preparation of
sub-grouped matrices as well (Fig. 5). This means that; engineers
responsible to develop interaction matrix and RDM for expertise
capturing and available relation display in matrix form should
perform careful data collection and decision parameter grouping
steps for their decision targets. These engineers may prefer to use the
organised sub-grouped interaction matrices to get the experiences of
different experts they selected. When these sub-matrices are
combined as a single large size matrix in different configurations,
then, these newly formed combined (larger) interaction matrices can
be arranged for different decision targets in engineering applications.
Combining sub-grouped matrices for targeted decisions, requires
deep knowledge & information collection periods. The case for rock
shearing circumstances for instance is illustrated in Fig. 5a. These
sub-grouped matrices can internally be organised separately for
different rock shearing conditions, (Fig. 6).
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Figure 5. a) Considering several interaction matrix set ups as sub-
groups for the selected sub-cases, b) Combining sub-groups of
interaction matrices, c¢) Combining effort of sub-groups brings their
internal interactions into the enhanced-combined “Interaction matrix”.
This combination bring many other causes&effects members into the
combined final interaction matrix (illustrated in different fillings).
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Rock shearing case differences can conceptually be presented
in 4 different sub-groups and their decision related parameters are
defined accordingly. These are; Sc;) Intact rock fracturing related
shearing properties obtained through triaxial compressive strength
tests; Sc) Fracture initiation and propagation related toughness tests
in different fracturing modes; Sc3) Shearing strength characteristics
of deeply located fractures, (faults), their shearings are influenced by
tectonic stresses, Earth’s heat gradient, shearing induced high
temperature, etc.; Scy) Shearing of shallow depth discontinuities at
different engineering project, like; open-pit mining, shallow
underground mines, structure foundations, shallow drillings for
groundwater, oil, natural gases, etc., (Fig. 6).

Sci: mtact rock Sca: Fracure SC3.'Deep_/'ractm‘e Scq: Shatiow depth|
parameters: intiation&propagation parameters: Jracture parameters:

1. Parameters: 1.
2.

EREEN]

2.
* *
* *
n. n

N

Figure 6. Rock masses and their fractured features influenced by 3D in-
situ stress-states (and their rates in time). When the shearing of rock
fracture occurs according to their ductility & brittleness properties,

resultant shearing parameters depend on numerous factors. Interaction

matrices and RDM may then be prepared for the sub-grouped features
according to the research.
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Decision parameters influencing rock shearing conditions
described in Fig. 6 can be defined and loaded as diagonal terms of
each sub-groups. Then evaluations of each sub-grouped interaction
matrix’s pairwise conditions are asked to be rated from experts.
Similar rating requirements can be asked also for the combined form
of interaction matrix if different sub-grouped interaction matrices are
configured to reach especially targeted decision environments. It is
also important to bear in mind that, defining decision parameters and
organising related interaction matrices for the selected targets are
“time” and “expert” related. Thus, the interaction matrices’ diagonal
members and their importances in the selected decisions have their
possibilities to differentiate in time according to expertise changes
(according to new information & technology). Similarly, when the
RDM usage for “the documentation & presentation, (mapping), of
the available relations & equations” are considered, relations &
equations displayed in the matrix have also their opportunities to be

’

improved (revised) in time according to new research studies.

Rock fracturing under different rates of 3D in-situ stresses are
the main concern in rock engineering projects. Discontinuities in
rock masses (including all types of faults, fractures, fissures, etc.)
have their 3D stress-strain states over their initiation & propagation
phases in time. Illustrative presentation given in Fig. 6, demonstrates
that different engineering applications focus on different levels of
rock masses in Earth’s crust which could most possibly be affected
by rock fracturing, (faulting). Intact rock parts of the rock masses,
and rock masses’ parts include faults (in shallow or deep levels of
the Earth’s crust) have their different influencing parameters on rock
shearings. Rock faults, individual ones, or fault belts have their
initiation and propagation reasonings for their occurrences and
locations, (positions in the Earth’s crust). Analysing rock shearing
parameters which are influencing the occurrences of rock fractures
have been the subjects in some researches in different branches of

the science but, they can mostly be researched in rock mechanics
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concepts. Surveying about the rock mass parameters influencing the
rock shearing cases sub-grouped under Sc;, Scz, Scs, Scs topics, (Fig.
6), are then provided decision universes (mapping of the decision
factors) which have also possibilities to enhance their reasoning in
time.

Considered decision parameters for rock shearing conditions
are sub-grouped as; Sc;, Sc2, Sc3, Scq. Parameters selected for these
sub-grouped interaction matrix and RDM should be defined under
the influences of external energy types (influencing rock masses in
the Earth’s crust, Fig. 1), and rock masses’ internal properties depend
on rock masses’ strength, mechanical behaviours, physico-chemical
and radioactive properties, etc.). Although, these decision
parameters could further be subdivided into their further detail
influencing parameters to obtain finer level of resolutions in decision
reasoning, (parameters). Some decision parameters extracted for
rock shearing conditions are listed below to present general
parameters ready to be subdivided into further details for their
interrelated pairwise analyses of the rock shearing, (diagonal
members in the interaction matrices or RDM).

dl1) 3D in-situ stress-states, (3D loading rates & directions can be differentiated
at different locations & depths of the Earth’s crust. due to; Earth’s and
external galactic masses’ gravites; Earth’s rotations; density differences of
rock masses, etc.).

d2) Induced shear stress differences on the rock fractures, (It is differentiated
mainly with external 3D in-situ stress-states and rock fractures’ 3D
geometries).

d3) Induced normal stress differences on rock fractures, (It is differentiated
mainly with external 3D in-situ stress-states and rock fractures’ 3D
geometries).

d4) Internal friction angle differences of the rock fracture planes due to their
resistance to shearing.

d5) Impurity angles of rock fracture planes which resist rock fracture shearing.

d6) Roughness of the rock fractures.

d7) Continuity (length) of the rock fractures.
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d8) Undulation of the rock fracture planes.

d9) Aperture of the rock fractures.

d10) Infilling characteristics of rock fractures, their thicknesses and types;
(sandy, silty, clays which may have different material properties including;
cohesion differences, shrinking&expanding, etc.).

d11) Chemical alterations of the rock masses and rock fracture surfaces.

d12) Chemical alterations of the rock fracture walls (thickness of the altered zone
which influence the sliding characteristics of the rock fractures).

d13) Uniaxial compressive strength of the rock fracture walls.

d14) Groundwater (or any other liquids) influxed into the rock fractures, (liquid
pressure differences due to rock mass porosity and permeability differences).

d15) Natural gasses (any form of organic&inorganic gasses) influxed into the
rock fractures, (gas pressure differences due to rock mass porosity and
permeability difference).

d16) Porosities of rock fracture wall rocks.

d17) Permeability properties of rock fractures and the rock masses around the
fractures.

d18) Rock mass strength properties around the rock fractures (in 3D in-situ
stress-state).

d19) Temperature differences of rock fracture wall rocks.

d20) Induced temperature differences due to rock shearing under high shear and
normal stresses.

d21) Influences of Earth’s magnetic field differences on rock masses and their
fractures.

d22) Solid impact on rock masses, (rockfall influences in small scale
considerations, and galactic mass (meteorites etc.) impact on Earth’s crust),
the resultant shock-impact on the influenced rock masses and their fractures.

d23) Effects of sounds & vibrations on rock masses and rock fracture surfaces.
These waves in low and high levels (tectonic shockwaves) influence the rock
fractures and may cause further sliding.

d24) Effects of radioactive radiations which influence the rock masses and rock
fractures.

d25) Effects of lightwaves and electron distributions at the rock masses which
may possibly influence the properties of rock materials.

d26) Time influence on the rock mass properties, (time-dependent property
changes in the rock masses, (rock-fracture property changes).

d27) Others, etc.
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Selected parameters from the above list could then be added to
the sub-grouped interaction matrices (or RDM) as a diagonal
members to define; Sc;, (intact rock breakage and fracturing related
shearing properties), Scz, (fracture initiation & propagation related
rock toughness properties (characteristics) to define rock fracture
mode types), Scs, (shearing strength characteristics of deeply located
fractures), Sc4, (shearing of shallow depth discontinuities at different
engineering project).

Conclusions

This study uses deductive reasoning to explain the scope of
their parameters affecting shearing of rock discontinuities. Using the
interaction matrix method, the cause-effect relations between the
selected decision parameters are loaded to the diagonal members of
the organised matrices (or defined sub-matrices). Then, the field
experts are asked to rate pairwise interrelational interactions
according to their experiences & expertises. In this study, it is
demonstrated that the advantages of binary analysis through
expertise interaction ratings, and displaying the existing equational
relations in matrix form help engineers & decision makers to
understand complex rock mass and rock fracture behaviours to some
extent. Included interaction matrix, and RDM (relation display
matrix), present the available expertise and research study outputs
(in other words presents available information) for a selected
decision problem (for instance, rock shearing reasoning). The
deductive rock shearing reasonings for a rock mass including rock
fractures, (faults), begin with the understanding of their parametric
interactions through a conceptual cubical rock unit model. External
and internal influences (input parameters, signals) on the modelled
units are assumed to drive main rock fracture behaviours (output
factors, signals) of the conceptually modelled rock units. In current
levels of knowledge and technology, the methods offered here, can
be one of the selected solutions to understand complex structures of
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rock fracture behaviours. There are numerous external and internal
factors influencing the rock mass behaviour, that means also they are
influencing rock fractures. Their multi-dimensional, interconnected,
multi-related complex behavioural structures can not be supplied
through in-situ and laboratory tests (which may include 2 or 3
variables (differentiating) and the changes presented in graphical
form in 2D or 3D conditions). Rock masses mechanical behaviours
are differentiation in characters in long-time periods (due to changes
in loading conditions and their material properties, etc.) then rock
mass fractures observed currently near surface of the Earth, and the
ones in deep in the Earth’s crust should be analysed according to
their initiation time and number of shearing events they have
influenced. The concept of the real-world solutions for the rock mass
fracture cases can then be seen clearly that, it forms complex
decision environments to be considered more deeply. Supplying
decisions by analysing a few features of the rock fractures are a part
of the whole subject and they are not enough but valuable assets of
contribution in understanding the rock fracture behaviours.

The concept given through conceptual cubical unit models has
its limitations by selected parametric external & internal influences
(which are attempted to be explained through their binary
interactions). Instead of attempting to explain the entire rock mass
behaviours by analysing individual properties (testing & observing
of the rock mass properties, etc.), their interactions are considered
on the final targeted decisions. The aim here is to derive pairwise
relationships (interactions) between individual rock mass properties
influencing rock fractures. Due to the natural structure of the rock
mass, the entire rock behaviour cannot be explained as whole. In
such cases, rock masses are examined using a black-box approach,
through conceptual cubical rock unit models.

Increasing the number of selected decision parameters will
also increase the number of interactions that need to be explained.

Consequently, rock mass behaviors can be studied through matrices
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organized as follows: i) interaction matrix and ii) relationship
representation matrix. The decision parameters compiled for the
selected decision objectives are loaded into the diagonal members of
these two matrices for the resulting outputs. The relationships
displayed in the RDM show complete up-to-date documentation of
all existing pairwise relationships and equations. At this stage, the
RDM also shows pairs with or without "relationships, equations" in
the matrix members. The other decision support matrix is the
interaction matrix and contains the experts' assessments. Comparing
these two matrices leads to understanding their differences and
similarities. This procedure essentially forms the basis for
understanding what the experts' assessments in the interaction matrix
are for the same member pairwise conditions in the RDM; these
conditions are indicated with "relationships present" or "no
relationship" signs. The levels of criticality and dominance obtained
for these matrix members necessitate directing further research
topics towards them. When decision issues focus on rock mass
fractures at deep or shallow depths of the Earth's crust, the evaluation
of binary decision parameters through the interaction matrix and the
RDM concept can also be considered among the proposed solutions.
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BOLUM 4

KAYALARDA AKUSTIK EMiSYON: TARIiHSEL
GELISIiM, TEMATIK EGILIMLER

MURAT SERT!
GOKHAN EKINCIOGLU?
DENIZ AKBAY?

Giris
Akustik Emisyon (AE), bir malzeme gerilmeye maruz
kaldiginda, yerel kaynaklardan aniden ener;ji salinimu ile karakterize
edilen olaylardir. Bu salinim, gegici elastik dalgalar iiretir ve AE
terimi hem bu dalgalarin olusum siirecini hem de tespit edilen
dalgalarin kendisini kapsar (ASTM 1316, 2002; EN 1330-9, 2000).
AE, kayalarin mekanik davranislarini ve catlak olusum siire¢lerini
anlamada onemli bir ara¢ olarak kullanilmaktadir. Kayalarin stres
altindaki deformasyonlar1 ve kirilma mekanizmalar1 hakkinda
degerli bilgiler sunan AE, madencilik, insaat miihendisligi ve
jeoteknik miihendislik gibi alanlarda yaygin olarak kullanilmaktadir.
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Ozellikle 1960’lardan itibaren sensér teknolojilerindeki ilerlemeler,
veri toplama sistemlerinin gelismesi ve sinyal isleme tekniklerindeki
cesitliligin  artmasi, AE yOnteminin laboratuvar ve saha
uygulamalarinda daha etkin kullanilmasini saglamistir.

Bu kitap boliimiinde, 1960-2025 yillar1 arasinda kayalarda
AE f{izerine yapilan arastirmalarin tarihsel gelisimini, tematik
egilimlerini ve gilincel bilimsel yonelimlerini incelemistir. Web of
Science, Scopus ve diger veri tabanlarinda gergeklestirilen taramalar
sonucunda elde edilen yaklasik 450 makale arasindan en ¢ok atif
alan 30 calisma tematik olarak siniflandirilmistir.

AE’nin kayagclardaki deformasyon, mikro ¢atlak olusumu ve
kirllma = siireglerini gergek zamanli ve tahribatsiz bigimde
izleyebilme kapasitesi, yontemi kaya mekaniginin en Onemli
deneysel araglarindan biri haline getirmistir. Calismada AE literatiirii
dort donem altinda siiflandirilmistir: 6ncii donem (1960-1980),
konsolidasyon donemi (1981-1995), genisleme donemi (1995—
2010) ve modern donem (2011-2025). Bu doénemler arasinda
yontemsel gelismeler, sensor teknolojilerindeki ilerlemeler ve veri
isleme tekniklerindeki doniigiim belirgin bi¢imde izlenmistir.

Tematik analiz sonucunda AE ¢aligsmalarinin on ana bashk
altinda toplandig1 ve Ozellikle mikro catlak dinamigi, kirilma
mekanigi, enerji salinim1 ve kaya mekanigi siireglerinin literatiirde
on planda oldugu goriilmistiir. “Kaya mekanigi ve deformasyon
stirecleri, mikro catlaklarin izlenmesi ve analizi, enerji salinimi ve
kirllma mekanigi” tematik konu basliklar1 ile ilgili ¢alismalar
Ozetlenmistir.

Son yillarda yapay zeka destekli AE veri analizi, zaman—
frekans ayristirma yontemleri, hidrolik kirilma ve termal etkiler gibi
konularin 6ne ¢iktig1 belirlenmistir. Arastirma sonuclari, AE
tekniginin hem laboratuvar hem de ger¢ek saha kosullarinda hasar
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izleme ve kirilma 6ngoriisli i¢in giiglii bir potansiyel sundugunu
ortaya koymaktadir.

Akustik Emisyon Ol¢iimii

Akustik Emisyon (AE), ozellikle gerilme (stres) altinda
bulunan kayaclarda gozlenen mikro ¢atlak olusumu ve ilerlemesi
stire¢lerinde meydana gelen ani elastik enerji bosalimlariyla ortaya
cikan yiiksek frekansli gecici elastik dalgalarin kaydedilmesine
dayanan tahribatsiz bir izleme (non-destructive monitoring)
yontemidir.

AE tekniginin gelisimine onciiliik eden c¢alismalar, 1930'lu
yillarin  sonlarina dogru U.S. Bureau of Mines (USBM)
aragtirmacilari Obert ve  Duvall (1945)  tarafindan
gerceklestirilmistir. Obert ve Duvall (1945), derin bir yeralti
isletmesinde yiiriittiikleri sonik arastirmalar sirasinda, harici bir
sonik dalga gondermeksizin, yalnizca gerilmelerin etkisi altindaki
kayactan yayilan mikro diizeydeki titresimleri (AE sinyallerini)
kaydederek bu yontemin temellerini atmislardir (Sekil 1) (Tuncay ve
Ulusoy, 2002).

Sekil 1. AE tekniginin temel prensibi (Hardy,1981'den

diizenlenmistir)
Y UK
x” Kaynak
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Kaynak: Tuncay ve Ulusay, 2002
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AE, gerilme (stress) altindaki kat1 malzemelerin i¢ yapisinda
bir veya daha fazla lokal kaynaktan kaynaklanan ani enerji salinimi
neticesinde gegici elastik dalgalarin (transient elastic waves)
iretildigi olaylar dizisi veya bu olaylar sonucu yayilan gegici elastik
dalgalar olarak tanimlanir (ASTM, 2002). Tiim kat1 cisimler, yapisal
biitlinliiklerinden dolay1 dogal bir elastisite sergilerler. Uygulanan
harici yiikler altinda (¢cekme veya basma) elastik deformasyona
ugrayarak boyut degistirirler ve yiikiin kalkmasiyla birlikte
depoladiklar1 elastik potansiyel enerjiyi serbest birakarak orijinal
konfigiirasyonlarina geri donerler. Uygulanan gerilme ve buna bagh
elastik deformasyon seviyesi arttik¢a, malzemenin depoladigi elastik
enerji miktar1 da ytikselir.

Uygulanan gerilme diizeyi malzemenin elastik limitini veya
cekme mukavemetini astiginda, plastik deformasyon ve nihayetinde
kirilma veya ¢atlak ilerlemesi gibi hasar mekanizmalar tetiklenir.
Elastik olarak asir1 yliklenmis bir malzemenin igerisinde bulunan
mikroyapisal kusurlar (6rnegin bosluklar, inkliizyonlar veya faz
araylizeyleri), gerilmenin yerel olarak yigildigi kritik bolgeler
olusturur. Catlak olusumu veya ilerlemesi, tipik olarak bu yiiksek
gerilmeye maruz kalan noktalarda baglar. Bu hasar gelisimi, hizh
dislokasyon hareketleri veya ani catlak ilerlemesi seklinde
gercekleserek, lokalize bolgede birikmis elastik enerjinin son derece
kisa bir siirede mekanik dalgalar halinde hizla serbest birakilmasina
neden olur. Iste depolanmis elastik potansiyel enerjinin bu ani ve
hizl1 serbest kalma siireci, AE olay1 olarak adlandirilmaktadir.

AE olaylarinin deneysel olarak algilanmasi ve nicel analizi
icin kurulan sistem, asagidaki temel elektronik ve yazilimsal
bilesenlerden olusur:

Algilayict Sensor: Malzeme yiizeyine uygun akustik kuplaj
ile sabitlenen ve hasar olaylarindan yayilan gegici elastik dalgalari
yakalayarak bunlar elektriksel sinyallere doniistiiren ana birimdir

(Sekil 2).
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Sinyal Kosullama ve Yiikseltme Unitesi: Sensérden gelen
diistik genlikli elektriksel sinyali giiclendirerek giiriiltiiye olan sinyal
oranini (SNR) optimize eden ve 6l¢iim araligina uygun hale getiren
giic yiikselticileridir.

Veri Toplama ve Analiz Platformu: Tiim sistemin entegre
edildigi merkezi bir birim olup, giiclendirilmis elektriksel sinyallerin
sayisallastirildig1 ve nicel parametrelerinin (AE vurus sayisi, enerji,
genlik, siire vb.) hesaplandig1 platformdur. Bu platform, elde edilen
AE sayisal verilerinin zaman, gerilme veya diger test
parametrelerine kars1 grafiksellestirilmesini saglayarak hasar
mekanizmalarinin yorumlanmasina olanak tanir (Sekil 3) (Erisis,
2016).

Sekil 2. Gerilme artisina paralel olarak olusan kilohertz (kHz)
mertebesindeki titresimleri algilamak i¢in kullanilan sensorlerin ve
es zamanli olarak karot numunesine monte edilmis olan
deformasyon élgerlerin (strain gauge) genel goriiniimii
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Kaynak: Erigis, 2016
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Sekil 3. AE deney diizeneginin genel goriiniimii

Akustik emisyon verilerinin kayit
edildigi bilgisayar diizenegi

| .
| Sayici, sinyal
H  isleme kat1

Kaynak: Erigis, 2016
Malzeme ve Yontem

Kayalarda AE davranisinin  deformasyon  siirecleri,
mikrocatlak gelisimi ve kirilma mekanigi baglamindaki bilimsel
birikimini biitiinciil big¢imde degerlendirmek amaciyla kapsamli bir
literatiir analizi ile gergeklestirilmistir. Literatlir taramast
kapsaminda Web of Science, Scopus, ScienceDirect ve Google
Scholar veri tabanlarinda “rock acoustic emission”, ‘“acoustic
emission rock fracture”, “AE monitoring rock mass”, “microcrack
AE”, “triaxial AE rock” anahtar sozciikleri kullanilarak 1963-2025
yillart arasinda yayimlanmis yaklasgitk 450 akademik calisma
incelenmistir. Bu c¢alismalar arasindan, kaya mekanigi ve
deformasyon siireclerinin AE ile incelenmesine 6nemli katkilar
sunan ve literatlirde en ¢ok atif alan 30 makale detayl
degerlendirmeye alinmistir. “kaya mekanigi ve deformasyon
siirecleri, mikro ¢atlaklarin izlenmesi ve analizi, enerji salinimi ve
kirllma mekanigi” tematik konu basliklar1 ile ilgili ¢alismalar
Ozetlenmistir.
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Tematik Yaklasimlar

AE yonteminin kaya mekaniginde bir teshis ve izleme araci
olarak biiyiikk deger tagidigini ortaya koymaktadir. Bu caligmalar
sayesinde bugiin AE teknikleri ile: (i) laboratuvar ortaminda kaya
numunelerinin kirilma 6ncesi hasar birikimi ytiksek dogrulukla takip
edilebilmekte, (ii) saha ortaminda baraj, tiinel, maden ocagi gibi
yapilarda gerilme degisimleri ve hasar birikimi hakkinda erken uyari
isaretleri elde edilebilmekte, (iii) kuramsal olarak kaya kirilmasinin
istatistiksel ve dinamik dogasi anlasilabilmektedir. Literatiirdeki
egilimler, mikro ¢atlak dinamigi, enerji salinimi ve kirilma 6ngoriisii
konularmin ~ AE  arastirmalarinin =~ merkezinde  oldugunu
gostermektedir. Ote yandan, yapay zeka ile AE verisi isleme, yiiksek
sicaklik ve basing altindaki AE davranigi ve dinamik yiiklemelerde
(6r. deprem, patlama) AE tepkisi gibi alanlar nispeten daha az
incelenmis olup gelecekte derinlemesine arastirilmaya acgiktir. Bu
alanlardaki bosluklarin doldurulmasi, AE yonteminin endiistride ve
bilimde daha yaygmn ve giivenilir bir ara¢ haline gelmesini
saglayacaktir.

Literatiirde, kayaglarin AE sinyallerinin 6zellikleri (frekans,
enerji, genlik vb.) ve bu ozelliklerin kayaclarin deformasyon
stirecleriyle iliskisi tizerine birgok ¢alisma bulunmaktadir.

Bu ¢alisma kayalarda AE’yi, 450 makalelik genis bir veri
tabaninin igerisinden tizerinde en ¢ok calisilan 10 tematik alanda
secilen en fazla atif alan 30 calismay1 tarihsel ve tematik agidan
inceleyen ilk caligmalardan biridir (Tablo 1 ve 2). Calismanin amaci,
literatiirde en ¢ok atif alan AE calisma parametrelerinin kayaclarin
mekanik davraniglar1 ve kirilma stiregleri iizerindeki etkilerini 10
tematik konu ¢ergevesinde siniflandirmak ve bu bilgileri kullanarak
kaya miihendisligi uygulamalarinda AE’nin farkli potansiyel
kullanim olanaklarmi degerlendirmektir. Bir makale birka¢ farkli
tematik konuyu igerebilmektedir. Literatiirde yer alan farklh

yaklagimlar ve deneysel ¢alismalarin sonuclari bir araya getirilerek,
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AE yonteminin kaya mekanigi ve miihendislik uygulamalarindaki
rolii kapsamli bir sekilde ele alinmustir.

Tablo 1 Literatiirde ¢alisilan baslica AE konu basliklar: ve en ¢cok
atif alan yaymlarin konu basliklarina gére dagilima.

No Tematik konu bagliklar1 Yayin sayisi
1 Mikro catlaklarin izlenmesi ve analizi 26
2 Enerji salinimi1 ve kirilma mekanigi 13
3 Kaya mekanigi ve deformasyon siirecleri 12
4 Laboratuvar deneyleri ve test yontemleri 5
5 Yeralt1 yapi stabilitesi ve egim izleme 5
6 Sayisal modelleme ve yapay zeka uygulamalari 4
7 Maden miihendisligi ve yeralt1 yapilariin izlenmesi 3
8 Termal etkiler ve sicaklik degisimleri 3
9 Hidrolik kirilma ve sivi enjeksiyonu 1
10 Kaya patlamasi ve dinamik yiikleme 1

Calisma kapsaminda incelenen en ¢ok atif alan makalelerin
ilgili oldugu tematik konularin numaralar1 Tablo 2’de verilmistir.
Tematik konularin agiklamalar1 Tablo 1’de, bu konular hakkinda
yapilan yayin sayilari ise Sekil 4’te verilmistir.

Tablo 2. En ¢ok atif alan 30 makalenin tematik siniflandiriimast

Referans, Yil Tema no
Knill vd. (1968) 1,4
Stesky (1975)

Koerner vd. (1981)

Ohnaka & Mogi (1982)

Ohnaka (1983)

Yamada, Masuda & Mizutani (1989)
Diodati vd. (1991)

Lei vd. (1992)

Lockner (1993)

Glover vd. (1995)

Zang vd. (1996)

Labuz, Dai & Shah (1996)

Falls & Young (1998)

Zietlow & Labuz (1998)

Zang vd. (1998)

Hazzard & Young (2000)

Lei vd. (2000b) (JGR)
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Wang vd. (2000) 2,5
Lei vd. (2000a) (GRL) 1,4
Labuz, Cattaneo & Chen (2001) 3,4
Lei vd. (2003) 1,4,6
Prikryl vd. (2003) 1,4
Manthei (2005) 4,6,10
Shiotani (2006) 4,5
Aggelis vd. (2011) 3,4
Kao, Carvalho & Labuz (2011) 3,4
Lisjak vd. (2013) 4,10
Khazaei, Hazzard & Chalaturnyk (2015) 4,6,10
Stanchits, Burghardt & Surdi (2015) 4,8
McLaskey & Lockner (2016) 3,4,6

Sekil 4. AE ile ilgili en ¢ok atif alan bilimsel ¢alismalarin tematik
konu dagilimlar

ml =2 =3 4 m5 m6 m7 m8 m9 =10

Tarihsel Gelisim

1960’lardan giinlimiize kayalarda AE arastirmalarinin
odaklandig1 konular, deneysel diizenekler ve analiz yontemlerinin
nasil degisip gelistigi, gelecekte bu konunun yonelimi agisinda
olduk¢a Onemlidir. Bu nedenle c¢alismanin tarihsel evrimi dort
boliime ayrilmistir:

Oncii donem 1960 — 1980 yillari arasinda ilk AE
gozlemlerinin basladigr donemlerdir. Bu donemde temel kavramlar
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gelistirilmis ve AE konusundaki ilk uygulamalar ve ilk ¢alismalar
gergeklestirilmistir (Knill vd. 1968; Hardy, 1981).

Konsolidasyon donemi 1981 — 1995 yillar arasinda frekans
analizi, b-degeri ¢alismalari, kirtlma 6ncesi AE paterni gibi daha
detayli caligmalar gergeklestirilmistir (Ohnaka & Mogi, 1982;
Lockner, 1993).

Genisleme donemi 1995 — 2010 yillar1 arasinda moment
tensor, ii¢c eksenli deneyler, saha uygulamalari, AE + sayisal
modelleme gibi ¢aligmalar gerceklestirilmistir (Chang & Lee, 2004;
Aker vd., 2014).

Modern donem 2011 yili sonrasinda yapilan g¢alismalari
kapsamaktadir. Zaman—frekans analizi, yapay zeka, gercek fi¢
eksenli ve yiikleme hiz1 ¢alismalari, hidrolik kirilma, kaya patlamasi
gibi konular agirlikli olarak ¢alisilmaya baslanmistir (Ma vd., 2025).

AE ile ilgili en ¢ok atif alan 30 calisma incelendiginde 1996
— 2010 donemine bir artis oldugu goriilmektedir (Sekil 5).

Sekil 5. AE ile ilgili en ¢cok atif alan bilimsel ¢alismalarin tarihsel
dagilimi

m1960-1980 m=1981-1995 m1996-2010 2011 - GUnimuz
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Kaya Mekaniginde Deformasyon Siireclerinin Akustik
Emisyon ile Izlenmesi: Literatiir Arastirmalar

Kaya mekanigi ve deformasyon siiregleri lizerine yapilan
caligmalar, AE tekniginin mikro c¢atlak olusumu ve kirilma
dinamiklerini anlamada 6nemli bir ara¢ oldugunu gostermektedir.
AE verileri, kayaglarin elastik davranistan hasar birikimine ve nihai
kirllmaya kadar uzanan tiim siireglerini yiiksek duyarlilikla
izleyebilme olanagi sunmaktadir. Literatiirde 6zellikle tek eksenli ve
iic eksenli sikistirma deneyleri, asimetrik yiikleme kosullar1 ve
yliksek gerinim hizi deneyleri gibi farkli mekanik kosullar altinda
kaya davranisinin AE tabanli degerlendirilmesine odaklanan bir¢ok
caligma bulunmaktadir. Bu ¢aligmalar, mikro c¢atlak olusumlarinin
mekansal dagilimi, siire¢ zonunun gelisimi, AE frekans ve genlik
ozellikleri ile kirilma Onciillerinin belirlenmesi gibi konularda
onemli bilimsel bulgular ortaya koymustur. Bu bdliimde, kaya
mekanigi baglaminda AE'nin deformasyon siireglerini agiklamaya
yonelik literatiirde yer alan “kaya mekanigi ve deformasyon
stiregleri, mikro catlaklarin izlenmesi ve analizi, enerji salinimi ve
kirllma mekanigi” tematik konu basliklart ile ilgili ¢alismalar
Ozetlenmistir.

Ohnaka ve Mogi (1982) kirillgan kayaglarin tek eksenli
sikistirllmast sirasinda bant geciren filtreleme sonrasi sayilan
AF’lerin frekans pencerelerine gore davranigini inceleyerek diisiik
frekans penceresinde izlenen emisyon oraninin, kaya¢ kirilmaya
yaklastik¢a yiiksek frekans penceresine kiyasla daha hizli arttiginm
ortaya koymustur. Bu durumu, daha biiyiilk mikro catlaklarin
olusumu veya mevcut catlaklarin birlesmesi ile yiiksek frekans
bilesenlerinin rolatif zayiflamasi seklinde iki olast mekanizma ile
aciklamiglardir. Kaya¢ kirilmasma yaklasirken biiylik genlikli
olaylarin goreli sayisinin arttifini gosteren Onceki caligmalarla
uyumlu olup, biiyilik catlaklarin daha diisiik frekans bilesenleri ve
yiiksek genlikli AE sinyalleri iirettigini gostermislerdir. Ayrica AE
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aktivitesinin baslangici, gerilme-gerinim egrisi ve dilatans esigi ile
iligkilendirilerek mikro ¢atlak olusumu evrimine 151k tutmuslardir.

Lei vd. (1992) farkli tane biiyiikliiklerine sahip iki granit
tirlinde AE iizerine yapilan triaksiyel sikistirma deneylerini
incelemistir. Ince taneli Oshima ve iri taneli Inada granitleri {izerinde
gergeklestirilen deneyler, AE hiposantralarinin fraktal yapida
oldugunu ve AE'nin kaya kirilma mekanizmalarini yansittigini
gOstermistir. Iri taneli granitte siirekli kirilma (tip-S), ince taneli
granitte ise stres seviyelerine bagli olarak degisen kirilma tiirleri (tip-
C ve tip-T) gozlemlenmistir. Calisma, kayaglarin AE
karakteristiklerinin, granit tanelerinin boyutlarindan etkilendigini
ortaya koymustur.

Lockner (1993) kayaclarda kirilma siire¢lerini anlamada AE
yonteminin basarilarini ve smirliliklarini inceleyerek mikro g¢atlak
gelisiminin kirilma mekanigindeki kritik roliinii ortaya koymustur.
AE olaylarinin sayimi ve genlik analizleri, ylikleme siiresince
birikimli hasarin nasil ilerledigini gostermis ve kayaglarin kirilma
anin1 ongodren modellerin gelistirilmesine katki saglamistir. Ayrica
AE hipomerkezlerinin konumlandirilmasi, mikro catlaklarin
mekansal ve zamansal kiimelenme davranigini aydinlatarak kirilma
baslangicina iliskin 6nemli bilgiler sunmustur. Yapay akustik
darbelerden elde edilen P ve S dalga hizlari ile sontim verileri ile
numune i¢indeki hasarin mekansal dagiliminin ve evrimimin
anlagilmasina 6nemli katkilar saglamistir.

Zietlow & Labuz (1998) farkli tane boyutlarina sahip dort
kaya tiirlinden hazirlanan centiksiz laboratuvar numunelerinin {i¢
nokta egilme deneyleri sirasinda tepe yiike yakin olusan AE
konumlarim1 analiz ederek yerellesmis mikro catlak olusumu
bélgesinin (i¢sel proses zonunun) boyutlarini belirlemislerdir. I¢sel
proses zonunun genisliginin kaya tiirleri arasinda belirgin sekilde
degistigi, ancak ayni malzemeden farkli boyutlardaki kirislerde

anlaml1 bir degisim gostermedigi ortaya konmustur. Ayrica proses
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zonu genisligi ile tane boyutunun logaritmasi arasinda yaklasik
dogrusal bir iligki saptanmis ve bu zonun malzeme karakteristigi
olarak ele alinmasinin boyut etkisinin dogrudan agiklanmasina
olanak sagladig1 belirtilmistir. Calismada kirilma anindaki gerilme
iki farklt modelle incelenmis; birinci model proses zonunu sonsuz
gerilme yi8inagi olusturan matematiksel bir c¢atlak olarak kabul
ederek Kirilma toklugu (KIC) degerini hesaplamis, ikinci model ise
proses zonunu sinirli gerilme yogunlasmasi yaratan kohezyonlu bir
centik olarak ele alarak teorik ¢ekme dayanimini tanimlamistir. Elde
edilen sonuglar, ikinci modelin nominal tepe gerilmesinin boyut
etkisini tahmin etmede daha basarili oldugunu gdstermistir.

Zang vd. (1998) calismalarinda granitte tek eksenli sikistirma
altinda uygulanan gerilme anizotropisinin kirilgan gégme davranisi
iizerindeki etkisini asimetrik yiikleme kosullar1 kullanarak incelemis
olup yiikleme plakasi kenarindan baglatilan kayma kiriginin siireg
zonu ilerlemesi AE verileriyle haritalamistir. Asimetrik deneylerde,
simetrik yiliklemeye kiyasla hem daha fazla sayida hem de daha
belirgin bigimde yerellesmis AE hipomerkezleri gozlemlenmistir.
Calisma sonucunda kirilma oOncesi belirtileri degerlendirme
potansiyelini ve farkli stres kosullar1 altinda kaya basarisizliginin
dinamiklerini daha iy1 anlamak i¢in AE'nin nasil kullanilabilecegini
gostermislerdir.

Lei vd. (2000) ti¢ eksenli basing altinda homojen kirilgan
kaya lizerinde kusursuz statik kirik biiyiimesini ve AE izlemeyi
incelemistir. Hornblend sist kaya numuneleri iizerinde yapilan
deneylerde, kaya numunesinin bir ucunda baglayarak karsi tarafa
dogru ilerleyen bir fay zonu goézlemlenmistir. AE izleme, fay
niikleasyonunun ve dinamik basarisizlik Oncesi deformasyon
lokalizasyonunun  anlasilmasina  yardimct  olmustur.  AE
kaynaklarinin hiposantral konumlari, yogun catlak igeren bir siire¢
zonu (fay Onii) ve ardindan gelen bir hasar zonu (fay arkasi)
oldugunu gostermistir.
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Lei vd. (2003) dogal iyilesmis makroskopik eklem igerikli
kaya numunelerinin katastrofik kirilma siirecleri sirasinda AE
olaylarmin zamansal ve mekansal dagilimini incelemistir. Ug eksenli
basing altinda gerceklestirilen deneyler, AE etkinliginin {i¢ uzun
vadeli faz1 oldugunu ortaya koymustur: birincil, ikincil ve
niikleasyon. Sonuglar, heterojen faylarda AE etkinliginin, homojen
faylara gore daha belirgin Onciil anomaliler gdsterdigini ortaya
koymustur.

Liu vd. (2020) farkli gerinim hizlarinda uygulanan tek
eksenli sikistirma ve darbe yilikleme deneyleriyle granitte AE
davraniginin sistematik olarak degistigini, Ozellikle artan gerinim
hiziyla kiimiilatif AE sayisinin azaldigmi ve diisik frekansh
sinyallerin baskin hale geldigini ortaya koymustur. AE
parametrelerindeki (RA—AF, frekans dagilimi, b-degeri) degisimler,
yiiksek gerinim hizlarinda ¢ekme kiriginin baskin mekanizma héaline
geldigini ve kirilma siirecinin dinamik olarak farklilastigini
gostermislerdir.

Sonuglar

Bu caligmada 1960 — 2025 yillar1 arasinda gerceklestirilen
kaya AE arastirmalar tarihsel, tematik ve yontemsel agidan konu ile
ilgili literatlir incelenerek degerlendirmistir. Literatiir analizi,
AE’nin kayaglarda mikro ¢atlak olusumu, deformasyon birikimi ve
kirilma stire¢lerinin anlagilmasinda 6nemli bir deger haline geldigini
gostermektedir. Incelenen ¢alismalar, AE parametrelerinin (b-degeri,
RA-AF, genlik, frekans, hiposantral dagilimi) kaya mekanigi
streclerini yliksek duyarlilikla yansittigini ortaya koymustur.
Yontemsel cesitliligin artmasiyla AE nin, sadece laboratuvar 6lcekli
caligmalarda degil, saha uygulamalarinda da giivenilir bir kirilma
ongorii araci olarak kullanilabilecegi anlagilmaktadir. Bu kapsamda
AE, hem teorik kaya mekanigi arastirmalarina hem de miihendislik
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yapilarinin  durayliliginin = izlenmesinde = 6nemli  katkilar
saglayacaktir.

Ote yandan literatiirdeki bulgular, AE tekniginin gelecekte
daha biitiinctil veri analiz yontemleriyle desteklenmesinin
kacinilmaz oldugunu gostermektedir. Yapay zeka tabanh
smiflandirma algoritmalart  ve yiiksek c¢Oziiniirliiklii sensor
teknolojileri AE verisinin daha dogru yorumlanmasma olanak
saglayacaktir. Ayrica yliksek sicaklik, yiiksek basing ve dinamik
yiikleme gibi u¢ kosullar altinda AE tepkisinin modellenmesi,
kirlma mekanizmalarinin  daha iyi anlagilmasina katkida
bulunacaktir. Hidrolik kirilma, kaya patlamasi, termal ¢atlama ve
biiytik 6l¢ekli kirilma siireclerinin AE ile izlenmesi gelecekte onemli
aragtirma alanlar1 arasinda yer alacagi diigiiniilmektedir. Ayrica bu
alandaki ¢aligmalarin okyanus ve derin deniz madenciligi ile uzay
madenciligi alanlarina da evrilecegi diisliniilmektedir.

Kaynak¢a

Aggelis, D. G., Soulioti, D. V., Sapouridis, N., Barkoula, N.
M., Matikas, T. E., & Paipetis, A. S. (2011). Characterization of
cracking in concrete with acoustic emission. Construction and
Building Materials, 25(7), 2906-2912.
https://doi.org/10.1016/j.conbuildmat.2010.12.004

Aker, E., Kiihn, D., VavryCuk, V., Soldal, M., & Oye, V.
(2014). Experimental investigation of acoustic emissions and their

moment tensors in rock during failure. International Journal of Rock
Mechanics and Mining Sciences, 70, 286-295.

ASTM E 1316, 2002, Standard Terminology for NDT

Chang, S.-H., & Lee, C.-I. (2004). Estimation of cracking
and damage mechanisms in rock under triaxial compression by
moment tensor analysis of acoustic emission. International Journal
of Rock Mechanics and Mining Sciences, 41(7), 1069-1086.

--135--



Diodati, P., Marchesoni, F., & Piazza, S. (1991). Acoustic
emission from volcanic rocks: An example of self-organized
criticality.  Physical Review Letters, 67(17), 2239-2243.
https://doi.org/10.1103/PhysRevLett.67.2239

EN 1330-9, 2000, Terms Used in AE Testing

Erisis, S. (2016). Bazaltik kayalarin bilesim ve dokusal
Ozelliklerinin mekanik davraniglarina etkisi. Yiiksek Lisans Tezi,
Istanbul Universitesi, Fen Bilimleri Enstitiisii.

Falls, S. D., & Young, R. P. (1998). Acoustic emission and
ultrasonic-velocity methods used to characterise the excavation
disturbance associated with deep tunnels in hard rock.
Tectonophysics, 289(1-3), 1-15.

Glover, P. W. J., Baud, P., Darot, M., Meredith, P. G., Boon,
S. A., Le Ravalec, M., Zoussi, S., & Reuschl¢, T. (1995). o/p phase
transition in quartz monitored using acoustic emissions. Geophysical
Journal International, 120(3), 775-782.
https://doi.org/10.1111/j.1365-246X.1995.tb01846.x

Hardy, H. R. Jr., 1981. Application of acoustic emission
techniques to rock and rock structures: A state-of-the-art review.
Acoustic Emission in Geotechnical Engineering Practice, STP 750,
Philadelphia, V.P. Drnevich and R.E. Gray (eds.), American Society
for Testing and Materials, 4-92.

Hazzard, J. F., & Young, R. P. (2000). Simulating acoustic
emissions in bonded-particle models of rock. International Journal
of Rock Mechanics and Mining Sciences, 37(5), 867-872.

Kao, C.-S., Carvalho, F. C. S., & Labuz, J. F. (2011).
Micromechanisms of fracture from acoustic emission. International
Journal of Rock Mechanics and Mining Sciences, 48(5), 666-673.
DOI: 10.1016/j.ijrmms.2011.04.001

--136--



Khazaei, C., Hazzard, J., & Chalaturnyk, R. (2015). Damage
quantification of intact rocks using acoustic emission energies
recorded during uniaxial compression test and discrete element
modeling.  Computers and  Geotechnics, 67, 94-102.
https://doi.org/10.1016/j.compgeo.2015.03.011

Knill, J. L., Franklin, J. A., & Malone, A. W. (1968). A study
of acoustic emission from stressed rock. International Journal of
Rock Mechanics and Mining Sciences & Geomechanics Abstracts,
5(2), 87-121.

Koerner, R. M., McCabe, W. M., & Lord, A. E. Jr. (1981).
Overview of acoustic emission monitoring of rock structures. Rock
Mechanics, 14(1), 27-35.

Labuz, J. F.,, Dai, S.-T., & Shah, K. R. (1996). Identifying
failure through locations of acoustic emission. Transportation
Research Record, 1526, 104-111.

Labuz, J. F., Cattaneo, S., & Chen, L. H. (2001). Acoustic
emission at failure in quasi-brittle materials. Construction and
Building Materials, 15(5-6), 225-233.

Lei, X.-L., Nishizawa, O., Kusunose, K., & Satoh, T. (1992).
Fractal structure of the hypocenter distributions and focal
mechanism solutions of acoustic emission in two granites of
different grain sizes. Journal of Physics of the Earth, 40(6), 617-634.

Lei, X., Kusunose, K., Nishizawa, O., Cho, A., & Satoh, T.
(2000a). On the spatio-temporal distribution of acoustic emissions in
two granitic rocks under triaxial compression: the role of pre-
existing cracks. Geophysical Research Letters, 27(13), 1997-2000.

Lei, X., Kusunose, K., Rao, M. V. M. S., Nishizawa, O., &
Satoh, T. (2000b). Quasi-static fault growth and cracking in
homogeneous brittle rock under triaxial compression using acoustic

--137--



emission monitoring. Journal of Geophysical Research: Solid Earth,
105(B3), 6127-6139. https://doi.org/10.1029/1999JB900385

Lei, X., Masuda, K., Nishizawa, O., Jouniaux, L., Liu, L.,
Ma, W., & Satoh, T. (2003). Detailed analysis of acoustic emission
activity during catastrophic fracture of faults in rock. Journal of
Structural Geology, 26(2), 247-258. https://doi.org/10.1016/S0191-
8141(03)00095-6

Liu, X., Liu, Z., Li, X., Gong, F., & Du, K. (2020).
Experimental study on the effect of strain rate on rock acoustic
emission characteristics. International Journal of Rock Mechanics
and Mining Sciences, 133, 104420.

Lisjak, A., Liu, Q., Zhao, Q., Mahabadi, O. K., & Grasselli,
G. (2013). Numerical simulation of acoustic emission in brittle rocks
by two-dimensional finite-discrete element analysis. Geophysical
Journal International, 195(1), 423-443.
https://doi.org/10.1093/gji/ggt221

Lockner, D. (1993). The role of acoustic emission in the
study of rock fracture. International Journal of Rock Mechanics and
Mining Sciences & Geomechanics Abstracts, 30(7), 883-899.

Ma, L., Liu, C., & Zhao, G. (2025). Rock fracture mode and
acoustic emission characteristics under true triaxial single-sided
unloading path. Frontiers in Materials, 12, 1557889.

Manthei, G. (2005). Characterization of acoustic emission
sources in a rock salt specimen under triaxial compression. Bulletin
of the Seismological Society of America, 95(5), 1674-1700.
https://doi.org/10.1785/0120040076

McLaskey, G. C., & Lockner, D. A. (2016). Calibrated
acoustic emission system records Mw —3.5 to Mw —2.8 events
generated on a saw-cut granite sample. Rock Mechanics and Rock

--138--



Engineering, 49(11), 4527-4536. https://doi.org/10.1007/s00603-
016-1082-1

Obert, L. and Duvall, W. (1945). The microseismic method
of predicting rock failure in underg round mining. Part II: Laboratory
Experiments, U.S. Bureau of Mines, RI 3803, 14pp.

Ohnaka, M., & Mogi, K. (1982). Frequency characteristics of
acoustic emission in rocks under uniaxial compression and its
relation to the fracturing process to failure. Journal of Geophysical
Research: Solid Earth, 87(B5), 3873-3884.

Ohnaka, M. (1983). Acoustic emission during creep of brittle
rock. International Journal of Rock Mechanics and Mining Sciences
& Geomechanics Abstracts, 20(3), 121-134.
https://doi.org/10.1016/0148-9062(83)91302-5

Prikryl, R., Lokajicek, T., Li, C., & Rudajev, V. (2003).
Acoustic emission characteristics and failure of uniaxially stressed
granitic rocks: the effect of rock fabric. Rock Mechanics and Rock
Engineering, 36(5), 255-270. https://doi.org/10.1007/s00603-003-
0051-7

Shiotani, T. (2006). Evaluation of long-term stability for rock
slope by means of acoustic emission technique. NDT & E
International, 39(3), 217-228.
https://doi.org/10.1016/j.ndteint.2005.07.005

Stanchits, S., Burghardt, J., & Surdi, A. (2015). Hydraulic
fracturing of heterogeneous rock monitored by acoustic emission.
Rock Mechanics and Rock Engineering, 48(6), 2513-2527.
https://doi.org/10.1007/s00603-014-0654-7

Stesky, R. M. (1975). Acoustic emission during high-
temperature frictional sliding. Pure and Applied Geophysics, 113(1),
165-179. https://doi.org/10.1007/BF01592896

--139--



Tuncay, E., Ulusay, R. (2002). Akustik emisyon (yayilma)
(AE) teknigi: 1. AE’nin temel ilkeleri ve kaya miihendisligindeki
uygulama alanlar1. Yerbilimleri, 25, 65-82.

Wang, H. T., Xian, X. F., Yin, G. Z., & Xu, J. (2000). A new
method of determining geostresses by the acoustic emission Kaiser
effect. International Journal of Rock Mechanics and Mining
Sciences, 37(7), 543-547.

Yamada, [, Masuda, K., & Mizutani, H. (1989).
Electromagnetic and acoustic emission associated with rock fracture.
Physics of the Earth and Planetary Interiors, 57(1-2), 157-168.

Zang, A., Wagner, F. C., Stanchits, S., Jansen, D., & Dresen,
G. (1996). Acoustic emission characteristics and failure of brittle
rocks at elevated temperatures. Rock Mechanics and Rock

Engineering, 29(3), 145-162.

Zang, A., Wagner, F. C., Stanchits, S., Dresen, G., Andresen,
R., & Haidekker, M. A. (1998). Source analysis of acoustic
emissions in Aue granite cores under symmetric and asymmetric

compressive loads. Geophysical Journal International, 135(3), 1113-
1130. https://doi.org/10.1046/1.1365-246x.1998.00719.x

Zietlow, W. K., & Labuz, J. F. (1998). Measurement of the
intrinsic process zone in rock using acoustic emission. International
Journal of Rock Mechanics and Mining Sciences, 35(3), 291-299.

--140--



BOLUM 5

MINERAL KATKILI KOMPOZITLER

DIDEM EREN SARICI*

Giris

Metaller, plastikler seramikler ve kompozitler miithendislik
malzemelerinin ana tiirlerini olusturmakta ve bu malzemelerin
seciminde kullanim alani, kaynaklarinin bollugu, iiretim siireglerinin
kolaylig1, cevresel etkileri, giivenilirligi, maliyet ve uyumluluk gibi
faktorler rol oynamaktadir (Al Kubati,, 2019). Son yillarda
endiistriyel alan sayisindaki artisa bagli olarak iistiin ve spesifik
ozelliklere sahip olan malzemelere talep artmis ve bu talebin standart
ve tek bir malzeme ile karsilanamayacagi anlasilmistir (Chawla.,
2019). Modern teknolojinin en biiyiik gereksinimlerinden biri
geleneksel metal, seramik ve polimerik malzemeler tarafindan
karsilanamayan alisilmadik  ozelliklere sahip malzemelerdir.
Ozellikle ingaat, otomotiv, denizcilik, havacilik, uzay uygulamalari
icin bu malzemelerin kullanimi gereklidir. Ortaya ¢ikan bu ihtiyag
kompozit malzeme kavrammin dogmasma neden olmustur.
Kompozitler, bilesenlerinden higbirinin tek basina yapamayacagi bir
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gorevi yerine getirmek i¢in farkli malzemelerin birlesmesi ile
olusurlar, uzun bir ge¢misleri vardir, baslangi¢lart bilinmemekle
beraber kayith tiim tarih bir tiir kompozit malzemeye atif igerir
(Jamshaid vd., 2015).

Kompozit Malzemeler

Kompozit malzemeler; farkl fiziksel ve kimyasal 6zelliklere
sahip olan iki veya daha fazla malzemenin ara yiizey olusturmak
suretiyle bir araya gelmesiyle olusmus yapilardir, olusumlarinda
kimyasal bag meydana gelmemekte, birbirleri i¢inde ¢éziinme gibi
kimyasal reaksiyonlar ger¢eklesmemektedir (Baydar vd., 2012).
Kompozit malzemeler genel 6zellikleri bakimindan ele alindiginda
bazi 6zel durumlar harig bilesenlerinden daha {istiin 6zelliklere sahip
olmasi beklenir.

Hafiflik, yiiksek mukavemet ve sertlik, paslanmaya
dayaniklilik, uzun Omiir, tasarim ozgiirligi, diisiik 1s1 iletimi ve
bilesen konsolidasyonu, kompozit malzemelerin avantajlaridir.
Ayrica kimyasallara, asir1 sicakliklara ve korozyon olaylarina karsi
da direnclidirler (Kuan vd., 2021; Pickering vd., 2016). Bu
ozelliklere ek olarak 1s1l iletkenligin diistirtilmesi, yangina ve soguga
dayaniklilik gibi spesifik bazi 6zelliklere sahip olmalar1 da istenen
ve beklenen durumlardandir.

Kompozit malzemelerin temel yapisina bakildiginda takviye
faz, ana matris faz ve ikisinin ara yiizeyinden olustugu
goriilmektedir. Kompozitlerin biinyesinde yer alan ana matris yap1
seramikler ve polimerlerden, takviye elemanlari; cesitli pargacik ve
liflerden olusur. Takviye fazin ana yapiya yiiksek mekanik dayanim
ve bazi spesifik 6zellikler (1s1 yalitimi, ses yalitimi, yangin direnci,
radyasyon kalkanlama 6zelligi) kazandirdigr bilinmektedir (Sahin,
2015; Maiti vd., 2022).
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Kompozit Malzemelerin Avantaj ve Dezavantajlar

Avantajlarn

Kompozit malzemeler, (6zellikle ana matrisin polimer
oldugu kompozitler) diisiik 6zgiil agirliga sahip olmalar1 sebebiyle
hava, kara tasimaciligi gibi sektorler basta olmak iizere pek cok
alanda avantajlar sunarlar. Kompozitlerde dayanim-yogunluk orani
anlamina gelen 6zgiil dayanim degerleri yiiksektir. Catlak ilerlemesi
sinirlandirilabilir ve mekanik 6zellikleri yiliksektir. Korozyona karsi
direncleri, darbe ve titresim sonlimleme Ozellikleri daha yiiksektir.

Dezavantajlar

Uretim siiregleri zahmetlidir. Bakim-onarim islemleri
maliyetlidir. Geri doniigiimleri bilesen c¢esitlerine gore degisir.
Kullanim sirasinda maruz kaliman ortam sartlart matrisin
zayiflamasina neden olur. Darbe almasi halinde olusan hasar ¢iplak
gozle farkedilmeyebilir (Hamidon vd., 2019).

Kompozit malzemelerin en yaygin simiflamasi biinyelerine
giren matris ve takviye bilesenlerinin tiirlerine gore yapilmaktadir.
Sekil 1’de kompozitlerin matris ve takviye tlirlerine gore
siiflamalar1 verilmistir.
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Sekil 1. Takviye matris yapilarina gore kompozitlerin
smiflandirilmasi (Bodur., 2016).

Kompozit Malzemelerin Matris Bilesenleri

Kompozit malzemelerin matris bilesenleri ana fazi olusturur.
Takviye bilesenlerine gore dayanimlari nispeten diisiiktiir ve bu
bilesenler siirekli faz islevi gorerek takviye bilesenini bir arada tutar,
baglayici rol iistlenir. Bunun yam sira takviye bilesen lif, pargacik
gibi formlarda olabilir ve kompozite yliksek mekanik dayanim,
asinma direnci gibi iistiin 6zellikler kazandirir (Sahin., 2015).

Polimer Matrisler

Polimer matrisler iyi mekanik ozelliklere sahip olmalari,
islenebilirlik acisindan kolaylik saglamalari, hafiflikleri nedeniyle
tercih edilen dogal veya yapay kaynakli uzun zincirli molekiillerden
meydana gelirler. Bu avantajlarinin yaninda elastisite modiillerinin,
termal direnglerinin diisiik olusu dezavantajlar1 olarak bilinir
(Aldousiri vd., 2013).

Polimer matrisler termosetler ve termoplastikler olmak {izere
iki cesittir. Termosetler {ic boyutlu molekiiler zincirlerden meydana

gelir ve esnek degildir. Bu matrisler kimyasal reaksiyon sonucu
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sertlesir ~ ve  tekrar  1sitildiginda  yumusamayip  tekrar
sekillendirilemez. Izotropik yapidadirlar ve sivi  fazdadirlar.
Uygulamalar1 esnasinda sertlestirici ilavesi ile dnce jel form kazanir
sonra sertlesir. Sekil vermesi kolay olan ve yiiksek 1s1l dirence sahip
polimerler olarak bilinir. En c¢ok kullanilan termoset matris
malzemelerin epoksi, polyester ve fenolik oldugu bilinmektedir (Itoh
vd., 2002).

Termoplastikler ise termosetlerin aksine 1sitildiginda
yumusayabilen ve sogutuldugunda katilasarak geri doniistiiriilen
polimerlerdir. Bu nedenle genis bir kullanim alanlar1 bulunmaktadir
(Mukherjee vd., 2023). Yapilarina bakildigi zaman yar kristalin ve
amorf yapida olduklar1 goriliir. Termoplastiklere nazaran daha tok
ve sinek oOzellik gosterirler bunun nedeni de molekiillerin
birbirlerine zayif Vander Waals baglar1 ile bagli olmasidir. Amorf
yapida termoplastik molekiiller rastgele dizilirken yar1 kristalin
yapida molekiillerin dizilimi belirli bir sira ile olur. Bu karmasik
ozellikleri nedeniyle %100 kristal yapida olmazlar. Ozellikle yiiksek
sicakliklarda termoplastik malzemeler termosetlere gore diisiik
sirtinme direnci ve kimyasallara karsi direng gosterirler.
Birbirleriyle baglanti, kaynak yapabilme ozellikleri termosetlere
gore daha kolaydir (Ersoy., 2005; Bodur., 2016).

Metal Matrisli Kompozitler

Metal matrisler, polimer matrislere nazaran daha yiiksek
sicakliklara (2000 °C’ye) kadar dayanabilen ayrica korozyon ve
asinma etkilerine kars1 dayanikliliklar da yiiksek olan ve bu nedenle
yap1, otomotiv, havacilik gibi sektorlerde kullanimi yaygin olan
matris tiirlidiir (Sharma ve Rana., 2024; Milward, 2022; Angadi vd.,
2024).
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Seramik Matrisli Kompozitler

Iyonik, iyonik-kovalent bag karisimina sahip olan ve bundan
otiiri kararliliklar1 yiiksek olan, gevrek ve sert yapilt ve yiiksek
sicakliga dayaniklt kompozitlerdir. Siinek ve tokluk degerleri
oldukca diisiiktiir. Cok giiclii elektriksel yalitim ozellikleri ve
elastisite modiilleri vardir. Termal soklara dayanimlar1 diisiiktiir
(Sahin, 2000; Kaya, 2016).

Takviye Tiirlerine Gore Kompozitler

Takviye bilesenlerinin kompozit malzeme igerisindeki
gorevleri, matris bileseninin ic¢ine gomiilerek kompozit yapinin
uygulama alanina gore istenen miihendislik o6zelliklerini (1s1l
iletkenlik, asinma-darbe dayanimi vb.) iyilestirmektir. Takviye
bilesenleri temel olarak elyaf, kirpik ve parcacik olmak f{izere ii¢
tiirde bulunurlar.

Kompozit malzeme biinyesine giren takviye kismin
yogunlugu kompozitin 6zelliklerini 6nemli oranda etkilemektedir.
Bu nedenle kompozit imalatinda onemli bir noktadir. Gegmiste
hidrokarbon malzemelerden tiiretilen polimerler matris malzeme
olarak kullaniliyorken giiniimiizde artik dogal takviye elemanlarinin
kullanim1 yayginlagmaya baslamistir. Plastikler ve petrol bazli diger
polimerler su, kara ve denizel ortamlar i¢in Kkirletici olarak
nitelendirilen kaynaklardir ve biyolojik bozunmalarina dair az
bulguya sahip olunsa da organik besin zincirleri {izerinde zararh
etkilerinin oldugu ve canlilar i¢in tehlike olusturdugu bilinmektedir.
Bu nedenle kompozit malzeme iiretiminde dogal takviye
elemanlarinin kullanim1 gittikce yayginlasan bir konu haline
gelmistir.

Lif kompozitleri geleneksel malzemelerle karsilastirildiginda
korozyon direnci, kimyasal inertlik, diisiik 1s1l iletkenlik faktort,
yiksek mekanik Ozellikler, diisiik 6zgilil agirlik, yliksek calisma

sicaklig1 ve uzun kullanim 6mri, diisiik tasarim ve kurulum maliyeti
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acisindan pek ¢ok avantajlar sunar. Kompozitlerin {iretiminde
kullanilan dogal takviyelerden bir digeri cam elyafdir. Cam elyaflar
iyi mukavemet oOzelliklerine ve matris ile takviye arasinda iyi
gelismis araylizey baglantisina sahiptir. Karbon elyaflar ise
genellikle uzay teknolojisi, ugak endiistisi gibi gelismis
uygulamalarda kullanilir (Jamshid ve Mishra; 2016).

Kompozit Uretiminde Kullanilan Lifler

Polimerik kompozitlerde takviye elemani olarak liflerin
kullanim1  gittikce yayginlasan bir durumdur. Geleneksel
malzemelerle kiyaslandiginda lif kompozitleri bir dizi avantaja
sahiptir. Bu avantajlar korozyon etkilerine dayanim, kimyasal agidan
inertlik, diisiik 1s1 iletkenligi ve 6zgiil agirliga sahip olmak, uzun
kullanim Omrii, diisiik tasarim ve kurulum maliyeti olarak
siralanabilir. Kompozit malzeme {liretiminde hedeflenen teknik
ozellikleri 6n plana ¢ikarmak igin lifler veya bu liflerden tiiretilmis
kumaslar kullanilarak malzeme takviye edilir. Bu liflerin farkl
sekillerde uyarlanmasiyla kompozit yapiya mukavemet, sertlik gibi
ozellikler kazandirmak miimkiindiir. Bu 6zellikler; aramid, karbon,
cam ve bazalt kayacindan elde edilebilirler ve teknik kullanim
alaninin gereksinimlerine gore segilirler (Li vd., 2024 ).

Karbon elyaf

Karbon elyaf, diisiik yogunlugu ve yiiksek mekanik
performansi ile yapisal elemanlarda agirlik tasarrufu saglar ayrica
havacilik, uzay ve otomotiv gibi endiistriyel alanlarda tercih edilen
ileri teknoloji malzemelerden biridir. Uretimi poliakrinolinitrit
(PAN) bazli friinlerin yiikksek sicaklikta piroliz edilmesiyle
gerceklesir. Olusan liflerin diizeni ve kristal yapilart mukavemeti
etkiler ayrica bu ozelliklere ek olarak termal dayanim, korozyon
direnci gibi ozellikler sayesinde kompozitlerin 1s1 ve kimyasal

stabilizasyonu artar.
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Aramid Elyaf

Aramid elyaflar aromatik halkalara sahip olmalar1 nedeniyle
darbelere ve 1siya karsi direngli bir yapiya sahiptirler ve bu
ozellikleri ile darbe dayanimi ve yiiksek sicaklik direnci istenen
malzemelerde siklikla kullanilmaktadirlar. Aramid elyaflar aym
zamanda hafif olmalar1 ile beraber tokluk degerleri yiiksek olan ve
kimyasal reaktiflere karsi dayanikli ve UV 1sinlarina kars1 da
goreceli daha direngli bir yapidadirlar. Sahip olduklart bu nitelikleri
sayesinde ¢evresel kosullara direnglidirler (Maiti vd., 2022).

Cam Elyaf

Cam elyaflar recineler iginde en yaygin olarak kullanilan lif
takviyesidir. Cam elyaflar hafif oluslari, kimyasal direnglerinin
diisiikligi ve dayanimlarmin yiiksekligi gibi avantajli 6zellikleri
nedeniyle tercih edilirler. Ayrica matris ig¢erisinde giiclii ara yiizey
adhezyonu saglayarak kompozit malzemeye avantaj saglarlar. Cam
elyaflar {iretilirken silis kumu, kaolen, kirectasi ve kolemanit
hammadde olarak biinyeye katilir. Bu hammaddeler 1400-1600 °C
civarinda 1sitilir ve kontrollii sogutulur. Cam elyaflar yalitkan
ozelliktedirler ve elektrigi iletmezler. Uretimleri sirasinda biinyeye
katilan katki malzemelerine gore degisik cam elyaf tiirleri elde edilir.
Bunlar; A cami-Diisiik kimyasal dayanim ve diisiik mukavemet, C
cami; yiiksek kimyasal dayanim, E cami; yiiksek elektriksel
yalitkanlik, S-R cami; yliksek mukavemet seklindedir (Dwivedi vd.,
2023; Callisler ve Rethwisch., 2013, Jamshaid and Mishra., 2016).
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Bazalt Elyaf

Mineral bazli dogal kompozit takviyelerinin kullanim1 son
donemlerde dikkat c¢ekici bir hale gelmistir. Yapilan arastirmalarda
silika igerigi yiiksek olan dolgu maddelerinin kompozit imalatinda
kullaniminin mekanik, termal Ozelliklere olumlu yonde katk:
sagladig1 goriilmektedir. (Linec ve Music., 2019; Teh vd., 2007).
Bunlara ek olarak ¢evre dostu ve uygun maliyetli kompozitler son
zamanlarda bilim insanlar1 arasinda 6nemli bir ilgi gérmektedir. Bu
malzemeler arasinda bazalt, ¢cevre dostu bir malzemedir ve bazalt
elyaf yapiminda kullanilmaktadir.

Magmatik bir kayag tiirii olan bazalt, sert, yogun ve inert bir
kaya tiiriidiir ve 1sitildiginda erir, termoplastik malzemeler gibi
katilagir. Bazaltlar yerkabugunda yaygin sekilde bulunurlar SiO»
icerigine gore %42’e kadar SiO> igerenler alkali, %43-46 oraninda
Si0; igerenler hafif asidik, %46’ nin lizerinde SiO; icerenler asidik
bilesimlidir. Olaganiistli cekme dayanimina, orta diizeyde kimyasal
diren¢ ve diisiik 1s1 iletkenligine sahip olan bir grup amfibol
mineralini ve lifli serpantini bulunduran ancak kanserojen etkileri
oldugu i¢in kullanimi terk edilen asbest liflerine alternatif olarak
kullanim1 glindeme gelmis ve ilgi ¢ekmeyi basarmistir (Jamshaid
and Mishra., 2016; Barrett vd., 1989). Bazalt %100 dogal ve inerttir.
Hava ve suyla reaksiyona girmez, yanmaz, patlamaya direnglidir,
kimyasallarla karsilastiginda cevreye zarar verecek reaksiyonlara
neden olmaz. Korozyon direnci yiiksektir, yiiksek sicakliklara
dayanma yetenegi gibi miilkemmel 6zelliklere sahiptir, 1s1 yalitimi
saglar, sesi emer, uygun maliyetli ve yliksek mukavemetli bir
malzemedir (Jamshaid ve Mishra., 2016).

Bazalt tozu gibi mineral dolgu maddelerinin, polimer

triinlerdeki polimer miktarmi orijinal Ozelliklerini koruyarak
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azaltma yetenegi, kirlilikten arindirilmig bir  ekosistemin
kurulmasina ve ekolojik sorunlarin dengelenmesine katkida
bulunmaktadir (Jagadeesh vd., 2024). Bazalt takviyesi, toksik
olmama, kolay islenebilirlik, ekonomiklik, daha az zararlilik ve
mikemmel termal ve mekanik ozellikler gibi cazip ozelliklere
sahiptir. Bazaltin farkli polimer matrislerine eklenmesinin etkileri,
heniiz tam olarak arastirilmamis, oldukea ilgi c¢ekici bakis agilari
sunabilecek, nispeten yeni bir kavramdir (Yildiz vd., 2025).

Bazalt elyaf ise halk arasinda 21. Yiizyilin kirletmeyen yesil
malzemesi olarak bilinir. Termal Ozellikleri, mukavemeti,
dayanikliligi nedeniyle uzun zamandir bilinmektedir ve geri
doniisiimii cam elyaflardan daha verimli oldugu i¢in ¢evre dostudur.

Bazalt elyafla, dogal malzemelerden firetildigi, {retim
stirasinda higbir kimyasal katki maddesi, ¢6ziicii, pigment veya diger
tehlikeli maddeler eklenmedigi i¢in siirdiiriilebilir bir malzeme
olarak simiflandirilir. Regine icerisindeki bazalt elyaflar geri
doniistiiriildiigiinde erime noktas: olduk¢a yiiksek yani 1400 °C
civarinda oldugundan doniistiiriildiigiinde bazalt tozu olarak yeniden
elde edilebilinir (Jamshaid., 2016).

Hibrit Kompozitler

Bu tiir kompozitlerde, farkli elyaf tiirleri (cam, bazalt, karbon
organik vb) bir arada aym1 matris icinde kullanilir. Bu sekilde
kullanim elyaf tiirlerinin tek basina saglayamadig: fiziksel, mekanik,
ve diger bazi spesifik Ozelliklerin (1s1l iletkenlik, ses yalitimi,
radyasyon kalkanlama, yangin direnci vb.) malzemede elde
edilmesini saglar. Boylece farkli kosullara dayanikli malzemeler
elde edilmis olunur (Mohan, 2018).

Hibrit kompozitlerin endiistride kullanimlar1  giderek
yayginlasan ve ilgi toplayan bir konudur. Ornegin cam ve bazalt
liflerinin bireysel kullanimlari durumunda kazanilan 6zelliklere

kiyasla olduk¢a verimlidir. S6z konusu bu takviyelerin farkl
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kullanim sekilleri bile iistiin performans sergileyen yeni malzeme
tiirlerinin elde edilmesini saglayabilir (Agrawal vd., 2024 ).

Sekil 2’ de hibrit kompozitlerin ¢esitleri verilmistir.

Hibrit
Kompozitler

|
kompozitler Kompozitler
Tek Katmanl

I
[ Fiber Takviyel ]
Kompozitler

Termoplastik
Matris

Termoset
Matris

Sonuc¢

Malzeme iiretiminde yiiksek mekanik ozellikler ve amaca
uygun peformansi korurken cevresel etkiyi géz Onilinde tutmak ve
iretim asamasindaki karbon ayak izini azaltmak hedefler icin
olmazsa olmazdir. Bu amagla c¢esitli mineral bazli takviye
malzemelerinin ¢evre dostu alternatif olarak ortaya ¢iktig1
goriilmektedir. Dogal lifler, inorganik ve organik kokenli tozlar bu
takviyeler arasinda yer almaktadir (Thapliyal vd., 2023). Takviye
kisminin yogunlugu, bir kompozitin 6zelliklerinin ¢ogunu etkileyen
en 6nemli faktdrdiir. Onceki yillarda, kompozit malzemeler, yaygin
olarak hidrokarbonlardan tiiretilen sentetik polimerler matris olarak
kullanilarak tretiliyorken giinlimiizde plastiklerin ve petrol bazl
polimerlerin su, kara ve deniz ortamlarinda canlilar i¢in zararh
etkiler yarattig1 ve bu ortamlarda atik olarak uzun zaman kaldig1 ve

--151--



ekosistemlere zarar verdigi artik agikca ortaya konulmustur. Bu
nedenle, arastirmacilar ve bilim insanlari son yillarda ¢aligmalarini
kompozit {retiminde dogal bazli takviyelerin  kullanimina
yoneltmislerdir.
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BOLUM 6

MADENSEL ATIKLARDAN PiIGMENT URETIiMi:
SURDURULEBILIR MALZEME GELISTIRME
YAKLASIMLARI

Nilgiin KIZILKAYA !

Giris
Madencilik faaliyetleri, ekonomik kalkinmanin temel
unsurlarindan biri olmakla birlikte, liretim siirecleri sonucunda
biliylik miktarlarda attk malzeme olusumuna yol a¢cmaktadir. Bu
atiklar genellikle flotasyon, cevher zenginlestirme, kirma-6giitme
veya metalurjik islemler sonucunda ortaya ¢ikan ince taneli artik
materyallerdir. Geleneksel olarak bu atiklar atik barajlarinda
depolanmakta, ancak uzun vadede cevresel riskler, ozellikle agir

metal s1zintis1, asit maden drenaji ve toprak-su kirliligi gibi sorunlar
yaratmaktadir (Aznar-Sanchez, 2018).

Gliniimiizde madensel atiklarin yalnizca ¢evresel bir problem
degil, aym1 zamanda potansiyel ikincil kaynak olarak
degerlendirilmesi  gereken degerli hammaddeler igerdigi
vurgulanmaktadir. Cogu endiistriyel alanda pigmentler ve boyalar
renklendirici olarak kullanilirlar. Ozellikle demir (Fe), mangan

! Dr. Ogr. Uyesi, Malatya Turgut Ozal Universitesi, Hekimhan MES MYO,

Madencilik ve Maden Cikarma Boliimii, Orcid: 0000-0003-4931-5807
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(Mn), titanyum (Ti), bakir (Cu), ve ¢inko (Zn) iceren atiklarin,
seramik, cam, boya ve ingaat endiistrilerinde pigment hammaddesi
olarak yeniden kullanimi, dongiisel ekonomi ve siirdiiriilebilir
madencilik kavramlariyla uyumludur (Singh et al., 2020).

Pigment iiretiminde geleneksel olarak sentetik demir oksitler
(Fe203, Fe304) kullanilmaktadir. Ancak bu pigmentlerin iiretiminde
yiiksek enerji tiikketimi ve kimyasal kullanimina bagli karbon ayak
izi oldukga yiiksektir. Bu nedenle madensel atiklardan pigment
iretimi, hem ekonomik hem gevresel agidan onemli bir alternatif
sunmaktadir. Nitekim, atiklardan tiiretilen demir oksit pigmentler,
renk doygunlugu, opaklik ve dayaniklilik agisindan ticari {irtinlerle
benzer performans sergileyebilmektedir (Fiuza et al., 2018).

Son yillarda, o6zellikle Fe-zengin flotasyon atiklar1 veya
lateritik atiklar {izerinde yapilan ¢alismalar, kimyasal ¢oktiirme, lig
ve kalsinasyon yontemleriyle kirmizi, sar1 ve kahverengi tonlarda
pigmentler iiretilebildigini gostermektedir (Paz-Gomez et al., 2024;
Galvao et al., 2018). Pigment 6zellikleri; kimyasal bilesim, 1s1l islem
sicakligy, kristal faz doniislimii ve tane boyutu gibi degiskenlere
bagli olarak 6nemli dl¢iide farklilagmaktadir.

Bu boliimiin amaci, madensel atiklardan pigment {iretimi
konusundaki mevcut literatiirii incelemek, siirdiiriilebilir malzeme
geri kazanimi perspektifinden degerlendirerek, pigment kalitesi ve
renk Ozelliklerini aragtirmaktir. Bdylece, hem c¢evresel kirliligin
azaltilmast hem de ekonomik katma deger yaratilmasi baglaminda
bilimsel ve teknolojik bir yol haritasi1 sunulacaktir.

Madensel Atiklarin Ozellikleri ve Stmiflandirilmasi

Madensel atiklar, cevherin ekonomik olarak degerli
minerallerinin zenginlestirilmesi sirasinda ortaya ¢ikan ince taneli,
kimyasal olarak heterojen ve fiziksel olarak degisken malzemelerdir
(Hudson-Edwards et al., 2011). Bu atiklar, islem goren cevherin

mineralojisine, kullanilan zenginlestirme yontemine ve kimyasal
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reaktiflerin tlirine bagli olarak farkli bilesimlerde olusurlar.
Genellikle oksit, silfiir, silikat ve karbonat minerallerinin
karigimlarini igerirler (Jamieson, 2015).

Madensel atiklarin fiziksel 6zellikleri arasinda tane boyutu
dagilimi, nem igerigi, yogunluk ve permeabilite one g¢ikarken;
kimyasal 6zellikler agisindan pH, agir metal igerigi ve mineral faz
bilesimi 6nemlidir. Ornegin, bakir veya altin madenciligi atiklar
genellikle pirit (FeS») ve arsenopirit (FeAsS) igerigi nedeniyle asit
maden drenaji riskine sahiptir. Buna karsilik, boksit, laterit ve
hematitli demir cevheri atiklari, yliksek demir oksit igerigi sayesinde
pigment {iretimi i¢in oldukca uygun hammaddelerdir (Anawar et al.,
2022).

——  ——

Ortii Tabakas1 Pasa
w
Yan Kayac
Cevher Hazirlama ve Zenginlestirme Atiklari
Zenginlestirme
Metalurjik Islemler Metalurjik Atiklar
Metal

Sekil 1. Bir Metal Madeninde Olusan Maden Atiklarinin Gésterimi
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Madensel atiklar genellikle su dort temel kategoriye ayrilir:

Cevher zenginlestirme atiklari: Flotasyon, gravite ayirma
veya manyetik ayirma gibi islemlerden kalan ince taneli
malzemelerdir.

Atik kaya: Maden isletmelerinde cevherle birlikte ¢ikarilan,
ancak ekonomik degeri olmayan kayaglardir. Ornek olarak kazi
malzemeleri, ortii topragi ve diistik tenorlii kayaclar verilebilir. Bu
tiir atiklar genellikle inerttir ancak hacim olarak en biiyiik kismi
olustururlar (Jamieson, 2015).

Ciiruf ve metalurjik atiklar: Metal ergitme ve aritma
islemlerinin yiiksek sicaklikli yan tiriinleridir. Li¢, hidrometalurji ve
pirometalurji gibi islemlerden kalan ince taneli camurlar, ¢okeltiler
veya kiil seklindedir. Bu grup, kimyasal olarak daha reaktif ve
cevresel acidan daha risklidir (Aznar-Sanchez, 2018).

Asit drenajli atiklar: Silfiirli minerallerin oksidasyonu
sonucu asidik ¢dzeltiler olusturan malzemelerdir (Hudson-Edwards
etal., 2011).

Ozellikle Fe, Mn ve Ti bakimindan zengin atiklar, pigment
iretimi, seramik dolgu malzemesi, veya jeopolimer {iretimi i¢in
uygun hammadde potansiyeline sahiptir (Araujo, 2022). Ayrica, bu
tir atiklarin termal islem sonrasi mineral faz dontisiimleri (6rnegin
hematit, gotit veya magnetit fazlari) renk 6zelliklerini belirleyen en
onemli faktorlerdendir (Galvao et al., 2018).

Pigment iiretimi agisindan bakildiginda, yiiksek Fe2O3
icerigi, digik siilfiir oran1 ve termal stabilite bu atiklarin
degerlendirilmesinde temel kriterlerdir. Ozellikle demir ve mangan
oksit i¢eren atiklar, dogal renk degisim kapasitesi nedeniyle pigment
sentezinde bilyiik potansiyel tasir.
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Sekil 2. Limonitten Uretilmis Pigment Ornegi

Mineralojik agidan, madensel atiklardaki baglica bilesenler
hematit (Fe,03), gotit (FeOOH), magnetit (Fe30s), ilmenit (FeTiO3)
ve mangan oksitler (MnQO3) gibi oksit fazlaridir (Legodi & de Waal,
2007). Bu fazlarin orani, pigmentin elde edilecek tonunu dogrudan
etkiler; 6rnegin hematit kirmizi, gotit sar1, magnetit ise siyah tonlar
uretir.

Son yillarda yapilan karakterizasyon ¢aligsmalari, atiklarin X-
1511 difraksiyonu (XRD), taramali elektron mikroskobu (SEM), X-
1511 floresans (XRF) ve termal analiz (TGA/DSC) yontemleriyle
detayl1 bigimde incelendigini gostermektedir. Bu analizler, pigment
iiretim siireglerinde hangi atiklarin uygun hammadde olabilecegini
belirlemede kritik 6neme sahiptir.
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Madensel atiklarin bu sekilde sistematik siniflandirilmasi ve
ozelliklerinin belirlenmesi, sonraki asamalarda pigment sentezinin
optimizasyonu, istatistiksel modelleme (korelasyon-regresyon) ve
cevresel risk analizlerinin temelini olusturmaktadir.

Madensel atiklar, cevher zenginlestirme veya metal {iretim
siireclerinde, ekonomik olarak degerlendirilemeyen minerallerin,
gang minerallerinin ve ince taneli artiklarin birikmesi sonucu olusan
malzemelerdir. Bu atiklar, kimyasal bilesim, fiziksel yapi, tane
boyutu ve mineralojik igerik bakimindan biiylik ¢esitlilik gosterir.
Dolayisiyla, atigin kaynagi (maden tiirii, isleme yOntemi,
mineralojik bilesim) onun c¢evresel etkilerini, yeniden kullanim
potansiyelini ve ekonomik degerini belirleyen temel faktorlerdendir
(Hudson-Edwards et al., 2011).

Madensel atiklarin fiziksel 6zellikleri genellikle yogunluk,
tane boyu dagilimi, su tutma kapasitesi ve geoteknik dayanim
parametreleriyle tamimlanir. Ozellikle flotasyon atiklari, 10-100
mikrometre arasinda degisen ince taneli yapiya sahiptir ve yiizey
alanlarinin yiiksek olmasi, kimyasal reaksiyonlara daha duyarl hale
gelmelerine neden olur (Mackay,. et al., 2020).

Kimyasal ag¢idan, madensel atiklar genellikle silisyum
(S103), altiminyum (Al>O3, demir oksitler (Fe2O3, Fe304), kalsiyum
oksit (Ca0O) ve magnezyum oksit (MgO) gibi oksit bilesenleri igerir.
Ancak baz1 durumlarda arsenik, kursun, kadmiyum, civa gibi toksik
elementlerin de Onemli oranlarda bulundugu rapor edilmistir
(Jamieson et al., 2015). Bu elementlerin varligi, 6zellikle asit maden
drenaji potansiyelini artirmakta ve c¢evre yoOnetiminde dikkat
edilmesi gereken risk faktorleri olugturmaktadir.

Pigment Uretiminde Kullamlabilir Madensel Atik Tiirleri

Pigment {iretiminde kullanilabilecek madensel atiklar
genellikle demir oksit, mangan oksit ve titanyum dioksit igeren

materyallerdir. Bu bilesenler renk {iretiminde aktif rol oynar:
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Hematit (Fe>03): Kirmiz1 pigmentlerin ana bilesenidir.
Gotit (a-FeOOH): Sar1 pigment iiretiminde kullanilir.

Magnetit (Fe3Os): Siyah pigment iiretiminde etkilidir (Fiuza
etal., 2018).

Sekil 3. Hematitten Uretilmis Pigment Ornegi

Atigin mineralojik bilesiminin dogru analiz edilmesi, uygun
1sitma, ¢Oktliirme veya li¢ parametrelerinin belirlenmesi agisindan
kritik dGnemdedir. Bu baglamda XRD, XRF, FTIR ve SEM analizleri,
pigment sentezinde kullanilacak atigin 6zelliklerini tanimlamak i¢in
en yaygin yontemlerdir (Paz-Gomez et al., 2024).

Madensel atiklardan pigment iiretimi yalnizca atik yonetimi
sorununa ¢oziim saglamakla kalmaz, ayn1 zamanda katma degerli
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iirlin elde edilmesine ve karbon ayak izinin azaltilmasina katki sunar.
Dolayisiyla, bu yaklasim hem cevresel siirdiiriilebilirlik hem de
ekonomik doniisiim agisindan stratejik bir oneme sahiptir (Singh et
al., 2020).

Madensel atiklarin pigment iiretiminde kullanilabilirligi,
icerdigi gecis metali oksitleri, mineral faz yapis1 ve kimyasal
kararlilig ile yakindan iliskilidir (Singh et al., 2020). Ozellikle demir
(Fe), mangan (Mn), titanyum (Ti), bakir (Cu) ve kobalt (Co) igeren
atiklar, renk olusturma kapasitesi nedeniyle pigment sentezinde 6ne
¢ikmaktadir. Bu atiklarin ¢ogu cevher zenginlestirme tesislerinde,
flotasyon veya li¢ islemleri sonucu ince taneli bir formda
birikmektedir.

Sekil 4. Boksit Kirmizi Camur Atigi
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Demir Zengini Atiklar

Demir igerigi yiliksek atiklar (6rnegin hematitli, manyetitli
veya lateritik atiklar) pigment iiretiminde en ¢ok tercih edilen
hammaddelerdendir. FeoO3 (hematit) kirmizi, FeOOH (gotit) sari,
Fe;04 (manyetit) siyah tonlarin elde edilmesini saglar. Bu tiir atiklar
genellikle demir cevheri zenginlestirme tesisleri, boksit isleme
atiklar1 veya metalurjik cliruflar seklinde olusmaktadir. Yapilan
caligmalar, %50-70 arasinda Fe,O, iceren atiklardan 700-900 °C arasi1
1s1l islemle yiiksek renk doygunluguna sahip pigmentler elde
edildigini gostermektedir (Paz-Gomez et al., 2024).

FeO Fe,O4 Fe,0, Fe,O4
Sekil 5. Demiroksit Pigmentlerin Renk Skalasi

Mangan Zengini Atiklar

MnO; igerigi yliksek atiklar, genellikle mangan cevheri
madenciliginden veya Fe-Mn alagim iiretim tesislerinden
kaynaklanmaktadir. Mangan oksitler kahverengi-siyah tonlar
olusturur ve demir oksitlerle birlikte karistirildiginda pigmentin renk
derinligini artirir. Ayrica, Mn zengin atiklar 1si1l islem sirasinda
Mn304 fazina doniigserek kararli, UV’ye dayanikli pigmentler
olusturur (Fiuza et al., 2018).

Titanyum Iceren Atiklar

Titanyum dioksit (TiOz), yiiksek opaklik ve beyazlik
saglayan bir pigmenttir. Ancak dogal kaynaklardan tiretimi ¢evresel
acidan maliyetlidir. Bu nedenle ilmenit (FeTiO3) i¢eren madensel
atiklar, TiO; tiirevi pigmentlerin diisiik maliyetli iiretimi i¢in 6nemli
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bir kaynaktir. Ozellikle lateritik veya ultrabazik cevherlerin
islenmesinden ¢ikan atiklarda, Ti igerigi %5-15 araliginda
degisebilmektedir.

Bakar ve Kobalt iceren Atiklar

CuO ve Co0304 igeren atiklar, mavi-yesil tonlarda
pigmentlerin iiretiminde kullanilmaktadir. Bu atiklar genellikle bakir
flotasyonu veya siilfiirik asit li¢i sonras1 kalintilarda bulunur. Cu-Fe-
Mn karisimli atiklardan sentezlenen pigmentler, renk dayaniklilig
ve termal stabilite agisindan oldukea kararlidir (Feng et al., 2025).

Karisik Metal iceren Atiklar

Bir¢ok madensel atik, tek bir metal oksit degil, ¢oklu metal
fazlarin icerir. Ornegin, nikel-kobalt laterit atiklart hem Fe, Mn hem
de Ni igerikleriyle renk gegisi zengin pigmentler olusturabilir.

Pigment Uretim Yéntemleri

Madensel atiklardan pigment tiretimi, kullanilan hammadde
bilesimi ve hedef pigmentin renk 6zelliklerine bagli olarak farkli
kimyasal ve termal yontemlerle gerceklestirilmektedir. Literatiirde
en yaygin yontemler arasinda kimyasal ¢oktiirme, lig, kalsinasyon,
hidrotermal ve kombine yontemler yer almaktadir (Paz-Goémez et al.,
2024). Her yontemin avantajlar1 ve dezavantajlart vardir ve
pigmentin uygulama alanina gore segilir.

Termal yontemler: Kalsinasyon, sinterleme

Kimyasal yontemler: Coktlirme, asit lici + yeniden
kristallestirme

Biyoteknolojik yaklasimlar: Bakteri/alg tabanli metal
¢Oktiirme

Kimyasal ¢oktiirme ve yeniden kristallestirme
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Maden Atiklar:
(Fe igeren atiklar)

On Isleme

- Kurutma
- Ogiitme

- Eleme

Céziindiirme
(Asidik/alkalin)

Coktiirme
Fe(OH); olusumu

Kalsinasyon

(0-Fe, 05 olusumu)

Ogiitme & Simiflandirma
Nihai Pigment Uriinii

Sekil 6. Maden Atiklarindan Pigment Uretimi- Proses Akis Semast

Kalsinasyon Yontemi

Kalsinasyon, pigment iiretiminde en yaygin termal islemdir.
Metal oksitler veya hidroksitler yiiksek sicaklikta (400-1000 °C)
wsitalir ve kristal faz déniisiimleri gerceklesir. Ornegin:

Gotit (FeOOH) — Hematit (Fe203) (kirmizi pigment)

Mn(OH)2> — Mn30s4 (kahverengi/siyah pigment)
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Bu yontem:
Yiiksek renk stabilitesi ve UV dayaniklilig saglar.

Biiyiik 6lgekli iiretime uygundur, ancak enerji tiiketimi
yiiksektir (Paz-Gémez et al., 2024).

Fe(OH), Fe,O;

Sekil 7. Pigment Olusum Mekanizmasi
Kimyasal Coktiirme Yontemi

Kimyasal ¢oktiirme, atiklardaki metal iyonlarinin uygun
coktiiriicliler ile ¢okeltilerek pigment haline getirilmesini igerir.
Ornegin, Fe*" iyonlar1 sodyum hidroksit veya amonyum karbonat ile
coktiiriilerek Fe(OH)s elde edilmektedir. Cokelti daha sonra
filtrasyon ve kurutma islemlerinden gecirilerek pigment
hammaddesi olarak kullanilabilir (Fiuza et al., 2018).

Bu yontemin avantajlari:

Diistik sicaklikta islem yapilabilir (25-100 °C).

Uriin saflig yiiksek, kontrol edilebilir renk tonu elde edilmektedir.
Dezavantajlari:

Kimyasal reaktif kullanimi1 ve atik su yonetimi gerekir.

Biiyiik 6lcekli tiretim i¢in ekonomik maliyet yliksek olabilmektedir.
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Lic¢ (Leaching) Yontemi

Li¢ yontemi, ozellikle titanyum ve mangan igeren atiklarda
kullanilmaktadir. Atiklar asit veya baz c¢ozeltisi ile islenir ve
¢coziinmils metal iyonlar1 ardindan coktiiriiliir veya kalsine edilir
(Feng et al., 2025).

Ornek reaksiyon:
Fe203+6HCI—2FeCl3+3H20

Elde edilen Fe3" ¢ozeltileri, alkali ile nétralize edilerek
coktiiriiliir ve pigment olarak kullanilir. Li¢ yontemi, 6zellikle metal
safligt ve belirli renk tonlarinin elde edilmesinde avantaj
saglamaktadir.

Hidrotermal Yontemler

Hidrotermal yoOntemler, yiiksek basing ve sicaklikta
cozeltilerde metal iyonlarinin kristallestirilmesini igerir. Avantajlari:

Disiik ¢evresel etki

Diisiik enerji tiiketimi

Kontrol edilebilir tane boyutu ve renk doygunlugu

Dezavantajlart:

Ozel ekipman gerektirir

Yiiksek basing altinda islem risklidir (Feng et al., 2025).
Kombine Yontemler

Literatiirde pigment iiretiminde genellikle kimyasal
coktiirme + kalsinasyon veya li¢ + kalsinasyon kombinasyonlar1
kullanilmaktadir. Bu yontemler, hem iiriin safligin1 hem de renk
tonunu optimize etmektedir. Ornegin, Fe atiklar1 iizerinden yapilan
calismalarda c¢oktiirme ile Fe(OH)s elde edilip ardindan

--169--



kalsinasyonla kirmizi hematit pigment iiretimi saglanmistir (Paz-
Gomez et al., 2024).

Uretilen Pigmentlerin Ozellikleri

Pigmentlerin endiistriyel ve sanatsal kullanim1 agisindan en
kritik 6zelliklerinden biri renk performansidir. Renk, sadece estetik
bir parametre degil, ayn1 zamanda pigmentin mineralojik ve
kimyasal bilesimi hakkinda bilgi vermektedir. Madensel atiklardan
iiretilen pigmentlerde renk, metal oksit tiirii, kristal fazi, tane boyutu
ve isleme kosullar tarafindan belirlenir (Feng et al., 2025).

Renk Olciim Sistemleri: CIE Lab* sistemi ve
spektrofotometrik dl¢iimler en yaygin kullanilan yontemlerdir. Bu
sistem, insan goziliniin algisin1 modelleyerek renklerin sayisal olarak
karsilastirilmasina olanak saglar.

Sekil 8. CIE Lab* Ol¢iim Cihazi

L*: Aciklik (0 = siyah, 100 = beyaz)
a*: Yesil (-) — Kirmiz1 (+) ekseni
b*: Mavi (-) — Sar1 (+) ekseni
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Spektrofotometrik 6lglimlerde pigment dispersiyonlar1 veya
filmleri lizerine 151k yansimalarini 6lgerek, reflektans spektrumu elde
edilir. Bu veriler, pigmentin renk doygunlugu, parlakligi ve tonunun
degerlendirilmesinde kullanilir.

Renk Stabilitesi: Termal, UV ve kimyasal stabilite pigment
performansini etkiler.

Renk Stabilitesi ve Cevresel Faktorler

Pigmentlerin termal, UV ve kimyasal stabilitesi, uygulama
alanlarinda performansmi dogrudan etkiler. Ornegin; Hematit
pigmentleri, yiiksek sicakliklara ve UV 1sinimina karsi oldukca
kararlidir. Mangan ve bakir bazli pigmentler, asidik veya bazik
ortamlarda renk degisimine daha duyarhidir (Fiuza et al., 2018).

Stabilite calismalari, pigmentlerin pH, sicaklik, 151k ve
oksidatif ortam altindaki renk degisimini incelemeyi igerir. Bu
sayede  pigmentlerin  endiistriyel  kullannoma  uygunlugu
degerlendirilir.

Fe;Os igeren atiklardan {iiretilen kirmizi pigmentler, Lab*
Olgtimleriyle ticari kirmizi pigmentlerle karsilagtirllmis ve yliksek
uyum saglanmistir (Paz-Gémez et al., 2022). Mn zengini pigmentler,
b* degeriyle kahverengi tonunu optimize edecek sekilde kalsinasyon
sicakligina bagli olarak modellenmistir.

Madensel Atiklarin Pigment Uretiminde Ekonomik ve Cevresel
Degerlendirmesi

Madensel atiklardan pigment iretimi, yalnizca teknik bir
siire¢ degil, aym1 zamanda ekonomik ve g¢evresel siirdiirtilebilirlik
acisindan stratejik bir yaklasimdir. Bu boliimde, {iretim maliyeti,
enerji tiikketimi, atik yonetimi, karbon ayak izi ve siirdiiriilebilirlik
acisindan yapilan degerlendirmeler ele alinmaktadir.
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Ekonomik Degerlendirme

Pigment iiretiminde maliyetler genellikle hammadde, enerji,
kimyasal reaktifler, iscilik ve ekipman unsurlarindan olusur.
Madensel atiklarin kullanimi, maliyetleri su agilardan diistiriir:

Hammadde Maliyeti: Atiklar genellikle diisiik veya sifir
maliyetlidir ve dogal pigment kaynaklarina goére onemli Olclide
tasarruf saglamaktadir.

Islem Maliyeti: Termal yontemler (kalsinasyon) enerji yogun
olmakla birlikte, diisiik sicaklikta kimyasal ¢oktlirme veya lig
kombinasyonlar1 maliyeti azaltabilmektedir.

Katma Deger Yaratma: Atiklardan iiretilen pigmentler,
yiikksek kaliteli endiistriyel boyalar, seramikler ve plastikler i¢in
kullanilabilmekte ve gelir saglamaktadir.

Ekonomik degerlendirmelerde, unit cost ($/kg pigment) ve
return on investment (ROI) modelleri kullanilarak iiretim
stireglerinin finansal verimliligi hesaplanmaktadir.

Enerji ve Kaynak Verimliligi

Enerji tliketimi, pigment iiretiminde en kritik unsurlardan
biridir. Kalsinasyon gibi yliksek sicaklik gerektiren ydntemlerde
enerji talebi yiiksektir. Bu nedenle, kombine yontemler veya atik
1s1sindan faydalanan prosesler onerilmektedir:

Hidrotermal ve kimyasal c¢oktiirme + diisiik sicaklik
kalsinasyon ile enerji tasarrufu saglanabilir.

Atik sicaklik geri kazanimi, 6zellikle termal atiklardan enerji
geri kazanimu ile siire¢ optimize edilebilir.

Kaynak verimliligi acisindan, atiklardaki metal oksitlerin
%70-90 civarinda geri kazanilmasi miimkiindiir. Bu, dogal
minerallerin kullanimin1 azaltir ve kaynak siirdiirtilebilirligini artirir
(Singh et al., 2020).
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Cevresel Degerlendirme

Madensel atiklarin pigment iiretiminde kullanimi, ¢evresel
acidan bir dizi fayda saglamaktadir.

Atik Azaltma: Madensel atik hacmi 6nemli 6lgiide azalir ve
depolama ihtiyaci diiser Karbon Ayak Izi: Atiklardan {iretim,
geleneksel metal oksit pigment {iretimine gore daha diisiik CO,
emisyonu saglar.

Toksik Element Yonetimi: Arsenik, kadmiyum ve kursun
gibi toksik elementler, kontrollii ¢oktiirme ve kalsinasyon siiregleri
ile stabilize edilir ve ¢evreye zarar vermez.

Siirdiiriilebilirlik ve Dongiisel Ekonomi

Pigment tiretimi, madensel atiklarin katma degerli iiriinlere
dontistiiriilmesini saglayarak dongiisel ekonomi ilkelerine uygundur.
Baglica katkilar:

Dogal kaynak kullaniminin azaltilmasi: Fe, Mn ve Ti i¢eren
minerallerin geri kazanimi.

Atik yonetimi ve ¢evre koruma: Tehlikeli atiklarin depolama
alanina gonderilmesinin dnlenmesi.

Ekonomik katma deger yaratma: Yeni endiistriyel iiriinler,
boya ve seramik sektoriine entegre edilir.

Bu yaklasim, siirdiiriilebilir madencilik ve yesil kimya
uygulamalaria dogrudan katki saglamaktadir (Singh et al., 2020).

Yenilikc¢i Teknolojiler

Nanopigment Uretimi: Nano 6lgekli pigmentler, geleneksel
pigmentlere gore daha yiiksek renk doygunlugu, parlaklik ve UV
dayaniklilig1 sunar. Madensel atiklardan nanopigment {iretimi igin:
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Sol-gel yontemi: Metal oksit iyonlar1 kontrollii hidrotermal
veya ¢Oktlirme siirecleri ile nano boyutlu partikiillere dontistiiriliir
(Randhawa, 2024).

Mikroemiilsiyon ve sonokimyasal yontemler: Daha homojen
tane dagilimi saglar ve renk stabilitesini artirir.

Hibrit ve Fonksiyonel Pigmentler: Atiklardan iiretilen
pigmentler, UV filtre, antimikrobiyal veya fotokatalitik 6zelliklerle
modifiye edilebilir. Ornegin, TiO> ve Fe,O3 kombinasyonlar1 giines
koruyucu veya fotokatalitik boya uygulamalarinda kullanilabilir
(Paz-Gomez et al., 2024).

Enerji ve Kaynak Verimli Prosesler:
Diistik sicaklik hidrotermal ¢oktiirme + kalsinasyon
Atik 151 geri kazanimi

Bu tiir yaklagimlar hem karbon ayak izini diisiiriir hem de
enerji maliyetlerini optimize etmektedir.

Siirdiiriilebilirlik ve Dongiisel Ekonomi

Gelecekte pigment iretimi, siirdiiriilebilir madencilik ve
dongiisel ekonomi ile daha entegre hale gelecektir:

Atik geri kazanimi: Fe, Mn, Ti ve diger metal oksitler
ekonomik degere doniistiiriiliir.

Karbon nétr tiretim: Yenilenebilir enerji ve enerji geri
kazanimi ile CO2 emisyonlar1 minimize edilir.

Atik azaltma ve ¢evre koruma: Tehlikeli elementler stabilize

edilerek cevreye zarar vermeden degerlendirilebilir (Singh et al.,
2020).
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DONGUSEL
EKONOMi

Kalan Atik

CIRCULAR
QNOMY

Sekil 9. Atiklarin Dongtisel Ekonomisi

Sonuc ve Oneriler

Sonu¢ olarak, pigment iiretiminde kullanilabilir atik
tirlerinin se¢imi, kimyasal bilesim, renk performansi, ¢evresel
uygunluk ve islenebilirlik kriterleri dikkate alinarak yapilmalidir.
Uygun karakterizasyondan sonra, bu atiklar sadece ¢evreye zarar
vermeden bertaraf edilmekle kalmaz, ayn1 zamanda katma degerli
malzemelere donistiiriilerek siirdiiriilebilir madencilige katki
saglamaktadir. Madensel atiklardan pigment {iretimi, hem ¢evresel
hem de ekonomik agidan biiyiik potansiyel tasimaktadir. Gelecek
perspektifleri, teknolojik inovasyon, siirdiiriilebilir  {iretim,
regiilasyonlar ve endiistri entegrasyonu ekseninde
degerlendirilebilir. Kiiresel boya, seramik ve plastik sektorlerinde
renkli ve dayanikli  pigmentlere talep artmaktadir. Madensel
atiklardan iretim, yenilenebilir ve siirdiiriilebilir iiriin portfoyii
saglayabilmektedir. Nano ve fonksiyonel pigmentler, UV filtreli
boyalar, fotokatalitik kaplamalar, 3D baski miirekkepleri gibi
yiiksek katma degerli tiriinlerde kullanilabilir (Size, 2022). Ar-Ge
projeleri ile pilot Olgekli iiretim ve endiistriyel entegrasyon
saglanabilir. Nano ve mikro boyut pigmentlerin sentezi ve
karakterizasyonu, enerji tasarruflu ve diisiik karbonlu proses
optimizasyonu, fonksiyonel pigmentlerin gelistirilmesi (UV,
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fotokatalitik, antimikrobiyal), korelasyon ve regresyon tabanli renk
tahmin modelleri, LCA (Life Cycle Assessment) ve siirdiiriilebilirlik
gostergelerinin  gelistirilmesi madensel atiklardan  pigment
iiretiminin endiistriyel 6l¢ege tasinmasi ve siirdiiriilebilir malzeme
ekonomisine entegrasyonu i¢in kritik oneme sahiptir. Madensel
atiklardan pigment tiretimi ¢evre dostu bir ¢6ziim sunmaktadir. Renk
Ozelliklerinin istatistiksel modellenmesi, iriin kalitesinin onceden
belirlenmesini ve siirdiiriilebilir madencilik uygulamalarina
dogrudan katki saglamaktadir.
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BOLUM 7

KOMURUN UST ISIL DEGERININ
BELIRLENMESINDE KISA VE ELEMENTEL
ANALIZ VERILERINE DAYANAN
KORELASYONLAR

AYDAN AKSOGAN KORKMAZ!

Giris
Komiir, diinya genelinde en bol bulunan ve en yaygin
bicimde kullanilan birincil enerji kaynaklarindan biridir. Komiir
madenciligi ve isleme faaliyetleriyle iligkili endiistriler, kiiresel
ekonomi tlizerinde 6nemli bir etkiye sahiptir. British Petroleum (BP)
2021 yil1 Istatistiksel Raporu’na gore, diinya genelinde 50'den fazla
iilke ekonomik dlgekte komiir liretimi yapmakta, 70’ten fazla tlke
ise dogrudan ya da dolayli yollarla kdmiirii isleyerek enerji liretim
stireclerine entegre etmektedir. Kiiresel 6l¢ekte yillik komiir tiiketimi
yaklagik 5800 milyon ton seviyesindedir ve bu miktarin yaklagik

%751 termik santrallerde elektrik tretiminde kullanilmaktadir
(Mondal & ark., 2022).

Komiir; elektrik iiretimi, ¢cimento, kagit ve kimya sanayi gibi
bircok endiistriyel alanda birincil enerji kaynagi olarak 6nemli bir
rol oynamaktadir (Kumar & ark., 2025). Son yillarda, sanayi tiretimi
ve insaat faaliyetlerindeki artis, basta gelismekte olan iilkeler olmak
iizere, kiiresel dl¢ekte komiir tiiketiminin hizla yiikselmesine neden
olmustur (Ruppert & ark., 2021). Bu baglamda, komiiriin kalitatif
ozelliklerinin giivenilir sekilde belirlenmesi, hem enerji verimliligi

! Dog.Dr., Malatya Turgut Ozal Universitesi, Hekimhan M.E.S. MYO,
Madencilik ve Maden Cikarma, Orcid: 0000-0002-3309-9719
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hem de cevresel siirdiiriilebilirlik acisindan biiylik O6nem arz
etmektedir.

Komiir kalitesi ekonomik degerinin yani sira, teknolojik
uygulanabilirligi, cevresel etkileri ve insan sagligi tizerindeki
potansiyel olumsuz sonuglar1 belirleyen ¢ok boyutlu bir
parametredir. Komiiriin kalite diizeyi; petrografik bilesimi, riitbesi
(rank), mineral madde igerigi ve hem organik hem de inorganik
bilesenler i¢erisindeki elementel dagilimlarla yakindan iligkilidir. Bu
faktorler, komiiriin yanma karakteristikleri, enerji verimliligi ve
cevresel etkileri lizerinde dogrudan belirleyici olmaktadir (Xu &
ark., 2023).

Komiiriin enerji igerigi, yakit kalitesinin belirlenmesinde
temel bir parametre olup, genellikle kalorifik deger (calorific value)
ile tanimlanmaktadir (Hower & ark., 2022). Kalorifik deger,
komiiriin yanmasi sonucu agiga ¢ikan termal enerjiyi nicel olarak
ifade etmekte ve ¢ogunlukla iist 1s1l deger (High Heating Value-
HHV) olarak degerlendirilmektedir. HHYV, sabit hacimde
gergeklestirilen yanma silirecinde, kOmiir numunesinin tam
yanmasiyla ortaya c¢ikan toplam 1s1 miktarmin Olg¢lilmesiyle
belirlenmektedir. Bu islem, standartlastirilmis kosullarda, oksijen
atmosferi altinda ¢alisan adiyabatik bomba kalorimetresi
kullanilarak gerceklestirilmektedir (Xu & ark., 2023).

Ancak, adiyabatik bomba kalorimetresi ile gergeklestirilen
deneysel dl¢limler hem uzun zaman almakta hem de yiiksek analiz
maliyetleri gerektirmektedir. Bu sebeple, literatiirde birgok
aragtirmaci, komiirin  HHV  degerini  yiiksek  dogrulukla
ongorebilecek tahmin modellerinin gelistirilmesine odaklanmistir
(Wen & ark., 2017; Ghugare & ark., 2014; Majumder & ark., 2008;
Yin, 2011).

Komiirin HHV degerinin tahmini amaciyla genellikle
elementel (ultimate) ve kisa (proximate) analiz verilerinden
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yararlanilmaktadir. Elementel analiz, komiiriin organik bilesimini
olusturan karbon (C), hidrojen (H), azot (N), oksijen (O) ve kiikiirt
(S) gibi temel elementlerin yiizde oranlarini belirlemeye yonelik bir
analiz yontemidir. Kisa analiz ise komiir numunesinin nem (M), kiil
(A), ugucu madde (VM) ve sabit karbon (FC) igerigini belirlemeye
yarayan analizdir.

Literatiirde, komiirin HHV degerini tahmin etmeye yonelik
cok sayida ampirik denklem Onerilmistir. Bu tahmin modelleri
genellikle asagidaki temellere dayanmaktadir (Hosokai & ark.,
2016):

* Elementel analiz
* Kisa analiz
* Kimyasal bilesim ve yapisal 6zellikler

Bir yakitin yanmas: sirasinda, iceriginde bulunan elementler
arasindaki kimyasal baglarin kirilmasi ve yeni baglarin olusmasi
sonucu 1st aciga cikmaktadir. Bu termokimyasal siire¢ dikkate
alindiginda, elementel analiz verilerine dayali tahmin modellerinin,
diger yontemlere kiyasla daha dogru sonuglar verdigi genel kabul
gormektedir.

Kisa Analiz

Komiiriin  kisa analizine iliskin standartlar, komiiriin
kullanim alanlariyla baglantili olarak karakterizasyonunda yaygin
sekilde kullanilan bir dizi test yontemini (ASTM D-3172; ASTM D-
3173; ASTM D-3174; ASTM D-3175; ASTM D-5142; ISO 1171)
kapsamaktadir.

Komiiriin kisa analizine iligkin standart test yontemi (ASTM
D-3172), ii¢ 0Ozelligin dogrudan belirlenmesi ve dordiinciisiiniin
hesaplanmasi esasina dayanan bir yontemler biitiiniidiir. Nem, ugucu
madde ve kiil igerikleri, komiir 6rnegine belirli sicakliklarda ve

belirli siirelerde 1s1 uygulanarak belirlenmektedir. Bu islem sirasinda
--180--



olusan agirlik kaybi, sirasiyla nemin ve daha yiiksek sicakliklarda
ucucu maddelerin kaybindan kaynaklanmaktadir. Nihai sicaklikta
yapilan yakma islemi sonrasinda kalan kalinti, kiil olarak
tanimlanmaktadir. Sabit karbon miktar1 ise, belirlenen ii¢ degerin
toplaminin 100°den c¢ikarilmasiyla hesaplanmaktadir. Antrasit ve
kok gibi diisiik ucuculuga sahip komiirlerde sabit karbon miktari,
ornekteki elementel karbon igerigine yaklasik olarak esdegerdir.
Komiirdeki ugucu madde igerigi terimi teknik olarak tam anlamiyla
dogru degildir; ¢iinkii ugucu maddelerin biiylik boliimii, komiiriin
yiiksek sicaklikta termal ayrigmasi sonucu ortaya ¢ikan bilesiklerden
olugmaktadir. Komiir igerisindeki daha ugucu, kiiciik molekiillerin
bu ucucu madde miktarina katkisi ise komiiriin yapisina baglidir ve
ancak solvent ekstraksiyonu gibi yontemlerle belirlenebilmektedir
(Rao, 2016).

Kisa analiz sonuglar1 genellikle bir ondalik basamaga kadar
rapor edilmektedir. Analiz sonucglar1 daima havada kuru koémiir
bazinda (ad) sunulmalidir. Ancak, karsilastirma ya da siniflandirma
amaciyla bu degerlerin kuru komiir (db), kuru kiil icermeyen kémiir
(daf) ya da alinan haliyle komir (ar) gibi farkli bazlara
doniistiiriilmesi gerekebilir.

Elementel Analiz

Komiirlin elementel analizi, agirlik¢a karbonun yani sira,
hidrojen, kiikiirt, azot ve genellikle fark yontemiyle tahmin edilen
oksijen miktarlariin belirlenmesini kapsamaktadir. Ayrica, komiir
bilinyesinde bulunan eser elementler de cogu zaman elementel analiz
kapsaminda degerlendirilmektedir.

Karbon tayini, komiir igerisindeki organik karbonun yani sira
mineral karbonatlar seklinde bulunan karbonu da igermektedir.
Hidrojen tayini, organik yapida bulunan hidrojenle birlikte komiirle
iliskili suyun icindeki hidrojeni de kapsamaktadir. Azotun
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tamaminin komiiriin organik matrisinde yer aldig1 varsayilmaktadir.
Kiikiirt ise komiirde ti¢ farkli formda bulunabilmektedir:

* Organik kiikiirt bilesikleri,

* Inorganik siilfiirler (cogunlukla demir siilfiirleri olan
pirit ve markazit- FeS:),

* Inorganik siilfatlar (6rnegin Na>SQa, CaSOa).

Elementel analizde raporlanan toplam kiikiirt miktari;
komiiriin yapisina ve varsa uygulanan 0n temizleme islemlerine
bagli olarak organik ve inorganik kiikiirtii birlikte icerebilmektedir.

Nem ve kiil igerikleri, elementel analiz kapsaminda dogrudan
raporlanmamakta birlikte, inorganik bilesenlerden kaynaklanan
karbon, hidrojen ve kiikiirt i¢in gerekli diizeltmeler yapildiginda ve
kiil, mineral maddeye doniistiiriildiigiinde; elementel analiz,
komiiriin organik bilesenlerinin elementel kompozisyonunu (karbon,
hidrojen, azot, kiikiirt ve oksijen agisindan) yansitmaktadir (Speight,
2015).

Komiiriin elementel analizine iligkin standart yontem
(ASTM D-3176), numunede karbon, hidrojen, kiikiirt ve azot gibi
elementlerin yani sira kiil miktarinin da belirlenmesini icermektedir.
Oksijen miktari ise genellikle diger bilesenlerin toplaminin 100'den
cikarilmasiyla fark yoOntemiyle hesaplanmaktadir. Element
analizinde Onerilen test yontemleri; karbon ve hidrojen i¢cin ASTM
D-3178, azot i¢in ASTM D-3179, kiikiirt i¢in ASTM D-3177, ISO
334 ve ISO 351 olarak belirtilmektedir. Ayrica, analiz sonuglariin
nemsiz ve kiilsiiz bazda ifade edilebilmesi i¢in nem (ASTM D-3173)
ve kiil (ASTM D-3174) igeriklerinin de belirlenmesi gerekmektedir.
Bundan bagka elementel analiz, dogrudan (CHNS) cihazlari ile de
belirlenmektedir.
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Kalorifik (Isil) Deger

Kalorifik deger, belirli kosullar altinda ve oksijen ortaminda
birim miktarda kdmiiriin kalorimetre bombasinda yakilmasi sonucu
aciga c¢ikan 1s1 miktarini ifade etmektedir (ASTM D-121; ASTM D-
2015; ASTM D-3286; ISO 1928). Komiir analizlerinde kalorifik
deger, kalorimetre bombas1 kullanilarak izotermal veya adyabatik
yontemle belirlenmektedir. Eger net kalorifik deger (NCV)
isteniyorsa, Ol¢iim sonuclarina uygun diizeltmeler yapilmalidir.
Olgiim birimi kalori/gram olup, bu birim gerektiginde farkl
birimlere doniistiiriilebilmektedir (1.0 kcal/kg = 1.8 Btu/lb = 4.187
kJ/kg) (Park & ark., 2021).

Kalorifik deger, kOmiiriin enerji igerigini dogrudan
yansitmaktadir ve bu deger, organik maddelerde bulunan karbon,
hidrojen, azot ve kiikiirt ile pirit i¢indeki kiikiirdiin yanmasindan elde
edilen toplam 1s1y1 ifade etmektedir. Bu baglamda, dlgiilen deger
briit kalorifik deger (gross calorific value, GCV) olmakta, net
kalorifik deger (net calorific value, NCV) istenmesi durumunda
uygun diizeltme yapilmalidir.

Kalorifik deger genellikle iki sekilde ifade edilmektedir:

* Briit kalorifik deger (GCV) ya da iist 1s1l deger
(Higher Heating Value — HHV)

* Net kalorifik deger (NCV) ya da alt 1s1l deger (Lower
Heating Value — LHV)

Bu iki deger arasindaki fark, yanma sonucu olusan su
buharinin yogunlagma 1sisidir. HHV, tiim su buharinin yogustugu
varsayimiyla hesaplanmakta; buna karsilik LHV, buharin yanma
irlinleriyle birlikte sistemden wuzaklastifi  ve yogusmadigi
varsayimiyla belirlenmektedir (Kemal & Arslan 2010).

Komiiriin kalorifik degeri; kiil igerigi, nem orani ve komiir
tirti gibi faktorlere bagli olarak Onemli Olciide degiskenlik
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gostermektedir. Buna karsin, fuel oil gibi siv1 yakitlarin kalorifik
degeri ¢ok daha sabit kalmaktadir.

Kisa ve Elementel Analiz Sonuclarindan HHV Degerinin
Tahmin Edilmesi

Komiirtin HHV degerini tahmin etmeye yonelik gelistirilen
ilk ve en yaygin kullanilan ampirik yaklasimlardan biri, Dulong
korelasyonudur (Esitlik 1). Bu model, 19. ylizyilin sonlarinda
gelistirilmis olup, kOmiiriin elementel bilesimi iizerinden HHV
degerini tahmin etmeyi amacglamaktadir (Yin, 2011). Dulong
formiili, 6zellikle antrasit ve bitiimlii komiir gibi diisiikk nem ve kiil
icerigine sahip koOmiir tiirleri i¢in gegerli dogrulukta sonuglar
vermesi nedeniyle uzun yillardir referans yontemlerden biri olarak
kabul edilmektedir (Nzihou & ark., 2014).

HHV (k] /kg) = 4,18 X (78,4 C + 241,3 H + 22,15) (1)

Dulong formiilii kullanilarak yapilan HHV tahminlerinin,
antrasit, yari-antrasit ve bitlimlii komdir tiirleri i¢in, deneysel olarak
oksijen bombasi kalorimetresi ile elde edilen degerlerle
karsilastirildiginda yaklasik 9%1,5 sapma ile oldukga yiiksek
dogruluk sundugu rapor edilmistir (Hosokai & ark., 2016; Mathews
& ark., 2014). Ancak, bu formiiliin linyit ve alt bitiimlii komiirler gibi
yliksek oksijen icerigine sahip diisiik kaliteli komiirlere
uygulandiginda, tahminlerin deneysel sonuglardan onemli Slgiide
saptigt bildirilmistir. Bu sapmalarin temel nedeni, Dulong
formiliiniin, komiirlin oksijen igerigini basitlestirilmis  bir
varsayimla degerlendirmesidir. Diisiik kaliteli kdmiirlerin yapisinda
bulunan yiiksek oranda oksijenli bilesiklerin, yakma islemi sirasinda
daha diisiik enerji agiga ¢ikarmasi, bu formiiliin dogrulugunu
azaltmaktadir (Kamara & ark., 2023).

Dulong korelasyonu iizerinde daha sonra Mendeleev
tarafindan yapilan calismalar, 6zellikle yiiksek oksijen igerigine

sahip yakitlar i¢in s6z konusu iligkilerin yeterince uygun olmadigini
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ortaya koymaktadir. Mendeleev, Dulong’un bazi varsayimlarinin da
gecerliligini yitirmis oldugunu ifade etmektedir. Ozellikle, kat1 ve
stv1 yakitlarda kompleks organik bilesikler seklinde bagli bulunan
hidrojenin yanmasi sonucu ag¢iga cikan ismnin 144 MJ/kg olarak
kabul edilmesi, gaz halindeki molekiiler hidrojenin yanma degerine
dayanmaktadir. Ancak Mendeleev’e gore bu deger gercegi
yansitmamakta; dogru kabul edilmesi gereken deger 125,6 MJ/kg
olarak belirtilmektedir. Ayrica, yalnizca hidrojenin degil, karbonun
da oksijenle bag yapabilecegi gercegi goz ardi edilmekte ve
oksijenin yalnizca hidrojenle birlestigi varsayilmaktadir. Bu
durumun, elde edilen HHV degeri iizerinde 6nemli sapmalara neden
olabilecegi ifade edilmektedir. Bununla birlikte, yakitin yalnizca
yanabilir karbon, hidrojen, kiikiirt ve yanmaz suyun mekanik bir
karisim1  olarak degerlendirilmesi yaklasimi da Mendeleev
tarafindan elestirilmektedir. Her kimyasal bagin olusumu sirasinda
isinin agiga c¢ikmakta ya da sogurulmakta oldugu goz oOniinde
bulunduruldugunda, bir bilesigin yanmasinin, bilesenlerinin ayr1
ayr1 yanmasindan daha az 1s1 ortaya ¢ikaracagi belirtilmektedir
(Kalivodové & ark., 2022).

Bu gerekgeler dogrultusunda Mendeleev, kendi gelistirmis
oldugu yeni bir bagint1 6nermektedir (Esitlik 2).

HHV(M]/kg) =339 C + 1254 H — 109 (0 - S) (2)
Parikh, Channiwala ve Ghosal tarafindan Onerilen
cesitlendirilmis bir formiil (Esitlik 3), kisa analiz verilerini kullanan
genel bir HHV tahmin korelasyonu saglamaktadir. Model, 450 veri
noktasina dayanilarak gelistirilmis ve ek 100 veri noktasi ile

dogrulanmustir (Parikh & ark., 2005).
HHV(MJ]/kg) = 0,3536 FC + 0,1559 VM — 0,0078 A 3)
En ¢ok kullanilan bu {i¢ esitlikten bagka, literatiirde komiiriin

HHV degerini 6ngdrmeye yonelik olarak hem kisa hem de elementel
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analiz verilerine dayali ¢ok sayida ampirik korelasyon onerilmistir.
Bu korelasyonlar, farkli komiir tiirleri {lizerinde gelistirilen veri
setlerinden tiiretilmis olup, tahmin dogrulugunu artirmak amaciyla
cesitli matematiksel modeller icermektedir (Aksogan Korkmaz,
2022). Kisa analiz verilerine dayali 6ne ¢ikan korelasyonlar Tablo
1'de, elementel analiz bilesenlerine dayali korelasyonlar Tablo 2°de,
her ikisine bagli olan korelasyonlar ise Tablo 3’de verilmistir.

Tablo 1 HHV tahmininde kullanilan kisa analiz verilerine bagl
bazi korelasyonlar

Esitlik Birim Kaynak
Boylu &

Chelgani & Makaremi

HHV= 35,391 - 047 M - 0364 A~ 0028 VM | MKG | Karaagachoglu
Cordero 1 MJ/k Ahmaruzzaman,
HHV = 0,3543 FC + 0,1708 VM 9 2008
Kathiravale & ark. MI/k Wen & ark.,
HHV = 0,3080 VM + 0,4536 FC - 4,5421 9 2017

Kieseler & ark.

HHV = 04108 FC +0,1934 VM - 00211 A | MIka | Akkaya, 2016

Kiigiikbayrak & ark. Garcia & ark.,
HHV = 76,56 - 1,3 (VM+A) + MJ/kg 2014
7,03x10°% (VM+A)?
Majumder MJ/kg Majumder &
HHV =-0,03A-0,11M+0,33VM + 0,35 FC ark., 2008
Parikh & ark. MJ/kg Parikh & ark.,
HHV=0,3536 FC + 0,1559 VM - 0,0078 A 2005
Huda
HHV= 25,284 M + 30,572 A + 62,127 VM + MJ/kg Huda, 2014
138,117 FC
Seervi . .
HHV= 7115197 - 123,971 M- 81,3121 A+ | Mikg | . Yiakazi &

Madyira, 2025

20,7421 FC
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Tablo 2 HHV tahmininde kullanilan elementel analiz verilerine

bagli bazi korelasyonlar

Esitlik Birim Kaynak
Chelgani & Makaremi Boylu &
HHV =-0,408 + 1,243 H+0,348C-0,1 N - MJ/kg | Karaagaglioglu,
0,111 0+0,112S 2018
D Huart Channiwala &
HHV =0,3391 C + 1,4337 H + 0,0931 S - MJ/kg Parikh 2002
0,1273 0
Gumz Channiwala &
HHV =0,3403 C + 1,2432 H + 0,0628 N + MJ/kg Parikh 2002
0,1909 S - 0,0984 O
Matin & Chelgani Boylu &
HHV =-4,542 + 0,431 C + 0,283 S + 0,367 H MJ/kg | Karaagaclioglu,
+0,645N 2018
Mott & Spooner .
HHV = 0,336 C + 1,418 H - 0,0145 O + MJ/kg Kztﬂ("a;’gg;&
0,0941 S "
Vondracek Kalivodova &
HHV = (373- 0,26 C) C + 1444 (H- (0/10) ) + | MJ/kg ark. 2029
104,7 S "
Strach & Lant .
HHV= 340,6 C+ 14324 H - 1532 0 + 104,65 | WkO | Berkowitz, 2012
Michel Kalivodova &
HHV =340,3C +12432H+62,8N+190,9S | Ml/kg
ark., 2022
-9840
Simplified bundle equations MJ/kg Kalivodova &
HHV= 339 C + 1440 (H- (O/8)) + 105 S ark., 2022
Singh & Kakati . .
HHV= 37,4541- 14,2040 (O/C) - MJ/kg S‘nghlﬁ‘ﬁakat"
21,2929 (O/H)
Sheng & Azevedo Shene &
HHV=-1,3675 + 0,3137 C + 0,7009 H + MJ/kg &

0,0318 O

Azevedo, 2005
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Tablo 3 HHV tahmininde kullanilan kombine (kisa ve elementel

analiz verilerine bagh) bazi korelasyonlar

Esitlik Birim Kaynak
Channiwala &Parikh Channiwala &
HHV=0,3491 C + 1,1783 H + 0,1005 S - MIKG | “parikh 2002
0,1034 O - 0,0151 N - 0,0211 A ’
Spooner .
HHV= 4,183.109 x (8781 + 19 VM - 144 0) | MYk | Munshi, 2024
Mazumdar Mazumdar.
HHV= 13,03 O + (100 - M) x [(0,238 H)/(C - | MJ/kg 5000
0,0065)] - 0,007 A
Mason & Gandhi Vilakazi &
HHV= 198,11 C +62031 H +80,93S+4495 | Kilkg | o507 =
A -5153 Y
Mesroghli, Jorjani & Chehreh Chelgani .
HHV= 6,971+ 0,269 C + 0,195 N - 0,061 A- | MJ/kg I\ﬁrogggg&

0,2510+108H-0,21 M
Muiioz -Guillena, Linares-Solano & de Lecea
HHV= 340,39 C + 1320,83 H + 68,3 S - kJ/kg
15,28 A -118,5 (O + N)

Munioz-Guillena
& ark., 1992

Analiz Verileri ile HHV Tahminine Yonelik Bazi Calismalar

Mazumdar (2000); Hindistan komiirlerinin kuru bazda HHV
degerinin, komiiriin tamamen yanmasi ic¢in gerekli teorik oksijen
miktart, kiil i¢erigi ve hidrojen/karbon oran1 (H/C) ile olan iliskisini
ortaya koymustur.

Channiwala & Parikh (2002); kati, s1v1 ve gaz yakaut tiirlerinin
tamamina uygulanabilir nitelikte birlesik bir HHV tahmin modeli
gelistirmislerdir. Bu model, farkli yakit siniflarina uygulanabilirligi
ile dikkat cekerken, yaklasik %1,45°lik ortalama mutlak hata ve
%0,00 diizeyinde yanlilik hatasi ile oldukga yiiksek dogruluk
oranlarina ulagsmistir. Bu sonuglar, modelin ¢ok yonli kullanim
potansiyelini ortaya ¢ikarmistir.

Parikh & ark. (2005); komiir, linyit, ¢esitli biyokiitle tiirleri
ve komiir kalintilarindan tiiretilen diger kat1 karbonlu yakitlar i¢in
daha genis kapsama sahip yeni bir korelasyon gelistirmislerdir. HHV
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Olgtimleri %3,74’liikk ortalama mutlak hata ve %0,12’lik yanlilik
hatas1 ile oOnceki modellere gore daha gelismis bir dogruluk
sunmustur. Bu korelasyon, farkli kaynaklardan gelen kati yakit
tiirleri iizerinde etkili bir tahmin performans: géstermistir.

Ahmaruzzaman (2008); ise komiir, plastik ve biyokiitle
kokenli yakit carlar1 iizerinde kisa analiz verilerini kullanarak
gergeklestirdigi calismada, R? degerini 0,965; ortalama mutlak
hatayr %3,07 ve yanlilik hatasini %0,41 olarak raporlamistir. Bu
veriler, modelin deneysel HHV degerleriyle olduk¢a uyumlu
sonuglar tiretebildigini gostermistir.

Majumder & ark. (2008); Hindistan komiirleri tizerinde kisa
analiz temelli korelasyonlarin uygulanabilirligini incelemislerdir.
Mevcut korelasyonlarin ya oldukg¢a karmasik yapida oldugunu ya da
nem ve kiil gibi 6nemli degiskenlerin etkilerini géz ardi ettigini
belirlemislerdir. Bu nedenle, tiim temel kisa analiz parametrelerini
(nem, kiil, ugucu madde, sabit karbon) dikkate alan sade ve etkili bir
korelasyon modeli gelistirmislerdir. Gelistirilen modelin deneysel
verilerle karsilastirildiginda %1,49 oraninda ortalama mutlak hataya
sahip olmasi, korelasyonun yiiksek dogrulukta tahminler
yapabildigini ortaya koymustur.

Akkaya (2009); diisiik rankli komiir 6rneklerine ait alinan
haliyle (ar) elde edilen kisa analiz verilerini kullanarak, komiirlerin
HHV tahmini i¢in c¢oklu dogrusal olmayan regresyon modelleri
gelistirmistir. Modellemede kullanilan {i¢ temel model yapisi, nem,
kiil, ugucu madde ve sabit karbon gibi kisa analiz parametrelerinin
(bagimsiz degiskenler) sayisina bagli olarak siniflandirilmistir. Daha
sonra, bu bagimsiz degiskenlerin farkli kombinasyonlarini iceren alt
model yapilar1 ele alinmistir. Her bir alt model yapisi i¢in ¢oklu
dogrusal olmayan regresyon yontemi kullanilarak cesitli model
denklemleri analiz edilmis ve en iyi uyumu saglayan modeller
belirlenmistir. Secilen {ic model de HHV tahmininde yiiksek

dogruluk gostermektedir; ancak, dort bagimsiz degisken (nem, kiil,
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ucucu madde ve sabit karbon) iceren model, HHV tahmini agisindan
en dogru sonuglart vermistir. Ayrica, bu dort degiskenli model ile
literatiirde yer alan bir bagka model, ek yakin analiz verileri ile test
edildiginde, bu calismada gelistirilen modelin daha dogru HHV
tahminleri sundugu gézlemlenmistir.

Tan (2015); komiirlerin kisa analiz verilerine dayanarak
HHV degerlerinin tahmin edilmesi amaciyla, destek vektor
regresyonu (SVR) olarak adlandirilan dogrusal olmayan bir model
onermistir. Modelin gelistirilmesi ve dogrulanmasi siirecinde, 167
Cin komiiri ve 4540 ABD komiirii 6rnegi kullanilmigtir. Tahmin
sonuglari, Cin ve ABD komiirlerinin HHV degerlerinin sirasiyla
yalnizca %2,16 ve %2,42 ortalama mutlak hata ile hesaplandigini
gostermistir. Ayrica, literatiirde yer alan bazi korelasyonlar da hem
Cin hem de ABD komiirleriyle yeniden gelistirilmis ve bu ¢alisma
kapsaminda gelistirilen SVR tabanli modeller ile karsilagtirilmistir.
Elde edilen sonuglar, SVR tabanli korelasyonlarin literatiirdeki
modellere kiyasla daha yiiksek dogruluk saglayabildigini ortaya
koymustur. Farkli bolgelerden elde edilen komiir ornekleri icin
evrensel bir korelasyon gelistirme girisiminde de bulunulmustur.
Ancak yapilan benzetim ¢alismalari, farkli cografi bolgelerden gelen
komiirler i¢in yakin analiz ile HHV arasindaki iliskinin degiskenlik
gosterdigini ortaya ¢gikarmistir. Bu nedenle, farkli bolgelerden elde
edilen komiirler i¢in bolgeye 6zgii korelasyonlarin gelistirilmesi ve
kullanilmasinin, HHV tahmininde ¢ok daha yiliksek dogruluk
saglayacag belirtilmistir.

Akhtar & ark. (2017); yiiksek kiil igerikli linyit komiirlerinin
11l degerlerinin tahmini i¢in bir coklu dogrusal regresyon modelleri
gelistirmistir. Pakistan’in Khushab, Mianwali, Jhelum ve Chakwal
bolgelerinden elde edilen komiir 6rneklerine ait, alinan haliyle (ar)
ve nemsiz (mf) veriler kullanilarak, u¢ucu madde, kiil ve sabit
karbon gibi yakin analiz bilesenlerine dayali ii¢ farkli model
olusturulmugtur. Gelistirilen dogrusal regresyon modelleri, varyans
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analizi, mutlak hata tahmini gibi istatistiksel yontemlerle test edilmis
ve literatlirde yer alan onceki calismalarla karsilastirilmistir. Elde
edilen bulgulara gore, iic modelin de yanit degiskeni olan HHV
degerini kabul edilebilir hata sinirlart igerisinde basariyla tahmin
ettigi gorilmistir.

Boylu & Karaagaglioglu (2018); c¢esitli kisa analiz
korelasyonlarin1 kullanarak kiil, ucucu madde, sabit karbon ve
maserallerin  HHV  iizerindeki  etkilerini  arastirmislardir.
Calismalarinda, kiil igerigi ile 1s1l deger arasinda giiclii ve negatif
yonli bir iliski tespit etmisler; kiil miktarindaki artisin, HHV
degerinde belirgin ve lineer bir azalmaya yol actigimi ortaya
koymusglardir. Bu bulgu, o6zellikle yiiksek kiil icerigine sahip
komiirlerin enerji verimliligi acisindan dikkatli degerlendirilmesi
gerektigini gostermistir.

Kumari & ark. (2019); Hint komiiri 6rnekleri i¢in HHV
tahmininde karmasik yontemlere kiyasla nem ve kiil gibi basit
girdilerin kullanilmasinin daha uygun oldugunu 6nermisglerdir. Bu
caligmada, kiil verimi ve nem igerigi terimlerine dogrusal olmayan
iislerin uygulanmasi ve denkleme baska dogrusal olmayan terimlerin
eklenmesiyle, yerel ve ulusal diizeyde uygulanabilirligi olan, tahmin
dogrulugu artirilmig ampirik korelasyonlar gelistirmislerdir. Bu
degerlendirme, Excel yaziliminin yerlesik optimizasyon araci olan
Solver kullanilarak gerceklestirilmistir. Solver, genel bir denklem
iizerinde ¢alisarak bu denklemin katsayilarini optimize etmis ve ii¢
farkl Hindistan komiir havzasindan elde edilen 756 komiir 6rnegi
ile bu verilerin yerel alt kiimelerine uygulanmistir.

Tiim bu kisa analiz, elementel analiz ya da kisa ve elementel
analiz kombinasyonuna dayali korelasyon modellerinin, HHV
degerini hizli, verimli ve hassas bir sekilde tahmin etme agisindan
giiclii bir potansiyele sahip oldugu goriilmektedir.

--191--



Kaynakc¢a

Ahmaruzzaman, M. (2008). Proximate analyses and
predicting HHV of chars obtained from cocracking of petroleum
vacuum residue with coal, plastics and biomass. Bioresource
Technology, 99(11), 5043-5050.

Akhtar, J., Sheikh, N., & Munir, S. (2017). Linear regression-
based correlations for estimation of high heating values of Pakistani

lignite coals. Energy Sources, Part A: Recovery, Utilization, and
Environmental Effects, 39(10), 1063-1070.

Akkaya, A.V. (2009). Proximate analysis based multiple
regression models for higher heating value estimation of low rank
coals. Fuel Processing Technology, 90(2), 165-170.

Akkaya, E. (2016). ANFIS based prediction model for
biomass heating value using proximate analysis
components. Fuel, 180, 687-693.

Aksogan Korkmaz, A. (2022). Farkli Linyitlerin Kisa Ve
Elementel Analiz Verilerine Dayanarak Ust Isil Degerlerinin

Hesaplanmasi. Konya Journal of Engineering Sciences, 10(1), 49-
60.

Berkowitz, N. (2012). An introduction to coal technology.
Elsevier.

Boylu, F., & Karaagaclhioglu, I. E. (2018). Komiir
bilesenlerinin  kalorifik  deger iizerindeki etkisi iizerine
degerlendirme. Yerbilimleri, 39(3), 221-236.

Channiwala, S.A., & Parikh, P.P. (2002). A unified
correlation for estimating HHV of solid, liquid and gaseous
fuels. Fuel, 81(8), 1051-1063.

--192--



Garcia, R., Pizarro, C., Lavin, A.G., & Bueno, J.L. (2014).
Spanish biofuels heating value estimation. Part II: Proximate
analysis data. Fuel, 117, 1139-1147.

Ghugare, S.B., Tiwary, S., Elangovan, V., & Tambe, S.S.
(2014). Prediction of higher heating value of solid biomass fuels
using artificial intelligence formalisms. BioEnergy Research, 7(2),
681-692.

Hosokai, S., Matsuoka, K., Kuramoto, K., & Suzuki, Y.
(2016). Modification of Dulong's formula to estimate heating value

of gas, liquid and solid fuels. Fuel Processing Technology, 152, 399-
405.

Hower, J.C., Finkelman, R.B., Eble, C.F., & Arnold, B.J.
(2022). Understanding coal quality and the critical importance of
comprehensive coal analyses. International Journal of Coal
Geology, 263, 104120.

Huda, M. (2014). Development of new equations for
estimating gross calorific value of Indonesian coals. Indonesian
Mining Journal, 17(1), 10-19.

Kalivodova, M., Balas, M., Milcak, P., Lisa, H., Lisy, M.,
Lachman, J., Kracik, P., Krizan, P., & Vejrazka, K. (2022). The
determination of higher heating value by calculation based on
elemental analysis. Paliva 14: 8-20.

Kamara, B., Von Kallon, D.V., & Mashinini, P.M. (2023).
Investigating Sasol coal characteristics for power plant boiler firing

using thermal gravimetric and CHNS analytical techniques. Solid
Fuel Chemistry, 57(2), 101-111.

Kathiravale, S., Yunus, M.N.M., Sopian, K., Samsuddin, A.
H., & Rahman, R.A. (2003). Modeling the heating value of
Municipal Solid Waste. Fuel, 8§2(9), 1119-1125.

--193-



Kemal, M., & Arslan, V. (2010). Kémiir Teknolojisi. Dokuz
Eyliil Universitesi Miithendislik Fakiiltesi Yaymlar1, No.33.

Kumar, P., Tyeb, M.H., Mishra, S., Chakravarty, S., &
Majumder, A.K. (2025). Limitations Associated with Proximate
Analysis-Based Gross Calorific Value Modeling for Coals. Mineral
Processing and Extractive Metallurgy Review, 46(3), 362-373.

Kumari, P., Singh, A.K., Wood, D.A., & Hazra, B. (2019).
Predictions of gross calorific value of Indian coals from their

moisture and ash content. Journal of the Geological Society of
India, 93(4), 437-442.

Majumder, A.K., Jain, R., Banerjee, P., & Barnwal, J.P.
(2008). Development of a new proximate analysis based correlation
to predict calorific value of coal. Fuel, 8§7(13-14), 3077-3081.

Mathews, J.P., Krishnamoorthy, V., Louw, E., Tchapda, A.H.,
Castro-Marcano, F., Karri, V., Alexis, D.A., & Mitchell, G.D. (2014).
A review of the correlations of coal properties with elemental
composition. Fuel Processing Technology, 121, 104-113.

Mazumdar, B.K. (2000). Theoretical oxygen requirement for
coal combustion: relationship with its calorific value. Fuel, 79(11),
1413-1419.

Mesroghli, S., Jorjani, E., & Chelgani, S.C. (2009).
Estimation of gross calorific value based on coal analysis using

regression and artificial neural networks. International Journal of
Coal Geology, 79(1-2), 49-54.

Mondal, C., Pandey, A., Pal, S.K., Samanta, B., & Dutta, D.
(2022). Prediction of gross calorific value as a function of proximate
parameters for Jharia and Raniganj coal using machine learning
based regression methods. International Journal of Coal
Preparation and Utilization, 42(12), 3763-3776.

--194--



Muiioz-Guillena, M.J., Linares-Solano, A., & de Lecea, C.S.
M. (1992). Determination of calorific values of coals by differential
thermal analysis. Fuel, 71(5), 579-583.

Munshi, T.A., Jahan, L.N., Howladar, M.F., & Hashan, M.
(2024). Prediction of gross calorific value from coal analysis using
decision tree-based bagging and boosting
techniques. Heliyon, 10(1).

Nzihou, J.F., Hamidou, S., Bouda, M., Koulidiati, J., &
Segda, B.G. (2014). Using Dulong and Vandralek formulas to
estimate the calorific heating value of a household waste

model. International ~ Journal  of  Science  Engineering
Research, 5(1), 1878-1883.

Parikh, J., Channiwala, S.A., & Ghosal, G.K. (2005). A
correlation for calculating HHV from proximate analysis of solid
fuels. Fuel, 84(5), 487-494.

Park, S., Zaib, Q., & Park, H.S. (2021). Characterization and
optimization of calorific value of low grade coal by statistical

experiment and modelling. Environmental Engineering
Research, 26(2).

Rao, D.S. (2016). Minerals and coal process calculations.
CRC Press.

Ruppert, L.F., Karacan, C.O., & Dai, S. (2021). A letter to the
editor: The future of coal geoscientists: A survey of academic,

industry and government coal geoscientists. International Journal of
Coal Geology, 237,103710.

Sheng, C., & Azevedo, J.L.T. (2005). Estimating the higher
heating value of biomass fuels from basic analysis data. Biomass and
Bioenergy, 28(5), 499-507.

Singh, K.P.,, & Kakati, M.C. (1994). New models for

prediction of specific energy of coal. Fuel, 73(2), 301-303.
--195--



Speight, J.G. (2015). Handbook of coal analysis. John Wiley
& Sons.

Tan, P., Zhang, C., Xia, J., Fang, Q.Y., & Chen, G. (2015).
Estimation of higher heating value of coal based on proximate

analysis using support vector regression. Fuel Processing
Technology, 138, 298-304.

Wen, X., Jian, S., & Wang, J. (2017). Prediction models of
calorific value of coal based on wavelet neural networks. Fuel, 199,
512-522.

Xu, N., Wang, Z., Dai, Y., Li, Q., Zhu, W., Wang, R., &
Finkelman, R.B. (2023). Prediction of higher heating value of coal
based on gradient boosting regression tree model. International
Journal of Coal Geology, 274, 104293.

Vilakazi, L., & Madyira, D. (2025). Estimation of gross
calorific value of coal: A literature review. International Journal of
Coal Preparation and Utilization, 45(2), 390-404.

Yin, C.Y. (2011). Prediction of higher heating values of
biomass from proximate and ultimate analyses. Fuel, 90(3), 1128-
1132.

--196--



BOLUM 8

MALATYA YORESI KOMUR YATAKLARI:
KARAKTERIZASYONU VE DEGERLENDIRME
OLANAKLARI

MUSTAFA BIRINCI!

Giris

Komiir, jeolojik olusumu ve yapisi itibartyla heterojen bir
tortul kayag olarak tanimlanir (Atesok, 2005) ve biinyesinde organik
ve inorganik maddeler ile nemden olusan karmasik bir kompozisyon
barmdirir. Yaklasik 300 milyon yil once bitkisel materyallerin
jeolojik siirecler sonucunda komiirlesmesiyle olusmus olan bu fosil
yakit, yiiksek oranda karbon igerir ve yanici bir nitelige sahiptir. Bu
yanici 0zelligi sayesinde, binlerce yildir enerji {liretimi amaciyla
temel bir kaynak olarak kullanilmistir. Kdmiiriin kullanimi tarihsel
olarak Oncelikle 1s1 ve enerji iiretimi ile smirli kalmamistir.
Gilinlimiizde, 6zellikle diisiik kalorili ve yiiksek nem igerigine sahip
bir kdmiir tiirii olan linyit, elektrik enerjisi tiretimindeki kilit roliiniin
yani sira, diger endiistriyel sektorlerde de 6nemli bir hammadde
olarak kendine yer bulmustur. Ornegin, linyit, ¢imento endiistrisinde
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doner firinlar1 beslemek i¢in yakit olarak kullanilirken, demir-gelik
sanayisinde de koklasabilir komiiriin yetersiz kaldigi durumlarda
yardimci bir enerji kaynagi olarak degerlendirilmektedir. Bununla
birlikte, tekstil gibi ¢esitli endiistrilerde de 1s1 ve buhar {iretimi i¢in
linyitten faydalanilmaktadir. Bu durum, komiiriin yalnizca birincil
bir enerji kaynagi olmanin oOtesinde, modern sanayinin farkl
kollarinda stratejik bir hammadde konumunda oldugunu
gostermektedir.

Tiirkiye Ekonomisi, global entegrasyon siirecinde hizla
ilerlerken, sanayisini Avrupa Birligi standartlarinda rekabet edebilir
bir seviyeye yiikseltme ve diinya ticaretindeki payin1 artirma ¢abasi
icerisindedir. Bu stratejik yonelim, oOzellikle sanayinin temel
girdilerinden biri olan elektrik enerjisi talebinde kayda deger bir
artis1 beraberinde getirmistir. Tiirkiye Elektrik Uretim A.S. (EUAS)
2025 yil1 verilerine gore, Tiirkiye nin toplam kurulu elektrik giict,
cesitlendirilmis enerji kaynaklarina dayali olarak 121.084 MW
seviyesindedir. Bu kurulu giiciin yaklasik %30'u, yani 36.000
MW'lik kismi, linyite dayali termik santrallerden saglanmaktadir
(Enerji Ajansi, 2025; EUAS, 2025). Tiirkiye'nin yerli fosil yakit
kaynaklar1 arasinda en giivenilir ve stirdiiriilebilir enerji kaynagi
olarak kémiir 6ne cikmaktadir. Ozellikle linyit, arz siirekliligi ve
giivenilirligi agisindan elektrik enerjisi liretiminde stratejik bir rol
oynamaktadir. Ancak, bu santrallerde go6zlemlenen verimlilik
kayiplari, hem mevcut komiir kaynaklarinin etkin kullaniminm
olumsuz yonde etkilemekte hem de birim enerji basina diisen
maliyeti yiikseltmektedir. Stiregelen bu gelismelerin bir sonucu
olarak, Tiirkiye'nin komiir iiretim ve tiikketimindeki pay1 6nemli bir
seviyeye ulagmis olup, bu artis egiliminin gelecekte de devam etmesi
beklenmektedir. Artan komiir ihtiyacim yerli kaynaklardan
karsilamak amaciyla, yeni komiir sahalarmin kesfi ve mevcut
rezervlerin  gelistirilmesine yOnelik arama ve degerlendirme
caligmalarinin artarak devam edecegi Ongoriilmektedir. Bu
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baglamda, komiir kaynaklarinin hem ¢evresel hem de ekonomik
stirdiiriilebilirlik ilkelerine uygun olarak yonetilmesi, Tirkiye'nin
enerji politikalar1 a¢isindan kritik bir 6neme sahiptir.

MTA Genel Midiirligii tarafindan iilkemizde komiir arama
caligmalarina 1938 yilinda baglanilmis olup giinlimiizde de bu
caligmalar yogun olarak devam etmektedir. 1939-1984 yillar
arasinda MTA tarafindan 40.000 km? alanin detay etiidii yapilmis ve
toplam 1.459.000 metre sondaj yapilarak 117 adet linyit sahasi
saptanmistir. Bu calismalar sonucunda 8,3 milyar ton linyit rezervi
tespit edilmistir. Enerjide yerli kaynaklarin kullanimini artirma
politikasi ¢er¢evesinde 2005 yilinda baglatilan yogun komiir arama
caligmalar1 sonucunda MTA tarafindan 2014 yili sonu itibariyle
1.490.686 metre sondaj yapilarak; 3 adedi biyik rezervli
(Karapinar-Ayranci, Eskisehir-Alpu, Afyon-Dinar) olmak {izere
toplam 7,21 milyar ton yeni linyit rezervi tespit edilmistir. Bu arama
caligmalar1 kapsaminda Malatya-Yazihan havzasinda tespit edilen
toplam linyit rezervinin 17 milyon ton oldugu bildirilmektedir (MTA,
2019a ve 2019b) S6z konusu bu linyit rezervinin degerlendirilmesine
yonelik bir ¢alisma heniiz yapilmamaistir.

Bu calismada Yazihan-Arguvan linyitlerinin rezerv, alt 1s1l
deger, kiil, nem miktar1 gibi fiziksel ve kimyasal 06zellikleri
Tiirkiye’de yer alan diger 6nemli linyit sahalari ile karsilastirmali
olarak irdelenmistir. Ayrica, Arguvan linyit Orneginden hiimik
madde iiretimi ve degerlendirme olanaklari tizerinde durulmustur.

Malatya ilinin Kémiir Kaynaklar1 ve Ozellikleri

Dogu Anadolu Bodlgesinin Onemli sanayi ve yeralti
kaynaklar1 merkezlerinden biri olan Malatya ili, jeolojik yapisinin
sagladig1 elverigli ortam sayesinde cesitli maden yataklarina ev
sahipligi yapmaktadir. Bu jeolojik ortam, bolgenin metalik madenler
ve endiistriyel hammaddeler acisindan zengin bir potansiyele sahip
olmasin1 saglamistir.
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Maden Tetkik ve Arama (MTA) Genel Miidiirliigii tarafindan
Malatya ili ve gevresinde yiiriitiilen kapsamli arastirmalar, bolgedeki
maden yataklar1 ve zuhurlariin bilimsel olarak haritalandirilmasini
ve tespit edilmesini miimkiin kilmistir. S6z konusu ¢alismalar, Sekil
1’de verilen Malatya'nin maden haritasinda da goriilebilecegi gibi,
bolgenin kaynak ¢esitliligini ortaya koymaktadir (MTA, 2019b; MTA,
2011). Malatya ilinde komiir olusumlar1 gerek rezerv gerekse kalite
acisindan smirli bir dagilim gostermekle birlikte, bazi sahalar
bolgesel enerji potansiyeli agisindan dikkat gekmektedir. Ozellikle
linyit potansiyeli bakimindan Yazihan-Arguvan sahasi One
cikmaktadir. Bu kapsamda, Arguvan-Pargikan sinirlari igerisinde yer
alan linyit damari, uzun bir siiredir aktif olarak isletilmekte olup,
bolgenin enerji ihtiyacina katki saglamaktadir. Linyit, genellikle
geng jeolojik donemlere ait sedimanter havzalarda olusmakta ve
diisiikk kalorifik degere sahip olsa da yerel enerji kaynaklarinin
temini agisindan stratejik dneme sahiptir.

Ozellikle 2005-2015 yillar1 arasinda, k&miir arama
caligmalarinda 6nemli bir hizlanma kaydedilmistir. MTA tarafindan
Malatya ili Yazihan il¢esi sinirlart igerisindeki ruhsat sahasinda
detayl etiitler gergeklestirilmistir. Bu etiitler cercevesinde 2009
yilinda iki adet, 2010 yilinda alt1 adet olmak tizere toplam sekiz adet
sondaj calismas1 yapilmistir (MTA, 2011). Bu sondajlarin toplam
derinligi 3676 metreye ulagsmistir. Yapilan bu derin sondajlar ve
alinan karot numuneleri, sahanin jeolojik ve stratigrafik yapisinin
anlasilmasi igin kritik veriler sunmustur.

Elde edilen bu kapsamli sondaj verileri kullanilarak Yazihan
sahasinin toplam linyit rezervi jeolojik bazda belirlenmistir. Ayrica,
sondajlardan ¢ikarilan linyit numuneleri iizerinde kalite analizleri
(proximate ve ultimate analizler) gerceklestirilerek linyitin nem, kiil,
ucucu madde ve sabit karbon gibi temel fiziko-kimyasal 6zellikleri
tayin edilmistir. Bu analiz sonugclari, linyitin potansiyel kullanim
alanlar1 (termik santral yakiti, endiistriyel veya evsel 1sinma) ve
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ekonomik degeri hakkinda bilimsel bir degerlendirme yapilmasina
olanak saglamistir. Bu saha, bdlgenin yerel kdmiir potansiyelinin
belirlenmesi ve rasyonel kullanimi i¢in Onemli bir 6rnek teskil
etmektedir.

Sekil 1. Malatya ili maden haritast

AGIKLAMALAR / EXPLANATIONS

MALATYA iLi MADEN HARITAS! / MINERAL MAP OF MALATYA

Kaynak: MTA, 2019b

Yazihan-Arguvan Sahasinin Jeolojisi

Yazihan-Arguvan Havzasi'min stratigrafik istifini inceleyen
jeolojik haritalar (Sekil 2), ana hatlariyla asagidaki birimleri ortaya
koymaktadir:

e Temel (Paleozoyik): Havzanin temelini, Paleozoyik yash
birimler olan kiregtaslar1 ve sistler olusturur. Bu kayaglar, bolgenin
en yasli ve metamorfizmaya ugrams litolojilerini temsil eder.

e Ortii Serileri (Eosen - Miyosen): Paleozoyik temel, uyumlu
veya ac¢ili uyumsuzluklarla tizerleyen, daha geng ortii serileri ile
kaplanmistir. Bu ortii serileri genellikle Eosen ve denizel Miyosen
yash birimleri igerir. Denizel Miyosen, bolgenin bu donemde denizel
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ortamlara maruz kaldigin1 gosteren fosilli ve sedimanter
karakteristige sahiptir.

e Uyumsuz Ust Miyosen (Golsel/Karasal): Denizel Miyosen
serileri tizerine, belirgin bir uyumsuzluk ile golsel ve karasal kokenli
Ust Miyosen serileri gelmektedir. Bu uyumsuzluk, bélgede énemli
bir tektonik aktivite, yiikselme ve sedimantasyon rejiminde
degisiklik oldugunu isaret eder. Golsel ve karasal fasiyesler,
havzanin bu donemde i¢ su kiitleleri ve kara ortamlarinin etkisi
altinda kaldigin1 gosterir.

e Pliyosen-Kuvaterner Konglomeralari: Havzanin giliney
kesimlerinde ise Ust Miyosen serileri, daha geng¢ birimler olan
Pliyosen-Kuvaterner yasli konglomeralar tarafindan uyumsuz bir
sekilde ortiiliir. Bu birimler genellikle akarsu ve aliivyal yelpaze
cokellerini temsil eder ve son tektonik yiikselme donemlerinin
urtintdiir.

Sekil 2. Yazihan-Arguvan sahasinin jeolojik haritast

Kaynak: MTA, 2011
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Yapilan detayli litolojik ve jeokimyasal analizler neticesinde,
Ust Miyosen ve Pliyosen serileri igerisinde komiirlii seviyelerin
bulundugu tespit edilmisti. Bu durum, ilgili jeolojik zaman
dilimlerinde bdlgenin bataklik veya sig g6l ortamlarina sahip
oldugunu ve organik madde birikimi i¢in elverisli kosullarin
olustugunu gostermektedir. Tip kesitin bulundugu Pargikan koyi
dolayinda, birim altta cakiltagi ara katmanli kumtasi-cakiltas
ardalanmasi, tiste dogru 10-190 cm linyit damarlar ile jips ve killi
kirectas: ara katmanli ¢amurtasi-kiltasi-kumtasi ardalanmasi devam
etmektedir. En iiste ise gamurtasi-kirectas: ardalanmasi ve ince linyit
damarlar1 bulunmaktadir. Sipahiusagi Koyt batisinda ise, birim killi
kiregtasi, kiregtasi, tiiffit, ¢ort ve yesil ¢amurtaglarindan olusur.
Musurdagr giineyinde, birim taban cakiltasi ile baslar, liste dogru
kumlu ¢akiltasi, kumtast ve karbonatli bitiimlii seyi ara katmanlh
camurtasindan yapilidir. Camurtaslar1 agik-koyu yesil, ortag
pekismis, yersel diizlemsel laminali ince-¢ok kalin ve yersel masif
katmanhdir. Kiltaglar1 koyu yesil, ortag pekismis, orta-masif
katmanli ve yersel renk laminalidir. Kirectaslar1 beyazimsi, ¢ok sert,
ince-orta diizgiin katmanli, bol miktarda fosil icermektedir (Onal,
1995a).

Yazihan-Arguvan Linyitlerinin Ozellikleri

MTA verilerine gore Yazihan-Arguvan havzasinda 2.473.312
ton goriintir, 7.475.717 ton muhtemel ve 6.237.488 ton miimkiin
olmak iizere toplam 16.186.517 ton (yaklasik 17 milyon ton) komiir
rezervi oldugu hesaplanmistir. Ayrica goriiniir linyit rezervinin kisa
analizi de yapilarak elde edilen sonuclar Cizelge 1’de verilmistir
(MTA, 2011). Yazihan-Arguvan linyit Ozellikleri Tirkiye’deki
benzer linyit olusumlart ile karsilagtirilarak bir degerlendirmede

bulunulmustur.

--203--



Cizelge 1. Yazihan-Arguvan komiiriiniin kisa analizi

Bilegen Nem  Kil U.Madde S.Karbon YanarS KiildeS AID
%) (%) (%) (%) (%) (%) (Kcalkg)

Orijinal komiir 26,65 36,20 21,32 9,83 1,42 2,07 1934

Havada kuru komiir 6,25 46,25 34,94 12,56 1,82 2,65 2633

Isul deger

Ozellikle enerji {iretimi amagh degerlendirilen komiir
kaynaklar1 i¢in, temel kalite kriterlerinden biri kalorifik degerdir (alt
1s1l deger veya yiiksek 1s1l deger). Kalorifik deger, yakitin tam
yanmasi sonucu agiga ¢ikan enerji miktarini ifade ederek, komiiriin
termal performansini ve dolayisiyla ekonomik degerini dogrudan
belirlemektedir.  Tiirkiye'deki  linyit  rezervlerinin  termal
karakteristigi incelendiginde, Yazihan-Arguvan sahasindan elde
edilen linyitlerin orijinal kdmiir bazinda alt 1s1l degeri (AID) 1934
kcal/kg olarak tespit edilmistir. Bu deger, ulusal linyit rezervlerinin
genel profilini yansitan bir aralikta bulunmaktadir; zira Ulkemizdeki
linyit yataklariin yaklasik %70°1 1000 kcal’kg ile 2000 kcal/kg
arasinda degisen bir kalorifik degere sahiptir (Anonim. 2025).

Yazihan-Arguvan  linyitleri,  Afsin-Elbistan, Konya-
Karapinar, Mugla-Milas, Adana-Tufanbeyli, Sivas-Kangal, Bingol-
Karliova ve Adiyaman-Gdlbasi gibi sahalara kiyasla daha yiiksek bir
alt 1s1l degere sahiptir. Bu durum, sahanin bu boélgelere gore daha
yiiksek verimli bir enerji kaynagi olabilecegine isaret etmektedir.
Bununla birlikte, Yazihan-Arguvan linyitlerinin AID'1, Eskisehir-
Alpu, Manisa-Soma, Tekirdag-Cerkezkdy, Ankara-Beypazari,
Kiitahya-Tuncbilek ve Canakkale-Can gibi daha yiiksek kaliteli
linyit yataklarinin termal degerlerinin altinda kalmaktadir. Bu
karsilagtirma Sekil 3'te detayli olarak sunulmustur.
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Sekil 3. Malatya linyitlerinin alt 151l degeri (AID) ve Tiirkiye deki
bazi linyitlerle karsilastiriimasi
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Kiil Orani

Komiir kalitesi genellikle kiil oraniyla ifade edilmektedir.
Komiir i¢inde bulunan inorganik maddeler (mineral maddeler)
yanma esnasinda oksitlenerek ve parcalanarak geride genellikle
oksitlerden olusan bir artik birakmaktadir. Bu artiga komiir kiilii
denir. Kiiliin olusmasina neden olan inorganik maddeler komiiriin
yapisindaki silikat, karbonat mineralleri, kiikiirtli ve stlfath
mineraller, fosfatlh mineraller ve tuzlardir. Kiil orani arttik¢ca
komiiriin yanmasi zorlasmaktadir ve belli bir kiil oranindan sonra
tamamen durmaktadir. Ayrica kiil orani arttikca komiirdeki yanici
madde oran1 azalmakta buna bagli olarak 1sil deger diismektedir
(Kural, 1991).
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Sekil 4. Malatya linyitlerinin kiil oramt ve Tiirkiye’deki bazi
linyitlerle karsilastiriimast
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Yazihan-Arguvan linyitlerinin ortalama kiil oran1 orijinal komiirde
% 36,25 olarak Tiirkiye’deki ortama kiil aralig1 olarak kabul edilen
% 5,2 ila % 59,0 araliginda yer almaktadir. Bu sahanin kiil igerigi
karsilagtirilan sahalardan yalnizca Kiitahya-Tungbilek sahasindan
diisiik oldugu, ancak diger pek cok linyit sahasina kiyasla daha
yiiksek bir kiil igerigine sahip oldugu goriilmektedir(Sekil 4). Bunun
yaninda Ankara-Beypazar1 ve Manisa-Soma linyitlerinin kiil oranina
oldukca yakin degerde oldugu goriilmektedir.

Yazihan-Arguvan linyit yataklarinin ortalama kiil orani, orijinal
komiir bazinda yaklasik % 26,65 olarak tespit edilmistir. Bu deger,
Tiirkiye genelindeki linyit sahalari i¢in literatiirde kabul goren genis
kiil aralig1 olan % 5,2 ila % 59,0 bandinda konumlanmaktadir.
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Nem Orani

Komiir i¢cinde su kaba nem ve biinye nemi olmak lizere iki sekilde
bulunmaktadir. Kaba nem ya da yiizey nemi, komiir partikiillerinin
yiizeyinde ince bir film seklinde bulunan serbest su molekiillerini ve
komiiriin gozle goriilebilir makro catlaklari i¢indeki suyu ifade eder.
Bu nem miktari, tiivenan komiiriin havada kuru hale gelene kadar
kaybettigi su miktari olarak tanimlanir. Kaba nem, kdmdiriin tasima,
depolama ve On islem siireclerini dogrudan etkileyen bir
parametredir. Biinye nemi (ya da higroskopik nem) ise havada kuru
komiir numunesinin 105 °C sicaklikta oksijensiz bir ortamda sabit
bir agirliga ulagincaya kadar kaybettigi rutubettir. Bu nem, komiiriin
gozenek yapist iginde kimyasal baglarla tutulan veya kilcal
kuvvetlerle adsorbe edilen suyu temsil eder ve komiiriin i¢ yapisi ile
dogrudan iliskilidir.

Sekil 5. Malatya linyitlerinin kiil orani ve Tiirkiye deki bazi
linyitlerle karsilastiriimasi

70
60 -
S0
S 40 A
§ 30
z.
20 ~
10
0 .
T T R BT S S~ S, DS
S S T T T
NS P ST F S S
" ‘« *' 0‘% O # 3 .‘:‘\ \1' "\' N
@“’@ @ & 6\,"\‘1 fﬂe Q\\ .;: ‘.3 & _"B' %{- -\9"\_ QGO &')
» LT 7L LA S SR
W 7S S & e Gy @
& & S A v
& ¥
-~

--207--



Yazihan-Arguvan linyitlerinin ortalama nem orami orijinal komiir
bazinda %?26,65 olarak belirlenmistir Bu miktar Tiirkiye
linyitlerinin nem aralig1 olan %1,2 ile % 57,6 araliginda bir degerdir.
Bu sahanin nem orani; Manisa-Soma, Ankara-Beypazari, Kiitahya-
Tungbilek, ve Canakkale-Can linyitlerinin nem degerinden ytiksek,
K.Maras-Afsin-Elbistan, Konya-Karapinar, Eskisehir-Alpu, Mugla-
Milas, Tekirdag-Cerkezkdy, Adana-Tufanbeyli, Sivas-Kangal,
Bingol-Karliova ve Adiyaman-Gdlbasi linyitlerinin nem degerinden
ise daha diisiik oldugu goriilmektedir(Sekil 5).
Kiikiirt Icerigi

Kiikiirt igerigi, komdiiriin kalitesini tayin eden kritik
parametrelerden biridir. Komiir matrisinde kiikiirt, temel olarak
inorganik kiikiirt ve organik kiikiirt olmak iizere iki ana formda
bulunmaktadir. Inorganik kiikiirt; k&miiriin biinyesinde piritik,
elementel ve siilfat kikiirtli bilesikleri seklinde olabilmektedir.
Organik kiikiirt ise komiiriin organik yapisindaki karbonlu gruplara
kovalent baglarla baglanmis olup, komiirliin organik matrisinin
ayrilmaz bir bilesenidir (Ozbayoglu, G., 1986). Kémiiriin toplam
kiikiirt icerigi kiilde kalan kiikiirt ve yanar kiikiirt toplamindan
olugmaktadir. Kiilde kalan kiikiirt (ya da yanmaz kiikiirt); komiir
numunesinin en fazla 850 °C’de tam yakilmasi sonucu elde edilen
kiil igerisinde daha ¢ok stilfatli bilesikler halinde kalan kiikiirdiin
yiizde olarak ifadesidir. Yanar kiikiirt ise, komiir numunesinin en
fazla 850 °C’de tam yakilmasi sonucunda yanma gazlarinda kiikdirt
bilesigi halinde bulunan kiikiirdiin yiizde olarak ifadesidir.

Yazihan-Arguvan linyit yataklarmin ortalama kiikiirt igerigi,
orijinal komiir bazinda yaklagik %3,50 olarak tespit edilmistir (Sekil
6). Bu deger, Tiirkiye genelindeki linyitlerin 9%0,2 ile %10,6 arasinda
degisen tipik kiikiirt aralig1 igerisinde yer almaktadir. S6z konusu
Yazihan-Arguvan sahasina ait kiikiirt miktar1, yalnizca Canakkale-
Can linyitlerine kiyasla daha diigiik olup, diger Tiirkiye linyit
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yataklarimin biiyilk ¢ogunlugundan daha yiiksek bir kiikiirt
konsantrasyonuna isaret etmektedir. Bu bulgu, Yazihan-Arguvan
linyitlerinin kullanim potansiyeli ve cevresel etkileri agisindan
dikkatle degerlendirilmesi gerektigini gostermektedir.

Sekil 6. Malatya linyitlerinin kiikiirt icerigi ve Tiirkiye deki bazi
linyitlerle karsilagtirilmast
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Rezerv Miktar

Genel bir ifadeyle rezerv; varligi arama calismalar1 ile
belirlenmis ve isletilebilirligi degerlendirme etiitleriyle saptanmis
olan tiim kaynagm bir bolimidir. Yapilan kiyaslamal
degerlendirmeler neticesinde, Yazihan-Arguvan sahasmin tespit
edilen toplam linyit rezervi miktarimin (yaklasik 17 milyon ton
olarak belirlenmistir) incelenen diger linyit sahalarinin rezervlerine
kiyasla 6nemli 6l¢iide daha diisiik oldugu saptanmistir (Sekil 7). Bu
bulgu, sahanin ekonomik potansiyeli ve isletme Olgegi agisindan

dikkate alinmasi1 gereken bir veridir.
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Sekil 7. Malatya linyitlerinin rezerv miktart ve Tiirkiye deki bazi
linyitlerle karsilastiriimast
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Yazihan-Arguvan Linyitlerinin Degerlendirilmesi
Yiizdiirme-Batirma Testi

Geleneksel yiizdiirme-batirma testi kullanilarak, -10+4,75
mm tane boyu aralifindaki ham komiiriin yogunluk analizini
yapilmis ve elde edilen komiir yikama egrileri Sekil 8’de verilmistir.
Beklenildigi tiizere, komiir yogunlugu arttik¢a kiil orani da
artmaktadir. En temiz komir -1.4 yogunlukta elde edilmistir.
Komiirtin yikama giicliigii hakkinda fikir veren kiil karakteristik
egrisi ile +0,1 yogunluk dagilim egrisi incelendiginde, linyit
numunesinin zor yikanabilir 6zellikte olduguna isaret etmektedir.
Ciinki kil karakteristigi egrisi (parca kiilii egrisi), yogunluga gore
kil iceriginin degisme hizini, yani, degisik yogunluklarda ylizen
parcalarin tek tek icerebilecegi en yiiksek kiil yiizdesini gosterir. Bu
egrinin egimi, koOmiiriin safsizliklarindan kolay ya da zor
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ayrilacaginin bir gostergesidir. Dik egim, kii¢lik kiil farkina kars,
biiyiik verim farkliliginin, yatik egim ise kolay ayirimin belirtisidir.
+0,1 yogunluk dagilim egrisi ise, kdmiiriin yikanabilecegi en diisiik
yogunluk degerini veren egridir. £0,1 yogunlukta bulunan madde
miktarindan, komiirlerin yitkanmasindaki zorluk derecesi saptanir.
Ayirma yogunluguna yakin yogunluktaki komiir miktar1 arttikca
yikama zorlasmaktadir. Biitiin bu belirtecler Arguvan linyitinin
yikama giicliigliniin oldugunu goéstermektedir. Nitekim, Arguvan
komiirlerinin yikanabilirligi {izerine yapilan 6nceki calismalarda
(Birinci, 2013; Korkmaz ve Bentli, 2017) benzer sonuglarin elde
edildigi goriilmistiir.

Sekil 8. Tiivenan komiiriin (-10+4,75 mm) yikanabilirlik egrileri
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Hiimat Ekstraksiyonu

Hiimik maddeler dogal olarak olusan, yiliksek molekiil
agirhigma sahip, sekilsiz ve kismen aromatik yapili organik
bilesiklerdir. Hiimik maddeler asit ve bazlardaki ¢oziiniirliiklerine
gore hiimik asit, fiilvik asit ve hiimin olmak iizere {ic gruba
ayrilmaktadir. Bununla birlikte hiimik maddeler ¢ogunlukla hiimik
ve fulvik asitten meydana gelirler. Hiimik maddeler, benzersiz
kimyasal ve fiziksel Ozellikleri sayesinde genis bir yelpazedeki
endiistriyel sektorlerde uygulama alani bulmaktadirlar. Basta tarim
olmak tiizere (Ornegin toprak islah1 ve bitki besleme), kimya,
biyoloji, gida, hayvancilik, saglik ve kozmetik gibi ¢esitli endiistri
kollarinda kullanilabilmektedir (Sparks, 2003). Bu c¢ok yonli
kullanim, bilesiklerin metal iyonlariyla selat olusturma yetenekleri
ve biyoaktif 6zellikleri ile iligkilidir.

Linyitlerden hiimik asit iiretim yontemleri, bazen tek bazen
de iki veya daha fazla asamali olarak, dogal yoldan okside olmus
veya yapay yoldan belli basing ve sicaklikta okside edilmis linyitin
uygun bir asit ile reaksiyona sokulmasi, ardindan bir alkali ile bazik
hale getirildikten sonra, ¢éziinmeyen kismin siiziilerek ortamdan
uzaklastirilmasi, ¢ozeltinin ise asitlendirilip kati1 fazda hiimik asit
seklinde c¢oktiiriilmesi esasina dayanmaktadir. Bununla birlikte
hiimik asit ekstraksiyonunda ve hiimik madde analizinde uluslararasi
diizeyde kabul edilmis bir standart yontem bulunmamaktadir. Bu
konuyla ilgili olarak Kural (1978) tarafindan yapilan bir ¢calismada
ISO, Macar ve Kreulen yontemleri incelenmis ve linyitlerden humik
asit elde edilmesinde en uygun yontemin Kreulen Y ontemi (Kreulen,
1948) oldugunu belirtilmistir.  Hiimik madde analizinde
standartlasmis bir yontem bulunmamakla birlikte glinlimiizde genel
kabul gérmiis iic yontemin On plana ¢iktifi goriilmektedir: (i)
kolorimetrik yontem, (ii) kantitatif yontem/gravimetrik yontem (ki
klasik yontem olarak da bilinmektedir), (iii) yar1 kantitatif
yontem/Kaliforniya Gida ve Tarim Bakanligi (CDFA) yontemi. Her
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iic yontem de seyreltik alkali c¢ozeltilerinde hiimik asidin
¢oOziiniirligli temeline dayanmaktadir. Tiirkiye’de hiimik asitlerin
analizi ISO 5073 (TS 5869) nolu “Kahverengi Komiirler ve
Linyitler-Humik Asitlerin Tayini” yontemiyle yapilmaktadir.

Bu c¢aligmada, hiimik asitlerin ekstraksiyonunda alkali li¢
yontemi kullanilmistir. Yontemin esasi, hiimik asitlerin alkali
ortamlarda c¢oziintrliigii yiiksek alkali tuzlara doniisebilmesidir.
Deneylerde hiimik asit eldesi i¢in gereken alkali ortam kolay temin
edilebilir ve ucuz olmasi nedeniyle NaOH ve KOH ile saglanmistir.
Yapilan pek c¢ok arastirmada linyit, turba, leonardit gibi
kaynaklardan ~ dogrudan elde edilen karigimlar  (hiimat)
asitlendirilerek hiimik asit ¢oktlirlilmiistiir.

Herhangi bir yikama igleminden gegirilmemis tiivenan hem
NaOH hem de KOH kullanilarak olusturulan alkali ortaminda li¢
edilmistir. Elde edilen sonuglar Cizelge 4’te verilmistir. 0,5 M NaOH
ve KOH konsantrasyonunda elde edilen hiimat agilik yiizdeleri
birbirlerine ¢cok yakin olmakla birlikte, KOH ile az da olsa daha
yiiksek oranda hiimat elde edildigi goriilmektedir.

Cizelge 2. Coziicii tiiriintin %ohiimat miktarina etkisi

Coziicii cinsi Coziicii derisimi (M) %Hiimat
NaOH 0,5 6,26
KOH 0,5 7,94

Yiizdiirme-batirma isleminden gecirilerek diisiik ve yiiksek
yogunluk gruplarina ayrilmis yikanmis komiirler, tiivenan kdmiiriin
licinde oldugu gibi hem NaOH hem de KOH ile li¢ edilerek %hiimat
miktarlar1 tespit edilmistir. Cizelge 3 incelendiginde diisiik
yogunluktaki komiirler i¢in %hiimat miktarinda 6nemli bir artig
oldugu agikc¢a goriilmektedir. +1.5-1.6 g/cm® yogunluk araligindaki
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komiirin KOH ile li¢ edilmesiyle en yiiksek potasyum hiimat
miktarma (%14,74) ulasilabilmistir. Buna karsilik en yiiksek
yogunluktaki (+1,7) kOmiiriin potasyum hiimat miktart %3,32
olmustur. Sonugta, tiivenan komiiriin li¢i ile elde edilen en yiiksek
hiimat miktar1 %7.94 iken, komiir yikamayla elde edilen 1,5-1,6
yogunluk araligindaki komiir i¢in bu oran %14,74’e ¢ikmustir.

Cizelge 3. Farkli yogunluklara ayrilmis kémiirlerin %ohiimat miktar

Yogun}uk Agirlik Kiil NaOH Lici  KOH Ligi
aralig1 (%) (%) Sodyum Potasyum
(g/cmd) hiimat(%) hiimat (%)

-1,4 16,51 13,27 6,43 7,45

+1,4-1,5 42,09 26,57 9,13 10,15
+1,5-1,6 19,13 36,29 10,33 14,74
+1,6-1,7 15,92 44,45 10,04 9,83

+1,7 6,35 60,34 3,16 3,32
Sonuglar

Yapilan analizler ve karsilastirmali degerlendirmeler neticesinde
Malatya-Yazihan-Arguvan linyit yatagmna iligkin elde edilen
sonuglar asagida maddeler halinde 6zetlenmistir.

e Yazihan-Arguvan havzasinin toplam linyit rezervi
16.186.517 ton (yaklasik 17 milyon ton) olarak hesaplanmistir. Bu
miktar, Tiirkiye'deki biiyiik linyit sahalarinin rezervlerine kiyasla
onemli 6l¢iide daha diisiiktiir. Komiirlii seviyelerin, havzanin Ust
Miyosen ve Pliyosen serileri icerisinde yer aldigi belirlenmistir.

« Linyitin orijinal kémiir bazinda Alt Isil Degeri (AID) 1934
kcal/kg olarak tespit edilmistir. Bu deger, ulusal linyit rezervlerinin
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cogunlugunun bulundugu 1000-2000 kcal/kg araligindadir ve Afsin-
Elbistan, Karapinar gibi bazi sahalara gore daha yiiksek, ancak
Soma, Beypazari gibi kaliteli sahalara gore ise daha diisiik
kalitededir.

e Ortalama kiil oran1 orijinal koémiirde yaklasik %36,25 , nem
orani ise %26,65 olarak belirlenmistir. Kiil igerigi, Kiitahya-
Tungbilek hari¢ karsilastirilan pek ¢ok linyit sahasina kiyasla daha
yiiksektir. Bu oran, Tiirkiye linyitlerinin kabul edilen genel aralig1
olan %5,2 ila %59,0 kiil oram1 bandindadir.

o Linyitin ortalama kiikiirt igerigi, orijinal komiir bazinda
yaklagik %3,50 gibi yiiksek bir degerde tespit edilmistir. Bu
konsantrasyon, Canakkale-Can linyitleri disindaki ¢ogu Tiirkiye
linyit yatagindan daha ytiksektir.

e Ham kOmiir iizerinde yapilan ylizdiirme-batirma testleri,
linyit numunesinin mineral maddelerden ayrilma zorlugunu gdsteren
egriler ile zor yikanabilir 6zellikte oldugunu ortaya koymustur. Kiil
karakteristik egrisi ve +0,1 yogunluk dagilim egrileri, linyitin
safsizliklarindan zor ayrilacagini gostermektedir.

o Linyitin alternatif degerlendirme potansiyeli olarak hiimik
madde (hiimat) ekstraksiyonu incelenmistir. En yiiksek hiimat
verimi, potasyum hidroksit (KOH) ¢oziictisii kullanilarak elde
edilmistir. Tlivenan kdmiirde en yliksek hiimat verimi %7,94 iken,
kOmiiriin 6n yikama islemiyle ayrilan diisiik yogunluklu (+1,5-1,6
g/cm®) fraksiyonundan elde edilen en yiiksek potasyum hiimat
miktar1 %14,74'e yiikselmistir.

e Yazihan-Arguvan linyitleri, diisiik rezervi, yiiksek kiil ve
kiikiirt icerigi nedeniyle birincil enerji kaynagi olarak
degerlendirildiginde kisitli bir ekonomik 6mre ve gevresel zorluklara
sahiptir. Ancak, 6n zenginlestirme (yikama) islemi ile temizlenmis
diisiik yogunluklu kismin yiiksek oranda Potasyum Hiimat tiretimi
icin kullanilmasi, bu yer alt1 kaynaginin bolgesel ve ulusal ekonomi
icin katma degeri yliksek bir tirline doniistiiriilmesini saglayabilir.

--215--



Katki Belirtme

Bu calismada, Yazihan-Arguvan linyitlerinin
degerlendirilmesi  boliimiinde  “Arguvan-Par¢ikan  (Malatya)
linyitinden hiimik asit iiretim olanaklarinin arastirtlmasi” baslikli
yiksek lisans tezinden yararlanilmistir. Yazar, Malatya-Yazihan
sahasinda komiir arama c¢aligmalariyla ilgili bilgi ve veri
paylasiminda bulunan MTA Orta Anadolu IV. Bolge Miidiirliigii’ne
ayrica tesekkiir eder.
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BOLUM 9

SOLVENT EKSTRAKSIYON

Tufan KIYAK!

1. Giris

"Coziicii ekstraksiyonu" terimi, birbiriyle temas halindeki iki
karigmaz sivi faz arasmda bir ¢oziinenin dagihmini ifade eder. Bu
teknik, giicli bir bilimsel temele dayanmaktadir. Sekil 1'de
gorildiigii gibi, burada bir kap, biri genellikle su, digeri ise
genellikle organik bir ¢ozicli olmak iizere ki sivi katmani igerir. Bu
orek i¢cin, organik ¢dzicii sudan daha hafiftir (diisik yogunluklu),
ancak bunun tersi de miimkiindir (Cox ve Rydberg, 1992)

Cozicli ekstraksiyonu su anda hidrometalurjideki en 6nemli
ayrma iglemlerinden biridir ve Cu, Ni, Zn, Co, U, V, Zr, nadir toprak
elementleri (REE) ve platin  grubu metallerin  islenmesinde

kullanilmaktadir (Flett, 2005). Bu teknoloji, belirli pH kosullar1

1 Dr., Indnii Universitesi Miihendislik Fak. Maden Miihendisligi
Malatya/ Tiirkiye, Orcid: 0000-00(%%-5438-3794



altmda bir element karisimindan bir elementi segici olarak ¢ikarma,
bir metalin saflastrilmasini  veya farkh metallerin birbirinden
ayrilmasini saglama yetene8ine sahiptir. Spesifik metaller icin farklh
seciciliklere sahip farkh tipte Ozitleyiciler mevcuttur. Solvent
ekstraksiyon prosesi, karsi akim akisi endiistriyel olarak daha sik
kullanilmasina ragmen, es-akim veya karsi-akim akisma sahip

olabilir (Gupta ve Krishnamurthy, 2005).

el Y K

Sekil 1. Laboratuar dlgekli deney gorseli

1970'lerm  basmda Giiney  Afrika'da ticari  solvent
ekstraksiyonu ortaya ¢ikti ve bakr, uranyum ve platin grubu

metallere uygulandi. Solvent ekstraksiyonu su anda bu bdlgede
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Giney Afrika'daki Harmony Gold Mine'da altn ¢ikarma,
Zambiya'daki Copper Belt'te bakr g¢ikarma, Uganda'daki Kasese
Cobalt'ta kobalt ekstraksiyonu, Zambiya'daki Chambishi Metals ve
Demokratikk Kongo Cumhuriyeti'ndeki Kolwezi Tailings igin
kullanilmaktadir. . Solvent ekstraksiyonu ayrica Botswana'daki Tati
Nickelde nikel iiretmek ve Giiney Afrika'daki Mintek'teki
kullanilmis katalizérden nikel ve paladyumu geri kazanmak icin
kullanilir. Anglo'da Platinum Rustenburg's ve Impala Platinum's
Base Metals rafinerilerinde, Cyanex 272 nikel ve kobalt ayrmu elde
etmek i¢in kullanilir (Cole ve dig., 2006). Cozicii ekstraksiyonunun
bir diger Oneml uygulamasi, ¢ogu REE uygulamasi hammadde
olarak yiiksek safikta nadir toprak elementleri gerektirdiginden, saf
iirinden deger elde edilebilmesi i¢in nadir toprak elementlerinin

birbirinden ayrilmasidir (Gupta ve Krishnamurthy, 2005).

1.1. Solvent ekstraksiyon prosesi hakkinda temel kuramlar

Solvent ekstraksiyon, 1iki temel siirecten olusur. Bu
stireclerden ilki, birbiri igerisinde ¢oziinmeyen sulu ve organik fazlar
birbirlerine temas etmesi i¢in karstirihirak sulu fazda bulunan metal
iyonlarinin organik faza gecerek burada kompleks olusturmasi
islemidir. Bu admma yiikleme (extraction) adi verilir. ikinci siirec ise
bunun tam tersi olan siyrma (stripping) admudr. Bu adimda ise
cozimmeyen yikli organk faz ile H* iyonlar1 igeren sulu faz
kargtirilirak organik fazdaki kompleks yapida bulunan metal iyonu
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sulu fazda bulunan H* iyonuyla yer degistirerek sulu faza gecer.
Asagida bu siireci agiklayan solvent ekstraksiyon genel denklemi

verilmistir.
Yiikleme
M*2+ 2RHo)y —> R2Mo)+2H" 1.1
Styrma
RaM) + 2HYs) —> M5+ 2RH(0) 1.2

Bazn endistriyel wuygulamalarda sulu fazda bulunan
safSzliklarin organk faza gegmesinin Oniine ge¢mek icin yiikkleme
stireci ile styrma siireci arasmda organife ykama (scrubbing) islemi
uygulanr. Yikama iglemi uygulanan ¢ozelti sistem i¢cindeki bir geri

adma beslenir (6rn. Li¢ islemi) (Ashbrook ve Ritcey, 1984).

Endiistriyel uygulamalarda birden fazla admmda yapilan
yikleme ve stiyrma islemlerinin {i¢ farkh akimda uygulamasi vardir.
Bunlar; es yonlii, ¢apraz ve ters akimlar olarak adlandirilir. Es yonli
akimda sulu ve organk faz aym yonde ilerlerler. Bu akis sisteminin
tek bir adimda yapilan igleme gore hicbir avantaji yoktur. Bu akis
sisteminde ik asamada fazlar dengeye gelir ve difer asamalarda
konsantrasyonlarda  bir degisim olmamaktadir. Capraz akim
modelinde ise rafinat taze bir solventle tekrar tekrar temas ettirilerek
gergeklestirilir. Bu uygulama laboratuar ortammnda ayrma hunisi ile
gergeklestirilir ve yiikleme islemi yiiksek verimlidir. Endistriyel
acidan bakildiginda birden fazla siyrilmis diisik konsantrasyonlu
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son iirlin olusturmas1 nedeniyle pek kullanilmaz. Yikli solventlerin
styrma Oncesi birlestirilmesi gerektigi i¢in, bu da hiicre boyutunun
biliylimesine ve maliyetlerinin artmasma neden olur. Endistriyel
alanda kullanilan {glincii yontem olan ters akim yonteminde faz
hacimleri sabit kalmakta, yiikleme admmin konsantrasyon farki
maksimuma ulasr. Sekil 2’de swrasiyla es yonli, c¢apraz ve ters
akimlh yikleme ve styrma = siireglerinin - sematkk  gOriiniimi

verilmistir (Rydberg, 2004).

BESLENEN AKIM RAFINAT 1 RAFINAT2 RAFINAT 3
A ASAMAL ASAMA2 ASAMA3
———
SOLVENT EESTRAK 1 EKSTRAK 2 EKSTRAK 3
SOLVENT SOLVENT SOLVENT
BESLENEN AKIM a1 - 5
B —» ASAMAI ASAMAZ ASAMAS
!
EKS]%LAKl EKSTRAK 2 EKSTRAK 3
BESLENEN AKIM Rt R R
C | AsaMai ASAMA2 ASAMA3 ’
- 1 M
B E2 E1 SOLVENT

Sekil 2. Solvent ekstraksiyon kademelerinin gortildiigii akim
sekilleri (Rydberg, 2004)

1.2. Ekstraksiyon mekanizmalari

Iyon degisim siireclerinde oldugu gibi, SX mekanizmas1 bir
denge siirecidir. FEsas olarak ¢ farkh tirde ekstraksiyon

mekanizmas1 vardr: katyon-, anyon- ve solvasyon ekstraksiyonu.
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Ne tiir br mekanizmanin olusabilecedi, hangi tiir ekstraktant
kullanildigina, ¢ozeltideki kimyasal ortama ve ekstrakte edilen metal
iyonunun o6zelliklerine baghdr (Khoshkhoo).

1.2.1. Katyon ekstraksiyonu

Bu tip ekstraksiyonda Kkatyonlar ekstrakte edilir ve

mekanizma asagidaki reaksiyona gore denge pH'a baghdir.
MEZ+(aq) + 2RH(org) HMCR2(org)+2H+(aq) 13

Reaksiyona gore, ekstraksiyon, yiksek pH degerleri
tarafindan tercih edilirken, siyrma genellikle gicli bir asit ile
gerceklestirilir.  Katyon  ekstraksiyonu  igin  tercih  edilen
ekstraktantlar, uzun karbon zncirli karboksilik asitler, farkh
esterlenmis fosforik asit tiirlerinin yamsra D2EHPA ve ayrica
srastyla ticari olarak bilinen ekstraktantlar ki, bunlar LIX ve
ACORGA gibi hidroksioksim  baglayicilayic1  bilesiklerdir
(Khoshkhoo).

1.2.2. Anyon ekstraksiyonu

Anyon ekstraksiyonu ile ekstraksiyon ve siyrma, bir kloriir
ortammda bir metal iyonunu ekstrakte etmek i¢in bir tgiincll amin
kullanilarak asagidaki reaksiyonla aciklanabilir. Ekstraksiyondan
once amin, uygun bir asit, genellikle hidroklorik asit ilave edilerek
bir amin tuzuna doniistiiriiliir.
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2R3NH*Cl(org) + MeCP4(ag) > (RSNH")2MeCP-4(org) + 2Claqy 1.4

Katyon mekanizmasiyla karsilastirildiginda, reaksiyon pH'a
bagh degildir, ancak anyon konsantrasyonuna giicli bir sekilde
baghdir. Yiiksek anyon igerigi olmadan, negatif yikli metal
kompleksi olusamaz. Bu nedenle, genellikle 6 M'lk bir kloriir
konsantrasyonu gereklidir. Amin daha sonra organk fazm su veya
bir alkali ile styrilmasiyla protonsuzlastirilacaktir (Khoshkhoo).

Birincilden  dordiincile  kadar olan aminler, yaygin
ekstraksiyon ¢oziiciileridir. Ticari irlinlere Ornekler: Primene JMT
(birincil amin), Amberlite LA-1 (ikincil amin), Alamine 336
(liglinctil amin) ve Aliquat 336 (dortlii amin) (Khoshkhoo).

Tersiyer aminler, kloriir ortammnda kobalt1 nikelden ayirmak
icin kullanilir. Anyon ekstraksiyonu, ozellkle uranyum, vanadyum
ve tungsten ekstraksiyonu i¢in siilfat ortammnda da yapilabilir
(Khoshkhoo). Kuaterner aminler séz konusu oldugunda, bunlar
analitik amaglar icin siyaniir ¢ozeltilerinden altmm ekstraksiyonu

icin yaygindir (Khoshkhoo).

1.2.3. Solvasyon ekstraktsiyonu(Notral ekstraksiyon)

Solvasyon ekstraksiyonunun mekanizmasi, yiksiiz metal
iyon  komplekslerinin  ekstrakte edilmesi  dismda  anyon
ekstraksiyonuna benzer (Khoshkhoo). Anyon mekanizmasi gibi,

ekstraksiyon da yiiksek bir anyon konsantrasyonu gerektirirken
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styrma, sulu bir ¢Ozelti veya bir alkali ile yapilabilir. Solvasyon
ekstraksiyonu i¢in bir 6rnek, TBP'nin bir klorlir ortammda demir
ekstrakte etmek icin  kullanildigi  asagidaki  reaksiyon ile
gosterilmektedir.

FeCla(ag) + 2TBP(org) <> FeCL(TBP)2(org) 15

Solvasyon ekstraksiyonunda kullanilan  birka¢ yaygin
ekstraktantlar, TBP, (C4Hg)3PO4 ve TOPO, (CsH17)3P=0 gibi ¢esitli
esterlenmis fosforik asit bilesikleri ve ayrica MIBK, (CHz3)-C-
(C=0)-CHsgibi ketonlardir (Khoshkhoo).

TBP, uranyumun nitrat ortammnda ekstrakte edildigi nikleer
yeniden isleme icin yaygin olarak uygulanir. MIBK, niyobyum,
zirkonyum ve hafniyum gibi metallerin ekstraksiyonu i¢in siilfat
ortaminda kullanilir. Bununla birlikte, diisiik yamcilik sicakhgr ve
ucuculugu nedeniyle MIBK'nin kullanimi smrlidir  (Khoshkhoo).

1.3. Teknik parametreler

Ekstraksiyon katsayisi (E)

(Cozeltide bulunan ¢oziinmils metal iyonlarinin bir solvent
tarafindan ne oranda eksrakte edilebilecegini gosteren bir katsayidir.
Bu katsaymin herhangi bir birimi yoktur ancak sabit bir degeri
bulunur. Bu katsayi, A/O orani, ¢ozelti pH’1, sicaklk, ekstraktant
konsantrasyonu, metalin bulundugu ister organik ister sulu fazda

kompleks olusturabilme kabiliyeti, sulu fazda bulunan metal
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konsantrasyonu gibi birgok kosula baghdr. Bundan dolayr E’nin
kendi basma bir anlam ifade etmemektedir. Yalmizca kosullar
birbirine ¢ok yakm oldugu zaman sistemleri birbirleriyle kiyaslamak
icin kullanilmas1 dogrudur. Tiim bu smrlamalara ragmen E ve log E
solvent ekstraksiyon cahsmalarinda en c¢ok kullanilan parametredir

(Ashbrook ve Ritcey, 1984).

. Organik fazdaki metal konsantrasyonu
Ekstraksiyon Katsayisi(E) = —2 Y2uL 16

Sulu fazdaki metal konsantrasyonu

Sulu bir ¢ozelti icinde bulunan iki farkh metalin birbirinden
solvent ekstraksiyon yontemi ile ayrilabilirligini  gérmek i¢in
ayrilma faktorine bakir. Aym kosullar altmda yapilan solvent
ekstraksiyon katsyllarinin birbirine oram ayrilma faktorii olarak
tammlanir. Ve bu faktoriin 1’den biiylik olmasi durumunda bu iki
metalin solvent ekstraksiyon ile birbirinden ayrilmasi miimkiin

olmaktadr (Ashbrook ve Ritcey, 1984).

Ayrilma Faktori = % 1.7

Ekstraktant konsantrasyonu, Ekstraksiyon Kkatsayisini
etkileyen en Onemli parametrelerden biridir. Tiim kosullarin sabit
oldugu bir cozeltideki metal iyon konsantrasyonu sabit iken
ckstraktant konsantrasyonunun artmasi E’yi artmr. Ekstraktant
konsantrasyonu artarken pH’m bir fonksiyonu olan metal dagilim
egirisi diisik pH degerlerine kayar. Bu fonksiyon esitligi 1.8°de
gosterilmektedir.

—log[H*] = pH = —— ——— — log[HA] 1.8

T n logE nlogKe
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Ekstraksiyon katsayis1 ile ekstraksiyon konsantrasyonu arasmda
lineer bir ilisgki vardr. Organige yikklenmis metal molekiillerin
sayismi gosteren “n” degerinin bu lineer egrnin egimi olmasiyla
aciklanmaktadir.  Ekstraksiyon  katsayist  ve  ekstraksiyon
konsantrasyonu arasmdaki bu lincer iliski asagidaki esitliklerle
aciklanmakta ve ekstraktant konsantrasyonun artmasi ile birlikte
yikklenen iyon miktarinin arttgmi gostermektedir.

Mn* + nHAY & M.nA + nH* 1.9

KE = MnAJ[HT" 1.10
[M™*].[HA]"

KE = — 1.11
[HA]"

E = KE[HA]" 1.12

Logaritmalar1 alndiginda E ile ekstraktant konsantrasyonu
arasmdaki ilisgkiyi gosteren egri ve bunun numarali reaksiyonda

gorilen”n”  e@mini veren dogrunun denklemi ¢ikmaktadir
(Ashbrook ve Ritcey, 1984).

logE = nlog[HA] + sabit 1.13

Cozelti pH1 ¢alsmalarda denge pH’1 olarak ifade edilen
cozelti pH’1 solvent ekstraksiyon sistemlerinde ekstraksiyonu
etkileyen en Onemli parametrelerden biridir. Asidik ve selat tip
organiklerde yiikleme reaksiyonu swrasmda organik ekstraktant bir
hifrojen 1yonunu serbest braktig1 yukarida 2.37’°deki reaksiyonda da

goriilmektedir. Hidrojen atomunun serbest kalmasindan dolayr ise
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cozelti pH’'mm diismesine neden olacak reaksiyon sola dogru
kayacaktr. Reaksiyonun sola kaymasi ise metal yiiklemesinin
durdugu anlamina gelir. Bu reaksiyonun dengeye geldigi pH
degerine denge pH’1 adi verilir. Serbest kalan hidrojen atomu
¢cozeltinin pH’min diismesine ve reaksiyonun sola dogru kaymasina
yol agmaktadr. Reaksiyonun sola yonelmesi metal yiiklenmesinin
durmast demektir. Bu reaksiyonun dengeye geldigi pH degerine
denge pH’1 adi verilir. Bir ekstraksiyon isleminde denge pH’inin
yiksek olmasi demek kullanilan organigin daha az olmasi demektir.
Bu da diisik organik konsantrasyonlarinda ¢ahsmayr miimkiin
kimaktadir.  Bir ekstraksiyon sisteminde denge pH’t ne kadar
yilksekse metalin ekstrakte edilmesi i¢in gereken organik miktar1 o
kadar az olur, bu nedenle daha diisiik organik konsantrasyonlarinda
cabsmak miimkiindiir. Organk konsantrasyonun ve diger tiim
sartlarm sabit oldugu kosullarda denge pH’m artmasiyla birlikte E
artacaktr (Ashbrook ve Ritcey, 1984).

Sulu faz kompozisyonu, solvent ekstraksiyonun etkilendigi
bir bagka parametredir. Metal ekstraksiyonunu olumsuz etkileyen
neden svi fazda bulunan anyonik bilesenlerdir. Bu smi1 fazda
bulunan metal kompleksin kararlligi organik-metal kompleksin
kararlhigindan fazla ise metal sulu fazdan organk faza gegerek
ekstrakte olamayacaktir.

Bir bagka agidan bakidiginda metallerin sulu fazda
olusturduklar1 kompleks bazi durumlarda metal ayrmi i¢in avantaj

olusturabilir. Mesala zirkonyum ve hafthiyumun bulundugu bir
--228--



cozeltiye sulu fazda zrkonyumla kompleks yapan amonyum
tiyosiyanat eklenerek, zirkonyum sulu fazda kompleks olusturarak
kalrken hafhiyum organikle ekstrakte edilebilir (Ashbrook ve
Ritcey, 1984).

Metal iyon konsantrasyonu, Ekstraksiyon katsaysmi ve

solvent ekstraksiyonu etkileyen onemli parametrelerden biridir.
(HA)r = (HAT)T— (M.Na) 1.14

Esitlik 1.14’deki reaksiyonda gorildiigli iizere toplam
organik konsantrasyonu (HA)t sabit iken, metal konsantrasyonunu
artmasi serbest organik konsantrasyonunun (HA)r artmasi anlamina
gelmektedir. Bir solvent ekstraksiyon isleminde sulu fazda bulunan
metal iyon konsantrasyonun artmasi sonucunda MnA ile ifade edilen
organk faza gecen metal iyon konsantrasyonu da artar. Bunun
sonucu olarakda serbest organik konsantrasyonu (HA): ile

ekstraksiyon katsayisi (E) azalr (Ashbrook ve Ritcey, 1984).

Solvent yiikleme kapasitesi, yilkleme kapasitesi solventte
bulunan organik konsantrasyonuna bagh olup bu konsantrasyon ne
biiyiikse yiiklemede o kadar iyi yapimaktadir.

Yiikleme islemlerinden 6nce bazi solventler cesitli 6n isleme
ihtiya¢ duyarlar. Bu yapilan 0n islemlerin ii¢ ana nedeni vardr; 1)
organik icinde bulunan ¢6ziinmiis safSizliklarin, asitler veya bazlarin
giderilmesi, i) ekstraktm yiikleme safhasi igin olmasi1 gereken forma
doniistiiriilmesi, i) ekstraksiyon sathasinda olmasi gereken denge

pH’min saglanmasi i¢in ekstraktmn tuzunun olusturulmasi (Ashbrook
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ve Ritcey, 1984).

Solvent ekstraksiyonun ik asamasi olan yiikleme admu igin
etkii olan parametreler yukarida aciklanmistir. Bu siirecin diger
admu olan styrma siireci igcinde Onemli parametreler bulunmaktadir.
Bu parametrelerin  en Onemlisi siyrma  ¢ozeltisinin  asit
konsantrasyonu olarak soOylenebilir. Styrma admm  yikleme
admmin tamemen tersidir. Esitlik 1.3’deki verilen reaksiyonda da
gortldiigii iizere reaksiyonun sola kaymasi metal iyonlarinmn yiikli
organikten tekrar sulu faza gecebilmeleri i¢cin ortama hidrojen (HY)
gerekmektedr. Bir metalin organige yiklendigi asidik ortam ne
kadar yiiksekse, bu metalin yiikli bulundugu solventten siyrilmasi
icnde o kadar yiiksek asit konsantrasyonu gerektirmektedir.
Yikleme sonrast metallerin organikle olusturdugu kararh metal
komplekslerin olugmasi durumunda ise  yiksek  asit
konsantrasyonlarinda bile siyrma islemi basarisiz olmasmma neden

olabilir (Ashbrook ve Ritcey, 1984).

1.4. Organik ekstraktant cesitleri

Giinimiizde  hidrometalurjik  uygulamalarda ekstraktant
olarak kullanilmak iizere sunulmus organiklerin sayis1 kirki agmistir.
Bu organiklerin birgogu bugiin aktif olarak proseslerde her giin
kullanilanilmaktadir. Bu organk ekstraktantlarin  tiplerini  ve
kullanim alanlar1 agiklayan ¢izelge 1’de verilmistir (Flett, 2005).

Bir solvent ekstraksiyon prosesinde kullanilacak  organik
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ekstraktantin ticari olarak kullanilabilir olmasi i¢in baz temel
Ozellikler aranmaktadir. Bu Ozellikleri maddeler halinde sralarsak

ticari olarak 1yi bir ekstraktantn;

- Metal yiikleme kapasitelerinin yiiksek olmasi

- Maliyetinin diisiik olmasi

- Sulu fazda ¢Oziinmemesi veya ¢Oziinirligiiniin diisik olmasi

- Dayanklihiginin yiiksek olmasi (uzun siire bozulmadan proseste
kullanilabilir kapasitede olmasi)

- Sulu faz ile kararh kompleksler olusturmamasi

- Seyreltici veya diizenleyicilerle karigma ozelliklerinin 1yi olmasi

- Kolayca siyrilma 6zelligine sahip olmasi

- Iyi bir ekstraksiyon ve siyrma kinetigine sahip olmasi

- Yanici, zehirleyici ugucu ve toksik olmamasi

- Alifatik ve aromatik seyrelticilerde ¢oziniirliigiiniin yiikksek olmasi

- Iyi ekstraksiyon kinegine sahip olmasi beklenir.

Simifi Tipi Ornek Kullammm Alanlari
Karboksilik asitler Naftenik asitler, Cu/Ni ayrimi, Ni
Versatik Asitler  ekstraksiyonu,Y kazanim
Alkil fosforik Dialkil fosforik U kazanimu, NTE
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Asit
Ekstraktantlar

asitler
Alkil fosfonik
asitler
Alkil fosfonik
asitler

Aril siilfonik asitler

asitler, stlfur
tiirevleri
2-etilekzil
fosfonik asit, 2-
etilhekzil ester,
stlfir tirevleri
Dialkil fosfonik
asit, sulfir
tiirevleri

Dinonyl naftalin
siilfonik asit

ekstraksiyonu, Co/Ni
ayrimmi

Co/Ni ayrmu, NTE ayrim

Co/Ni ayrmu, Zn ve Fe
kazanmm, NTE ayrmu

Magnezyum ekstraksiyonu

Hidroksioksimler Alfa alkaril  Bakir ve nikel
hidroksioksim, ekstraksiyonu
beta alkaril
Asidik hidroksioksim
Selatlayici Beta diketonlar LIX 54 Amonyakh  ¢ozeltilerden
Ekstraktantlar Cu ekstraksiyonu
H|Firok5|am|k LIX 1104 Fe, As, Bi, Sb ekstraksiyonu
asitler
Birincil aminler Primene  JMT, Bilinen ticari uygulamasi
Primene SIR yok
Ikincil aminler LA-1, LA-2 Uranyum, vanadyum
vetungstenekstraksiyonu
Uciinciil aminler Alamine U V, W ve Kloriri
336,diger ortamda Co ekstraksiyonu
Bazik Alamine
Ekstraktantlar cesitleri
Dérdiinciil aminler ~ Aliquat 336 U, V, W ve Klorirli
ortamda Co ekstraksiyonu
Trialkil guanidin LIX 79 Siyaniirlii ortamda
altinekstraksiyonu
Fosforik, fosfonik,  TBP, DBBP, Fe ekstraksiyonu, Zn/Hf
Selatlayici fosfonik  asitlerin  CYANEX 921, ayrimi, Nb/Ta ayrimi, NTE
Noniyonik esterleri CYANEX 923, ayrmmi, Au ekstraksiyonu
CYANEX 471X

Cizelge 1.Ticari organik ekstraktantlar (Flett, 2005)
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Literatirde organik ekstraktantlar1  birgok farkh sekilde
kategorize ve edimis ve bunlarm da birgok alt baghkta
detaylandrilmis  oldugunu  goérebiliriz. Genel olarak organik
ekstraktantlar1  ii¢ ana baghkta toplayabiliriz. Bunlar bilesik
olusumuyla ekstrakte edenler, iyon asosiyasyonu (birlesimi) ile

ekstrakte edenler ve ¢ozimme mekanizmasiyla ekstrakte edenlerdir

1.5. Uygulamada kullamlan Makinalar
1.5.1. Miksersetler

Svi ve organik fazm bir arada belirli bir zaman pervane ile
karstrildigr karistrma odasindan ve karisan iki fazn birbirinden
ayrilmas1 i¢gin beklenen ayrilma odasmdan olusur. Karistirma
tankmda lic ¢ozeltisi ve organik bir arada karistrilir ve alt kisimdan
karsan kisim ayrma tankma gecer. Ayrma tankmda li¢ ¢ozeltisi ile
organk faz birbirinden ayrilir. Ust kisimdan yiiklii organik alnirken
alt kisimdan ise sulu faz almir. Endiistride bu cihazlar arka arkaya
baglanarak ters akmmla daha verimli olarak kullanilirlar. Bu
cthazlarn verimleri yiksektir fakat en biiylk dezavantajlar1 biiylik
alanlar kaplamalaridir. Mikser setler sematik gosterimi Sekil 3’de
verilmistir (Canbazoglu ve dig., 2008).
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Yok

Organik
Yiiklii
Cozela
Yiiksiiz
Org Cozelti
Kangtirma Yiikleme Havum
Havuzu

Sekil 3. Mikser setler (Canbazoglu ve dig., 2008)
1.5.2. Kolonlar

Sikistrilmis Kolon: Basit bir tasarrma sahipti. Dik bir
kuleden ve seramik veya plastk yiiziklerden sikistirilarak yapilan
kolondur. Sulu ve organik faz icerde birbirine temas eder. Organik
faz alttan, sulu faz tstten beslenir. Organik faz yukar ¢ikarken sulu
fazla temas eder ve metal transferi gerceklesir (Canbazoglu ve dig.,
2008).

Titresimli Kolon: Sikistrmali kolonun aynmsidir. _¢inde sirali
elekler bulunmaktadr. Verimi arttrmak i¢in kolona pistonla basing
kuvveti verilir ve organik fazla svi1 fazm eleklerden gegerken temas

ylizeylerinin genisletilmesi saglanrr (Sekil 4.) (Canbazoglu ve dig.,
2008).
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Sulu faz gingi

Sulu faz gings

Dagitics

Sulu faz gikast Sulu faz gikigt

Sekil 4. Kolonlar (Canbazoglu ve dig., 2008)

Donen Disk Kolon: Dik bir kuleden ve icinde organikle sivi
faz arasmdaki temasi arttrmak i¢in kullanilan bir rotordan olusur
(Sekil 5.).

Dénen Disk Kolonu
I3 Motor i
Organik faz
14
Cozelti girigi grss
Bélme
ervane
N Organik Organik
g girisi tank:
Cozelti faz
cikist Cozelti
; ompa 1 Pompa 2

Sekil 5. Donen disk kolonu
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1.6. Endiistriyel uygulamalar

1.6.1. Scorpion’da silikath cevherlerde ¢inko Uretimi

Oksttli, silikatli ve karbonath ¢inko cevherlerinden SX ile
¢inko iiretimi ilk defa, bir Amerikan-Ingiliz sirketi tarafindan 2003
yiinda Namibya’nin giineyinde Rosh Pmnah yakmlarinda Skorpion
Cinko Rafinerisinde gergeklestirilmistir. Prosesin akim semasi Sekil
6’da verilmistir. Li¢ ¢Ozeltilerinden demir, aliminyum ve silika
coktiirme yontemiyle uzaklastirilmaktadw. Daha sonra, ¢ozeltiden
¢inko D2EHPA ile yiikklenmekte ve siyrma isleminden sonra eletro
kazanmaya verilmektedir. Beslenen cevherde ¢inko tendri %10,60
Zn olip lig ¢ozeltisinde ¢inko 30 g/l ye ulasmaktadir. %40’ lik
D2EHPA kullanilarak ¢ozeltiden ¢inko yiiklenmekte ve daha sonra
180 g/ asit ¢ozeltisiyle siyrmaislemi ile 90 g/L’lik elektroliz
cozeltisi elde edimektedir. Tesiste ¢inko ekstraksiyonu Zincex veya
bu prosesin gelistirilmis sekli olan MZP prosesi ile yapimaktadir.
Bu prosesler Tecnicas Reunidas adh bir sirket tarafindan

gelistirilmislerdir (Canbazoglu ve dig., 2008).
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Silikath Cinko Cevheri

l

Zn Tozu

!

H,S0,

Boyut Empiriitelerin
Kiiciiltme semantasyonu
H,50, —— Atmosfer
— Lici
CaCO l (Zn0);ZnS0C,
. ! n  — P - ———————————————————————
at-s Notiirlestirme
Fe. Al, Si +—m—
‘ Ticner ‘ . Yeniden 2504
mer Asitlendirme
le SX 1. stiziintii
Siizme
D2EHPA
( ) ve Yikama | ——
Atik
l 2. siiziintii l
* Zn Elektro 71 siilfat _CaCO;
Kazanmm coktiirme

Yiiksek saflikta Katot Zn

! |

Cozelti aritmav=

Sekil 6. Skorpion’da silikatli cevherlerden ¢inko iiretimi akim

semast (Canbazoglu ve dig., 2008)
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BOLUM 10

CINKO ELEKTROKAZANIMI

Tufan KIYAK!
Cinko Elektrokazamm Hiicreleri

Bir ¢inko elektroliz hiicresi uzun dar bir tank, aliminyum
katotlar, kursun-giimiis anotlar ve bir uctan giren ve diger taraftan
tasan elektrolitten olusur. Tank, elektrotlardan birka¢ santimetre
daha genistir ve elektrotlarin yiiksekliginin yaklasik yaris1 kadar bir
dermlige  sahiptir.  Hiicrenin uzunlugu, icine kag¢ elektrot
yerlestirilebilecegini belirler. Bir hiicrenin genel bir diyagramu Sekil
1'de sunulmaktadwr. Tankm kendisi betona siilfiirik asit saldrisini
onlemek i¢cin bir astar ile betondan yapiir. Yinede, hiicre
havuzlarinda siilflirik asit buhar1 yaygmhigi ve hiicrelerin yanina
kacmilmaz olarak asit dokiilmesi, betonun hizla bozulmasina neden
olur ve ¢elik takviyeleri ortaya ¢ikarabilir. Son zamanlarda betonlar,
aside dayankli beton ile degistirilmektedir. Modern hiicreler, daha

1 Dr., Indnii Universitesi Miihendislik Fak. Maden Miihendisligi
Malatya/ Tiirkiye, Orcid: 0000-00%%-5438-3794



biliylik ve daha fazla sayida elektrot ile daha uzun hiicrelere sahip
olma eglimindedir (Moats ve dig., 2010). Sokiilmesi veya
temizlenmesi i¢in elektrotlar1 toplayan hiicre havuzlar1 vinci

tasarlanirken, tagmasi gereken kiitleleri kaldrabileceginden emin
olmak i¢cin dikkat ediimelidir.

Sekil 1. Boyutlandrilmamis Bir Elektrokazanim Hiicresi
Diyagrami (Mahon M.J., 2016).

Elektrotlar, hiicrenin uzun kenarmda ¢alsan aliminyum
baralar iizerine hiicrelere yerlestirilir. Yiksek asit konsantrasyonuna
sahip olduklarindan, bakm korozyona ugratp, elektrik baglantilarini
bozarak ve katot iirliniinii kirleterek elektrolite bakwr kattig1 icin
¢inko hiicre havuzlarinda bakr baralardan kagmulr. Elektrotlar
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genellikle merkezden merkeze 4,5 cm uzakbktadir. Elektrotlar
arasmdaki daha kisa mesafeler ¢o6zelti direncinden kaynaklanan
elektriksel potansiyel kaybm azaltwr, ancak hiicrede elektriksel kisa
devre riski olusturabilir. Bara tipik olarak elektrot ile fiziksel
baglantisin1 1iyillestirmek ve barada is1 birkimini azaltmak igin
akimmn akmasi icin daha fazla yiizey alam saglamak {izere kesilir.
Bir hiicreden gelen katotlar ve bir sonraki hiicreden gelen anotlar
aym baraya oturur. Elektrodun karst ucu yahtilmis bir temas tizerine
oturur ve elektrodun aktif kismu hiicre elektrolitinde asiidir. Bu
modelde, hiicreler, dogru akim dogrultucu tarafindan saglanan
potansiyele sahip biiyiik bir seri devre olusturur. Serideki hiicre
saywsi, redresoriin giic kapasitesi ile smrhdir. Tipik olarak, yaklagik
0,05 V oldugu tahmin edilen zayif bara baglantilarindan dolay1
potansiyel kayip vardr, ancak bu hiicre evleri arasmda degisir ve 3,4
V'lk tipik hiicre c¢ahgma potansiyeli ile karsilastirildiginda
genellikle kiictiktir.

Anot ¢gamuru olusturan PbSO4 veya MnO2 gibi ¢oktiiriilmiis
katilarin  ¢okelmesine yardimci olmak i¢in elektrotlarin tabaninin
altmda bir bosluk olusturulur. Bu ekstra bosluk, elektrolit akismnin
veya elektrotlar iizerindeki gaz gelisiminin etkisiyle ¢amurun
elektrolite karigmasini Onlemeye yardimei olur. Elektrolitte dolasan
katlar katot safigini azaltabilir (Rodrigues ve Meyer,1996). Pb,
anotlarm  korozyonu yoluyla elektrolte  karisr ve katot
kontaminasyonunu Onlemek i¢in ¢okeltilmelidir. Cogu zaman

stronsiyum, SrSOg4 olarak veya SrCOs olarak eklenerek Pb i
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adsorbe ederek ¢oker. MnO2, manganezin anotta oksidasyonu
nedeniyle hiicrede ¢okelir. Hiicreler, ¢alisma swrasmda kullanilabilen
vakum hortumlar1  kullanilarak  periyodik olarak camurdan
temizlenir. Asm1 ¢amur birikkmesi durumunda hiicre bosaltilir ve
camur manuel olarak ¢ikarilir. Toplanan ¢amurlar filtrelenir, yikanir

ve hiicreler icin bir manganez kaynag saglamak iizere geri
dontistiirtiliir (Sinclair, 2005; Kelsall ve dig., 2000).

Elektrotlar

Cinko elektroliz islemindeki katotlar tipik olarak fircalanmis
aliminyum alagimindan yapilir. Al katot boslugu, ¢inko katotlarinin
yizeye c¢ok fazla yapismasini Onlemek ve ¢inkonun siyrilmasini
onlemek icin genellikle siyrma dongiileri arasmda firgalanr (Dhak
ve dig., 2012). Inert yan seritler, ¢inkonun katotun etrafina
sariimasin1 Onleyerek, soymayi zorlastiran katot bosluklar1 tizerine

yerlestirilir.

Cinko elektroliz anotlar1 tipik olarak %0,5 ile %0,75 Ag
arasinda degisen bir kursun giimiis alasimimdan yapilr. Gilimiis
icerigi anotlara daha yiiksek korozyon direnci saglar, oksijen
evriminin asmr1 potansiyelini azaltr ve mekanik mukavemeti artirir.
Gimiis ie alagim yapilmadan oOnce, kursunun zayif mekanik
mukavemeti, anot boyutlarin1 arttrmak ve boylece hiicre evi
tiretimini arttrmak i¢in bliyik bir engeldi. Anotlar, isletim hiicresi
potansiyeline en biiyiik katkist oldugu i¢in biiyiik ilgi goriir (toplam
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3,4 V'un yaklasikk 1.9 V'). Ayrica, anotlarm gimis igerigi,
degistirilmelerini ¢ok maliyetli hale getirir. Anot icin tipik hizmet
omri ¢ ila dort yildr. Belgeler, anot dmriiniin gegmiste bes ila yedi
yil oldugunu gostermektedir, ancak bu hizmet Omriindeki azalma
icin bir neden yoktur (Lefevre ve Pieterse, 1998). Geleneksel olarak,
anotlarin boyutlar1 katotlardan boy ve enlerden birka¢ santimetre
daha kiiciiktiir. Bu, biriken ¢inkonun ige dogru biiyiimesi ve
kenarlarda asm biliylimenin Onlenmesi igin akmu yOnlendirmek

lizere tasarlanmigtir. Daha biiyiik anotlar, boyutsal stabilite saglamak
icin tipik olarak daha kaln olmahdir.

Su Kimyasi

Cinko elektrolitin sulu kimyasi, ¢inko elektrolizinde en kritik
parametrelerden biridir. Cinko elektrolitin fiziksel ve kimyasal
ozellikleri yiiksek sicaklk ve ¢ozelti konsantrasyonundan etkilenir
(yogunluk, viskozite ve iletkenlik). Elektrolit yogunlugunu tahmin
etmek icin gesitli iligkiler Onerilmistir. Her biri tipik olarak ¢inko,
asit, diger iyonik tiirler ve sicaklk konsantrasyonunu kullanir.
Cozelti iletkenligi benzer degiskenlere gore hesaplanir ve hiicrenin
voltajinda Onemli bir belirleyicidir. Hiicrenin uzunlugu boyunca
cozelti iletkenliginde degisiklikler, ¢inkonun tercih edilen sekilde bir
ucunda birikmesine neden olma gibi istenmeyen etkiye neden
olabilir. Bu nedenle elektroliz hiicresi iyice kargtmilmalidir (Guerra
ve Bestetti, 2006, Hovey ve dig., 1993).
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Cinko elektrolizlemede {i¢c temel reaksiyon meydana gelir.
Cinko iyonlar1 katotta indirgenirken, suyun anotta oksidasyonu asit
ve oksijen gazi tretir. Hidrojen gelisimi, katotta normal calisma
kosullar1 altnda diisik akmm verimliliginin ana nedeni olan parazitik

bir reaksiyonda da gerceklesir.

7t + 2 ——>  Znk) E%298=-0.76V (1)
2H'(s) + 27 —>»  Hy(g) E°98=-0.00V (2)
Oz +4H'(s) + 46" ———> 2H20)  E°98= 123V (3)

Cmkonun diisiik mdirgeme potansiyeli, elektrolitik islemede
hem bir avantaj hem de dezavantajdir. -0.76 Vsqe'nin standart denge
azaltma potansiyeli ile ¢inkonun elektrodepozisyonu, elektroliz i¢in
cok saf cozeltiler gerektirir, aksi takdirde saf ve kayda deger
miktarda ¢inkonun elektrodepozisyonu elde edilemez Bununla
birlikte, saf elektrolitin bir sonucu olarak, ¢inko iirlinii tipik olarak
da cok saftr (Ozel Yiksek Smif > %99,99 cinko) ve daha fazla
ayrmtilandirilmadan  dogrudan dokiime gidebilir (Diaz ve dig.,
1995). Yiiksek asidik bir ¢ozeltiden ¢inkonun elektrodepozisyonu
termodinamik olarak tercih edilmemekle birlikte, ¢inko metalinde
yilksek gerekli hidrojen potansiyeli nedeniyle kinetik olarak
miimkiindir. Bununla birlikte, bu kinetik bariyer safsizliklar mevcut
oldugunda tehlikeye girebilir. Bir ¢inko elektrolizleme hiicresindeki
toplam potansiyel parcalanma Tablo 1.’de bulunabilir (O’Keefe,
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2000).

Cizelge 1.Toplam hiicre potansiyeline yaklasik katkiar (O’Keefe,
2000)

Tersinir Hiicre Potansiyeli 1,99V
Katodik Asin Potansiyel 0,15V
Anodik Asm Potansiyel 0,6 V

Elektrolit Direnci 05V
Diger Hiicre Direngleri 0,25V
Toplam Gerilim 3,38-3,44

Cinko Elektrokazamminda Manganez

Cinko elektrolizinde, PbAg anotlarmin korunmasindaki
Oonemi nedeniyle optimum hiicre havuzu operasyonu igin
vazgecilmez bir bilesendir. Mn, hiicrenin performansma hem
olumsuz hem de faydali katkilari olan ¢inko elektrolizlemesinde
tretilen camura katkida bulunur. Operasyon boyunca, bir hiicre
biiylik Olgclide manganez dioksit, kursun siifat ve alg1 iceren camur
iiretecektir. Bu ¢amurun bilesimi (ayrica anot ve hiicre ¢amuru
olarak da adlandmilir) genellkle farkhdir. Anot ¢amuru biiyiik
olciide y-MnOz2, kat1 bir MnO2 ¢ozeltisi ve hidroksil iyonlar1 (MnOn.

(2-n) H20) igeren diisiik oksidasyon halindeki manganezdir (Kelsall,
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Guerra, Li ve Bestetti, 2000). Hiicre gamuru genellikle algitasi, anot
kaplamasindan siyrilmis MnO2 ve anottan MnO:2 dlgegi ile birlikte
dokiilen veya stronsiyum karbonat kullanilarak ¢6zeltiden cokelen
Pb (PbO2 veya PbSOg4 olarak) karigmidir. Camurlar operasyon
boyunca birkkir ve periyodik olarak anotlar ve hiicreler temizlenir,
katlar diger bolimlerde satis veya operasyonel kullanim igin
toplanrr. Camur birkkimi iglem i¢in ¢esitli problemler ortaya cikarir.
Anotlar iizerine insa edilen MnO:2 Olgegi, katot ile anot arasmda
fiziksel bir baglant1 olusursa, elektrik kisa devre riski artar. Ayrica,
parcacik halindeki MnO2 (genellikle yeni anotlarla iliskili) katot Zn
morfolojisini  azaltabilir (Rodrigues ve Meyer, 1996). Hiicrenin
dibinde ¢amur birkkmesi hiicrenin mevcut sivi hacmini azaltacaktir
ve asmt durumlarda elektrotlarin tamamen batmasmi ve baralara
baglanmasini Onleyebilir. Hiicre ¢camurlari, ilave konsantrasyonlarla
ve kullanilan anot tipi gibi bircok kosula bagh bir oranda

birikecektir.

Manganez ayrica hiicre i¢cin faydalara sahiptir. Anot {izerindeki
MnO2 olgegi degerli korozyon korumasi saglar ve su elektroliz
reaksiyonunun oksidasyon potansiyelini distirtir (Tunnicliffe ve
dig., 2012., Yu ve O’Keefe, 2002). Korozyon korumasi, Pb'nin
cozilmesini ve cozeltiye girmesini azaltr; bu, daha sonra katot
iirliniiniin  kontammasyonunu ve hiicre ¢amuruna katkida bulunan
cokelen Pb hacmini azaltr. Ayrica, manganez iyonlarinin varli§inin

Onerilen reaksiyonlar yoluyla klor gazmin evrimini azalttig1
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bildirilmistir (Denklem 4 ve 5). Bu, elektrolit i¢indeki ¢Oziinmiis
kloru smrrlar ve sonug olarak hiicrelerden disar1 ¢ikan klor gazini
azaltr. Klor operatorler icin bir tehlikedir ve Ozellkle elektrotlarin
cozelti seviyesinde ekipmani asmdmrabilir. MnOg ylizeyinin ayrica
ciplak Pb elektrotlarina kiyasla Clz gazmin evrimini inhibe ettigi
bulunmustur  (Kelsall ~ve dig, 2000., Pakhomova ve
Marenkova,1996., Hierzyk ve dig., 1969).

Mr?*+12Ch  ——> Mn®*+CI 4)
Mr?* + Ch + 2H,0 ———— MnO2+4H*+2CIl (5)

Tipik olarak, koruyucu anodik 6lgegin yiikseltilmesi i¢n 3-4
g Lk bir Mn?* hedef konsantrasyonu arzu edilir, fakat
konsantrasyonlar 6rnegin 18 g L™ i¢in daha yiiksek olabilir
(Rodrigues ve Meyer, 1996). Uretlen MnO2 zengin ¢amuru, hiicre
evine giren saflastrilmis  ¢inko ¢ozeltisi  eksikse, Mn?*
konsantrasyonunu arttrmak i¢in elektrolizlemeden once li¢ iglemi
srrasmda sikklkla eklenen degerli bir islem reaktifi olabili. Mn'nin
tamamen Ozt c¢ozeltisinden c¢ikarildigr ¢ozicli  ekstraksiyon

devrelerinde, saflastrmadan sonra MnO: ilave edilmesi Ozellikle
onemlidir (Sinclair, 2005).

Safsizhklar ve Katkilar
Bir hiicre evinde karsilasilan safSizliklar, kullanilan

konsantrelere ve szdrma teknigine bagh olacaktr (Krauss, 1993).
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SafSizliklarin ~ konsantrasyonu  ¢ozelti  saflastrmasi  yoluyla
azaltilabilir, ancak daha fazla saflastrma maliyeti ¢ok yiiksek hale
gelmeye basladiginda herhangi bir safsizlik elektrolit iginde mevcut
olacaktr. Cu (Muresan ve dig., 1996), Ni (Cachet, 1994, Zhang ve
dig., 2009), Co (Fosnacht ve O’Keefe, 1983., MacKinnon ve dig.,
1986), Sb (MacKinnon ve dig., 1986.), As (Fosnacht ve O’Keefe,
1983), Ge (Ault ve Frazer, 1988) ve Fe (Muresan ve dig., 1996) gibi
safSizliklarin olumsuz etkileri ¢inko elektrolizinde goriilir. Birgok
metal safSzligt ¢inkodan daha iyi bir indirgeme potansiyeline
sahiptir, bu da bu safSzligin c¢inko ile bilikte birktigi kiiglik
konsantrasyonlarda bile ortaya cikar. Bu, tortu safigin1 bozacag ve
mndirgeme reaksiyonunun mevcut verimliliginde kiicik bir azalmaya
neden olacag i¢in zararhdir. Ayrica, bu metal safSizliklarinin

birikmesinden sonra, mevcut verimi daha da azaltan iki ek olay
meydana gelebilir.

Ik olarak, bakir, kobalt veya nikel gibi bir metalin birikkmesi,
safszligin  c¢evreleyen ¢inko metalini eritmeye ve bir c¢ukur
olusturmaya basladig1 yerel bir galvanik hiicre olusturabilir. Ikincisi,
safSzliklar, c¢evreleyen cinkoya kiyasla azaltilmis hidrojen asir
potansiyeli yoluyla parazitik hidrojen evrimini katalize eden yerler
olarak iglev goriir. Bu, ¢inkonun bir siire normal olarak biriktigi,
daha sonra kendiliginden ¢oziildiigli bir indikksiyon doénemine yol
acabilir. Bu olaym, hidrojen gaz i¢cin bir kataliz yeri olarak gorev
yapan katot lizerindeki yerel nikel birikiminden kaynaklandigi
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distiniilmektedir. Hidrojen gaz, ¢inkonun yeniden c¢ozilmesiyle
sonuclanan lokal galvanik hiicre olusturdu. Hidrojen kabarciklarinin
altmdaki potansiyelin ¢inkoyu oksitleyebilen bir potansiyele ulagtigi
gosterilmistir (Zhang ve dig., 2009., Wiart ve dig, 1990). Coklu
safsizliklar, olumsuz etkilerini arttrmak i¢in sinerjistik olarak da
hareket edebilir. Bu tiir kombinasyonlarin ornekleri arasmda nikel-
kobalt (Bozhkov, 1992) ve kobalt-arsenik (Fosnacht ve O’Keefe,
1983) bulunur.

Cogu endiistriyel tesiste, elektroliz swrasmda piirlizsiiz
birikintilerin biiylimesini desteklemek icin diisiik
konsantrasyonlarda elektrolite organik bir bilesik eklenir. Diizgiin,
kompakt birikintiler arzu edilir, ¢iinkii seritltnmesi daha kolaydr ve
elektrot boslugunu kopriileyen dendritik biiyiimeden elektriksel kisa
devrelere neden olma olasiig1 daha disiiktiir. Hayvan tutkah veya
arap zamki gibi katki maddeleri, daha kiiciik taneleri tesvik etmek ve
dendrit olusumunu smrlamak icin depoztin rafine edimesi ve
diizlestirilmesi i¢in  kullanilir (Fosnacht ve O’Keefe, 1983.,
MacKinnon ve dig, 1990). Bunun ¢inko birkimi i¢in artan
cekirdeklenme  fazla potansiyeli olan br mekanizma ile
gerceklestirilecegi  diigiiniilmektedir, ancak bu fayda genellikle
diisiik akm verimliligi ve artan glic tiiketimi maliyetiyle birlikte
gelir.

Dowfroth, saponin veya meyan kokii gibi organik reaktifler

de genellikle c¢inko elektrolizlemesinde asit sisi bastricilar olarak
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islev goriir. Elektrolit yiizeyinde patlayan asit yiikli kabarciklari
yakalamak i¢in hiicrenin istiinde bir kopiik tabakasi olusturarak
cahsrlar (Alfantazi ve Dreisinger, 2003). Kopiirme maddesi
Dowfroth, Ontario, Kanada'daki Kidd Creek fabrikasinda kullanildi,
ancak mevcut verimlilik ve biriktirme Ozellikleri {izerinde olumsuz
etkileri oldugu gozlendi. Antimon buna bir 6lgiide karsi koyabilir.
Genel olarak, saponinin mevcut verimlilik iizerinde hicbir etkisi
yoktu. Saponin, daha kiicik ve daha belirgin nodiiller iceren tortu
morfolojileri verdi (MacKinnon ve dig., 1991). Strontium karbonat
ayrica katot iizerinde kursunun birlikte birikmesini Onlemek icin
soliisyondaki herhangi bir Pb'yi (tipik olarak anodun korozyonundan
kaynaklanan) ¢okeltmek icin hiicre evi elektrolitlerine diizenli olarak
eklenir (Lupi ve Pilone, 1997).

Optimal Elektrolit Kosullan

Bircok calisma c¢inko elektrolitlerin kosullarin1 ve elektroliz
stireci tizerindeki etkilerini arastrmigtir. Performansin bagh oldugu
cok sayda degisken nedeniyle bir ¢inko elektrolitin optimum
kosullarinin belirlenmesi zordur. Yiiksek saflikta bir elektrolitten,
akim verimliliginin yanti ii¢ faktdre karsi Olclimiistiir: sicaklik,
akim yogunlugu ve donen bir elektrodun déonme hiz. Dénme hizinin
mevcut verimlilik iizerinde ¢ok az etkisi oldugu ve aktivasyon
kontrollii bir siire¢ oldugu sonucuna varimustir. Ote yandan, sicaklik
ve akim yogunlugunun belirgin etkileri olmustur. Sicaklk veya akim

yogunlugu arttikca, akim verimliligi de artmustr (Frazer ve Lwin,
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1987). Bu calgmalarmn safsizligi olmayan ideal bir elektrolit
kullandigina  dikkat edimelidir. Ayrica biriktrme kalitesi de
incelenmemistir. Yiiksek ¢ahsma akimu yogunlugu (890 A m? gibi)
yaratlan ¢inko birikiminin kalitesine zarar verebilir (Saba ve
Elsherief, 2000).

Optimal elektrolit konsantrasyonlar1 ve sicakliklari, yiliksek
akim verimliligi, diisiik gii¢ tikketimi ve diisiik isletme maliyetinin
iyi bir kombinasyonunu verecektir. Cinko elektroliz hiicresi
performansimi etkileyen faktorler Scott ve ark. Tarafindan incelendi
(Scott, 1988). Deneysel sonuglara dayanarak, ¢inko konsantrasyonu
arttikca mevcut verimlilik artti ve 60 g L1 ¢inkodan sonra diizgiin
bir potansiyele ulast.. Giig tiiketimi yaklasikk 70 g L-1'de optimum bir
deger elde etti Bu konsantrasyonun Otesinde, artan ¢inko
konsantrasyonunun c¢ozelti iletkenligini azaltacagma ve daha fazla
voltaj gerektirecegine maniliyordu. Hiicredeki asit
konsantrasyonundaki bir artism hem mevcut verimliligi hem de
¢inko kaph kiitle basma enerji tiiketimini azalttigr bulunmustur.
Bununla birlikte, katottaki hidrojen gelisimi artan asitlk ile artarken,
¢ozeltinin  iletkenligi de artmustir. Iletkenlikteki artis, akim
kayplarin1 hidrojene dengeledi ve genel olarak tiiketilen enerjiyi
diigiirdii. Bu sonuglar, hiicrelerin 180 g L''e kadar yiksek asit
konsantrasyonlarinda calstrilmasmin, gi¢ tiketimi ve ayrica lig
icin asit rejenerasyonunda faydali olacagmi gosterdi. Sicaklik

artiglarmm mevcut verimliligi artwrdigr ve giic tilketimini azalttig1
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bulunmustur. Akim yogunlugunun akmm verimliligi {izerinde ¢ok az
etkisi olmustur, ancak ton ¢inko basma gii¢ tilketimi daha yikksek
akim yogunlugu ile artmustir (Scott, 1988).

Optmal ¢inko ve asit konsantrasyonlarini bulmak igin
tasarlanmig  bir ¢ahymada  Alfantazi ve Dreisinger, bu
konsantrasyonlarin ~ hiicre = performans1  {izerindeki  etkisini
incelemistir (Alfantazi ve  Dreisinger, 2001).  Cinko
konsantrasyonunun arttrilmasmin, mevcut verimliligin artmasma
neden oldugu bulundu ve bu da iretilen ton ¢inko basma enerji
tiketimini azaltt. Diisiik ¢inko konsantrasyonlarinda nodiillerin
(iretim i¢in elverigsiz) olusmaya basladigi  gozlendi.  Ayrica
elektrolit iletkenliginin, artan asit konsantrasyonlar1 ve artan sicaklik
lle artma egiliminde oldugu kaydedidi Bu bulgu 6nemlidir ¢iinkii
cozelti iletkenliginin hiicre voltaji iizerinde ve dolaysiyla bitkinin
enerji tiketimi Ulizerinde bilylik etkisi vardr. Guillaume ve dig.
ayrica ¢inko elektrolizinde bir elektrolit i¢in en uygun kosullar1 da
mncelemistir (Guillaume ve dig., 2007). Cahsmalar1 digerleriyle
tutarhydi, daha yiiksek asit konsantrasyonunun ¢inko birikimi
veriminin  azalmasma neden oldugunu savunuyordu. Yazarlar,
bunun hidrojen gelisimi icin degisim akim yogunlugundaki bir
artistan kaynaklandigini ileri siirmektedir.

Cinko Elektrokazammm Hiicre Evleri

Geleneksel bir ¢inko elektroliz hiicresi evinde, saflastirilmis
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bir ¢inko siilfat elektroliti (tipikk olarak 160 g L't Zn?*, 0g L't H2SO4
ve 25 °C) hiicre havuzuna beslenir. Bu Cinko Saflastirilmis Cozelti
(ZPS), ¢ogu safsizligin milyon seviye veya daha disiik bir boliime
digiirtidiigi 6nceki saflastrma admmlarindan kaynaklanmaktadir.

Siire¢ Akisi

Genel bir ¢inko hiicre havuzu islem akis diyagrami Sekil
2.'de sunulmaktadir. ZPS, sogutma Kkulelerinden gelen devridaim
elektroliti ile karstirildig1 hiicre evine girer. Bu, tipik olarak 60 g L
1[Zn?*], 175 g L't [H2S04] ve 30 °C olan Sogutmah Elektrolit'i (CE)
olusturur. CE, hiicrenin karsi ucunda tasan Spent Elektrolit (SE) ile
tank evindeki tiim elektroliz hiicreleri arasmda esit olarak dagtilir.
Elektroliz hiicrelerinden akan ¢ozelti, tipik bir 60 dakikalk kalma
stiresine sahiptir. Normal g¢aligma kosullar1 altnda, sulu ¢inko
tilkenirken asit konsantrasyonu artar ve 55 g L't [Zn**], 185 g L*!
[H2SO4] ve 35 °C tipik SE kosullar1 verir. Elektrotlardaki gaz
gelisimi ve hizli sogutulan elektrolit akisi nedeniyle, hiicrenin
genellikle milkemmel bir sekilde karistirildigr varsayilir, yani disari
akan kullanilmug elektrolit bilesimi, hiicredeki yerlesik elektrolit ile

aynidr.

Yikama ve sogutma amaciyla hiicre evine az miktarda su
eklenr ve hiicrelerdeki konsantrasyonu etkiler. SE'deki kosullari
korumak Onemlidir, ¢iinkii bu, -elektrotlarin  maruz kaldig1
konsantrasyonu degistrmek islem akmm verimliligini, giic tiketimini
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ve hiicre voltajim1 etkileyecek bir ¢oziimdiir. SE'nin daha fazla
bozulmas1 dendrit biiylimesi, yapiskan katotlar ve diisik metal
saflig1 gibi katot tiriiniindeki istenmeyen etkilerle iliskilidir (Sinclair,
2005., Alfantazi ve Dreisinger, 2001). SE, elektrolitin %90-95'inin
atmosferik evaporatif sogutma kulelerine pompalandigi ve havanin
elektrolit spreyinden gectigi depolama tanklarma gecirilir.  Son
olarak, bu sirkiilasyonlu elektrolit, tekrar CE olusturmak icin gelen
ZPS ile birlesir. Sirkiilasyona tabi tutulmayan elektrolitin geri kalan

%10-5'i, lade Elektrolit (RE) olarak Onceki li¢ islemlerine geri
gonderilir.

Lig¢ Cozeltisi (LC)

8. B

@ Sogutma | Kuleleri
Kullanilnig Pompa
[" ]*i% Elektrolit [8]Q3 R * T *
Q
8. -

Li¢ Cozelti .
Tanklar: I
Kanstuma | Kullanilms Elektrolit
Hiicresi Hiicresi
Karistirilmus

Elektroliz Hiicresi

Kullanilmus Elektrolit tanklar:

Sekil 2. Cinko Elektrokazanim Proses Akig1 (Yang ve dig., 2017)

Elektrolit sogutma
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Daha yiiksek sicaklklarda diisik akim verimliligi ve katot
kalitesi nedeniyle, devridaim edilen elektrolitin sogutulmasi1 gerekir.
Atmosferik sogutma kuleleri yaygindir, ancak elektroliz hiicreleri
icindeki sogutma bobinleri de rapor edilmistir (Barton ve Scott,
1994). SE, genellikle hiicre evinin ¢atisma oturan sogutma kulelerine
pompalantr. Elektrolit kulenin tepesinden piiskiirtiilirken atmosferik
hava ile ters yonde havalandirilir. Cozelti suyun buharlastirilmasi
ile hava ve kullanilmis elektrolit arasmdaki sicaklk farkmm bir

kombinasyonu ile sogutulur.

Sogutma  kulesinin  performansy,  ortammn  atmosferik
kosullarma baghdir. Elektrolitin 6zellikle yaz aylarmda ayar noktasi
sicakhgma sogutulmasi zor olabilir. Yiiksek hava nemi ve sicakligi
sogutmada zorluklar yaratabilir. Asm durumlarda, hiicre havuzuna
uygulanan akmin azaltilmasi gerekir. Hiicre havuzu, ¢inko isleme
devresindeki suyun net bir buharlastricisidir. Yiksek hava nemi ve
sicaklk donemlerinde, hiicre havuzuna su ilavesi veya onceki lic ve
artma iglemleri swrasmda disiik tolerans vardr. Bu kosullarda,

istenen konsantrasyonlar1 korumak i¢cin yeterli su buharlastirilamaz.

Elektrolit sogutma

Daha yiksek sicaklklarda disiik akim verimliligi ve katot
kalitesi nedeniyle, devridaim edilen elektrolitin sogutulmas1 gerekir.
Atmosferik sogutma kuleleri yaygndir, ancak elektroliz hiicreleri
icindeki sogutma bobinleri de rapor edilmistir (Barton ve Scott,
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1994). SE, genellikle hiicre evinin ¢atisma oturan sogutma kulelerine
pompalanrr. Elektrolit kulenin tepesinden piiskiirtiilirken atmosferik
hava ile ters yonde havalandirihir. Cozelti, suyun buharlastirilmas: ile
hava ve kullanilmis elektrolit arasmdaki sicakbk farkmin bir
kombinasyonu ile sogutulur.

Sogutma  kulesinin  performansiy,  ortamm  atmosferik
kosullarma baghdir. Elektrolitin 6zellkle yaz aylarmda ayar noktasi
sicakhgma sogutulmasi zor olabilir. Yiksek hava nemi ve sicakligi
sogutmada zorluklar yaratabilir. Asir1 durumlarda, hiicre havuzuna
uygulanan akmun azaltilmasi1 gerekir. Hiicre havuzu, c¢inko isleme
devresindeki suyun net bir buharlastiricisidir. Yiiksek hava nemi ve
sicaklk donemlerinde, hiicre havuzuna su ilavesi veya onceki lic ve
artma islemleri swrasnda diisiik tolerans vardr. Bu kosullarda,

istenen konsantrasyonlar1 korumak i¢in yeterli su buharlastirilamaz.
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BOLUM 11

DEMIR CEVHERLERININ MIKRODALGA
ISITMA YONTEMI iLE MANYETIK
OZELLIGININ ARTTIRILMASI

Cengizhan EKSIK®
Ismail BENTLI ?

Giris
Bu calisma, demir cevherinin manyetik 6zelliklerinin
mikrodalga yontemi kullanilarak nasil artirilabilecegini arastirmakta
ve bu konuda mevcut literatiirli kapsamli bir sekilde incelemektedir.
Demir cevheri, ¢elik liretiminin temel hammaddesi olarak kiiresel
sanayinin en 6nemli bilesenlerinden birini olusturmaktadir. Ancak
yiiksek tendrlii ve kolay islenebilir cevher rezervlerinin azalmasi,
disiik tenorlii ve zayif manyetik Ozelliklere sahip cevherlerin
zenginlestirilmesini  zorunlu hale getirmektedir.  Geleneksel
yontemlerin bazi kisitlamalar1 bulunmakta ve yiiksek enerji tiiketimi
ile ¢evresel etkiler nedeniyle alternatif zenginlestirme tekniklerine
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olan ilgi giderek artmaktadir. Bu baglamda mikrodalga
teknolojisinin demir cevheri isleme siireglerine entegrasyonu hem
enerji verimliligi hem de siire¢ optimizasyonu agisindan biiyiik bir
potansiyel tasimaktadir. Calismanin temel amaci, demir
cevherlerinin mikrodalga yontemi ile islenerek manyetik ayirma
verimliliginin nasil artirilabilecegini ortaya koymaktir. Mikrodalga
isleminin 6zellikle hematit gibi diisiik manyetik 6zellik gosteren
demir minerallerinin manyetite doniisiimiinii tesvik ederek manyetik
ayirma siirecini iyilestirdigi bilinmektedir. Bu baglamda calismada
mikrodalga enerjisinin mineral yapilar tizerindeki etkileri detayli bir
sekilde ele alinmakta ve bu doniisiimiin hangi parametrelere baglh
oldugu incelenmektedir.

Demir Cevherlerinin Ozellikleri

Demir, dogada en yaygin bulunan metallerden biri olarak
sanayinin en temel hammaddelerinden birini olusturmaktadir.
Yiiksek mukavemeti, dayanikliligi ve genis kullanim alanlar
sayesinde demir, insaat, otomotiv, makine imalati ve agir sanayi gibi
bircok sektorde Onemli bir yer tutmaktadir. Dogada genellikle
serbest halde bulunmamakta, farkli mineraller ve bilesikler halinde
yer almaktadir. Demirin elde edilmesi i¢in kullanilan baslica
hammaddeler arasinda demir cevherleri yer almakta olup bu
cevherler mineralojik bilesimlerine ve fiziksel 6zelliklerine gore
cesitli tlirlere ayrilmaktadir (Rao & ark., 2023; Yildiz, 2010). Demir
cevherleri, icerdikleri demir oksit tiirlerine ve saflik oranlarina bagh
olarak farkli smiflara ayrilmaktadir. Manyetit, hematit, limonit,
siderit ve gdtit gibi baglica demir cevheri tiirleri, farkli manyetik ve
kimyasal ozellikler sergilemektedir. Tablo 1 demir cevherlerinin
ozelliklerini ve zenginlestirme yontemlerini gostermektedir.

Demir cevherinin ana bilesenleri genellikle oksitler,
hidroksitler, karbonatlar ve silikatlar gibi farkli igeriklerden
olusmaktadir. Bunlar arasinda en yaygin olarak bulunan mineraller
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Hematit (Fe2O3), Manyetit (Fe3Os), Gotit (FeO(OH)), Limonit
(FeO(OH)'nH>0) ve siderit (FeCO3) olarak bilinmektedir. Her bir
mineralin kristal yapis1 ve kimyasal 6zellikleri, demir cevherinin
endiistriyel olarak degerlendirilme siirecini dogrudan etkilemektedir.
Bu mineraller, bulunduklar1 cografi bolgeye, olusum siireclerine ve
cevresel kosullara bagli olarak farkli yapilar gdstermekte ve bu

nedenle farkli zenginlestirme yontemleri gerektirmektedir (Boyrazli
& ark., 2023; Yildiz, 2010; Sen & ark., 2010).

Tablo 1. Demir Cevherlerinin Ozellikleri

Ozellik Tiirii Aciklama

Fiziksel Ozellikler Renk: Genellikle kirmizimsi kahverengi (hematit)
veya siyah (manyetit).

Yogunluk: 4.9-5.3 g/cm? aras1 degisebilir.

Sertlik: Mohs 6l¢egine gore 5.5-6.5.
Miknatislanabilirlik: Manyetit ferromanyetiktir,
hematit zay1f miknatislanabilir.

Kimyasal Ozellikler Ana bilesen: Fe:0Os (hematit), Fe;Os (manyetit),
FeCO:; (siderit), FeO(OH) (Gotit)

Saflik: Cevherdeki demir orani %30-70 arasinda
degisebilir.

Eslik eden elementler: Silika (SiO2), alimina (Al2Os),
kiikiirt (S), fosfor (P) icerikleri dnemlidir.
Teknolojik Ozellikler | Manyetik ayirma

Flotasyon

Mikrodalga destekli manyetiklestirme
Hidrometalurjik yontemler

Kaynak: (Yildiz, 2010, Sugihashi & Kinoshita, 2019)

Demir cevheri, farkli mineral bilesenlerinden olusan
heterojen bir yap1 sergilemekte olup igerigindeki demir oksitlerin
tiirli, tane boyutu, kristal yapist ve kimyasal bilesimi cevherin
zenginlestirilmesi ve islenmesi siireglerinde belirleyici bir rol
oynamaktadir. Minerolojik yapi, demir cevherinin manyetik
ozelliklerini, metalurjik  verimliligini ve  uygulanabilecek
zenginlestirme yontemlerini dogrudan etkilemektedir. Bu nedenle
demir cevherinin minerolojik bilesiminin detayli bir sekilde analiz
edilmesi, uygun zenginlestirme ve isleme ydntemlerinin
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belirlenmesi agisindan biiyiik bir 6nem tasimaktadir (Benli &
Bastiirkeii, 2022; Kingman, 2006).

Manyetit (FesO4), demir cevherleri arasinda en yliksek
manyetik 6zellige sahip mineral olarak bilinmektedir. Yiiksek demir
icerigi ve dogal manyetik Ozellikleri nedeniyle manyetik ayirma
yontemiyle kolayca zenginlestirilebilmektedir. Manyetit cevheri
genellikle yiiksek tendrlii olarak bulunmakta ve dogrudan islenebilir
nitelikte olmaktadir. Sanayide yiiksek firmnlarda demir iiretiminde
yaygin olarak kullanilmaktadir.

Hematit (Fe.Os), manyetite kiyasla daha diisiik manyetik
ozelliklere sahip olmasina ragmen, demir madenciliginde en yaygin
kullanilan cevher tiirii olarak bilinmektedir. Diinya genelinde
cikarilan demir cevherlerinin biiylik bir bolimi hematit formunda
bulunmakta ve islenmekte fakat hematit dogal manyetik 6zellik
gostermediginden, manyetik ayirma yontemiyle dogrudan
zenginlestirilmesi miimkiin olmamakta ve genellikle 1s1l islem
(sinterleme, mikrodalga vb) gibi 6n isleme yontemleri ile manyetit
formuna doniistiiriilmesi gerekmektedir. Bu doniisiim islemi,
demirin manyetik ayirma siireclerinde daha verimli bir sekilde
kullanilmasini saglamaktadir.

Gotit (FeO(OH)) ve Limonit (FeO(OH)-nH20), su igerigi
bakimindan zengin olan demir mineralleri olarak bilinmektedir. Bu
tir demir cevherleri genellikle diigiik tendrlii olup dogrudan
metalurjik  siireglerde  kullanilabilmesi i¢cin ek islemler
gerekmektedir. Limonit, cogunlukla tortul kayaglarda olusmakta ve
hidratli demir oksit bilesenleri icermektedir.

Siderit (FeCOs), demir cevherleri arasinda karbonat igeren
bir mineral tiiri olarak bilinmektedir. Siderit cevherleri, termal
ayristirma (kalsinasyon) siireclerinden gecirilerek saf demir okside
(FeO) doniistiiriilmekte ve daha sonra metalurjik islemlere tabi
tutulmaktadir (Barani & ark., 2011). Siderit iceren cevherler,
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genellikle diisiik manyetik 6zellikler sergilemekte ve bu nedenle
manyetik  ayirma  siireglerinde  verimli  bir  sekilde
kullanilamamaktadir. Ancak kalsinasyon gibi 1s1l islemlerle CO;
icerigi ucurularak demir igerigi arttiritlmakta ve ekonomik olarak
degerlendirilebilmektedir. Calismanin konusu olan mikrodalga
destekli 1s1l islemlerin, siderit lizerinde 6nemli yapisal ve manyetik
degisimlere neden oldugu literatiirde agiklanmaktadir.

Calismanin Onemi ve Kapsam

Demir cevheri, diinya genelinde c¢elik {iretiminin temel
hammaddesi olarak stratejik bir dneme sahip bulunmaktadir. Sanayi
ve altyapr yatirimlarinin artmasiyla birlikte demir cevherine olan
talep siirekli olarak yiikselmekte, fakat yiiksek tendrlii demir cevheri
rezervlerinin azalmasi, madencilik sektoriinii diisiik tenorlii ve zay1f
manyetik  Ozelliklere  sahip  cevherleri  zenginlestirmeye
yonlendirmektedir. Geleneksel zenginlestirme yoOntemleri, yliksek
enerji tiiketimi ve uzun islem siireleri nedeniyle ekonomik ve
cevresel bazi1 simirlamalar tasimaktadir. Bu durum, madencilik ve
metalurji alaninda daha verimli, siirdiiriilebilir ve diisiik maliyetli
yontemlerin arastirilmasini zorunlu hale getirmektedir. Mikrodalga
yontemi, demir cevheri isleme siireglerinde yeni ve yenilik¢i bir
teknoloji olarak one ¢ikmakta ve bu alandaki bilimsel arastirmalarin
giderek artmasina neden olmaktadir. Bu c¢alisma, mikrodalga
teknolojisinin demir cevheri manyetiklestirme siirecinde nasil bir
etkiye sahip oldugunu anlamak agisindan biiyiilk bir Onem
tasimaktadir. Mikrodalga enerjisi, farklt mineraller tarafindan
degisen oranlarda emilmekte ve boylece belirli bilesenlerin termal
ozelliklerini degistirerek segici 1sitma etkisi yaratmaktadir. Bu segici
isitma  Ozelligi, oOzellikle zayif manyetik demir minerallerinin
manyetik 0Ozelliklerinin gelistirilmesine katki saglamakta ve
manyetik ayirma islemlerinin verimliligini artirmaktadir. Literatiirde
yapilan ¢aligmalar, mikrodalga yontemi ile hematitin manyetite
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doniistimiiniin tesvik edilebilecegini ve bdylece manyetik ayirma
stirecinin daha etkili hale getirilebilecegini ortaya koymaktadir.

Geleneksel pirometalurjik yontemler ile kiyaslandiginda
mikrodalga destekli islemler daha diisiik enerji tiiketimi saglamakta,
islem siiresini kisaltmakta ve ¢evresel etkileri en aza indirmektedir.
Ayrica mikrodalga yontemi ile gerceklestirilen islemlerde
hedeflenen mineral fazlarmin daha kontrolli bir sekilde
dontstiiriilmesi miimkiin hale gelmektedir. Bu durum, cevherin
mineralojik yapisina bagli olarak optimize edilmis zenginlestirme
stireclerinin gelistirilmesine olanak tanimaktadir. Calismanin bu
teknolojiye iliskin bilimsel bulgular1 derinlemesine incelemesi ve
degerlendirmesi, demir cevheri isleme alaninda 6nemli bir bilgi
kaynag1 olusturmasina katki saglamaktadir. Mikrodalga yonteminin
endiistriyel uygulanabilirligi konusunda yapilan arastirmalar heniiz
baslangi¢ asamasinda olmakla birlikte, bu teknolojinin madencilik
sektoriine entegrasyonu ile ilgili 6nemli bilimsel ve teknik verilerin
saglanmas1 beklenmektedir.

Caligmanin temel odagi, mikrodalga enerjisinin demir igeren
mineraller iizerindeki etkilerini degerlendirmek ve bu ydntemin
manyetik zenginlestirme siireclerinde ne derece etkili oldugunu
ortaya koymaktir. Calisma kapsaminda demir cevheri tiirleri ve
bunlarin mineralojik yapilar1 detayli bir sekilde ele alinmaktadir.
Demir cevherinin zenginlestirilmesi siirecinde manyetik ayirma
onemli bir yontem olarak One c¢ikmakta, ancak zayif manyetik
ozelliklere sahip minerallerin manyetik ayirma ile dogrudan
zenginlestirilmesi miimkiin olmamaktadir. Mikrodalga yonteminin
demir minerallerinin termal 6zelliklerini ve faz doniisiimlerini nasil
etkiledigi, literatiirdeki giincel arastirmalar 1s18inda analiz
edilmektedir. Literatiirde yer alan aragtirmalar incelenerek
mikrodalga yonteminin hangi kosullarda etkili oldugu ve manyetik
ayirma stirecine nasil katki sundugu degerlendirilmektedir.
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Demir Cevherlerinin Manyetik Ozellikleri

Demir cevherinin manyetik 6zellikleri, i¢eriginde bulunan
demir minerallerinin kristal yapisina, kimyasal bilesimine ve
manyetik duyarliligma bagli olarak degisiklik gostermektedir.
Manyetik Ozellikler, demir cevherinin zenginlestirilmesi ve
islenmesi siireclerinde kritik bir rol oynamakta ve 6zellikle manyetik
ayirma yontemlerinin uygulanabilirligini belirlemektedir.

Manyetik ayirma, demir igeren minerallerin manyetik alan
yardimiyla gang minerallerinden ayrilmasini saglayan temel bir
zenginlestirme yontemi olarak one ¢ikmakta, fakat her demir cevheri
aynt manyetik Ozellikleri sergilememekte ve bu durum, farkli
manyetik ayirma stratejilerinin gelistirilmesini zorunlu kilmaktadir.
Demir cevherleri, manyetik 06zelliklerine goére ferromanyetik,
paramanyetik ve diyamanyetik mineraller olarak {i¢ ana gruba
ayrilmaktadir.

Ferromanyetik mineraller, dig manyetik alan kaldirildiginda
bile manyetik 6zelliklerini stirdiirebilen yiliksek manyetik duyarliliga
sahip mineraller olarak bilinmektedir. Manyetit (Fe3Os4) bu
kategoriye girmekte olup dogada en yaygin bulunan ferromanyetik
demir minerali olarak one ¢ikmaktadir. Manyetit, yiiksek manyetik
gecirgenlige sahip olmasi nedeniyle manyetik ayirma yontemleriyle
dogrudan zenginlestirilebilmekte ve sanayide metalurjik islemler
icin uygun bir hammadde olusturmaktadir.

Manyetit (Fe3O4), dogada bulunan en 6nemli manyetik demir
minerali olarak bilinmektedir (Tablo 2). Manyetitin, ferromagnetik
ozelligi kristal yapisindaki demir iyonlarinin hizalanmasindan
kaynaklanmaktadir. Bu yapida Fe*" iyonlar: tetrahedral konumlarda
birbirine paralel, ferromanyetik olarak hizalanmistir. Oktahedral
konumlarda ise Fe** ve Fe*" iyonlart zit yonlii hizalanarak
antiferromanyetik bir yap1 olusturmaktadir. Ancak bu karsilikli
hizalama tam bir iptal yaratmadig1 i¢in net bir manyetik moment
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olusmakta ve bu da manyetite ferromanyetik 0Ozellik
kazandirmaktadir. Bu yap1 sayesinde manyetit giiclii bir dogal
manyetik mineral halini almaktadir (Blaney, 2007). Kristal yapisi,
yiikksek manyetik gecirgenlik gostermekte ve bu 6zelligi nedeniyle
manyetik ayirma yontemleri ile kolayca zenginlestirilebilmektedir.
Manyetit cevheri, genellikle yiiksek demir icerigine sahip olmakta
ve disik gang (atik kaya¢) minerali icermektedir. Bu nedenle
metalurjik siireglerde dogrudan kullanilabilmekte ve yiiksek
firinlarda ¢elik liretimi i¢in uygun bir hammadde olusturmaktadir
(Benli ve Bastiirkeii, 2022; Boyrazli & ark., 2023).

Tablo 2. Demir Cevherlerinin Manyetizma Tiirleri ve Duyariilikiart

Mineral Manyetizma Tiirii Yaklagik Manyetik/Duyarlilik (y)
Manyetit Ferromanyetik / Yiiksek, ~0,1-1
Ferrimagnetik
Hematit Diigiik manyetik Cok diisiik (~10°¢ila 107%)
Gotit Diigiik manyetik Diisiik, ~10°°
Limonit Paramanyetik Degisken
Siderit Diigiik manyetik Cok diisiik (~107¢ila 107%)

Kaynak: (Boyrazli & ark., 2023; Benli & Bastiirk¢ii, 2022; Blaney, 2007).

Paramanyetik mineraller, dis manyetik alan uygulandiginda
manyetik hale gelebilen ancak bu alan kaldirildiginda manyetik
ozelliklerini kaybeden minerallerdir. Hematit (Fe2Os), bu grupta yer
almakta olup, dogal olarak zayif manyetik 6zellikler sergilemektedir.
Bu durum, hematit igeren cevherlerin dogrudan manyetik ayirma
yontemleri ile islenmesini zorlastirmakta ve ek islemler
gerektirmektedir.

Hematit (Fe20:s), diinya genelinde en yaygin olarak bulunan
demir minerallerinden biri olup demir madenciliginde en fazla
cikarilan cevher tiiriinii olusturmakta fakat hematit minerali dogal
olarak manyetik 6zellik gostermemekte ve bu nedenle manyetik
ayirma yontemleri ile dogrudan zenginlestirilememektedir. Bunun
yerine yiiksek sicakliklarda indirgenerek magnetit fazina
doniistiiriilmesi gerekmektedir.
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Sekil 1. Hematitin Manyetizma Sekli
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Kaynak:(Jiang &ark., 2022)

Sekil 1 Hematitin sicakliga bagli manyetik davranisim
aciklamaktadir. Yaklasitk 260 K (yaklasik —13 °C) civarinda
gerceklesen ve literatiirde Morin gecis sicakligl (Tn) olarak bilinen
sicakligin altinda (T< Ty), hematit antiferromanyetik 6zellik gosterir
ve manyetik momentleri kristal yapinin c-ekseni boyunca hizalanir.
Ancak sicaklik bu degerin iizerine ¢iktiginda (T > T,), momentler
diizlemsel yonde hizalanir ve hematit zayif ferromanyetik 6zellik
kazanir. Bu doniisiim, hematitin sicaklikla degisen manyetik
ozelliklerini anlamada 6nem arz etmektedir (Jiang & ark., 2022).

Diyamanyetik mineraller ise dig manyetik alana maruz
kaldiklarinda zit yonde ¢ok zayif bir tepki veren mineraller olarak
bilinmektedir. Siderit (FeCOs), gotit (FeO(OH)) ve limonit gibi
mineraller bu gruba dahil edilmekte olup, bu minerallerin manyetik
ayirma siireclerinde dogrudan kullanimi miimkiin olmamaktadir.
Siderit, termal bozunma ile manyetit formuna doniistiiriilebilmekte
ancak bu islem ek enerji gerektirdiginden endiistriyel 6l¢ekte sinirl
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uygulanabilmektedir. Gotit ve limonit gibi hidratli demir mineralleri
ise su igerigi nedeniyle manyetik ayirma agisindan diistik verimlilik
sergilemekte ve cogunlukla farkli zenginlestirme yontemleriyle
islenmektedir.

Siderit (FeCOs3), karbonat bilesenli bir demir minerali olup,
yiiksek sicaklikta termal bozunma ile demir okside doniistiiriilerek
islenebilmektedir. Siderit cevherleri genellikle diisiik manyetik
ozellikler gostermekte ve dogrudan manyetik ayirma yontemleriyle
zenginlestirilememektedir (Clout & Manuel, 2015). Sekil 2 iyi
kristallenmis Sideritin (FeCO3) diisiik sicakliktaki manyetik 6zellik
degisimini gostermektedir. Sekil 2a, sifir alan altinda sogutulduktan
sonra 5 T'lik bir manyetik alanda 1s1l miknatislanma egrisini (o) ve
37 K civarindaki Neél sicakliginda (antiferromanyetik gegcis)
belirgin bir diisiis gozlemlendigini gostermektedir. Sekil 2b ise
sicakliga bagli olarak dlgiilen in-phase manyetik duyarlilik (y)
egrisini ve Neél sicakliginda (37 K) maksimum bir deger aldiginm
gostermektedir. Bu sonuclar, sideritin diisiik sicakliklarda
antiferromanyetik ~ 6zellik  sergiledigini  ortaya koymaktadir
(Frederichs & ark., 2003).

Sekil 2. Siderit Manyetizma Sekli

04 6 08
0.12 + FC - 1 L
v ZFC 5T
0L oos EPRE o6 8
g T 2
gy 0.04 o ; 3
£ 02- S -04 2
3 0 PR &
0.1- 3 35 40 L e o2 &
1_
0w NS ——— |

FRTP PSS S S
0 50 100 150 200 250 300 0 50 100 150 200 250 300
(a) TIK] (b) TIK

Kaynak: (Frederichs & ark., 2003)
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Manyetit iceren cevherler, yiiksek sicakliklarda indirgeme
stireglerine daha hizli uyum saglayabilmekte ve bu durum, celik
iiretimi agisindan avantaj olusturmaktadir. Hematit i¢eren cevherler
ise daha yiiksek sicaklik gerektirmekte ve enerji tiiketimi agisindan
daha maliyetli bir isleme siirecine ihtiya¢ duymaktadir. Bu nedenle
demir cevherinin manyetik 6zellikleri, hem zenginlestirme hem de
metalurjik siirecler acisindan Onemli bir degisken olarak
degerlendirilmektedir. Son yillarda manyetik 6zellikleri diisiik olan
demir minerallerinin manyetik ayirma siire¢lerinde daha etkin bir
sekilde  kullanilabilmesi  i¢in  yeni  nesil  teknolojiler
gelistirilmektedir. Mikrodalga destekli manyetik doniisiim, bu
teknolojilerden biri olarak One ¢ikmakta ve hematitin manyetit
fazina doniismesini saglayarak manyetik ayirma verimliligini
artirmaktadir. Bu yOntem, enerji tasarrufu saglamasi ve islem
stirelerini kisaltmast nedeniyle geleneksel 1sil islemlere kiyasla
Oonemli avantajlar sunmaktadir (Silva & ark., 2022; Roy & ark.,
2020).

Manyetik 06zelliklerin cevherin mineralojik bilesimi ve
kimyasal yapisi ile dogrudan iliskili oldugu ortaya konmakta ve
manyetiklestirme tekniklerinin, diisiik manyetik cevherlerin
zenginlestirilmesi  acisindan  krittk  bir  rol  oynadigi
degerlendirilmektedir. Kiiclik tane boyutuna sahip minerallerin
yizey alan1 daha fazla olmakta ve bu durum, manyetik ayirma
stireglerinde diisiik verimlilikle sonuglanabilmektedir (Dudchenko
& ark., 2024). Ayrica kuvars (SiO2), kalsit (CaCOs), dolomit
(CaMg(COs)2) ve pirit (FeSz2) gibi gang minerallerinin varligi,
manyetik ayirma siireglerini olumsuz etkileyebilmekte ve demir
cevherinin safligini diistirebilmektedir. Bu nedenle, manyetik ayirma
islemlerinin etkinligi, cevherin mineralojik bilesimi ile dogrudan
iliskili olmaktadir. Manyetik 6zellikler, demir cevherinin metalurjik
kullanimin1 da dogrudan etkilemektedir (Eskibalci, 2014; Yildiz,
2010; Sen & ark., 2010).
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Demir cevherinin manyetik 06zelliklerinin  daha 1yi
anlagilmasi, hem akademik arastirmalar hem de endiistriyel
uygulamalar agisindan biiylik bir 6nem tagimaktadir.

Mikrodalga Isitma Teknolojisinin Temelleri

Mikrodalga 1sitma teknolojisi, malzemelerin igerdigi
dielektrik ozelliklerine bagli olarak elektromanyetik enerjiyi
dogrudan absorbe etmesi ve bu enerji sayesinde i¢yapilarinda
sicaklik artisi meydana gelmesi prensibine dayanmaktadir.
Geleneksel 1sitma yontemlerinden farkli olarak, mikrodalga enerjisi
malzemenin yilizeyinden i¢ kismina dogru ilerlemek yerine dogrudan
malzeme i¢inde 1s1 liretmektedir. Bu durum, daha hizli ve homojen
bir 1s1tma siireci saglamakta ve 6zellikle endiistriyel uygulamalarda
enerji verimliligini artirmaktadir. Mikrodalga 1sitma 300 MHz ile
300 GHz arasindaki elektromanyetik dalga frekanslarinin
kullanilmasiyla gerceklestirilmektedir. Buna karsilik, sanayi ve
laboratuvar uygulamalarinda en yaygm kullanilan mikrodalga
frekanslart 915 MHz ve 2,45 GHz olarak belirlenmis olup bu
frekanslar malzemelerin giivenli ve kontrollii bir sekilde 1sitilmasin
saglamaktadir. Mikrodalga enerjisi, malzeme i¢inde bulunan yiiklii
parcaciklari veya dipol molekiilleri hareket ettirerek 1s1 tiretmekte ve
bu hareket, malzemenin i¢ sicakliginin artmasina neden olmaktadir.
Mikrodalga 1sitma mekanizmalari, temel olarak dipol doniisii,
iletken kayiplar ve iyon hareketliligi prensiplerine dayanmaktadir
(Kingman & ark., 1999; Kingman, 2006). Sekil 3 mikrodalga
enerjisi ile minerallerin genlesme oranlarimin farkli oldugunu
gostermektedir.
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Sekil 3. Mikrodalga Enerjisi ile Minerallerin Genlesme Oranlari
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Kaynak:(Kingman & ark., 1999)

Mikrodalga 1sitma siireci, temel olarak malzemenin
dielektrik 6zelliklerine bagli olarak yukarida belirtildigi gibi dipol
doniisti, iletken kayiplar ve iyon hareketliligi gibi li¢ ana mekanizma
yoluyla gerceklesmektedir. Dipol doniisii mekanizmasi, mikrodalga
alani altindaki polar molekiillerin (6rnegin kristal yapiya bagl su
molekiilleri veya organik ¢oziicliler) siirekli olarak yon
degistirmesiyle ortaya ¢ikan siirtlinmeye bagli i¢ 1s1 liretimini ifade
etmektedir. Bu mekanizma, 6zellikle kristal su igerigi yiliksek olan
Gotit (a-FeOOH) gibi minerallerde mikrodalga emilimini ve
dolayisiyla 1sitma verimliligini artirmaktadir. Mitar & ark., (2021)
tarafindan yapilan calismada da FeCls ¢ozeltisinden mikrodalga
destekli a-Fe:Os sentezinde kristal suyun faz doniisiimii izerindeki
etkisine dikkat cekilmistir. Iletken kayiplar mekanizmasi ise
mikrodalga alanina maruz kalan serbest tasiyicilarin (6zellikle
metalik iyonlar ve serbest elektronlar) ivmelenmesiyle olusan
direngli 1sinmay1 ifade eder. Bu mekanizma, metal tozlari, manyetit
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(Fe3sO4) gibi yariiletken mineraller ve karbon igeren maddelerde
etkin bir sekilde calismaktadir. Jiang & ark., (2022) tarafindan
hematit ve benzeri Fe>O3 yapilarin bu mekanizma sayesinde Mars
yizeyinde mikrodalga sinyalleri yayma kapasitelerine sahip
oldugunu gostermislerdir. Iyonik hareketlilik mekanizmas1 ise
iyonlarin mikrodalga alanina tepkisiyle gergeklestirdikleri osilasyon
hareketleri sonucunda malzeme iginde i¢ sicaklik artis1 yaratmasidir.
Bu durum o6zellikle tuz, seramik ve iyonik minerallerde gozlenir.
Mitar & ark., (2021), FeCl; bazli sistemlerde iyon mobilitesinin
mikrodalga destekli hidrotermal sentez siireglerine olan katkisin
gostermislerdir.

Mikrodalga 1sitma, malzemeye uygulanan enerji miktarina,
malzemenin fiziksel ve kimyasal 6zelliklerine, tane boyutuna ve
icerdikleri kristal su oranina bagli olarak farkli verimliliklerde
gerceklesmektedir. Ozellikle dielektrik kayip faktorii yiiksek olan
malzemeler, mikrodalga enerjisini daha fazla absorbe ederek daha
hizli  1sinmaktadir  (Sekil 4). Madencilik ve metalurji
uygulamalarinda mikrodalga 1sitma teknolojisinin kullanimi, demir
cevherleri, altin igeren mineraller, bakir siilflirler ve komiir gibi
malzemelerin islenmesi slirecinde 6nemli avantajlar sunmaktadir
(Omran & ark., 2014a). Bu gercevede Clout & Manuel (2015)
caligmalarinda, demir cevherinin islenmesi ve ¢evresel
sirdiriilebilirlik  konularina  odaklanarak, bu cevherlerin
ozelliklerini, islenme siireclerini ve ¢evresel etkilerini tartismaktadir.
Mikrodalga 1sitma teknolojisinin geleneksel termal islemlere kiyasla
birgok avantaji bulunmaktadir. Oncelikle mikrodalga 1sitma,
dogrudan malzeme iginde 1s1 liretimi sagladig icin enerji verimliligi
daha yiiksek olmakta ve iglem siireleri onemli 6lcilide kisalmaktadir.
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Sekil 4. Farkli Par¢actk Boyutlarina Sahip Demir Cevherinin Mikrodalga
Maruziyet Stiresine Bagh Sicaklik Degigimleri
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Kaynak: (Omran & ark., 2014a)

Ayrica secici 1sitma 6zelligi sayesinde mikrodalga enerjisi,
farkli minerallerin farkli oranlarda isinmasii saglamakta ve bu
durum, mineral ayristirma ve zenginlestirme siireclerinde biiytik bir
avantaj sunmaktadir. Sekil 5’de konvensiyonel ve iletim yoluyla
gerceklesen 1sitma yontemlerinde, 1s1 malzemenin yiizeyinden i¢
kismina dogru ilerledigi i¢in homojen bir 1s1 dagilimi saglamak
zaman almakta ve enerji kayiplar1 olusmaktadir (Wei &ark., 2019).

Sekil 5. Mikrodalga ve Geleneksel Is1 Sisteminde Is1 Transfer Yonleri

Ist transfer yonu Ist transfer yonu
Yuksek sicaklik
Duasuk sicakhik
Geleneksel 1sitma Mikrodalga isitma

Kaynak:(Wei & ark., 2019)
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Genel olarak mikrodalga 1sitmanin bir diger 6nemli avantaji,
cevresel etkilerinin geleneksel yontemlere kiyasla daha az olmasidir.
Ozellikle metalurjik islemlerde yiiksek sicakliklarda gerceklestirilen
geleneksel pirometalurjik yontemler biiyilk miktarda enerji
tilketmekte ve karbondioksit (CO:) emisyonlarina neden olmaktadir.
Mikrodalga 1sitma ile gergeklestirilen islemler, daha diisiik enerji
tiketimi ile benzer sonuclar elde edilmesini saglamakta ve bu
nedenle cevresel siirdiiriilebilirlik agisindan onemli bir teknoloji
olarak degerlendirilmektedir (Omran & ark., 2014a). Bu durum,
mikrodalga enerjisinin belirli minerallere uygulanabilirligini
simirlandirmakta ve bu tiir malzemelerin 1sitilmasi i¢in ek onlemler
alinmasin1 gerektirmektedir. Ayrica mikrodalga ekipmanlarinin
endistriyel Olgekte uygulanabilirligi konusunda bazi teknik
zorluklar bulunmakta ve biiylik 6l¢ekli islemler i¢in 6zel tasarlanmis
sistemlerin  gelistirilmesi gerekmektedir. Bu teknoloji, enerji
verimliligi saglamasi, islem siirelerini kisaltmasi ve ¢evresel etkileri
azaltmasi gibi avantajlartyla madencilik ve metalurji gibi endiistriyel
alanlarda giderek daha fazla kullanilmaktadir (Omran & ark.,
2014a). Mikrodalga enerjisinin madencilik sektoriine entegrasyonu,
ozellikle demir cevheri ve diger metalik minerallerin
zenginlestirilmesi siireclerinde biiyiik bir potansiyel tagimakta olup
gelecekte bu alanda daha fazla arastirma ve uygulamanin
gerceklestirilmesi beklenmektedir.

Literatiir Arastirmasi

Demir cevheri, diinya genelinde madencilik ve metalurji
sektoriinlin temel hammaddelerinden biri olarak biiyilk Oneme
sahiptir. Celik iiretiminin ana bileseni olan demir cevheri, sanayinin
bir¢ok alaninda yaygin olarak kullanilmakta ve ekonomik gelisimin
temel unsurlarindan biri olarak degerlendirilmektedir. Artan kiiresel
celik talebi, yiiksek tendrlii demir cevherlerinin giderek azalmasina
neden olmakta ve diisiik tendrlii cevherlerin zenginlestirilmesine
yonelik yeni tekniklerin gelistirilmesini zorunlu kilmaktadir. Bu
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baglamda alternatif ve siirdiiriilebilir zenginlestirme yontemleri
iizerine yapilan bilimsel ¢alismalar hiz kazanmaktadir (Alekajbaf &
Dancila, 2024; Rao & ark., 2023). Geleneksel manyetik ayirma ve
flotasyon gibi yOntemlerin yaninda, son yillarda mikrodalga
teknolojisinin demir cevherlerinin manyetik 6zelliklerini iyilestirme
potansiyeli {izerine yapilan arastirmalar dikkat c¢ekmektedir.
Mikrodalga yontemi, malzemelerin dielektrik 6zelliklerine bagh
olarak farkli bilesenler tarafindan farkli oranlarda emilen
elektromanyetik radyasyonun kullanilmasi esasina dayanmaktadir.

Heshami & ark. (2018) calismasinda mikrodalga
radyasyonunun o6glitme kinetigi lizerine etkisini arastirilmiglardir.
Bu caligma, mikrodalga radyasyonunun, disiik kaliteli silisli
manganez cevherlerinin dgiitiilmesi stirecindeki etkilesimini ve bu
etkilesimin 6giitme fonksiyonu ile kirilma fonksiyonu iizerindeki
etkilerini incelemektedir. Bununla beraber mikrodalga yontemi,
Ozellikle mineral islemelerinde, belirli bilesenleri secici olarak
1sitma ve mineral fazlarini istenilen yonde doniistiirme potansiyeli
nedeniyle ilgi ¢cekmektedir. Buna 6nemli bir 6rnek olarak Vorster
(2001) calismasinda, mikrodalga radyasyonunun mineral isleme
iizerindeki etkilerini arastirmistir. Vorster (2001) Sekil 6.a’dan Sekil
6.d’ye kadar olan mikro yap1 goriintiilerini mikroskobik dl¢ekte nasil
gerceklestigini gostermistir.

Calisma, mikrodalgalarin mineral isleme siireclerindeki
kullaniminm1 ve bu teknolojinin minerallerin fiziksel ve kimyasal
ozellikleri  tlizerindeki etkilerini incelemektedir. Calismada
mikrodalga islemine maruz kalan cevherin biiyiikk kisminda
degisiklik olmamakla birlikte, pirit tanelerinin sinir bolgelerinde
Fe-S fazinda doniisiim oldugu belirtilmis ve bu doniisiim verilen
kimyasal denklemle aciklanmistir (Vorster, 2001).
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Sekil 6. Mikrodalga Radyasyonunun Mineral Uzerindeki Etkileri A: Pirit
tanelerinin Fe-S fazina doniisiimii, B: Par¢alanmis kalkopirit-pirit
agregalari, C: Gaz bosluklar: ve kovalit-benzeri faz olusumu, D: Si

bakimindan zengin camsi faz ve kuvars ile erimis alanlar

[ curersupnes | coveme [ Soraisem
] reccvraumes ot e

Kaynak: (Vorster, 2001)

Bu c¢ercevede Kingman & ark. (1999) calismasinda
mikrodalga radyasyonunun, Norveg ilmenit (FeTiOs) cevherinin
mineralojisi  ve  manyetik isleme lzerindeki etkilerini
arastirmuglardir.  Calisma, mikrodalgalarin  Ilmenit  cevheri
tizerindeki etkilerini ve bu cevherin manyetik igleme siirecinde
mikrodalgalarin sagladig: katkilarini incelemektedir. Benzer sekilde
Sugihashi & Kinoshita (2019) ¢alismalarinda, demir iiretimi i¢in
hammaddeye mikrodalga 1sil islemini gelistirmislerdir. Calisma,
mikrodalga  teknolojisinin  demir Uretiminde kullanilacak
hammaddelere nasil uygulandigini ve bu yodntemin isleme
verimliligine olan katkilarimi tartigmaktadir.
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Wang & ark., (2016) tarafindan Ilmenit konsantresinin
rediiklenmis iiriinlerinin manyetik ayirma islemlerinin mikrodalga
emme Ozellikleri ve XRD karakterizasyonu incelenmistir. Calisma,
mikrodalga isleminin Ilmenit (FeTi>Os) cevherinin islenmesindeki
potansiyel etkilerini ve bu islemin manyetik ayirma verimliligini
nasil artirabilecegini tartismaktadir. Calismada, rediiksiyon sonrasi
elde edilen manyetik ve manyetik olmayan iiriinlerin mikrodalga
emme davranislari, mikrodalga kavitasyon bozunumu yontemi ile
Olclilmiis; ayrica faz analizleri X-1s51m1 kirinimi (XRD) ile
gerceklestirilmistir. Elde edilen sonuglara gore, metalik demir (a-Fe)
giiclii bir mikrodalga emici 6zellik sergilerken, titanyum dioksit
(TiO2) bu oOzellik bakimindan olduk¢a zayif kalmaktadir.
Rediiksiyon akiminin 25’ten 30’a ¢ikarilmasi, manyetik iiriinlerde
metalik demir oranini azaltmis ve buna bagli olarak mikrodalga
emme kapasitesinde belirgin bir diisiis meydana getirmistir. Ayni
sekilde, manyetik olmayan iirtinlerdeki FeTi.Os oraninin artmast, bu
fraksiyonlarin mikrodalga emme Ozelliklerini 6nemli Olcilide
tyilestirmistir (Sekil 7). Bu bulgular, mikrodalga islemlerinin cevher
yapisinda faz dontisiimlerine neden olarak, 6zellikle demir igeriginin
zenginlestirilmesi ve ayirma verimliliginin artirilmasi1 agisindan
onemli bir rol oynayabilecegini gostermektedir (Wang &ark., 2016).

Sekil 7. I[lmenit Konsantresinin Mikrodalga Sonrast XRD Pikleri
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Kaynak:(Wang & ark., 2016)

279



Amini & ark., (2018) calismasinda manyetit parcacigi boyutu
ile mikrodalga penetrasyon derinligi oraminin, H> ile yapilan
indirgeme reaksiyonlari lizerindeki etkisini aragtirmiglardir (Sekil 8).
Sekil 8’te, farkli d/d oranlarima sahip magnetit parcaciklarinin
mikrodalga altinda H> gazi ile rediiksiyon mekanizmasi sematik
olarak gosterilmistir. Kiiglik pargaciklar (d/6 < 1), mikrodalgalar
etkin sekilde absorbe edemedikleri icin "seffaf' davranmakta ve
esasen 1s1 iletimi (iletim ve konveksiyon) yoluyla 1sinmaktadir. Bu
durumda mikrodalganin katalitik etkisi ihmal edilebilir seviyededir.
Buna karsilik, biiyiik pargaciklar (d/6 > 1), mikrodalgalar1 daha etkin
absorbe edebilmekte, bu da daha yiiksek sicaklik ve indirgeme orant
ile sonuglanmaktadir. Rediiksiyon tepkimesi genellikle pargacik
yiizeyinden merkeze dogru ilerlemekte; yiiksek d/6 oranina sahip
orneklerde Wiistite ve gozenekli metalik demir olusumu
gozlemlenmektedir. Sekil 8 mikrodalga absorpsiyonunda pargacik
boyutunun 6nemli bir parametre oldugunu ve rediiksiyon kinetigi
iizerindeki etkisini agik sekilde ortaya koymaktadir.

Sekil 8. Manyetit Par¢acigr Boyutu ile Mikrodalga Penetrasyon Derinligi
Oranimin H. ile Yapilan Indirgeme Reaksiyonlart
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Kaynak: (Amini & ark., 2018)
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Znamenackova & ark. (2005) calismasinda, siderit cevherine
uygulanan 900 W giiciindeki mikrodalga 1sinim1 ile 10. dakikadan
itibaren belirgin bir manyetik duyarhilik artis1 ve 15. dakikada
magnetit olustugunu gozlemlemislerdir. Bu doniisiim sonucunda,
mikrodalga 6n islemi goren orneklerde %97,6'ya varan demir geri
kazanimi elde edilmistir (Sekil 9).

Sekil 9. Mikrodalga Islemiyle Siderit Cevherinin Magnetit Fazina
Doniistim Stireci
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Kaynak:(Znamendackova & ark.,. 2005)
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Benzer sekilde, Zhou & ark. (2018) tarafindan yiiriitiilen
caligmada, 600 °C tizerindeki mikrodalga 1sitma islemleriyle siderit
icerisinde Fe304 fazi olustugu ve 700-800 °C araliginda bu fazin
Fe»0s'e oksitlendigi belirlenmistir. Bu faz doniistimleri, dielektrik
kayip faktoriiniin ve dolayisiyla mikrodalga sogurma kapasitesinin
artmasina neden olmustur (Sekil 10).

Sekil 10. Siderit ve Tiirevierinin Mikrodalgadaki Dielektrik Davranislar
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Kaynak:(Zhou & ark., 2018)
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Mitar & ark., (2021) calismasinda belirli kosullar altinda
demir oksit pargaciklarinin  hizli mikrodalga yontemi ile
sentezlenmesini ele almislardir. Calisma, mikrodalga teknolojisi
kullanarak demir oksit pargaciklarinin hizli sentezlenmesi siirecini
ve bu teknolojinin verimliligini incelemektedir (Sekil 11).

Sekil 11. Belirli Kosullar Altinda Demir Oksit Parcaciklarinin Hizl
Mikrodalga Yéntemi ile Sentezlenmesi

Kaynak: (Mitar & ark., 2021)

Barani & ark., (2011) tarafindan mikrodalga 1s1l islem sonras1
demir cevheri 0rneginin manyetik 6zellikleri incelenmistir (Sekil
12). Calisma, mikrodalgalarin demir cevherlerinin manyetik
ozellikleri lizerindeki etkilerini ve bu teknolojinin cevher isleme
stireclerinde nasil kullanilabilecegini tartismaktadir. Barani & ark.,
(2011) g¢aligmasinda, demir cevherine uygulanan mikrodalga 1sil
islemin kristal yapida neden oldugu degisim, XRD analizleriyle
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degerlendirilmigstir. Sekil 12’da yer alan desenlerde, islenmemis
ornek ile 110 W giiciinde mikrodalgaya 180 saniye maruz birakilmis
ornek karsilastirilmistr.

Sekil 12. Mikrodalga Isil Islem Sonrasi Demir Cevherinin Manyetik
Ozellikleri
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Kaynak:(Barani & ark., 2011)

Mikrodalga uygulamasi sonrasi yeni piklerin ortaya ¢ikmasi
ve mevcut piklerin konum ve siddet degisimleri, kristal faz
dontlistimiinii géstermektedir. Bu doniisiim, manyetik 6zelliklerin
artisgina  isaret eder ve mikrodalgalarin demir cevherinin
manyetiklestirilmesinde etkin bir ara¢ oldugunu dogrulamaktadir.

Bu konuyla iligkili olarak Omran & ark., (2014b)
caligmasinda mikrodalga destekli yiiksek fosforlu oolitik demir
cevheri serbestlestirilmesini incelemislerdir. Calisma, mikrodalga
destekli islemin yiiksek fosforlu oolitik demir cevherlerinin
islenmesindeki etkinligini ve bu yontemle fosforun serbestlestirilme
(Sekil 13) verimliligini tartigmaktadir.
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Sekil 13. Mikrodalga Islemi Sonrasinda Yiiksek Fosforlu Oolitik Demir
Cevherine Ait BSE (Geri Sagilan Elektron) Gortintiileri: (A) Oolitik
matris igerisinde olugan mikrogatlaklar, (B) Ooil tanesi ile ¢evresindeki
matris arasinda gelisen intergraniiler ¢atlaklar
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Kaynak:(Omran & ark., 2014b)

Bu c¢atlaklar, mikrodalga ile 1si1l genlesme farklarindan
kaynaklanmis olup, demir mineralleri ile fosforlu gang
minerallerinin fiziksel olarak birbirinden ayrismasini saglamaktadir
(Omran & ark., 2014b).

Zhou & ark. (2022) calismasinda, diisiik tendrlii ve zor
zenginlestirilebilen oolitik hematit cevherlerinin etkin iglenmesi
amaciyla mikrodalga destekli silispansiyon manyetizasyon
kalsinasyonu (M-PSMR) yontemini gelistirmislerdir (Sekil 14). Bu
yontem, cevherin sivi bir ortamda askida tutuldugu ve mikrodalga
enerjisiyle 1sitildig1 bir sistemde, demir oksitlerin manyetik fazlara
(hematit — magnetit) doniistliriilmesini amaglayan 6zel bir pisirme
(kalsinasyon) islemidir. Boylece daha etkin bir manyetik ayirma ve
daha yiiksek demir kazanimi saglanmaktadir. Bu siirecte, mikrodalga
on isleme ile hematit cevherinde mikro c¢atlaklar olusturularak
indirgen gazlarin difiizyonu kolaylastirilmis ve zayif manyetik
hematit fazi, gligli manyetik magnetite doniistiiriilmiistiir. Bu
doniisim sonucunda demir cevherinden elde edilen manyetik
konsantrelerin demir tenorii %58,72'ye, geri kazanimi ise %89,32'ye

ulagmistir. Zhou & ark. (2021) onceki ¢alismalarinda, mikrodalga
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teknolojisinin segici, hizli 1sitma 6zelligi sayesinde islem siiresini
kisaltarak enerji tasarrufu sagladigimi ve {riinlerin manyetik
ozelliklerini belirgin sekilde artirdigini bildirmektedirler.

Sekil 14. Mikrodalga Destekli Siispansiyon Manyetizasyon Kalsinasyonu
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Kaynak:(Zhou & ark., 2022)

Gotit (FeO(OH)) ve limonit (FeO(OH)-nH-20) gibi hidratl
demir oksit mineralleri, genellikle diigiik tenorlii demir cevherlerinde
bulunmaktadirlar. Yiiksek su icerikleri nedeniyle islenmeden 6nce
on kurutma veya piroliz islemlerine tabi tutulmalar1 gerekmektedir.
Bu minerallerin yaygin olarak goriildiigii cevherler, genellikle tortul
kayaglarda  olugsmakta ve  disik  manyetik  Ozellikler
gostermektedirler. Bu nedenle dogrudan manyetik ayirma
yontemleriyle zenginlestirilmeleri zor olmakta ve flotasyon veya
kimyasal c¢oktliirme gibi alternatif yontemler gerektirmektedir
(Nunna & ark, 2021). Bununla beraber demir cevherinin minerolojik
yapisi, igerigindeki gang mineralleri agisindan da biiyiik bir farklilik
gostermektedir. Demir cevheri yataklarinda kuvars (Si10z), kalsit
(CaCO0:s3), dolomit (CaMg(COs3)2), aliminyum silikatlar ve kiikiirt
iceren pirit (FeSz) gibi istenmeyen bilesenler bulunabilmektedir. Bu
bilesenler, demir cevherinin metalurjik verimini diisiirmekte ve
isleme siireclerini daha karmasik hale getirmektedir. Ozellikle silikat
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icerigi yliksek olan cevherlerin yiiksek firinlarda islenmesi zor
olmakta ve On zenginlestirme siireclerinin uygulanmasini
gerektirmektedir. Demir cevherinin tane boyutu da minerolojik
yapiin 6nemli bir bileseni olarak degerlendirilmektedir (Chen &
ark., 2024; Wang & ark., 2019; Clout & Manuel, 2015; Agacayak,
2011).

Chen & ark. (2024) ¢alismasinda minerallerin ve cevherlerin
mikrodalga ile islenmesinin 1s1l davraniglari, uygulamalar1 ve
gelecekteki  yonleri  tartisilmaktadir.  Calisma, mikrodalga
teknolojisinin minerallerin ve cevherlerin iglenmesindeki etkisini, bu
teknolojinin isleme verimliligini nasil artirabilecegini ve gelecekte
bu alanda yapilacak arastirmalarin yonlerini incelemektedir.

Boyrazli & ark. (2023) ¢alismasinda mikrodalga firininda bir
biyokiitle bazli indirgen maddesi kullanilarak iiretilen demir
nugget'larinin karakterizasyonu yapmislardir. Calisma, mikrodalga
firin teknolojisinin ve biyomass bazli indirgen maddelerin demir
iretimindeki roliinii incelemekte ve bu siireglerin verimliligini
tartismaktadir. Benzer bir ¢aligmay1 komiir bazli indirgen kullanarak
Junaidi & ark (2015) gerceklestirmistir.
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Sonuc ve Oneriler

Demir cevherleri genellikle hematit, manyetit, siderit ve gotit
gibi farkli mineral fazlar1 icermekte olup bunlar icerisinden manyetit
en yiiksek manyetik 6zelliklere sahiptir. Fakat dogal olarak bulunan
demir cevherlerinin biiyiik bir kism1 hematit formunda yer almakta
ve bu mineralin dogrudan manyetik ayirma ile zenginlestirilmesi
miimkiin olmamaktadir. Mikrodalga yontemi ile gergeklestirilen 1s1l
islemler, hematitin indirgenerek manyetite donlismesini saglamakta
ve boylece manyetik ayirma silirecinde daha yiiksek verim elde
edilmesine katkida bulunmaktadir. Bu doniisiim siireci, uygulanan
mikrodalga giicii, islem siiresi, minerallerin kristal yapisi ve cevherin
kimyasal bilesimi gibi ¢esitli faktdrlere bagli olarak degiskenlik
gostermektedir.

Literatiirde yer alan ¢alismalar, mikrodalga isleminin demir
cevherinin manyetik 6zelliklerini artirma konusunda umut verici
sonuglar sundugunu ortaya koymaktadir. Ozellikle diisiik manyetik
cevherlerin mikrodalga enerjisi ile 1sitilmasi sonucunda manyetit
fazina donilistimii miimkiin hale gelmekte ve bu durum, manyetik
ayirma islemlerinin verimliligini artirmaktadir.

Geleneksel demir cevheri zenginlestirme yontemleri, yiliksek
enerji tiiketimi ve uzun islem siireleri gerektirmekte olup bu durum
hem ekonomik hem de c¢evresel agidan bazi dezavantajlar
olusturmaktadir. Mikrodalga teknolojisi, dogrudan malzeme iginde
181 Uretimi saglayarak faz doniistimlerini hizlandirmakta, manyetik
ozelliklerin gelismesini tesvik etmekte ve boylece manyetik ayirma
stireclerinde daha yiiksek verim elde edilmesine katki sunmaktadhir.
Demir cevherinin manyetik 6zellikleri, igerdigi mineral tiirine bagl
olarak degiskenlik gostermektedir. Manyetit (Fe3Os) gibi dogal
manyetik mineraller, manyetik ayirma siireglerinde dogrudan
islenebilirken, hematit (Fe20O3), gotit (FeO(OH)) ve siderit (FeCO3)
gibi mineraller manyetik agidan zayif 6zellikler sergilemektedir. Bu

nedenle manyetik ayirma yontemlerinin verimliligini artirmak igin
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diisik manyetik minerallerin magnetit fazina doniistiiriilmesi
gerekmektedir. Geleneksel termal islemler, yiiksek sicaklik ve uzun
islem stiresi gerektirdiginden dolay1 enerji tiiketimini artirmakta ve
karbon salimimina neden olmaktadir. Mikrodalga uygulamalarinin
demir cevheri iizerindeki etkileri, faz doniisiimleri, oksijen kaybi,
kristal yap1 degisimi, tane boyutu kii¢lilmesi ve manyetik domain
olusumu gibi mekanizmalara dayanmaktadir. Mikrodalga enerjisi,
belirli minerallerin segici olarak 1sinmasini saglayarak manyetik
ozelliklerin gelismesini desteklemekte ve bu siiregte oksijen kaybi
ile hematitin manyetite doniistimiinii tesvik etmektedir. Mikrodalga
ile gergeklestirilen 1s1l islemler, minerallerin kristal yapisini
degistirerek daha kararli ve manyetik olarak daha duyarli fazlar
olusturmakta, boylece manyetik ayirma siireglerinde daha yiiksek
verim elde edilmesini saglamaktadir. Tiim bunlarla beraber,

Mikrodalga ile manyetik Ozelliklerin artirilmasinda
kullanilan indirgeme ajanlar1 ve katki malzemeleri ilizerine daha
fazla arastirma yapilmasi gerekmektedir. Ozellikle karbon, hidrojen
ve cesitli metal oksitlerin kullamildig1 indirgeme stire¢lerinde
mikrodalga ile etkilesimin nasil optimize edilecegi belirlenmelidir.
Demir cevherinde oksitlenme ve rediiksiyon siireclerinin daha
verimli hale getirilmesi i¢in indirgeme ajanlarinin reaksiyon
mekanizmalar1 detayli olarak incelenmelidir.

Mikrodalga teknolojisinin endiistriyel Olcekte
uygulanabilirliginin artirilmasi i¢in pilot 6lgekli caligmalar yapilmali
ve farkli maden sahalarindan elde edilen cevherler iizerinde test
edilmelidir. Farkli cografi bolgelerden cikarilan demir cevherleri,
mineralojik ve kimyasal bilesim a¢isindan ¢esitlilik géstermektedir.

Mikrodalga destekli manyetik doniigiim siireclerinin ¢evresel
etkileri de arastirilmalidir. Geleneksel 1s1l islemlerde yiiksek sicaklik
nedeniyle olugsan gaz emisyonlar1 ve kati atiklar, ¢evresel kirlilige
neden olmaktadir. Mikrodalga 1sitma yontemiyle gerceklestirilen
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islemler, diisiik sicaklikta ve kisa siirede tamamlandigi i¢in gevresel
etkiler agisindan avantaj saglamaktadir.

Mikrodalga destekli manyetik doniisiim siireglerinin diger
cevher  zenginlestirme  yOntemleriyle  entegrasyonu  da
degerlendirilmelidir. Manyetik ayirma, flotasyon, gravite ile
zenginlestirme ve hidrometalurjik islemler gibi geleneksel
yontemlerin mikrodalga teknolojisi ile kullanilmasi, daha yiiksek
verimlilik ve enerji tasarrufu saglayan yeni nesil cevher isleme
sistemlerinin  gelistirilmesine olanak tanimaktadir. Mekanik
aktivasyon 6glitmenin mikrodalga enerjisine etkisinin arastirilmasi
da faydali olabilir.

Tim bunlarla beraber mikrodalga yontemiyle demir
cevherinin manyetik 0Ozelliklerinin artirilmasi, madencilik ve
metalurji sektorlerinde Onemli bir yenilik¢i teknoloji olarak
degerlendirilmektedir. Bu yontem, geleneksel 1s1l islemlere kiyasla
daha diisiik sicakliklarda daha kisa siirede ve daha diisiik ener;ji
tilkketimi ile faz doniisiimlerinin gergeklestirilmesini saglamaktadir.
Mikrodalga enerjisi ile hematit, gotit ve siderit gibi diisiik manyetik
mineraller magnetik faza doniistiirilmekte, manyetik ayirma
stireclerinde daha yiiksek verim elde edilmekte ve demir cevheri
isleme siirecleri daha ekonomik ve c¢evresel acidan daha
stirdiiriilebilir hale getirilmektedir. Ancak mikrodalga yonteminin
endiistriyel 6l¢ekte daha yaygin bir sekilde kullanilabilmesi i¢in pilot
Olgekli uygulamalar, enerji verimliligi analizleri, ¢evresel etkilerin
degerlendirilmesi ve farkli cevher tiirleri lizerindeki optimizasyon
calismalar1 stirdiiriilmelidir.
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