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PREFACE

Civil engineering is undergoing a profound transformation
driven by the need for safer structures, smarter design approaches,
and a stronger commitment to sustainability. Rapid urbanization,
increasing exposure to natural hazards, and the global demand for
efficient use of resources have pushed the discipline toward more
advanced, integrated, and innovative solutions. In this context, the
book ‘“Advanced Approaches in Civil Engineering: Geotechnics,
Structural Safety, and Sustainability” aims to contribute to the
evolving body of knowledge by bringing together contemporary
research and practical insights from key areas of the field.

Sustainability serves as a unifying theme throughout the
book, bridging geotechnical and structural perspectives. The
contributions emphasize environmentally responsible engineering
practices, life-cycle thinking, and the importance of interdisciplinary
collaboration in tackling today’s complex engineering challenges.

This book is intended for researchers, graduate students, and
practicing engineers who seek to stay informed about the latest
developments in civil engineering. By combining theoretical
advancements with practical applications, it aspires to serve as a
valuable reference and inspire further innovation in the field.
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BOLUM 1

ASSESSMENTS OF INCIDENT TYPES HAPPENED
IN TUNNELS

Mehmet Kemal GOKAY *

Introduction

Underground excavations which have been known due to
underground mines, especially coal mines, had been problematic
work & workplace until the 50s. However, regulations and strict
mine operation Acts have decreased the accidents. Currently
underground spaces have not been mentioned only for the mining
operations, they could be urban underground spaces, (UUSs),
opened & used for different urban based requirements. When the
factors are listed for the safer urban underground space, (UUS)
including metro tunnels & stations, stability conditions of them and
surrounding rock masses have rarely been mentioned in public
flypapers. Safe work&workplaces perceptions for tunnels usually
handled by “Fire” and “Security” related offices & departments of
governments and municipalities. However, as Bergmeister &

L Prof. Dr., Konya Technical University, Mining Engineering Department, Konya/Turkey,
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Francesconi, (2004), wrote earlier that tunnel accidents happened in
“major alpine road tunnels - Mont Blanc between France and Italy),
Tauern in Austria and St. Gotthard in Switzerland - in which some
62 persons died”, shaped a trauma especially in European countries.
Thus, as these authors pointed out, “traffic safety in tunnels has
become a burning issue for the public, politicians and experts”.
When addressing safety issues, including traffic safety in UUSs,
factors contributing to fatalities such as passenger behaviour, traffic
congestion, climate impacts, and the structure & design of tunnels
must also be considered. In certain cases instability of metro tunnels
are the reasons causing unsafe work&workplace conditions and
unsafe tunnel operations. Incidences related to tunnel accidents &
collapses, (Calvi, 2025), for example cause their deep suffering on
the whole societies. When the tunnel accident statistics related to
their constructions & operations are under consideration influences
of tunnel fires & other incidents on the tunnel linings (support
systems) and tunnel structures are important.

On this account, summary provided by Cornelia, (2007)
through the “Swiss Council for Accident Prevention”,
(Schweizerische Beratungsstelle fiir Unfallverhiitung (Hrsg.),
Salvisberg, et al. (2004) can be meaningful. Cornelia (2007) wrote
that based on “Swiss study on safety in road tunnels (2004)” the
following results related to tunnel stabilities can be deducted; “The
risk of a collision in a tunnel and the risk of being injured or killed
in an accident rise with increasing traffic intensity and decreasing
distances between vehicles”. According to the author, these Swiss’s
“results are supported by the Austrian study on tunnels with uni-and-
bi-directional traffic” by Robatsch & Nussbaumer, (2004).
Salvisberg, et al. (2004) also pointed out that accident risk is higher
for single-tube tunnels (with bi-directional traffic) than twin-tube
tunnels (with uni-directional traffic). Statistical outputs related to
traffic accidents in tunnels are then expected to be available for each

country for their evaluation to lead regional master-plan efforts and
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insurance company policies. Thus, traffic accident ratios in tunnels
and their unexpected impacts on tunnel structures (through fires &
other damages) are consequently required to be evaluated to provide
further "precautions and related plans" for safer tunnel operation
conditions in future.

Lin & Chien, (2021) for instance wrote about the critical
accidental fires in tunnels by supplying 100 cases of them in a list
(covering the time period between 1949-2016) by mentioning the
possible causes of the fires and damages, (driver, vehicle, tunnel
related). They provided the rations of these causes as; technical
problems related to vehicles: 39 %, collisions: 35 %, carried goods:
6 %, and other factors: 20 %. Actually, all the tunnels have basically
been opened to serve its transportation related activities. Incidents
including fires, floodings, earthquake impacts, accidents, etc. which
could be happening in tunnels and cause unexpected outputs for
urban societies should also be analysed for their influences to urban
areas’ "zero datum level" related deformations and stabilities of
UUSs. Thus, Acts & Regulations related to UUSs should then
include their influences on nearside structures (in/on Earth's crust)
including their planning, exploration, excavation, construction,
instrumentation, operation, monitoring, maintenance, servicing steps
in a more detailed manner.

These influences (differentiations in local deformations,
subsidence, in-situ stress-strain states, etc.) could then be planned to
be monitored to coincide with the stabilities of available UUSs
including tunnels. There are methods for instance, including fibre-
optic cable instrumentation, (DFOSs, Distributed fiber optic
sensors). DFOSs provide signals to capture any change in strain and
temperature along its length, (over long distances). They can be
attached on tunnel peripherals or selected ground surfaces at specific
(urban/countryside) positions for monitoring purposes, (Inaudi &
Walder, 2019; Zhang, et al. 2024).
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Stability considerations for tunnels

The rock masses that form almost all of the Earth's crust
exhibit differences not only in their formations, (orogenesis of
geological structures) but also in their strength and porosity
properties. The stabilities of natural voids, cavities, and caves within
rock masses, as well as the stabilities of underground spaces
excavated by humans, are now crucial for both urban planning and
urban life, as well as rural lands. This issue of stability, which was
not given much attention 100 years ago, has become a significant
concern in recent years due to the increase in the number of
underground tunnels. The increase in the number & length of
underground tunnels, and the growth of underground settlements
have necessitated improved safety measures to ensure the well-being
of the people using them.

During the formation of rocks, the porosity and permeability
properties of rock masses differ, and their mechanical strengths and
behaviours vary as well. Differences in the void structures of rock
masses affect their properties as reservoir rocks for groundwater and
other natural liquids & gases. The stability of these voids&cavities,
including cave-scale sizes become important as production of
liquids&gasses from these reservoir rocks can cause deformations,
(subsidence), at the Earth's surface. Subsidence caused by UUSs,
underground mine operations, and collapsed caves are also
problematic cases for human settlements and natural countryside.

One of the significant factors influencing the formation phases
of void spaces in micro and macro scales in Earth’s crust is 3D in-
situ stresses. When considering 3D in-situ stresses occurring in the
Earth's crust; it was written by Griggs, (1939), that gravity causes
main 3D in-situ stress-states. Furthermore, other sources of in-situ
stresses are caused by; such as: Polflucht forces (described by
Wegener, 1924), Coriolis forces (Griggs, 1939), continental drift
caused by magma cycles, forces developing due to thermal condition
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changes and chemical reactions in the Earth's crust, etc. The stress-
strain states in Earth’s crust have their differentiations due to the
influences of these stress sources. Consequently, 3D in-situ stresses
vary in quantity and direction at different locations and depths in the
Earth's crust, (Fairhurst, 1968; Zang & Stephansson, 2009;
Stephansson & Zang, 2014; Zhang, et al. 2021; He, et al. 2024;
Gokay, 2025a). When considering in-situ stresses in the Earth's crust,
it is also expected that these stresses change in 3D directions over
time, (at constant or varying rates). These stress conditions affect
rock masses, and cause them to fracture (or fold) depending on their
strength properties, [which change also in time, (creep, time-
dependent strength behaviours), (Bieniawski, 1970; Lajtai, 1991;
Malan, 2002; Barla, et al. 2008; Paraskevopoulou, 2021; Gokay,
2025b)], in depths of Earth's crust. The formation and propagation
of rock fractures are then affected by these 3D in-situ stresses, along
with temperature and groundwater related effects. These are the main
determining factors that disrupt the stability of rock masses through
their fractures. For these reasons, it is natural for rock masses, (which
have different structural properties and influenced by different 3D
in-situ stresses), always have voids and discontinuities (cracks,
faults). In other words, the presence of fractures, faults, weakness
zones, etc., in the Earth's crust is natural conditions and all of them
are forced to expand their dimensions under the influence of 3D in-
situ stress states.

In these natural 3D stress-strain states and rock mass strength
conditions, (which are dynamic in characters and changes
continuously in time), excavations related to UUSs including tunnels
should be performed without causing any negative circumstances.
This is the expectations of societies and these expectations
additionally are extended to UUSs’ operation periods. Engineers
which provide their professional duties in, design, excavation,
operations, monitoring, maintenance and service, at tunnelling

subjects for consulting & project related companies have to be
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equipped with qualified knowledge, engineering, and scientific
research background. They have to provide decisions for UUSs
which would be under the planning, excavation, operation phases by
considering their work&workplace safety and health circumstances
as well. All these decisions have to be recorded according to official
documentation systems and these decisions cover their legal
responsibility extensions according to each country’s implemented
Acts. Thus engineers in countries should then be ready to follow the
rules and Acts directing their professional activities and the
responsibilities of engineering decisions.

As it is noted above, all the underground voids, (cavities or
spaces) are influenced by 3D in-situ stresses. Induced stresses
formed mainly due to these 3D in-situ stress-states are important
factors on the stability of these spaces. These influences are time-
related and stabilities of the spaces are then influenced also by the
time-dependent strength characteristics of the surrounding rock
masses. The question always forwarded to the rock engineers is as
follows; How long the engineered UUS can be stable enough to
supply its services? Time periods considered here in engineering
applications can be “less than” or “more than” 100 or 1000 years
which are very short time periods when they are compared to the
geological eras. Gokay, (2024), summarised the stability related
contents & concerns especially for UUS cases. The next question
should be asked here is; If it is right to ask engineers to supply full
responsibility coverage decisions related to the stability of the
UUSs’ whole service life. Because stability conditions of UUSs
depend on dynamic 3D in-situ stress states and time-dependent
strength characteristic of the rock masses. In the conceptual
approach, it is known that supplying stability decisions for such a
lifetime of the underground spaces cannot be considered reasonable
under many coverages of uncertainties. Thus, asking full stability
related responsibilities from rock engineers for the metro system

tunnels for their construction & operation time periods is not realistic
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to be accomplished. Any Act&Regulation which includes such
contents should then be reconsidered again to define engineers’
duties & responsibilities in more realistic manners on the basis of
new developments & standards in rock engineering contents.

Stability failure cases for tunnels

When the subject under consideration is underground spaces,
they can be natural; (micro voids, porosity related cavities & micro
channels, caves, cave nets, karstic rock structures, etc.), or man-
made ones (mine openings, mine stopes, galleries, metro tunnels,
UUS:s for social-cultural-military-economic purposes). In the last 50
years, road & rail tunnels and metro tunnels are influencing main
transportation activities in cities and countryside. In most of the
countries life and economic activities cannot be thought of without
them. In recent years, it has been numerically verifiable that the
number of vehicles and trains in tunnels has been steadily increasing,
even for short periods of time. This also means that the number of
people using underground tunnels is also increasing over time. These
people (passengers, workers, shop-keepers, employers, employees,
etc.) are present in underground tunnels or subway systems
temporarily or for full working days. Accidents and safety measures
in subway tunnels are managed according to factors listed by “Fire”
and “Police” departments of countries. These measures are generally
precautions taken against incidents such as fires, floods, traffic
accidents, incidents caused by technical equipment, explosions, and
destructive actions related to human behavior that affect the safety
of the tunnels. In the lists of incidents and precautions created within
the scope of occupational health and safety procedures, methods of
combating the listed incidents are suggested while assuming that the
tunnels are already stable. The type of incident missing from these
lists is the structural stability of metro tunnels. Actually, the real-
world conditions for UUSs (including tunnels) are rather different.
As it can be assumed, certainly there is no position in/on the Earth’s
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crust which can be accepted as stable. Underground spaces even
have more influencing factors which deteriorate these UUSs’
stability conditions in time constantly. Therefore, engineers must
concentrate and supply their full professional efforts for each UUSs,
(metro tunnel for instance), stability case. Stability evaluations of
tunnels (or UUSs) could be subdivided into the analyses containing
the circumstances before and after the tunnel excavations besides the
analysis for actual excavation time periods. In engineering
operations; all the actions in metro tunnel constructions should be
documented, (starting from the first decision taken for tunnelling
effort). Projects, plans, operations, excavation steps of the metro
tunnel (step by step) should then be documented with related photos
and engineered reports which are valuable for archived data sets (and
any back-analyses required). Thus metro tunnel stability is of prime
importance for any metro line operators and city municipalities
which affects many people using the line. That means any collapse
occurred in the metro tunnels directly influencing many families
using the metro line and the houses and apartments located just
above the metro tunnels. That means, the whole society in a local
area was influenced in a negative manner. In this situation, the
following questions should be considered: Were the metro tunnels
excavated safely? Is the stability of these tunnels continuously
monitored? Have potential instability events that can be predicted
through risk analysis been identified for these tunnels?

When the requirements of the tunnels have been understood by
local and national authorities, their plans and realisation have also
been started through national or international consultancies. There
are complicated legal procedures in most of the countries to start the
tunnel projects. Generally, after the project details are clarified,
including construction timelines, planned routes and stations, their
dimensions, etc., consulting firms (tunnel related companies) submit
their plans and designs to carry out the tunnel project. The company

(or group of companies) that wins the tunnel construction tender
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begins its operations after obtaining the necessary legal permits.The
works they have realised in tunnel construction phases are then
recorded and reported in daily-shift bases by the company engineers
and by the control engineers attended (through the related
government offices). Regulations help the monitoring duties of
engineers where premium target in the tunnel constructions is
providing safe work&workplaces to the employees.

Actually, the datasets related to the rock masses which are
going to be tunnelled through the projected operations, must have
been collected as detail as possible before the tunnel design steps. In
a competitive business environment, whether companies have
perfectly completed the relevant design steps before submitting
tunnel design proposals to win proposed tunnel projects is always a
matter of debate. Private companies are required to present their
alternative plans & designs based on data obtained from previous
works conducted by central institutions and provided to them. In
short, the tender process for tunnel projects involves providing the
routes and basic data sets for the projected tunnels, thus initiating the
necessary plan and design steps. It should be remembered that the
project proposals submitted by private companies logically include
their profit-making objectives. In fact, if the relevant state
institutions opening the tunnel project tender were to prepare
alternative projects (in parallel with the procedures requested from
private companies) themselves, it would certainly provide a basis for
comparing the projects submitted by private companies and help
select the most suitable one.

In conceptual approaches, all the tunnel projects (offered plans
and accepted one) should include strict documentation procedures
(manners) accomplished through at least two independent authorities
(one of them must be realised by the project owners or government
authorities for the public safety and rights). Controlling the
documentations in daily (or hourly) bases during tunnel excavation

periods keeps the tunnel project construction in the planned
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schedules. This might also trigger any extra engineering activities
needed to increase safety related precautions for the ongoing project
construction works. These controlling and monitoring procedures
should be organised and followed during tunnel construction and
operation phases. Because any engineering incidents happened
related to tunnel structures & surrounding rock&soil masses might
form unreturnable influences on the tunnel stability conditions.
Therefore, engineers working for the tunnel construction or tunnel
operation companies must follow the data collection, controlling,
monitoring and back-analysing procedures on a daily (or any proper
time interval) basis to be sure about the tunnel stability conditions.
The importance of these procedures can be better understood by an
engineer who reads news reports about a case where the tunnel for
the 4™ line of the Athens (Greece) metro deviated from the planned
route (160 meters of tunnel excavated outside the planned route),
(Protothema, 2025). Another example illustrating the importance of
control procedures concerns a construction project in Istanbul
(Turkey) where a foundation drilling operation was carried out at the
construction site. During this operation, the drilling rig's rod pierced
the supports of the metro tunnel passing under the construction site
and entered the tunnel near its side wall (Sondakika, 2006). In
subsequent years, in another similar incident in a different district of
Istanbul, the drilling rig again pierced the metro tunnel during
foundation drilling operations, creating a hazard (Sondakika, 2024).
These types of incidents in tunneling clearly demonstrate the
importance of the aforementioned double-sided work controls
during the construction and operation phases of tunnels.

For instance, Lei, et al. (2024) wrote that they analysed the
highway tunnel collapses during their operation periods through 155
cases (54 cases from China, 101 cases from other countries). They
concluded that “tunnel collapses in operation period are affected by
geological factors, lining factors, and accidental factors”. They also

mentioned the combined effects of the causes as well. According to
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them, the main reasons for the collapses were realised due to “the
post-lining cavity, lining crack expansion, and fire”. Example for the
tunnel lining failure was reported as one of the important highway
tunnel collapses which was reported from Sasago tunnel in Japan on
Dec. 3™ 2012, (BBC, 2012). According to the news, 150 tunnel
supporting panels (20 cm thick, 1.2 tonnes) collapsed on 3 vehicles
passing through it at 08:00 o’clock. In this event fatalities were 9,
and injured were 2 people, (Wikipedia, 2026a). These basic
information about the tunnel incidents, extracted from the collected
studies, highlight the vital importance of engineering work in
tunnelling. To prevent accidents and loss of stability in tunnels, all
project stakeholders (government departments from different
ministries, engineers, public officials, private companies, etc.) must
strictly adhere to the exploration (data collection) - excavation -
supporting (lining) - operation - monitoring - maintenance -
servicing - etc. procedures related to tunnelling. As with all
engineering activities, achieving a long-lasting, (stable), tunnel in
tunnelling projects involves numerous steps that must be carefully
executed. Therefore, tunnel safety and stability begin with well-
organized and directed planning - implementation - monitoring
activities carried out by engineers under well-defined work &
workplace conditions.

Assessment of tunnel incidents

The number and characteristics of accidents (collapses,
failures, support collapses, floorheaves, etc.) occurring in tunnels
which have been officially reported, provide valuable information
for researchers using these publications. However, it is also known
that some small-scale incidents not covered by insurance-documents
during tunnel construction & operation may not be included in
official reports. Considering the stability of tunnels, data related to
tunnel construction & operation, (as well as the behaviour and
deformation of surrounding rock masses before and after tunnel
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construction), should always be readily available for research on
their stability and characteristics. Therefore continuous collection of
these data over time is crucial for evaluating potential problems
arising from tunnel collapses or failures. Due to data protection
regulations of countries, only limited data is shared regarding certain
events, including stability incidents in tunnels. Despite these
conditions, data collected from official websites of countries' tunnels
related institutions has created databases together with the data
supplied through the voluntarily provided by companies or
organizations responsible for tunnel constructions in those countries.
Therefore, statements, declarations, commentaries, explanations,
descriptions, or collected database related information included in
the publications have been acknowledged with appreciation to
understand tunnel failures (incidents) through their reported cases.

For instance, Javid (2026) wrote the following statements to
present commuter numbers of “The London Underground” and the
tunnels used for them. He noted that “over a billion passengers
annually travel through a labyrinth of tunnels, some dating back to
Victorian times” in British history. As all the commuters and
employees of these metro systems know already, “extraordinary
operational complexity, combined with the catastrophic
consequences of any failure, creates an environment where
mediocrity simply isn’t an option”. According to the author all the
employees have been asked to follow the required duties on
standards which have been developed through “hard lessons learned
over 160 years of operation”. Actually the following words given by
him summarize the importance of the works followed; “tragic
incidents that reshaped safety culture, and the recognition that
millions of lives depend on flawless execution every single day”.

In the same engineering consideration, Bergmeister &
Francesconi, (2004) presented a study, (Risk Analysis of Accidents
in Tunnels), results performed by the United Nations Economic

Commission for Europe, UNECE. In this study “/76 cases of
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accidents involving trains in tunnels or underground railways” were
analysed and the following rates were pointed mainly for the
evaluated causes of incidents; fire: 45 %, collision: 27 %,
breakdown: 9 %, not reported: 7 %, others: 5 %, collision & fire: 3
%, explosion: 3 %, breakdown & fire: 1 %. These main incident
percentages illustrated the case differences that happened in tunnels
in numbers in which responsible engineers might have their options
to think about their influences on tunnel stability circumstances as
well. All the underground spaces including tunnels have been
influenced by all the vibrations reached to them. These vibrations
could be sourced due to sudden rock shearing (earthquake shocks are
included) and other sources like machine related or blast originated.
In this point the statement supplied by Hoek & Karzulovic, (2000)
presents the importance of the engineering works surrounding the
underground spaces. They stated that under heavy blasting in large-
scale open-pit mines, the disturbance zone of the rock slope can
extend up to 100 m behind the last row of charged boreholes.
Actually, influences of surface operations which originate low and
high level vibrations can be detected in nearside tunnels. Level of
the vibrations are decision parameters here if they are harmful or
permissible in certain limitations, (Hiller, 2011; Gokay, 2023). Since
tunnel incidents are widely acknowledged as an inherent risk,
engineers engaged in tunnelling activities must be prepared to carry
out rescue operations when required, much like in mine rescue
services. Therefore, for both private companies and public
institutions involved in tunnel construction & operation, the
organization of dedicated rescue teams, and the regular practical
training & drills of these teams for tunnels, are factors that can
significantly influence the severity and consequences of tunnel-
related accidents.

Lance & Anderson, (2009), wrote that tunnel construction
activities “particularly in urban areas, has the potential to be one of

the hazardous forms of civil engineering construction work”. They
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analysed the data related to tunnel constructions and provide their
deducted outputs for engineers to evaluate their plans combining
surface and underground man-made structures together with the
natural features of the rock & soil masses characteristics. Lack of
daily bases of documentation for tunnel construction works
including engineering supervisions and recording the required
features cause absence of data for the back analysis whenever
needed. Therefore data collection efforts for underground
construction projects including tunnels should better be handled by
project owners and construction companies definitely under official
recording procedures independently but also by third party
engineering groups (companies, organisations, etc.). This manner
could have possibly been an important documentation method for
any sudden unpredicted, unprecedented, failure or collapse case
which might have occurred if it was followed before. Then the tunnel
failure events and their reasonings could then possibly be back
analysed through these 3 independent data sets which is expected to
minimise (or eliminate) any deliberately included facts & numbers
(or systematic unpurposed biases in engineering applications).
Engineers in general prefer to follow scientific facts and engineering
practices defined through standards & specialties. Earlier practices
in different projects of tunnels in different Earth’s crust locations
included their plans, explorations, designs, excavations, supportings,
constructions, instrumentations, operations, monitoring, etc.
applications. If all these practices had been documented in numerous
data-sets and when their content are included into the back analyses
of successful (or failed) tunnel projects, tunnel collapses and other
failure types influencing tunnellings are expected to be evaluated
more intensely. That means all the countries should have their own
database including mentioned 3 expertise documentation for each
particular: i) well defined tunnel project, ii) tunnel failure, iii) tunnel
collapse documentations, iv) documentation of work&workplace

safety implementations etc. Only in this type of engineering decision
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condition might provide healthy engineering decisions. In this
content, the statements given by Idris, et al. (2004) also pointed out
the direction for engineers dealing with UUSs. These authors wrote
that instabilities happening at underground spaces are “a major
cause of undesirable accidents”. As the experienced engineers and
researchers could feel deeply; Idris, et al. (2004) noted also that
“experience feedback is one of the useful methods available to
improve the design of construction”. Improvements in technology,
work&workplace conditions and engineering understanding beside
the rock masses’ behaviours could also be included into the factors
of logical explanations of the accidents that happened. Following
conditions from the example cases, (construction of two Saint
Gotthard tunnels, Switzerland), are specified here as Fillat, (1981)
presented, (Idris, et al. 2004): a) Saint Gotthard railway tunnel period
(1872-1881): workmen: 2500-4000:, wounded person: 260, fatal
accident: 177; b) Saint Gotthard road tunnel period (1969-1980):
workmen: <700, wounded person: 25, fatal accident: 12.

Similarly, Idris, et al. (2004) wrote openly that tunnels
“stability depends firstly on the wunderground geotechnical,
geomechanical and hydrological conditions, then it depends on the
construction method and finally on the geometrical characters of the
concerned construction itself”. The authors set a database in 2002
and included 210 instability events from international references.
They collected 21 parameters (variables) for each event reported
there. At the end of their analyses, “the geotechnical cause (soil and
rock quality and behaviour)” was determined as the cause which
“can explain the major part of accidents”. As a major part of the
Earth’s crust, rock masses have many types of discontinuities,
weakness zones, and rock minerals as many types of complex solid
structures. Rock masses’ properties and behaviours have then been
differentiated according to their complexities.

In rock mechanics uncertainties play import inheritances on

supplied engineering decisions. When uncertain circumstances of
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rock&soil properties need to be explored, Spackova’s study (2012)
can be an example. She wrote, for instance, “estimates of
uncertainties and risks of the construction process are essential
information for decision-making in infrastructure projects”.
Therefore documentation of tunnel failures & collapses together
with their datasets including rock&soil masses properties (covering
and explaining unavoidable uncertainties about the laboratory &
field tests and observation results) are essential for the lessons
learned for the further tunnel engineering works. Researchers,
engineers, institutions, etc. in different countries collect similar data
for tunnels to perform further analyses in different expertises. Lance
& Anderson, (2009) were the ones who performed their analyses to
illustrate all the possible foreseeable risks of tunnel construction
incidents “fo promote safer construction and improve the perception
of risk”. They wrote that “the important starting point in
determining the likelihood of a particular risk is a broad
examination of past history”. Development in tunnelling
applications has led to performing tunnel works in more mechanised
conditions. Due to the requirements of tunnels, the number of new
tunnel projects have been increased in time. According to the
authors, “a significant number of incidents have occurred” during
tunnel construction phases as well. They noted about these tunnel
incidents that “unfortunately the published information often
provides few detailed case studies”. According to them, “insurance
sensibilities and the influence the information might have on
subsequent civil litigation” are the reason in these circumstances.
The authors pointed that since some of the tunnel incidents had been
“investigated and forensically examined”, their published data “in
incidence report issued’ in legal procedures are become the source
information like as the cases of; Penmanshiel tunnel, UK, (1979);
Heathrow airport tunnel, UK, (1994); Circle-line, Singapore, (2004).

The common engineering projects related contract situations,

(duties and responsibilities according to applied Acts&Regulations),
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have certain obstacles in information collection circumstances (on
the basis of data protections) which should be re-regulated to
increase document sharing through legal manners (procedures,
backgrounds). In such conditions, engineers might have more case
studies for tunnel behaviours opened in different rock masses.
Currently, the outputs supplied through the database collected by
researchers are available. Lance & Anderson (2009) for instance
provided information and their analyses about 312 tunnel incidents.
Their statistical analyses included; 1) number of events in every 10
years of grouping since 1970; ii) number of events distributed in sub-
groups of excavation methods (NATM (The New Austrian
Tunnelling Method), shield, TBM (Tunnel Boring Machine),
cut&cover, other&unknown) according to defined 10 years of
grouping; iii)) number of events distributed in sub-groups
representing the masses surrounding the tunnels (rocks, soft ground,
mixed, unknown). The authors reported the number of “unplanned
total incidents™ as 60 for the tunnels excavated in rock masses, [in
between 1970 to 2009 (end of the writing-up stage of Lance &
Anderson (2009) paper)]. The same number was given as 149 for
soft grounds. The authors reported the recorded total fatalities in the
total 312 tunnel incidences as 272. When information has been
collected regarding unplanned tunnel events, (including: i) the
number of fatalities, ii) the collapse or failure of surrounding rock
and soil masses; iii) damage to, or loss of, excavation-related
machinery and equipment, and iv) damage to the integrity and
confidence of ongoing tunnel projects), it is often retained by
tunnelling companies and state authorities rather than being
disclosed. This reluctance arises because such information may be
used in legal proceedings, potentially leading to further disputes
among the parties involved in tunnel construction projects when
addressing the consequences of such incidents.

However, the current lack of data sharing on tunnel incidents

should not persist. From an engineering perspective, data relating to
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both the positive and negative impacts of tunnel incidents should be
systematically analysed in order to improve precautionary measures
for future tunnelling projects. Thus, any work including survey
results of tunnel incidents is a valuable asset which should be more
and more for better understanding of the UUSs stability and other
incidents in detail. Information supplied by the “Geotechnical
Engineering Olffice” of Civil Eng. & Development Department,
Hong Kong, (CEDD, 2012), included 52 tunnel failure cases
(between 1964 and July 2012) which happened outside of the Hong
Kong and 6 more cases from Hong Kong (up to Oct. 2012) as well.
The lists and basic causes of the tunnel collapses&failures presented
in these reports have increased the awareness of the safety&stability
issues of tunnels.

Spackova, et al. (2013) wrote about the probabilistic approach
to assess the tunnel construction performance. They noted that “the
probability of construction failure events and the delay caused by
such failures” could be estimated through “databases available in
the literature”. They supplied their estimated tunnel collapse
numbers according to their study. They used global data, (HSE,
2006; Seidenfuss, 2006; Stallmann, 2005; Sousa, 2010), related to
tunnels and their collapses for the years between 1999-2004.
According to their graphed values; [a) total length of constructed
tunnels (HSE, 2006), b) total length of mined tunnels (estimated), c)
number of collapses (reported)] for the type of tunnels are presented
as follows accordingly for: Road tunnels [a) ~2000 km, b) 1320 km,
¢) 13 cases]; Rail tunnels: [a) ~4200 km, b) 2770 km, c) 25 cases],
Water-Sewerage tunnels: [a) ~2100 km, b) 1390 km, c) 9 cases];
Others: [a) ~450 km, b) 300 km, c) I cases]. Total numbers for the
given time interval (6 years) are given then: [a) ~8750 km, b) 5750
km, c) 48 cases]. These values actually present the importance of the
tunnels worldwide for their influences on societies.

Organisations, departments, or ministries in government

offices in countries prefer to supply statistical survey values for
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tunnels without pointing to the incidents which had happened for the
selected time periods. Tunnels under operation in Turkey, for
instance, are given at official web page of KGM, (General directory
of highways, Turkey), as follows: the total number of intercity road
tunnels was 455 and total length of them was 428.43 km, (KGM,
2026). There are additionally motorway tunnels in Turkey and their
total number was 43 and total length of them was 96.25 km, (KGM,
2025).

As, Sousa, (2010), noted that tunnel construction has
“intrinsic” risks because “it involves the subsurface, which is largely
unknown”. Unplanned incidents happened in “funnelling projects
have resulted in delays, cost overruns”, and even fatalities. Thus,
assessing and managing the risks in tunnelling (include; plannings,
exploration, designs, excavations, constructions, mechanisation,
instrumentation, operations, maintenance, servicing, etc.) are then
vital for workers, engineers, contractors, project owners and most
importantly the commuters (people) of these tunnels in further years.
These were the reasons certain studies had been started to analyse
parameters to visualize the problem. Sousa (2010) performed one of
these studies through the evaluation of certain data from “204 cases
of major problems” at tunnel construction sites. She noted
“geographical distribution of the tunnel cases” as follows; Europe:
105 cases; Asia: 61 cases; South America: 23 cases; North America:
11 cases; Australia: 3 cases; Africa: 1 case. She supplied incidence
distribution according to type of tunnels and their excavation
methods which were re-analysed and presented after combining
information from other data sources (Spackova, et al. 2013).
However, one of Sousa’s (2010) graphs that pointed out the
“undesirable event distributions” in the collected 204 tunnel cases
demonstrates the importance of the stability analyses through the
rock mechanics concept. These events were reported as; collapse (36
%); daylight collapse (28 %); excessive deformation (11 %);

flooding / large inflow of water (9 %); rockfall (7 %); specific
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locations (6 %); others (2 %); rockburst (1 %). The author defined
the “Daylight collapse” as: “heading collapse / lining failure of the
heading that reaches the surface creating a crater”. In later years,
Sousa & Einstein, (2021), provided “accident type distributions” for
tunnelling through “a database of tunnel accidents that occurred
during construction containing 206 cases that were collected from a
combination of literature review, newspapers, and correspondence with
tunnelling experts around the world”. These authors provided an
explanation, as well, about the contents of the data and they wrote that
the data “the most frequently reported in the literature and by the
experts because most likely they are the ones with more severe
consequences on the construction process, the safety of the workers and
people and structures on the surface. Thus, they may not be the
“actual” most frequent accidents during tunnel construction”. The
following categorised numbers, “are probably the most common type of
accidents during the operation of tunnels. They can also occur during
construction but are less frequent”. Then, the “accident type
distributions” rates supplied by Sousa & Einstein, (2021), over
totally 189 cases were as follows: collapse (41 %); daylight collapse
(28 %); excessive deformation (10 %); rockfall (7 %); flooding /
large inflow of water (6 %); specific locations (5 %); others (2 %);
rockburst (1 %). The ratios were forwarded as important event
numbers for tunnel construction cases by Sousa (2010) and Sousa &
Einstein (2021). It is interesting that “tunnel stability” related events
in them consisted of; 83 % of the whole 204 incidences analysed by
Sousa (2010), and 87 % of the whole 189 incidences analysed by
Sousa & Einstein (2021).

Similar study supplied by Zhu, et al. (2022), and they provided
their statistical analysis outputs for “Major Tunnel Construction
Accidents”, MTCA, “in China from 2010 to 2020”. This evaluation
was performed on the basis of 48 major tunnel construction accident
cases. MTCA was defined here for the accident case including
fatalities “more than 3 deaths”. The authors supplied; /a) MTCA
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incident numbers; b) fatalities; c) the ratio indicates number of
fatalities per MTCA incident] values according to the type of MTCA
as follows; Collapse [a) 31, b) 172; ¢) 5.55]; Explosion [a) 8, b) 69;
c¢) 8.50]; Water inrush [a) 6, b) 35; ¢) 6.33]; Suffocation/Fire [a) 2,
b) 9; ¢) 4.50]; Rockburst [a) 1, b) 3; ¢) 3.00].

Rock and soil mechanics considerations then cover the
stability evaluations according to the type of medium surrounding
the tunnels under construction. Actually, stability considerations for
any underground spaces including tunnels must be analysed for their
excavation and operation periods. Especially operation periods of
tunnels have been planned for long-time periods. Therefore time-
dependent and different loading rate (stable, increasing/decreasing
rate, undulating, dynamic-quakes shocks, etc.) behaviours of
surrounding rock&soil masses of tunnels become significant to be
analysed for tunnels’ stabilities. Ladanyi, (1993), mentioned that
“available field evidence” and pointed out that “ground pressure”
(induced stresses) on tunnels’ supports depends on; the rock mass
properties, natural stress conditions (primary in-situ stresses), the
type & the rigidity of the tunnel supports, influence of nearsite
underground spaces, and the time of support installation, where
induced stresses differ with time after installation due to: 1)
“advancement of the working face of the tunnel”, and i) “time-
dependent changes in rock mass response, caused by consolidation,
swelling, creep and weathering effects”. Thus, government
authorities (offices) related to tunnel works (including plannings,
project handlings, accepting the finished tunnel project for their
operations, monitoring the tunnels during their operation periods,
etc.) must be systematised by Acts & Regularities accordingly to
direct groups of engineers in companies (or at government offices)
who analyse the data and control the stability conditions for the
tunnels in their planning, excavating, constructing, operation,
monitoring phases. At each phase, surrounding rock & soil masses’

mechanical behaviours are important for tunnels and these features
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directly depend on strength characteristics and loading conditions of
them, (which include numerous uncertainties to be handled as well).
The words written by Spackova (2012) are needed to be noted here.
She noted “in tunnel construction, a significant part of the
uncertainty results from the unknown geotechnical conditions”. She
was pointing out rock&soil mechanics subject related to Earth’s
crust materials which are mostly rock masses for underground
spaces. Heterogeneous property differentiations and discontinuity
distribution in rock masses provide uncertainties in measured and
observed features of them through the tests. However, development
in rock engineering context have helped to decrease their influences
on the outputs of the projects on/in the rock masses. Spackova (2012)
wrote about the subject, covering “uncertainties in the tunnel
projects”. She classified them into two groups; 1) “usual
uncertainties in the course of tunnel design, construction and
operation” phases. i1) “occurrence of extraordinary events (failures)

causing significant unplanned changes of the expected projects
development”. Any parameters influencing the tunnelling activities
in their planning, excavation/construction, and operation phases
would like to be determined in detail. But some of these parameters
have uncertainty in their natural occurrences. Spackova (2012)
supplied these parameters under the two sub-group titles, (as; usual
uncertainties and extraordinary events), as defined above together
with “performance parameters in the tunnel projects”. She added
that “the wusual uncertainties influence extraordinary events”.
Therefore, in the modelling works she then preferred to differentiate
uncertainties in two categories as Der Kiureghian & Ditlevsen (2009)
claimed: i) Aleatory uncertainty (“natural, intrinsic randomness in
the analysed system, which cannot be reduced”), and ii) Epidemic
uncertainty (“‘resulting from incomplete knowledge of the system and
it can be reduced when additional information is available”).

For the parameters influencing tunnel phases (design,

exploration, excavation, supporting, construction, instrumentation,
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operation, maintenance, servicing), there are always descriptive,
known, parameters which have their engineered explanations (to a
certain degree) for their influences on rock&soil behaviours.
However, there are some other parameters which are known but their
impact on the projects have not been clearly estimated yet. For
instance; discontinuity related parameters (continuity, aperture,
geometries, fillings. weathering, roughness, discontinuity surface
compressive strength, contact area during shearing, etc.), strength
properties & behaviours of rock masses and their distribution in
them, etc. are some of them. These factors can not possibly be
followed in rock masses. Thus, engineering projects including
rock&soil masses naturally have many factors uncertain and they
can only be managed in those projects through; expertises,
observations, survey analyses, classifications, index values, ratings,
etc. Since they are not an actual explanation of these masses’
behaviours, there are always possibilities of unpaired decisions
among the ratings and decisions following these descriptions for a
projected engineering work. Accepting these uncertainties and
conducting the projects is a one way road while minimizing all their
influences. Because, (currently), there is no alternative method to
handle these uncertain parameters in full coverage. However,
development in technology and scientific researches have decreased
the unknown factors of engineering projects realised in/on Earth’s
crust. But there are still many more uncertain parameters waiting to
be researched. In an honest, people-oriented, and sincere engineering
environment (which should be addressed through legal regulations),
the uncertainties inherent in engineering project contracts should
always be discussed. These uncertainties (many of which arise from
the properties of natural rock masses) should not be treated as an
excuse (a loophole) for potential failures during the construction and
operation phases of tunnels. Therefore, researchers and engineering
working groups (those working in government offices, consulting

firms, engineering companies, insurance companies, etc.) aim to use
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the experiences gained from past events to improve future
engineering projects. The primary goal here is to minimize tunnel
failures/problems in order to reduce loss of life, loss of workforce,
loss of equipment, limitations on financing & insurance options, etc.

Paraskevopoulou, et al. (2022) wrote that “the ability to have
an insight into the potential failures modes as well as in the
likelihood of an occurring failure based on historical records can be
of high value to the tunnelling industry”’. They mentioned positive
contributions of databases which were prepared to include tunnel
failures. However, they also pointed out that “inevitably, tunnel
failures cannot be eliminated, but their impact can be minimised, and
the overall risk can be reduced as the incident could be predicted or
mitigated”. Then, they stated the significance of the “The Code of
Practice for Risk Management in Tunnel Works” which according to
them “has had a clear positive impact on the annual tunnel incidents
and failures during construction”. As the authors noted, this Code
was actually developed and supplied by the “Association of British
Insurers and British Tunnelling Society” in 2003, (and it was later
converted to an international version in 2006 by the "International
Tunnelling Insurance Group, ITIG)". The aim here is to supply the
Code which is similar to the other engineering codes in their
professions to describe best practices and provide quidances by
decreasing (minimisation of) the risk in tunnelling (Goodfellow, et
al. 2014; Paraskevopoulou, et al. (2022).

In this related subject, Kim, et al. (2022) wrote that “funnel
collapse hazard is a key issue in tunnel construction, which should
be adequately assessed to prevent economic damage and casualty”.
They collected information from 24 tunnel collapse cases, and they
offered “a risk evaluation model for tunnel collapse based on a
quantified grading system and influence factors that significantly
affected the tunnel collapse hazard”. Similarly, Shin, et al. (2009)
proposed through “Korea Institute of Construction Technology,

KICT”, a Tunnel Collapse Hazard Index, (KTH-Index) to evaluate
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“the hazard level of collapse at a tunnel face”. The authors checked
databases containing tunnel failure information and analysed the
relevant parameters obtained from them using neural network and
interaction matrix techniques.

Sarna et al. (2022) attempted to reduce uncertainties in tunnel
excavations by presenting methods for estimating geological
conditions in tunnelling. In engineering terms, these methods and
approaches have their own grading systems and aim to reflect
situations as similar as possible to actual Earth’s crust conditions.
These authors indicated also that “specific tunnelling responses
caused by adverse geology are still poorly studied”. According to
them these adverse cases are “karstic caves and fault zones”, and
they offered a methodology to “identify and predict the potential
collapse of TBM tunnels in rocks”. The unplanned incidents in
tunnelling have their negative impacts on work&workplace
conditions of tunnel constructions&operations. So, Endicott, (2015)
wrote that “safety is fundamental in Civil Engineering, yet failures
happen”. The author explained failure cases related with tunnels and
set out “some of the causative factors and explores what lessons have
been learned from those cases”. These cases were; a) Edinburgh
Tower, basement level collapse during its construction, Hong Kong,
(1981), b) Taegu Metro had cut&cover construction type excavation
and it had “extensive collapse of an excavation due to the presence
of unidentified strata of sands and gravel” in South Korea in Jan. 1%
2000, c) Collapse case at Sao Paulo (Brazil) underground railway
(metro) station, (related 45 m long excavation and the side of the
shaft, (depth=40 m, diameter=40 m), collapsed on Jan.15% 2007). d)
Failure at HangZhou Metro on Nov.15™ 2008 during its construction
phase, (failure events influenced the 45 m length of the tunnel
(width=21 m) at 16 m of depth). Beside these cases Endicott, (2015)
wrote that “15 spectacular collapses of tunnels reported worldwide
every ten years”. According to his experiences, “even if a failure of
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a component occurs, the system should be robust enough to
withstand the failure of a single component”.

In an additional survey, Konstantis, et al. (2016), concentrated
also on influences of tunnel related failures. They mentioned the
“losses that the insurance market has suffered in the recent years”.
The authors provided a graphical presentation of “tunnel failures vs
ground conditions” around the tunnels; and “funnel failure types
distribution” mainly; tunnel face related failures, support failures,
fire, structural, lateral supports, and other causes. Konstantis, et al.
(2016) presented insurance costs according to tunnel failure types
and they provided; /[tunnel failure numbers & (percentages)],
according to tunnels’ construction methods in graphical form for
“total number of projects examined=68". These values are given for;
[Tunnel boring machine: 26 & (38 %)]; [New Austrian tunnelling
method: 19 & (28 %)]; [Drill&blast method: 11 & (16 %)]; [Cut&
cover method: 5 & (7 %)]; [by Hand: 4 & (6 %)]; [Roadheader
method: 3 & (5 %)] by using information from IMIA, (2006);
CEDD, (2015); Wannick, (2006); and Reiner, (2011).

Another authors group including Li, et al. (2018), had
presented their efforts to classify tunnel collapses. They
differentiated several facts which categorised the tunnel collapses.
These facts are: “type of tunnel, cause of collapse, speed of collapse,
location of collapse in the tunnel, scale of collapse (including length
and volume), form of destruction, economic loss and casualty, time-
related characteristics”. They also classified tunnel collapses
according to their locations as; “mountain tunnel collapses, urban
tunnel collapses or submerged tunnel collapses”. Their descriptive
groupings for the tunnel collapses were different as follows; “sudden
collapses, intermittent collapses or slow deformation collapses,
tunnel portal or tunnel truck collapses; minor collapses, medium-
size collapses or large-scale collapses; local collapses, arch
collapses, irregular collapses, penetration collapses; general

collapses, large collapses, very large collapses,” etc. Similarly,
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Spyridis & Proske, (2021) worked on tunnel collapses and they
revised the tunnel collapse frequencies by analysing 321 tunnel
collapse cases and supplied data presenting the countries’ tunnel
stocks. According to these authors, there are more than 51K tunnels
worldwide, where the top countries having more than 1K tunnels
were listed by them as; China (27K), Japan (16K), Norway (2.35K),
Korea (1.5K), Germany (1.5K), Switzerland (1.3K). They wrote also
that “extensive statistics indicate that most tunnel collapses occur
during construction”. The following output forwarded by them is
also one of the facts they had evaluated for tunnels: “events such as
earthquakes and floods, which are the major causes of collapse of
other structures, account for only about 10 % to 20 % of all tunnel
collapses”.

Another study provided by Paraskevopoulou, et al. (2023) has
a statistical approach to understand tunnel related parameters of
tunnel failures. The authors defined the “technical risks based on a
database with approximately 400 tunnel failure cases”. Since the
selected excavation methods for a specific tunnelling project
depends on the rocks & soil masses, the failures encountered in
tunnel construction have certain engineering explanations related to
them as well. According to the authors, 64 % of the observed tunnel
failures were recorded for the rock tunnelling cases. The others, 36
%, was observed at soil tunnel construction sites. They pointed out
that the tunnelling&construction method has an impact on failure of
tunnels. The percentage level showing “distribution of tunnelling
(excavation) methods examined” in this study were given by
Paraskevopoulou, et al. (2022) as follows; NATM: 48 %, TBM: 34
%, Drill&blast: 14 %, and Cut&cover: 4 %. They also noted that “al/
tunnels examined have reported failures during construction”.
According to the authors 56 % of the tunnel construction failures
were observed in sedimentary rocks (sandstone, shale, marlstone,
limestone, chalk). Paraskevopoulou, et al. (2022) defined clearly

“tunnel failures types” and “tunnel fatal incidences” in tunnel
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operation phases and reported them as follows: a) tunnel failure
types during operations; [fire: 51 %, earthquake: 31 %, support
overstressing: 9 %, crown failure: 3 %, fit-out works: 3 % other
types: 3 %]; b) tunnel fatal incidents during operations [fire: 90 %,
fit-out works: 7 %, other types: 3%]. Paraskevopoulou, et al. (2023)
focused on the point that “fire and earthquakes account for 82 % of
the failures during operation”.

When a limited survey has been performed through internet
base sources, the numbers (cases) supplied, for instance, under the
“tunnel disasters” coverage in Wikipedia, (2026b), have been
presented through the following subtitles; 1) tunnel disasters: 15
cases; i) tunnel fires: 11 cases; iii) railway tunnel disasters; 12 cases;
in addition to 13 incidends (crash, fire, bombing, accidents,
deliberate attacks, derailment, signal fault, etc.) involving the
“London Underground System”. Moreover, “Evening Standard
news” had a report on tunnel collapse on Feb. 24" 2025. It was about
“the tunnel in Srisailam left bank canal (SLBC) project” in
Telangana, India. In this news-report major underground space
related events happened in India & Thailand were listed as follows;
Mandi tunnel collapse, Himachal Pradesh, (2022); Silkyara Bend-
Barkot tunnel collapse, Uttarakhand, (2023); Assam coal mine flood,
Dima Hasao, (2025); ThamLuang cave incidence due to flooding,
Thailand, (2018). The statement forwarded in this news has its
vitality for the other UUSs’ related excavations-construction-
operations as well. The note was as follow; “over the years, India
and other countries have witnessed several major tunnel collapses,
raising concerns about rescue operations and the need for stringent
safety protocols”, (EveningStandard, 2025). Another information
source, Sakski Education, (2026), listed the incidents including
tunnel “collapses-accidents-explosion-fires” were listed for India as;
Baijnathpur-Lohgad road tunnel fire, Maharashtra, (1981); Mhow-
Indore road tunnel bus accident, Madhya Pradesh, (1987); Jammu-

Srinagar highway tunnel LPG-truck explosion, (1998); Hirakud
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tunnel fire, Odisha, (2009); Tanakpur-Jauljibi road tunnel, bus
accident, Uttarakhand, (2019); Jammu-Srinagar highway tunnel, bus
collision, (2021); Chenani-Nashri tunnel, Jammu and Kashmir, bus
collision, (2022); Char Dham tunnel bus collision, Uttarakhand,
(2023); In the same web-site 5 major tunnel related incidents in the
World were listed as follows; Seikan tunnel derailment, Japan,
(1984); Eurotunnel fire, France-UK, (1996); Mont Blanc tunnel fire,
France-Italy, (1999); Saint Gotthard road tunnel fire, Switzerland,
(2001); Hokuriku tunnel collapse, Japan, (2012).

The tunnel incidents reviewed here summarize the statistical
results of them occurring in tunnels, as compiled by various
researchers and institutions. It is crucial to remember that these
assessments could yield very different statistical results if all
accidents and incidents in tunnels were (officially) reported and
made publicly available in the world.

Conclusions

As part of urban infrastructure, tunnels are an integral part of
city life in many modern cities. In densely populated urban areas,
vehicle and rail transportation networks are impossible to plan
without tunnels. Tunnels, now an indispensable part of urban
infrastructure, are used for various purposes in the economy and
incidents related to them would directly and negatively impact the
prosperity of nations. Therefore, it is crucial that all parties involved
in tunnel constructions and operations are aware of the accident risks
associated with tunnel works. Considering the incidents that occur
in tunnels (collapses, fires, earthquake impacts, floods, traffic
accidents, explosions, attacks & bombing, etc.), the probability of
their occurring in different tunnelling phases (planning, exploration,
design, excavation, instrumentation, operation, monitoring,
maintenance, servicing) is important.

It is a normal duty for engineers to examine earlier work &
workplace accidents (& incidents) at UUSs, that have also befallen
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tunnel users during the tunnel operation phase. However, detailed
documents of past tunnelling experiences (data related to tunnel
incidents) should not be expected to be published due to data
protection considerations. Databases developed for tunnel incidents
by researchers have limitations in the cases and contents for a tunnel
stock in the world, which was more than 51K as Spyridis & Proske,
(2021) were reported. Commuters travelling through tunnels and
UUSs' users (for shopping & working, or living purposes) have their
common wonders about the safety concerns of UUSs; If the UUSs
are safe and stable? It is normal for them to consider; How are they
going out of UUSs, if something unplanned happens? In order to
respond to these kinds of questions, it is required to perform risk
assessments & analyses for the selected UUSs, (together with the
collection of all kinds of input data related to them). National Acts
& Legislative rules then should supply conditions to keep all related
tunnelling data (including basic simple daily-shift occurences of
small events during tunnel construction & operation phases), at least
two separate (independent), locations. Re-regulated Acts in the
sharing procedure of these data may be the way out for the
researchers to use them in their analysis, (statistics, risk, or stability
base evaluations).

In some cities, passengers may spend one to two hours per day
in underground metro tunnels. Additionally, workers in such
environments may also remain underground for eight to nine hours
per day. These extended durations, combined with the large and
growing number of individuals present in underground spaces,
necessitate that engineers give greater consideration to the safety and
structural stability of UUSs, (tunnels).

The global history of tunnel incidents has been statistically
analysed by researchers to identify the types and underlying causes
of such events. Common incident categories include fires, traffic
accidents, flooding, structural collapses & failures, earthquakes,

explosions, and technical failures, etc. These risks highlight the
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importance for tunnel designers, operators, and regulatory
authorities to adopt comprehensive safety measures. Potential
strategies for improving tunnel safety include: the provision of
additional emergency access routes at critical underground locations,
the establishment and regular training of specialized rescue teams;
and the continuous monitoring and reassessment of tunnel stability
and risk conditions. Implementing such measures can contribute to
more predictable structural performance of UUSs and reduce the
likelihood and impact of tunnel incidents.

While these practices may already be in place in certain
contexts, they are not universally adopted. As the member of the
UUSs community, (including passenger, parking facility user, retail
customer, and employee working within UUSs), individual has the
right to be informed about the safety risks associated with his/her
time in these environments. Safety management in UUSs cannot be
treated in the same manner as in surface-level workplaces. For
instance, in the event of an incident in a metro tunnel, the high
density of passengers means that the consequences could escalate to
a disaster of national significance (think about ten cars metro train
with around 3000 commuters in a peak hour travelling). Thus,
having an official UUS centres, at the UUSs managements which is
responsible from “incidents” and “stability” concerns about UUSs
generally would have positive feedback from societies. Thus, having
an official UUS centre, at the UUS management which is responsible
from “incidents” (including stabilities of UUSs) concerns about
UUS generally would have positive feedback from societies.
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BOLUM 2

YENILIKCi ZEMIN iYILESTIRME
YONTEMLERI: ATIK VE BIYOMALZEMELER
ILE SURDURULEBILIR GEOTEKNIK
UYGULAMALAR

YESIM TUSKAN'

Giris
Geoteknik miihendisligi, altyap: giivenligi, yap1 dayanimi ve
dogal afet risklerinin azaltilmasinda temel bir disiplin olarak one
cikmaktadir. Ancak geleneksel zemin iyilestirme ve stabilizasyon
yontemleri ¢ogu zaman yliksek maliyetli, enerji yogun ve ¢evreye
zararli olabilmektedir. Bu durum, miihendisleri daha siirdiiriilebilir,
ekonomik ve ¢evre dostu ¢oziimler gelistirmeye yonlendirmistir. Son
yillarda  yapilan  arastirmalar,  biyomalzemeler  (biochar,
biyopolimerler, dogal lifler), atik temelli malzemeler (ugucu kiil,
komiir kiilii, lastik kirpintilari, geri doniistiiriilmiis agrega) ve
yenilik¢i teknolojiler (MICP, geopolimerler, nano-kil katkilar) gibi
yontemlerin  zemin iyilestirmede basarili ve siirdiiriilebilir
alternatifler olabilecegini gdstermistir. Bu calismalar hem
laboratuvar hem de saha Olgekli deneylerle desteklenmis, ¢evresel
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etkilerin azaltilmasi, dogal kaynak kullaniminin minimize edilmesi
ve ekonomik verimlilik agisindan Snemli avantajlar sunmustur
(Sekil 1.).

BiYOMATERYALLER VE YENILIKGi TEKNOLOJILER iLE ZEMIN iYiLEsTiRME

MALIYET VE KA
KAYNAK vERiMLIuGl
VERIMLILIGI

Biyogar  Biyopolimerler Dogal Lifler

2. ATIK TEMELLI MALZEMELER

' Ugucu Kiil Lastik Geﬂnnnuslumlmus
Kirpintilari

3. YENILIKGi TEKNOLOJILER

YUKSEK ENERJI GEVREVE , T
4 MICP (Mikrobiyal Geopolimerler Nano-kil
MALIYET YOGUN ZARARLI > clme&lélasm‘i) sk pathie
LABORATUVAR DENEYLERINDEN SAHA UVGULAMALARINA TEMEL AVANTAJLAR
& => @"’ = & . . ‘
=1 AZALTILMIS | MiNIMUM DOK‘;AL EK |
LABORATUVAR NUMUNE SAHA UYGULAMALARI = SHEREN KuLLANIm SURDUNULEBILIRLIK

Sekil 1. Biyomateryaller ve Yenilik¢i Teknolojiler ile Zemin Iyilestirme

Biyogeoteknik yaklasimlar, mikroorganizmalarin zemin igi
kimyasal siirecleri yonlendirmesi iizerine kuruludur ve o6zellikle
MICP (Microbially Induced Calcium Carbonate Precipitation)
yontemi ile zeminin ¢imentolanmasini saglar. Bunun yani sira,
biochar ve diger ¢evre dostu katkilar, zemin hidrolik 6zelliklerinin
iyilestirilmesi, oturmalarin azaltilmas1 ve tasima kapasitesinin
artirtlmas1 gibi geleneksel zemin iyilestirme hedeflerini destekler.
Kitapta ele alinan diger ¢alismalar ise sehir ve havza dlgeginde
sirdiiriilebilir su yoOnetimi, siinger sehir (sponge city) ve
stirdiiriilebilir dolgu malzemelerinin kullanimini incelemektedir. Bu
kapsam, yalnizca miithendislik agidan zemin iyilestirmeyi degil, ayni
zamanda cevresel siirdiiriilebilirligi ve kaynak verimliligini de igerir.
Stirdiiriilebilir geoteknik uygulamalar ve yenilik¢i zemin iyilestirme
yontemlerini bir araya getirerek miihendisler, arastirmacilar ve
ogrenciler icin kapsamli bir referans kaynagi sunmay1
amaglamaktadir. Hem laboratuvar deneyleri hem de saha
uygulamalarmi kapsayan arastirmalarin sentezi, gelecekteki
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mithendislik projelerinde ¢evre dostu ve ekonomik c¢oziimlerin
benimsenmesine katki saglayacaktir.

Siirdiiriilebilir Geoteknik Uygulamalar

Abu Yosef ve dig. (2026), bu calismada ucucu kiil (FA),
zeytin pirinast  kiili (OCA) ve =zeolitin, sisen zeminlerin
stabilizasyonunda ¢imentoya alternatif olarak kullaniminin ¢evresel
sirdiiriilebilirligini  yasam dongiisii  degerlendirmesi  (LCA)
yontemiyle incelemistir. ReCiPe 2016 metodolojisini kullanarak
farkli stabilizatorlerin cevresel etkilerini karsilastirmistir. Sonuglara
gore ucucu kiil (FA), ¢cimentoya kiyasla kiiresel 1sinma etkisini %93
oraninda azaltarak en ¢evre dostu segenek olarak belirlenmistir
(Sekil 2.).

kPt

Cement-treated soil FA-treated soil OCA-treated soil  Zeolite-treated soil
o= w9 =200 km distance e=gem Baseline «« <+« Cement production alternative technology

Sekil 2. Sabit tasima mesafesi ve alternatif ¢cimento iiretim teknolojisi kullanilarak
duyarlilik analizi (Abu Yosef've dig. 2026)

Zeytin pirinast  kiiliiniin  (OCA) c¢ogu ¢evresel etki
kategorisinde ¢imentodan daha iyi performans gosterdigini, ancak
ozon incelmesi ve karasal ekotoksisite kategorilerinde daha yiiksek
etkilere sahip oldugunu tespit etmistir. Zeolit ve ¢imento ise genel
cevresel etki agisindan daha yiliksek degerlere ulasmis, o6zellikle
cimento ¢ofu kategoride en olumsuz performansit gostermistir.
Ozellikle ugucu kiil (FA) ve zeytin pirinas1 kiilii (OCA) gibi atik
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malzemelerin, zemin stabilizasyonunda ¢imentoya ¢evresel agidan
stirdiiriilebilir ve faydali alternatifler olabilecegini ortaya koymustur.

Ding ve dig. (2025), bu ¢alismada bor agisindan zengin dogal
bir mineral olan colemanitin, kumlu zeminlerin miihendislik
ozelliklerini iyilestirmek amaciyla strdiiriilebilir bir stabilizator
olarak kullanimim1 arastirmistir. Farkli oranlarda colemanit
karistirllmis kum numuneleri {izerinde laboratuvar deneyleri
gerceklestirmistir. Yapilan testler sonucunda colemanit ilavesinin
zeminin bosluk oranini ve gecirgenligini azalttigi, zemini daha
yogun hale getirdigi belirlenmistir. Ayrica dayanim ve rijitlik
degerlerinin arttig1 tespit edilmistir. Deneysel ¢alismalara ek olarak
sayisal analizler yapmis ve bu analizlerin laboratuvar sonuglarini
destekledigini gdstermistir. Sayisal modellemeler, colemanit
katkisinin zeminin mekanik davranisini iyilestirdigini dogrulamistir.
Sonug olarak, colemanitin ¢imento gibi geleneksel stabilizatorlere
cevre dostu bir alternatif olabilecegini ve geoteknik performansi
artirirken ¢evresel etkiyi azaltabilecegini ortaya koymustur.

Bangalore Ramu ve dig. (2025), bu bibliyometrik calismada
2000-2025 yillart arasinda kum-—lastik karigimlari iizerine yapilan
kiiresel arastirmalar1 analiz etmis, bu malzemelerin zemin
stabilizasyonu, dolgu yapilari, sismik izolasyon ve drenaj icin
sirdiiriilebilir ~ geoteknik ~ malzemeler  olarak  yiikselisini
vurgulamistir. 366 yayma dayanan analizler, 2015 sonrasi
aragtirmalarda belirgin bir artis oldugunu gostermistir; bu, ¢evresel
kaygilarin artmasi ve atik lastiklerin geri doniistiiriilmesine yonelik
cabalar1 yansitmaktadir. Kum-lastik karisimlarinin stirdiirtilebilirlik
ve miihendislik acisindan avantaj sagladigini belirtmis, ancak
sitkisma sorunlari, tane boyutu degiskenligi ve uzun donem
dayaniklilik gibi devam eden zorluklarin da altin1 ¢izmistir. Calisma,
bu karigimlarin dairesel ve ¢evre dostu yapi malzemeleri olarak
potansiyelini tam olarak kullanabilmek i¢in daha fazla genis 6lgekli
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saha calismasi, standartlagtirilmig tasarim uygulamalar1 ve gelismis
sayisal modelleme yapilmas1 gerektigini dnermektedir.

Jastrzgbska (2025), bu calismada diisiik emisyonlu ve
dongiisel ekonomi temelli geoteknik miihendisligi baglaminda zayif
zeminlerin iyilestirilmesinde kullanilan atik kaynakli malzemeler ve
yeni teknolojiler tizerine kapsamli bir inceleme yapmuistir. Bilgilerin
literatiirde daginik olmasi1 nedeniyle, ¢aligma maden atiklari, termal
proseslerden elde edilen atiklar, kullanim Omriinii tamamlamig
lastikler, sentetik lifler gibi kimyasal siireclerden gelen malzemeler
ve ingaat-yikim atiklar1 gibi zemin iyilestirmede ve yol insaatinda
basariyla uygulanmis malzemeler lizerine 6nemli bulgulari bir araya
getirmistir. Ayrica, nano malzemeler, mikrobiyal ve enzim kaynakl
kalsit ¢okelmesi (MICP/EICP) ile lignosiilfonat uygulamalar1 gibi
hizla gelisen yenilik¢i yontemler de vurgulanmustir (Sekil 3.).

ALTERNATIVE MATERIALS IN GEOTECHNICS/GEOENGINEERING ]—]
- l N o 1 N =
\ / \ /

{ . \ \ {
WASTES FROM THERMAL WASTES FROM
RUBBER WASTES
PROCESSES CONSTRUCTION ANL)
RENOVATION WORKS, AND.
ROAD INFRASTRUCTURE

MINING WASTES
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Sekil 3.  Geomiihendislik  uygulamalarinda  kullamilabilecek  alternatif
malzemelerin simiflandirilmast (Jastrzebska 2025)

Pham (2025), bu ¢aligmada iklim degisikliginin artan yagis
degiskenligi, kuraklik ve asir1 sicakliklar baglaminda iklim dayanikl
geoteknik altyap1 tasariminda doymamis zemin mekaniginin (USM)
onemini vurgulamistir. USM, degisen nem kosullar1 altindaki zemin
davranigin1 daha dogru temsil ederek geleneksel doymus zemin
modellerinin sinirlamalarin1 ele almaktadir. Calismada zemin-
atmosfer  etkilesimleri,  hidrolik  histerezis  ve  iklim
projeksiyonlarindaki belirsizlik gibi temel zorluklar ve gelisen
izleme, modelleme ve gilivenilirlik temelli tasarim firsatlar
tartistlmisti.  Emme etkilerini tasima kapasitesi ve stabilite
analizlerine dahil ederek, yagis infiltrasyonunun yamaclar, sig
temeller ve dolgu yapilarindaki zemin dayanimini hizla
azaltabilecegini ve yenilme riskini artirabilecegini gostermistir.

AlNaje ve dig. (2025) bu calismada, zemin iyilestirme
uygulamalarinda kullanilan siirdiiriilebilir ¢imentomsu katkilarin
performansin1 ve gevresel faydalarmi incelemektedir. Geleneksel
zemin stabilizasyon yontemlerinde Portland ¢imentosu veya hidrolik
kire¢ gibi baglayicilar yaygin olarak kullanilsa da, ¢imento
iiretiminin kiiresel CO: emisyonlarinin yaklasik %5’ini olusturmast
nedeniyle arastirmalar ¢evre dostu alternatiflere yonelmistir. Bu
nedenle, ugucu kiil, ¢imento firin tozu, graniile yiliksek firin ciirufu,
piring kabugu kiilii, tas tozu, kereste kiilii, kirik seramik gibi
endiistriyel ve tarimsal atiklarin  puzolanik  6zelliklerinden
yararlanilarak daha ekonomik ve ¢evreye duyarli stabilizasyon
¢oziimleri gelistirilmistir. Incelenen ¢alismalar, bu siirdiiriilebilir
malzemelerin genis dozaj araliklariyla (2-50% aras1) kullanildigini
ve cogu durumda Atterberg limitlerini dislirdiigiini, sisme
potansiyelini azalttigini ve zemin davranigimi daha stabil hale
getirdigini ortaya koymaktadir. Kompaksiyon 6zellikleri (MDD ve
OMC), kullanilan malzeme ve zemin tiiriine bagli olarak farkli
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egilimler gostermis, ancak genel amag¢ zeminin daha flokule bir
yaptya kavugmasini saglamak olmustur. Ayrica, California bearing
ratio (CBR) ve tek eksenli basing dayaniminin siirdiiriilebilir
katkilarla belirgin sekilde iyilestigi gozlemlenmistir; bazi atiklar
(6rnegin yumurta kabugu) tek basina sinirli etki gosterdiginden kireg
ile karistirildiginda daha iyi performans elde edilmistir. Sonug olarak
endiistriyel atik esasli malzemeler—ozellikle CKD, GGBS ve red
mud—diger malzeme tiirlerine kiyasla daha giiclii iyilestirme etkisi
saglamig; ayn1 zamanda diisiik maliyet, cevreye duyarlilik ve
depolama kirliliginin azalmas1 gibi dnemli avantajlar sunmustur. Bu
bulgular, siirdiiriilebilir stabilizatdrlerin hem ekonomik hem g¢evresel
acidan geleneksel ¢imento bazli yontemlere kiyasla giicli
alternatifler oldugunu gostermektedir.

Li ve dig. (2025) bu ¢alismada, 19 yagmur suyu yonetim
modelinin alt1 temel siinger sehir fonksiyonunu (tutma, infiltrasyon,
depolama, kullanim, aritma ve desarj) simiile etme yeteneklerini
degerlendirmis; modellerin hidrolojik performansi genellikle
basarili olsa da karar destek araglarinin ekonomik, sosyal ve ¢evresel
etkileri yeterince kapsamadigini ortaya koymustur. Ayrica modeller,
Cin’e 0zgi standartlar ve iklim kosullar1 i¢in tam uyumlu degildir;
yagmur bahgeleri, sarniglar veya suyun yeniden kullanim yollar
mevcut simiilasyonlara dahil edilmemistir. SCP uygulamalarinin
olast olumsuz etkileri (6r. fosfor artisi, Otrofikasyon, kirletici
birikimi) modeller tarafindan géz ardi edilmektedir. Cin’de model
uygulamalarinin ¢ogu orta ve dogu bolgelerde yogunlasirken;
kuzeyde infiltrasyon, giineyde depolama odakli ¢aligmalar
yapilmaktadir. Bu durum, iklim kusaklarina goére dogru model
seciminin Onemini gostermektedir. Aragtirma sonucunda, siinger
sehir uygulamalarimi tam anlamiyla degerlendirebilecek, sosyal-
ekonomik maliyet—fayda analizlerini igeren, yerel kosullara
uyarlanmig gelistirilmis modellerin gerekliligi vurgulanmistir.
Ayrica hidrolik siireglerin uzun vadeli degisimi, iklim degisimi



etkileri ve suyun yeniden kullaniminin izlenebilir simiilasyonlara
entegre edilmesi, slinger sehir planlamasinda siirdiiriilebilir yonetim
icin kritik gortilmektedir.

Shireen ve dig. (2025) bu calismada, endiistriyel atiklarin —
ozellikle kullanim Omriinii tamamlamis lastiklerin (ELT), komiir
kiilii ve maden atiklarinin— ¢evreyi tehdit eden depolama sorunlari
nedeniyle siirdiiriilebilir bi¢imde degerlendirilmesi konusunu ele
almigtir. ELT’lerin dayanim, esneklik ve dayaniklilik 6zellikleri
sayesinde degerli bir kaynak oldugunu; TDM—kum karigimlarinin
zaylf zemin iizerinde yapilan dolgular, istinat duvarlari, kopri
ayaklar1 ve ¢esitli altyapt elemanlar1 i¢in uygun davranis
sergiledigini gostermistir. Komiir kiliinlin yogun kullaniminin
olusturdugu depolama baskisini ve ¢evresel riskleri incelemis, kiiliin
yol yapimi, blok iiretimi ve dolgu malzemesi olarak kullanimina
yonelik mevcut diizenlemeleri ve uygulamalar1 degerlendirmistir.
TDM ve komiir kiiliiniin geoteknik dolgular ve hafif miihendislik
dolgulart i¢in uygunlugunu inceleyen arastirmalari derlemis ve hafif
yapisal dolgu uygulamalarina yonelik model ¢alismalarini
Ozetlemistir. Elde edilen sonuglarin bu iki atik malzemenin diistik
birim hacim agirliklari, yeterli dayanim ozellikleri ve geleneksel
dolgu malzemelerine alternatif olabilecek davraniglari sayesinde
hafif dolgu, zayif zeminde yiik azaltma ve istinat yapilariin toplam
agirhgin diislirme acgisindan 6nemli avantajlar sundugunu ortaya
koydugunu; o6zellikle lastik kirpintilarinin kum ile birlikte fiber
benzeri bir takviye etkisi olusturdugunu ve biiylik 6lgekli deneylerin
bu malzemelerin miihendislik uygulamalarindaki potansiyelini
dogruladigini gostermistir.

Eze ve dig. (2025) doygun olmayan maden atiklari, matris
emme basinci, su tutma kapasitesi ve sicaklik—nem degisimleri gibi
hidro-mekanik faktorlere bagli olarak karmasik davranislar
sergilemesini ve Ozellikle iklim degisikliginin etkileri altinda
siirdiiriilebilir yonetimi kritik hale gelmesini incelemistir. Ince taneli
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atiklarin su—zemin karakteristik egrileri, diisiik sicaklik ve kiigiik
tane boyutunun emme basincini artirmasi gibi nedenlerle stabilite
degerlendirmesinde belirleyicidir. Kuruma— 1slanma dongiileri
freatik ylizeyin degismesine, statik sivilagsma riskinin artmasina ve
ozellikle ekstrem yagis, yiiksek sicaklik ve donma—¢oziilme
dongiilerinin etkisiyle depolama tesislerinde (TSF) geoteknik
parametrelerin mekansal olarak farklilasmasina yol a¢gmaktadir.
iklim degisikligi kosullarinda artan sicaklik ve kuraklik, tozlasma ile
agir metallerin taginimini hizlandirmakta, yogun yagis ise agir metal
sizintisint  artirarak ¢evresel ve halk sagligi agisindan riskleri
biiylitmektedir; bu durum birgok iilkede yeralti suyu kirliligi,
biyobirikim ve ekosistem bozulmasina yol agan olumsuz drneklerle
belgelenmistir. Bu baglamda MICP gibi biyolojik siirecler su tutma
kapasitesini artirarak erozyonu azaltmakta, sinir kosullarindaki
degisimlere karsi zeminin dayanimini giiclendirmekte ve iklime
bagli degradasyona kars1 direnci artirmaktadir; ayrica iyilestirilmis
kire¢ harci, atiklardaki kursun ve arsenik gibi toksik elementleri
immobilize ederek hem yapisal dayanimi korumakta hem de
cevresel stresi azaltmaktadir. Toprak tiiflinlin ve revejetasyonun
kullanimi, tagima giicilinii artirirken karbon emisyonlarini azaltmakta
ve mikroorganizmalar araciligiyla biyoremediasyonu
desteklemektedir. Atiklarin yeniden islenmesi ve deger kazanimi,
stirdiiriilebilir kaynak yonetiminin temel bilesenlerinden biri olarak
tamimlanmakta ve geoteknik performans ile ¢evresel koruma
arasinda denge kurmaktadir. Bununla birlikte diinya genelinde
yasanan Fundao, Brumadinho, Mount Polley ve Karamken gibi TSF
cokiisleri, maden atig1 yonetiminin yalnizca miithendislik degil ayn
zamanda sosyal ve ¢evresel bir problem oldugunu gostermektedir.
Iklim-adaptif teknolojiler—MICP, ¢ok katmanli &rtii sistemleri,
UAV tabanli izleme, SEEP/W ve PLAXIS gibi gelismis modelleme
araclari—tasarim ve isletmede karar destek sistemlerini
giiclendirmekte olsa da ozellikle kiiresel gilineyde erisilebilirlik

sorunu ve uygulama bosluklari devam etmektedir. Bu nedenle
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stirdiiriilebilir ve iklim direngli maden atig1 yonetimi i¢in doygun
olmayan zemin mekanigi, iklim modellemesi, ekolojik restorasyon
ve gercek zamanli izleme teknolojilerinin entegre edildigi,
disiplinler arasi ve paydas katilimlhi bir yaklasimin gelistirilmesi
zorunludur.

Macias-Parraga ve dig. (2025), genisleme potansiyeli yiiksek
(expansive) kil zeminlerin hacim degisimi nedeniyle diinya
genelinde ciddi altyapr sorunlarina yol a¢tigmmi vurgulamakta ve
ozellikle Ekvador kiyr bolgesi i¢in yenilikg¢i/siirdiiriilebilir zemin
iyilestirme tekniklerini degerlendirmektedir. Genisleyen kil
mineralleri (montmorillonit, illit, vermikiilit) su ile sisme egiliminde
olup binalar, yollar ve temel altyapilarda biiyiik hasarlara yol
acmaktadir. Cimento ve kire¢ gibi geleneksel stabilizasyon
malzemeleri ¢evresel etkileri nedeniyle siirdiirtilebilirlik agisindan
elestirilmekte, bu nedenle tarimsal ve endiistriyel atiklar ile
gelistirilen alternatif yontemler 6n plana ¢ikmaktadir. Makale,
literatlir taramasin1 dort ana kategoriye ayirmaktadir: kimyasal,
fiziksel-mekanik, termal ve siirdiiriilebilir/atik esasli stabilizasyon
teknikleri. Bu tekniklerle yapilan c¢alismalarda, ugucu kiil, piring
kabugu kiilii, seker kamis1 posasi, EPS, plastik, nanomalzemeler ve
kauguk gibi bircok alternatif malzeme ile sisme azalmasi, dayanim
artist (UCS, CBR) ve hacim degisiminin kontrolii saglandigi
raporlanmistir. Ancak uzun vadeli dayanim, g¢evresel etkiler ve
standart eksikligi gibi konular heniiz ¢dziilememistir. Sonuglar,
Ekvador kiyr bolgesinin mineralojik yapisinin (yliksek oranda
kaolinit, diisiik montmorillonit ve diisiik CaO igerigi) geleneksel
stabilizasyon yontemlerine duyarliligini siirladiginm
gostermektedir. Bu nedenle piring kabugu kiilii, seker kamisi posast,
jiit lifi, muz lifi, bambu yaprak kiilii gibi yerel ve siirdiiriilebilir
malzemeler daha etkili ve wuygun goriilmektedir. Alternatif
malzemelerle elde edilen UCS ve CBR degerlerindeki artis (2.3 kata
kadar UCS, 1.9 kata kadar CBR) yontemlerin teknik acidan
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uygulanabilir oldugunu gostermektedir. Ancak bazi tekniklerin
yaygin uygulamasina gecilmesi i¢in uzun donem performans testleri,
daha fazla mekanik veri ve saha denemeleri gerekmektedir.

Al Khazaleh ve dig. (2024), alt1 farkli zemin tiirii tizerinde
nano-kilin; dayanim, gecirgenlik, oturma davranisi ve 1slanma—
kuruma dongiileri altindaki performans iizerindeki etkilerini
deneysel olarak incelemistir. Calismada optimum nano-kil oraninin
zemin tlirline bagli olarak %0,2 ile %0,4 arasinda degistigi
belirlenmistir. Tim 1iyilestirilmis zeminlerde tek eksenli basing
dayanimi (UCS) ve California Tasima Oran1 (CBR) degerlerinde
onemli artiglar gézlemlemistir. Bu artisin, nano-kilin CSH (kalsiyum
silikat hidrat) jelleri olusturarak zemin tanelerini daha siki
baglamasindan kaynaklandigi ifade edilmistir. Ayrica gegirgenlik ve
oturma miktarinda belirgin azalmalar tespit edilmistir. Sonug olarak,
amorf nano-kilin zayif zeminlerin siirdiiriilebilir  sekilde
iyilestirilmesinde etkili ve genis uygulama potansiyeline sahip bir
stabilizator oldugunu ortaya koymustur.

Bhagatkar ve Lamba (2024) bu ¢alismada, giiniimiizde hizla
gelisen altyap1 ihtiyaclarinin bir sonucu olarak zemin iyilestirme
tekniklerinde ortaya ¢ikan yeniliklere odaklanmakta ve geleneksel
yontemlerin  smirliliklart  nedeniyle  siirdiiriilebilir,  yiiksek
performansli alternatiflere duyulan ihtiyaci ortaya koymaktadir.
Geleneksel stabilizasyon yontemleri olan ¢imento, kire¢ ve ugucu
kiil uygulamalar1 zemin dayanimini, hacim stabilitesini ve tasima
kapasitesini artirsa da yiiksek karbon salimi, ¢evresel etkiler ve
organik igerikli, tuzlu veya ekstrem iklim kosullarina sahip
zeminlerde yetersiz performans gostermektedir. Bu nedenle
endiistriyel yan iirlinler (ciiruf, ugucu kiil), nanomalzemeler (nano-
silika, nano-kil, nano-bentonit) ve biyolojik yontemler (MICP gibi
mikroorganizmalarin kalsiyum karbonat ¢okelterek zemin matrisini
giiclendirmesi) modern siirdiiriilebilir ¢oziimler olarak 6ne ¢ikmustir.
Zemin dayanimini molekiiler Olcekten etkileyebilen
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nanomateryallerin 6zellikle UCS (tek eksenli basing dayanimi)
iizerinde 2.3 kata kadar artis sagladigi, MICP uygulamalarinin
kayma dayanimini yaklasik %12 artirdigi ve permeabiliteyi
diisiirdiigii vurgulanmistir. Biopolimerler—ozellikle sodyum aljinat,
jelatin, ksantan gum ve guar gum—c¢okebilir zeminlerde %95’e
varan iyilesme saglamasi, ¢evre dostu yapis1 ve diisiik toksisite
nedeniyle siirdiiriilebilir stabilizatorler olarak dnemli bir potansiyel
sunmaktadir. Ek olarak, zemin giliglendirme yOntemlerinden
geosentetikler, geotekstiller, geogridler, tas kolonlar, vibro-
kompaksiyon ve soil nailing tekniklerinin karmagik zemin
kosullarinda etkili oldugu ancak dogru tasarim ve uygulama
gerektirdigi  aciklanmaktadir.  Grouting teknolojilerinde  de
gelismeler yasanmis, mikro ince c¢imentolar ve genisleyici
malzemeler kullanilarak bosluk doldurma, su kontrolii ve sivilasma
azaltma hedeflerinde daha etkin ¢oziimler gelistirilmistir. Analizler,
stirdiiriilebilir ¢gimentomsu malzemelerin CO: emisyonlarint %50’e
kadar distiriirken geleneksel stabilizatorlerle benzer performans
sundugunu; nanomalzemeler, biopolimerler ve MICP gibi
biyoteknolojik yaklasimlarin hem dayanim hem cevresel kalite
acisindan modern jeoteknik miihendisliginde giiclii alternatifler
oldugunu gostermektedir. Ozellikle kritik altyap:t projelerinde,
yiiksek dayanim, uzun servis omrii ve cevresel siirdiiriilebilirligi
birlikte saglayabilen bu tekniklerin miihendislik geleceginde daha
genis uygulama alani bulacagi sonucuna varilmstir.

Sarma ve Dey (2024), bu c¢alismada stabilize edilmemis
yollarin tasariminmi gelistirmis, geleneksel 2B yontemlerin arag
yikleri ve olusan deformasyonun gercek 3B etkilerini goz ardi
ettigini vurgulamistir. Sonugclar, geotekstilsiz stabilize edilmemis
yollarin tekrar eden trafik altinda ciddi ¢okiintiiler olusturdugunu
gostermistir. Agregat-alt zemin ara ylizeyine geotekstil katmani
eklenmesi, alt zemine binen gerilmeyi Onemli 6l¢iide azaltmus,
coklintiileri minimize etmis ve uzun vadeli performansi artirmigtir.
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Calisma, geotekstil takviyesinin stabilize edilmemis yollarin
dayanikliligim1  ve gilivenilirligini  artirmak ig¢in pratik ve
stirdiiriilebilir bir yontem oldugunu ortaya koymaktadir.

Dienta ve Bagriagcik (2024), bu c¢alismada dokumasiz
geotekstillerin, yol ve otoyol insaatlarinda alt zeminlerin tasima
kapasitesini artirmak i¢in maliyet etkin bir zemin stabilizasyon
yontemi olarak kullanimini arastirmigtir. Mali’deki Missabougou ve
Tiirkiye’deki Saricam bolgelerinden alinan iki farkli zemin tizerinde
kapsamli laboratuvar deneyleri gergeklestirilmis; sikistirma testleri
ve California tasima orani (CBR) ol¢limleri yapilmigtir. Toplam 48
adet nemsiz CBR testi, geotekstiller farkli derinliklerde ve degisik
katmanlama konfigiirasyonlarinda yerlestirilerek uygulanmistir.
Sonuglar, CBR degerlerinde belirgin artiglar gostermistir:
Missabougou zemini i¢in CBR 12’den 76’ya, Sarigam zemini icin
45’ten 75’e yiikselmistir. Bulgular, stratejik olarak yerlestirilen
dokumasiz geotekstillerin alt zemini 6nemli 6l¢iide gli¢lendirdigini
ve yol performansini artirmak, altyapmnin Omriinii uzatmak ig¢in
pratik ve dayanikli bir ¢6ziim sundugunu ortaya koymaktadir.

Balreddy ve dig. (2024), bu ¢alismada silty kumlu zeminlerin
rastgele karistirllmig, alkali islem gormiis areca lifleri ile
tyilestirilmesini stirdiiriilebilir bir stabilizasyon yontemi olarak
incelemistir. Calismada lif igerikleri %0’dan %0,8’e¢ kadar
degistirilmis ve sikistirma, California tagima oram1 (CBR), tek
eksenli basing dayanimi (UCS) ve {i¢ eksenli testler uygulanmistir.
Lif igerigi arttikga zemin daha fazla nem gerektirmis, daha hafif hale
gelmis ve genel dayanimi artmigtir. En iyi sonuglar %0,6 lif
iceriginde elde edilmistir; bu karisim en ytliksek dayanimi saglamis
ve IITPAVE analizine gore 2 milyon standart aksin altinda trafik
goren diigiik hacimli yol alt yapilart i¢in uygun bulunmustur.
Calisma, areca lifinin yerel zeminleri giiglendirmek ve yol
kaplamalarinin dayanikliligini artirmak igin etkili ve ¢evre dostu bir
secenek oldugunu gostermektedir.
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Kasehchi ve dig. (2024), bu calismada seramik atik tozu
(CWP) esasli bir geopolymer ile zayif silty kumlu zeminlerin
stabilize edilebilme potansiyelini arastirmistir. Seramik atik tozu ile
sodyum hidroksit ¢ozeltisi karistirilarak olusturulan geopolymer
stabilizasyonu, dogal zemine ve %5 ¢imento katkili zemine kiyasla
zeminin dayaniminit ve deformasyon kapasitesini dnemli Olciide
artirmigtir. Optimal karisim olarak %15 CWP ve 6 M NaOH
kullanildiginda 28 giin kiirlenmis numunelerde dayanim 0,080
MPa’dan 2,22 MPa’ya yiikselmis, rijitlik ve esneklik de artmistir.
Ayrica, daha yiiksek kiirleme sicakliklari (70 °C) dayanimi daha da
artirmigtir. Mikroskopik analizler (SEM-EDX) giiclii baglayici
jellerin  olustugunu gostermistir. Bu sonuglar, CWP esash
geopolymerlerin ucuz, etkili ve ¢evre dostu bir zemin stabilizasyon
yontemi oldugunu ve atik malzemelerin siirdiiriilebilir yapimda
yeniden kullanilmasina imkan sagladigini ortaya koymaktadir.

Reddy ve dig. (2024), bu ¢calismada alkali-aktif malzemelerin
zeminleri siirdiirtilebilir bir sekilde giiclendirmek i¢in kullanimini
incelemistir; bu sayede dolgu, sev, istinat duvari ve tagkin koruma
sistemleri gibi yapilarin deprem ve sel gibi asir1 olaylara karsi
dayaniklilig1 artirilabilir. Sanayi atiklar1 olan ugucu kiil ve kirmizi
camur, alkali c¢ozeltilerle aktive edildiginde zemin performansini
onemli Ol¢iide artirmaktadir. Calisma, alkali aktivasyonun nasil
calistigini, farkli baglayicilar ve aktive edicilerin rollerini ve
bunlarin zemin dayanimi ve dayanikliligi {izerindeki etkilerini
aciklamaktadir. Arastirmalar, alkali-aktif zeminlerin ¢ok daha
yiiksek dayanim kazandigini ve oOzellikle tekrar eden 1slanma
kosullarinda zaman i¢inde daha iyi performans gosterdigini ortaya
koymustur. Calisma ayrica siirdiiriilebilirlik ve dayanikliligi 6lgmek
i¢in bir ¢erceve sunmaktadir.

Kumar ve Kumari (2023) bu ¢alismada, diizenli depolama
sahalarinda kullanilan taban sizdirmazlik sistemlerinin tasariminda
gerekli malzeme Ozelliklerini ve siirdiiriilebilir, diisiik geg¢irgenlik
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saglanabilecek c¢esitli malzeme alternatiflerini incelemektedir.
Gelismis iilkelerde atik depolama alanlari, c¢evreyi korumak
amaciyla belirli yonetmeliklere gore tasarlanip isletilir ve bu siiregte
en kritik bilesenlerden biri, sizint1 suyunun alt zemine gegmesini
engelleyen taban liner sistemidir. Uygun bir taban liner
malzemesinin sisme davranisi, dayanimi ve hidrolik iletkenlik gibi
belirli miihendislik 6zelliklere sahip olmas1 gerekir; ideal olarak bu
gecirgenlik degeri 10~° m/s’nin altinda olmalidir. Uygun 6zellikte
dogal zemin bulunamadiginda, yerel topraklara bentonit gibi diisiik
gecirgenlik saglayan katkilar eklenerek iyilestirilmis karigimlar elde
edilebilmektedir. Literatiirde kil, geosentetik kil Ortiileri,
geomembranlar, geotekstil ve gesitli endiistriyel atik katkilar1 gibi
farkli malzemelerin hidrolik ve mekanik davranislar1 detayli olarak
arastiritlmistir. Bulgular, montmorillonit orani yiiksek kil ve uygun
geosentetik yogunlugunun diisiik gegirgenlik ve kendini iyilestirme
ozelliklerini artirdigin1 gostermektedir. Tuz ¢ozeltisi etkisi, kilin
plastisite 6zelligine bagl olarak gecirgenlik davranisinda degisiklik
yaratirken, biochar— bentonit—kum karigimlarinin diisiik gecirgenlik
saglayarak liner malzemesi olarak uygun oldugunu ortaya
koymustur. Biochar ilavesiyle zeminlerin kuru yogunlugu artarken
optimum su muhtevasi azalmakta; biochar orani ve partikiil boyutu,
zemin dayanimi ve sikigabilirlik {izerinde belirgin etki
gostermektedir. Bentonit miktarinin artmasiyla hidrolik iletkenlik
logaritmik olarak azalmakta ve sisme potansiyeli ylikselmektedir.

Shahid (2022) bu calismada, geoteknik miihendislerinin
zemin dayaniminin artirilmasi, su akisinin kontrol edilmesi, hidrolik
iletkenligin diizenlenmesi, dayanikliligin iyilestirilmesi ve sivilasma
riskinin azaltilmasi gibi miihendislik problemlerine ¢6ziim {iretme
gerekliligini ele almistir. Calismada, geleneksel yontemlerin
maliyetli, enerji yogun ve c¢evreye zararli olmasi nedeniyle
sirdiiriilebilir ~ ¢oziimlere ihtiya¢c duyuldugu vurgulanmistir.
Biyomateryallerin  (biyokomiir, biyopolimerler, dogal lifler)
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kullanim1 ve bitkilendirme gibi ekolojik yaklagimlarin sev ve dolgu
stabilitesini artirmada avantaj sagladigi belirtilmistir. Biyogeo-
miihendislik ad1 verilen yeni alanin, mikroorganizmalarin zemin igi
kimyasal siireclerini yonlendirmesini temel aldigimi ve o6zellikle
iireoliz yoluyla mikroorganizmalarin kalsiyum karbonat ¢okelterek
zemini ¢imentoladigt MICP (Microbially Induced Calcium
Carbonate Precipitation) yonteminin son yillarda yogun sekilde
arastirlldigini  gostermistir. Calismada, MICP siirecinin {iniform
gerceklesmemesi, yan tirlinlerin ¢evresel etkileri ve biiyiik 6lgekli
uygulamalarda maliyetin yiliksek olmasi gibi engellerin hala
coziilmesi gerektigi vurgulanmistir. Denitrifikasyon yoluyla yapilan
MICP’nin ¢evresel yan iriinleri azalttigi, ancak siirecin yavas
ilerledigi icin genis Olgekli kullanimda sinirl kaldigi belirtilmistir.

Vieira (2022) bu makalede, geoteknik miihendisliginin
stirdiiriilebilirlik agisindan kritik roliinii vurgulamistir. Makale,
azalan yenilenemez dogal kaynaklar ve artan atik miktar1 nedeniyle
cevre dostu malzemelerin geoteknik uygulamalarda kullaniminin
Onemini tartigmaktadir. Cevre dostu malzemeler hem kaynak
tilketimini azaltmakta hem de atiklarin yeniden degerlendirilmesini
saglamaktadir. Brundtland Raporu’nun siirdiiriilebilirlik ilkelerine
dikkat cekerek, ingaat sektoriiniin yiliksek enerji tliketimi, yogun
dogal kaynak kullanim1 ve biiylik miktarda atik iiretimi nedeniyle
sorumluluk almasi gerektigini vurgulamistir. Makale, geoteknik
mithendislerinin ¢evreci, kaynak verimli ve diisikk karbonlu
cozlimler gelistirmeye yoOnelmesinin Onemini belirtmis ve 6zel
sayinin konu haline getirerek siirdiiriilebilirlik caligmalar1 igin
devam edecegini vurgulamstir.

Liu ve dig. (2022), bu ¢alismada biyokomiir ile iyilestirilmis
zeminlerin dolgu yapilarinda potansiyel hafif malzeme olarak
kullanilabilirligini arastirmistir. Biyokomdiiriin toprakta su ve besin
tutma kapasitesini artirdig1 bilinse de tasima kapasitesi lizerine etkisi
yeterince anlagilmamistir. Calismada silty kum ve saf kum zeminleri
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%35, %10 ve %15 biyokOmiir ile karistirilarak test edilmistir.
Sonuglar, biyokomiir eklenmesinin zemini hafiflettigini, ancak
kesme dayanimi ve yiik tagima kapasitesini nemli dl¢iide artirdigini
gostermistir.  Ayrica, biyokOmiir uygulamasi bitki biiylimesini
destekleyerek dolgu yamagclarinda erozyonun azalmasina katki
saglamigtir.

Sun ve dig. (2021), bu ¢alismada biyokdmiir uygulamalarinin
zemin agregat stabilitesi ve karbon tutumu iizerindeki uzun dénem
etkilerini incelemistir. Arastirmada biyokomiir, toprak organik
karbonu (SOC), mikrobiyal biyokiitle karbonu (MBC) ve glomalin
benzeri toprak proteinleri (GRSP) degerlerini artirarak zemin
agregat  stabilitesini  yiikseltmistir. Cogu toprak agregat
fraksiyonunda biyokdmiir igerigi uygulama dozuna bagli olarak
artmistir. Biyokomiir ayrica toprak pH, elektriksel iletkenlik (EC) ve
katyon degisim kapasitesini (CEC) artirmistir. BC3 ile islenen
orneklerde, toprak agregat stabilitesi azalmig, ancak biyolojik
baglayicilar artmistir. Calismada kullanilan yapisal esitlik modeli
biyokdmiiriin ~ etki ~ mekanizmasim1  gOstermistir,  ancak
mekanizmalarin tam olarak anlasilmasi i¢in daha fazla arastirmaya
ithtiya¢ duyulmaktadir.

Pouladi ve dig. (2021), bu calismada “siinger sehir”
yaklasimimi sehir Ol¢e§inin Otesine tasiyarak biitlin bir havza
6lceginde su yonetimi ve direng modellemesi 6nermistir. Calismada,
su direncini degerlendirmek i¢in 20 gdstergeden olusan disiplinler
aras1 bir model gelistirilmis; ekolojik altyapi, su kalitesi, tagkin
yonetimi, su geri kazanimi ve sosyal dayaniklilik gibi unsurlar
dikkate alinmistir. Alt1 pilot sehir iizerinde yapilan incelemeler, yesil
altyapr unsurlarinin  (yesil ¢ati, gecirgen ylizey vb.) taskin
azaltiminda etkili oldugunu; ancak havza Ol¢eginde planlama
yapilmadiginda sehir i¢i ¢oziimlerin sinirli kaldigini gostermistir.
Ayrica, su dongiisiiniin tiim parcalarinin biitlinlesik yonetilmesi
gerektigi vurgulanmigtir.
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Hussain ve dig. (2021), bu c¢alismada mezquite agacindan
iiretilen biyokomiiriin kil igeren kum zeminlerinin sikigma ve kesme
dayanimi tlizerindeki etkilerini incelemistir. Calismada zemine %5,
%10 ve %15 biyokdmir eklenmis ve testler gerceklestirilmistir.
Sonuglar, biyokomiir eklemenin zemini daha hafif hale getirdigini
(diistik kuru yogunluk), ancak kesme dayanimini artirdigini (ytiksek
kohezyon ve siirtiinme agis1) gostermistir. Bununla birlikte, drenajsiz
dayanim, zeminin sikisma diizeyine bagli olarak artabilir veya
azalabilir. Yiiksek sikismada dayanim diigmiis, muhtemelen fazladan
suyun bir yaglayict gibi davranmasindan kaynaklanmistir. Daha
diisiik sikismada ise dayanim artmistir.

Pouladi ve dig. (2021), bu calismada “slinger sehir”
yaklasgimini sehir Ol¢e§inin Otesine tasiyarak biitlin bir havza
Olceginde su yonetimi ve direng modellemesi onermistir. Calismada,
su direncini degerlendirmek i¢in 20 gdstergeden olusan disiplinler
aras1 bir model gelistirilmis; ekolojik altyapi, su kalitesi, tagkin
yonetimi, su geri kazanimi ve sosyal dayaniklilik gibi unsurlar
dikkate alinmigtir. Alt1 pilot sehir lizerinde yapilan incelemeler, yesil
altyapt unsurlarmin (yesil cati, gegirgen ylizey vb.) taskin
azaltiminda etkili oldugunu; ancak havza Ol¢e§inde planlama
yapilmadiginda sehir i¢i ¢oziimlerin sinirli kaldigini gostermistir.
Ayrica, su dongiisiiniin tiim parcalarinin biitlinlesik yonetilmesi
gerektigi vurgulanmistir.

Razzaghi ve dig. (2020), bu ¢alismada biyokdmiiriin zemin
ozellikleri tizerindeki etkilerini incelemek icin ¢ok sayida deneyi
analiz etmistir. Sonuglar, biyokOmiiriin zemini daha az yogun hale
getirdigini ve su tutma kapasitesini artirdigini gostermistir; bu etki
ozellikle kumlu (ir1 taneli) topraklarda belirgindir. Orta dokulu
topraklarda hafif bir iyilesme gozlenmis, kil iceren (ince taneli)
topraklarda ise degisim ¢ok az olmustur. Biyokomiir, bitkiler i¢in
kullanilabilir su miktarin1 en ¢ok kumlu topraklarda artirmistir.
Aragtirmacilar ayrica farkli biyokomiir ¢alismalarint daha adil bir
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sekilde karsilagtirmak icin yeni bir 6l¢iit gelistirmistir. Biyokomiiriin
su tutma tiizerindeki etkilerini tam olarak anlamak i¢in zemin ve
biyokomiirle ilgili bilgilerin daha iyi raporlanmasi gerektigini
vurgulamaktadir (Sekil 4.).
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Sekil 4. Biyokomiir ve zemin ozelliklerine iligkin incelenen makalelerde sunulan
bilgilerin genel ozeti(Razzaghi ve dig. 2020)

Zukri ve Nazir (2018) bu calismada, yumusak zeminlerin
iyilestirilmesinde yaygin olarak kullanilan tas kolon yodntemini
incelemis ve Ozellikle kolon dolgu malzemelerinin seg¢imi,
performansi ile alternatif malzemelerin siirdiiriilebilirlik agisindan
potansiyelini degerlendirmistir. Caligmada, tas kolonlarin 20—75 mm
boyutlarinda tas, cakil veya kum gibi graniiler malzemelerin dikey
cukurlara sikistirilmasiyla olusturuldugu; zemin tasima giiciini
artirmak, oturmalar1 azaltmak ve zayif zeminleri iyilestirmek igin
kullanildig1 vurgulanmistir. Dolgu malzemesinin dayanimi ve ¢evre
zeminin kisitlama basinci, kolon kapasitesini belirleyen ana
parametreler olarak ele alinmistir. Yapilan arastirmalarin pek ¢ok
alternatif malzemenin —ugucu kiil, komiir taban kild, geri
dontistiiriilmiis agrega, lastik kirpintilari, polipropilen kiriklari, PFA,
silikomanganez ciirufu, tas tozu, kirectasi, kum vb.— tas kolon
dolgusu olarak kullanilabilecegini gosterdigini belirtmistir. Bu
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malzemeler laboratuvar deneyleri ve sayisal analizlerle olumlu
performans gostermis ve hem ekonomik hem c¢evresel faydalar
saglamigtir. Bulgularin sahada tam oOl¢ekli uygulamalarla
dogrulanmasi gerektigini vurgulamis ve ezilmis atik cam ile hafif
genlestirilmis kil agregast (LECA) gibi potansiyel dolgu
malzemeleri lizerinde aragtirmalar yapilmasinin énemini dnermistir.
Sonu¢ olarak, alternatif ve geri donistiiriilmiis malzemelerin
kullanim1 tas kolon teknolojisini daha siirdiiriilebilir hale
getirebilmektedir.

Rahardjo ve dig. (2016) bu calismada, iklim degisikliginin
artan siddetli yagis olaylar1 nedeniyle Singapur’da sev stabilitesinin
nasil etkilendigini incelemektedir. Literatiir, diinya genelinde—
ozellikle tropikal bolgelerde—asir1 yagislarin giderek arttigini ve bu
durumun yagis kaynakli sev géecmelerinde 6nemli rol oynadiginm
gostermektedir. Calismada Gumbel dagilimi kullanilarak 6 farkl
yagis stiresi (10-30 dakika, 1-2-24 saat) ve 6 farkli geri doniis
periyodu (2—100 y1l) icin yeni IDF (Intensity-Duration-Frequency)
egrileri gelistirilmistir. Elde edilen yeni IDF egrileri, sizma ve sev
stabilite analizlerinde kullanilmistir. Sonuglar, yeni IDF egrilerinden
elde edilen yagis siddetleriyle analiz edilen sevlerin giivenlik
katsayisinin eski IDF egrilerine gore daha diisiikk ciktigini
gostermistir. Bu da gelecekteki olasi yagislarin mevcut tasarim
kriterlerinden daha tehlikeli olabilecegini ortaya koymaktadir.
Calismanin smurlilignt tek tip zemin Tlizerinden degerlendirme
yapilmis olmasidir; bu nedenle farkli zemin tiirleri i¢in analizlerin
genisletilmesi 6nerilmektedir.

Basu ve dig. (2015) bu c¢alismada, sirdiirilebilirlik
kavraminin jeoteknik miihendisligiyle olan iliskisini sistematik
bicimde ele almakta ve siirdiiriilebilirligin kiiresel 6l¢ekte birbirine
bagl sosyal, g¢evresel, ekonomik ve miihendislik sistemlerinin
dengesi ile dogrudan iliskili oldugunu vurgulamaktadir.
Stirdiirtilebilirlik, bir sistemde arzin talebi karsilamasi {izerine
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kuruludur ve zaman boyutu bu iligkinin en kritik determinanidir.
Insanligin yasanmim siirdiirdiigii tiim miihendislik sistemleri dogal
kaynaklar1 tiiketirken es zamanli olarak atik ve emisyon iiretir;
dolayisiyla  miihendislik  {riinlerinin ~ ekonomik, dayanikli,
fonksiyonel ve g¢evresel acidan sorumlu olmasi siirdiiriilebilirligin
temel dayanaklarindandir. Insaat sektérii diinya enerji tiiketiminin
yaklasik %40’mi1 olusturmakta, dogal agrega kaynaklarini hizla
tiketmekte ve iklim degisimi, erozyon, arazi bozulmasi,
ormansizlasma gibi c¢evresel sorunlara Onemli diizeyde katki
saglamaktadir. Jeoteknik projeler yalnizca araziyi fiziksel olarak
degistirmekle kalmayip toplumsal, cevresel ve ekonomik dengeleri
uzun vadede etkileyen kalict dontigiimler yaratmaktadir. Bu nedenle
stirdiiriilebilir jeoteknik siireglerin gelistirilmesi hem kaynak
kullannminin azaltilmast hem de altyap1 giivenliginin artirilmasi
acisindan kritik 6nem tasimaktadir. Sonug olarak calisma, jeoteknik
miihendisliginde  siirdiiriilebilirligin ~ saglanmasimnin  yalnizca
malzeme se¢imiyle simirli olmadigini, ayni zamanda sosyal,
ekonomik, ¢evresel etkilerin yani sira giivenilirlik ve dayaniklilik
bilesenlerinin biitlinciil bir sistem yaklagimiyla ele alinmasini
gerektirdigini vurgulamaktadir.

Sonuc¢

Bu boliimde incelenen g¢alismalar, siirdiiriilebilir geoteknik
uygulamalarin ve yenilik¢i zemin iyilestirme tekniklerinin zemin
mithendisliginde giderek daha merkezi bir rol istlendigini
gostermektedir.  Arastirmalar, biyomateryaller, atik temelli
malzemeler, geopolimerler ve mikroorganizma tabanli ¢oziimlerin
hem c¢evresel etkileri azaltarak hem de miihendislik performansini
artirarak geleneksel yontemlere giiclii alternatifler sundugunu ortaya
koymustur. Biyogeoteknik yaklasimlar, 6zellikle MICP ve diger
siregler sayesinde, zemin dayanimini artirmak ve tasima
kapasitesini iyilestirmek i¢in etkili bir yontem olarak dogrulanmustir.
Biochar, nano-kil ve dogal lif katkilar1 gibi ekolojik malzemeler,
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hidrolik 6zelliklerin iyilestirilmesi, oturmalarin azaltilmasi ve zemin
rijitliginin artirllmasinda 6nemli avantajlar saglamaktadir.

Atik malzemelerin geoteknik uygulamalarda kullanimi,
yalnizca g¢evresel siirdiiriilebilirligi desteklemekle kalmayip, aym
zamanda ekonomik verimliligi artirmakta ve dogal kaynaklarin
kullanimini azaltmaktadir. Lastik kirpintilari, ugucu kiil, komiir kiili
ve diger geri doniistiiriilmiis malzemeler, hafif dolgu, tas kolon
dolgusu ve istinat yapilart gibi bircok miihendislik uygulamasinda
basarili performans gostermistir. Ayrica, sehir ve havza Ol¢eginde
stirdiiriilebilir su yonetimi yaklagimlari, siinger sehir modelleri ile
entegre edilerek, su direncini artirmak ve taskin riskini azaltmak
acisindan kritik bir ¢ergeve sunmaktadir.

Sonug olarak, stirdiiriilebilir geoteknik ve yenilik¢i zemin
tyilestirme yontemleri, c¢evresel sorumluluk ve miihendislik
performansin1 bir araya getirerek gelecegin altyapr projeleri igin
vazgecilmez bir temel olusturmaktadir. Geoteknik miihendislerinin,
biyoloji, kimya ve ¢evre bilimleri ile disiplinler arasi bilgiye sahip
olmasi, bu ¢ozlimlerin saha uygulamalarina etkin bir sekilde
aktarilmasini saglayacak ve siirdiiriilebilir bir miihendislik pratigini
destekleyecektir.
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BOLUM 3

SEISMIC PERFORMANCE ASSESSMENT USING
FRAGILITY ANALYSIS OF OLD, MODERN, AND
RETROFITTED RC BUILDINGS

M Nadir Olabi’

Introduction

Earthquakes represent one of the most devastating natural
hazards, with the potential to cause widespread structural damage
and significant loss of life. Reinforced concrete (RC) buildings,
which constitute a large percentage of the existing housing stock
found worldwide in general and especially in Tiirkiye, exhibit
varying levels of seismic performance depending heavily on their
period of construction following the design standards in that time.
The seismic vulnerability of this existing buildings is a critical
concern for engineers and policymakers, particularly since many
structures were built before the implementation of modern seismic
design codes (Aydogdu et al., 2023; Bilgin et al., 2025; Oz & Omur,
2025). These older, pre-code structures are based on a design
philosophy that essentially uses gravity loads only without
accounting for lateral seismic forces (Rubini et al.,, 2025).
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Consequently, this segment of the building stock is the most
vulnerable due to inadequate detailing and the use of materials with
limited ductile qualities. Common problems include the
incorporation of low-strength concrete and smooth reinforcing bars,
which lack the necessary bond strength for reliable RC elements.
Furthermore, pre-code detailing often featured inadequate shear
capacity in columns due to wide spaced and insufficiently anchored
(900) transverse ties, leading to brittle failure modes (Caglar et al.,
2023; Demir et al., 2024; Manfredi, 2025).

The seismic performance between older and newer code
compliant construction is vastly divergent, which highlights the
urgent necessity for effective retrofitting strategies to enhance
structural resilience. Given the steep costs associated with
demolishing and replacing existing structures, seismic retrofitting
offers a proven and sometimes more economical and feasible path
toward risk mitigation (Gkournelos et al., 2021; Aprile & Monti,
2022; Zhang et al., 2024). Columns are typically the most critical
elements targeted for rehabilitation, as they are essential for
transferring loads and dissipating seismic energy. Among various
columns retrofitting techniques, RC jacketing is considered one of
the most practical approaches for strengthening existing RC
structures due to its efficiency and cost-effectiveness (Raza et al.,
2019). As known, RC jacketing works by casting a new layer of
concrete with new longitudinal and transverse reinforcement around
the original column. While this process achieves an increase to the
cross-sectional area, it provides additional confinement to the
concrete core. The result is a significant enhancement to both
flexural and shear capacity, alongside an improvement in the overall
ductility of the retrofitted member. Studies have consistently
demonstrated that this approach substantially enhances the member's
load-bearing capacity and effectively delays the formation of plastic
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hinges under seismic loading (Ersoy et al., 1993; Vandoros &
Dritsos, 2008; Campione et al., 2014; Caglar et al., 2019).

A robust, quantitative framework is required to assess and
compare the performance improvements achieved by retrofitting.
Fragility analysis has been developed as a powerful, probabilistic
tool for quantifying seismic risk. A fragility curve provides a
graphical representation of the predicted probability of a structure
exceeding a specific damage state for a given level of ground shaking
intensity. Modern fragility analysis largely relies on numerical
simulations due to the limited availability of comprehensive seismic
damage data. Moreover, the Incremental Dynamic Analysis (IDA) is
a key analytical method employed in performance-based earthquake
engineering for evaluating structural response and predicting
damage. IDA involves performing a series of nonlinear dynamic
analyses on a structural model using earthquake records scaled to
increasing intensity levels. The primary advantage of IDA lies in its
ability to analyze the entire structural response process, capturing
behavior from elasticity through elasto-plasticity to ultimate
collapse. The output generated from IDA (Engineering Demand
Parameter vs. Intensity Measure) is then used to construct the
cumulative fragility curves (Serdar Kir¢il & Polat, 2006; Baker,
2015; Cardone, 2016; Adibi & Talebkhah, 2022; Cirak Karakas et
al., 2022).

The main goal of this work is to investigate the seismic
performance of RC buildings constructed under different design
standards, with a particular focus on evaluating the effectiveness of
RC jacketing as a retrofitting technique. To achieve this, the study
employs numerical models using the OpenSees platform (McKenna
et al., 2010) to analyze three distinct archetypes; an older pre-code
frame, a modern code-conforming frame, and a retrofitted version of
the older frame strengthened via RC jacketing in the first floor.
Through the application of Incremental Dynamic Analysis and the
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subsequent development of fragility curves, this investigation aims
to quantify the probability of exceeding various damage states for
each structural type. The comparative work will demonstrate the
benefits of RC jacketing in resisting seismic damage and provide an
evaluation to the trade-offs between retrofitting existing structures
and constructing new ones under modern standards. This will offer
practical recommendations for seismic design in high-risk
earthquake regions.

Representative Frames Properties

To facilitate a direct comparison of seismic performance,
three representative frames; old, modern, and retrofitted with RC
jacketing, were designed with identical geometric configurations.
The prototype is a five-story, two-dimensional RC frame with four
bays. The story height is consistent at 4.0 meters for all floors. The
beam spans are 5.0 meters for the two exterior bays and 3.0 meters
for the two interior bays, as illustrated in Figure 1. The old frame
was designed to represent old and existing buildings with pre-code
construction practices, focusing solely on gravity loads. Its columns
have a cross-section of 400x400 mm, reinforced with 16 mm
diameter smooth steel bars. The specified concrete compressive
strength is 12 MPa, characteristic of older construction materials.
The modern frame adheres to current seismic design codes,
incorporating performance design principles and enhanced detailing
for ductility (Figure 2). While it shares the same 400x400 mm
column dimensions as the old frame for direct comparison, it utilizes
a higher concrete strength of 35 MPa and modern deformed steel
reinforcement. The retrofitted frame is based on the old frame after
the application of a reinforced concrete jacket to the first floor only.
The original 400x400 mm column is retained as the core, with its
material properties (12 MPa concrete, 16 mm smooth bars)
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unchanged. A 60 mm thick RC jacket is added, using 35 MPa
concrete and 20 mm diameter deformed steel reinforcement,
resulting in a final column section of 520x520 mm. The geometric
and reinforcement details for all three frame types are summarized
in Figures 1 and 2.

Figure 1 The RC prototype frame representing old buildings
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Numerical Model Development

The seismic performance assessment in this study utilizes
numerical models of RC frames investigating old, modern, and
retrofitted building types. The analysis is carried out within the Open
System for Earthquake Engineering Simulation framework,
OpenSees (McKenna et al., 2010), through the OpenSeesPy library
(Zhu et al., 2018). To capture the material and geometric non-
linearities inherent in RC frames under seismic loading, a distributed
plasticity approach was adopted. Structural members (beams and
columns) were modeled using force-based beam-column elements.
This formulation is based on the iterative force method and satisfies
equilibrium in a strong form along the element length, providing an
accurate representation of plasticity spread without requiring fine
mesh refinement, only 5 integration points are used for the elements
(Figure 3). Geometric non-linearity, specifically P-Delta effects, was
included using the PDelta geometric transformation to account for
second-order effects from gravity loads acting on the deformed
structure.

The cross-sections of the frame members were discretized
using the fiber method. This approach divides the section into a
number of concrete and steel fibers (Figure 3), each with its own
uniaxial stress-strain relationship, automatically accounting for the
interaction between axial force and bending moment. In addition, the
selection of appropriate material models is crucial for accurately
simulating the hysteretic behavior of RC members. To account for
that, the numerical modeling of the concrete components utilized
different uniaxial material models to accurately represent the
behavior of each column type (Figure 4.a). For modeling modern
columns, the unconfined cover concrete was represented using the
Concrete02 model from the OpenSees library based on Kent & Park
(1971), while the enhanced behavior of the confined core concrete

was simulated with the comprehensive Concrete04 model developed
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by Mander et al. (1988), which captures the increased strength and
ductility from confinement. In contrast, for the old columns, the
Concrete02 model was also employed, but with parameters
calibrated to reflect their lower material properties, specifically
defining a zero stress at an ultimate strain of 0.006 for the cover
concrete and a residual stress of 20% at the ultimate strain for the
core. To represent the strengthened jacketed columns, the model
incorporated a layered approach where the cover concrete was again
modeled with Concrete02, the partially confined concrete from the
new jacket was calculated according to Mander et al. (1988), and the
behavior of the fully confined core of the existing column was
determined based on the model by Campione et al. (2014). Further
details on the calculations regarding the retrofitted columns can be
found in the respective source papers, with a comprehensive
overview provided by Caglar et al. (2019).

Figure 3 Force-based beam-column elements and fiber sections
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Moreover, the reinforcing steel for all columns was modeled
using the Giuffré-Menegotto-Pinto model as Steel02 in OpenSees,
which employs a bi-linear relationship (Figure 4.b) to effectively
capture key characteristics of steel's cyclic response, including the
Bauschinger effect and isotropic strain hardening. To account for the
bond-slip behavior in the numerical model of the columns, a
simplified method was adopted, which modifies the steel material
model by reducing its modulus of elasticity by a factor, a. This factor
was selected based on previous research (Wang et al., 2019; Melo et
al., 2020; Olabi, 2024), with a value of @ = 0.3 used for the smooth
bars in the old columns with smooth bars and a value of @ = 0.8 for
the deformed bars in the modern columns. The model for the
jacketed columns consequently incorporated both of these factor
values to represent the combined behavior of the existing column
with smooth bars and the new jacket with deformed bars.

In addition, to ensure the numerical stability of the analysis
when dealing with strain-softening materials, a regularization
technique was applied. This approach modifies the material's post-
peak stress-strain relationship based on the element's length to
maintain constant fracture energy, thereby mitigating mesh
dependency issues associated with localization phenomena.

Figure 4 Material models used in OpenSees numerical model
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Figure 5 Modified steel model to consider bar slip effect based on
Wang et al. (2019)
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Fragility Curve Generation Methodology

The procedure employed in this study for the seismic
performance assessment of RC frames is based on the N2 method
proposed by Fajfar (2000). This method encompasses structural
numerical modeling, definition of damage states, and selection of
ground motion records. It then proceeds with structural analysis
using Incremental Dynamic Analysis (IDA), concluding with the
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statistical estimation of the fragility function parameters (Figure 6).
To facilitate the Nonlinear time history analysis (NLTHA) and
manage computational costs, the multi-degree-of-freedom (MDOF)
system representing the RC frame is converted to an equivalent
single-degree-of-freedom (SDOF) system.

This procedure starts with performing nonlinear static
pushover analysis (NLSA) on the MDOF prototype structure to
derive the capacity curve. A modal analysis is also is conducted in
this step to determine the modal shapes matrix, @. The
transformation factor, I, is calculated using Equation 1, where M is
the mass matrix. As defined in the N2 framework (Fajfar, 2000), the
pushover results for the MDOF frame (base shear vs. roof
displacement) are converted to the equivalent SDOF system by
dividing the curve by the transformation factor, I".

o7 .M. 1

T oT.M.® M)

The next step involves developing a numerical model
calibrated to match the equivalent SDOF capacity envelope in terms
of initial stiffness (K), period, yield strength (V},), maximum capacity
(Vimax), capping and ultimate displacement (4,44, 4, ), post-capping
degradation, and dissipated energy. Typically, this is performed
using a uniaxial material assigned to zero-length element, and for
this study, the HystereticSM material (Mazzoni, 2022) from the
OpenSees library is utilized for this purpose.

Definition of damage limit states

Fragility curves quantify the probability of exceeding various
damage states as a function of ground motion intensity measure
(IM). The limit states (LS) correspond to performance levels
determined according to the level of damage observed on the
structure during nonlinear analysis procedure, such as from a
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pushover curve. Moreover, these states are commonly specified
using an engineering demand parameter (EDP) such as the roof
displacement (4) or maximum inter-story drift ratio. In this work the
roof drift ratio (&) of the studied frames is selected as the EDP, and
three limit states chosen for performance assessment as defined in
the Tiirkiye Building Earthquake Code (TBEC, 2018). The yield
displacement (4,,) corresponding to limited damage (LD) state, the
capping displacement at maximum lateral load level defined as
controlled damage (CD) state, and finally, the ultimate displacement
(4,) reached when the structure loses 20% of its peak strength is
defined as the collapse prevention (CP) limit state. Figure 7 shows
the displacement points as defined from ACI 374.2R (2013).

Figure 7 Limit states definition from the pushover capacity curve
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Ground motion records

The performance analysis requires a suite of earthquake
records selected to be representative of the seismic hazard
characteristics of the site. Key parameters considered during
selection include the magnitude range, distance from the causative
fault, and local site conditions, such as soil type and average shear
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wave velocity. Standard practice often involves scaling these records
to a target response spectrum relevant to the building's site to ensure
hazard consistency and spectral compatibility. For a robust dynamic
analysis, guidelines typically recommend wusing a set of
approximately 11 ground motions (GM). However, in this study, as
the analyzed old frame is representative of typical old and existing
buildings found throughout Tiirkiye, and all selected ground motions
were sourced from recent Turkish earthquakes, the records were used
without scaling to preserve their inherent characteristics. As shown
in Table 1, five recent significant earthquake events in Tiirkiye are
selected for this study (AFAD, 2022). A total of 20 individual record
components was curated for the analysis, where these records were
collected from the five earthquakes. For each event, two station
locations were selected, the nearest to the epicenter and another
station at a reasonable distance of approximately 100-150 km. For
each of these stations, both horizontal components (North-South, N-
S, and East-West, E-W) of the ground motion were included in the
set to adequately capture the variability in seismic demand.

Table I Characteristics of the selected earthquake events

Event M,, Depth Station Epicenter PGA
(km) Code distance (km)  (g)

Van 67 190 TK0401  121.0 0.0187 (\N)
2011 ' ) TK6503  42.2 0.1819 (N)
Elazig 68 80 TK2308  23.8 0.2986 (E)
2020 ' ) TK6304  120.6 0.0784 (E)
Diizce 50 68 TK2617 964 0.0214 (E)
2022 ' ) TK8105 139 0.6037 (E)
Kahramanmaras 77 86 TK3135 142.1 1.3991 (E)
2023 ' ) TK4615  13.8 0.5952 (E)
Balikesir 6.1 11.0 TK1015 8.2 0.3062 (E)
2025 ) ) TK1634  90.5 0.0428 (E)
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Incremental Dynamic Analysis

Nonlinear time history analysis (NLTHA) is necessary to
properly model the inelastic structural behavior under seismic
action. Incremental Dynamic Analysis (IDA) is performed using the
selected suite of earthquake records to generate the required data for
fragility curve generation. To achieve this, IDA involves repeatedly
scaling each selected ground motion to multiple intensity measure
(IM) levels and performing a nonlinear dynamic analysis at each
level. The analysis records the maximum response parameters (EDP)
for each IM level. In this study, the peak ground acceleration (PGA)
and roof drift ratio (&) are chosen as the IM and EDP, respectively.
Additionally, the ground motion records are incrementally scaled to
force the structure through the entire range of behavior, covering all
of the defined limit states (LD, CD, and CP). The incrementing
process stops when the onset of collapse is observed, identified
typically by numerical non-convergence or global dynamic
instability. Subsequently, the discrete data points of IM versus EDP
obtained from these analyses are then interpolated, typically using
cubic splines, to generate a continuous IDA curve for each record.
The complete set of these curves provides the foundational data
required for the subsequent development of seismic fragility curves.

Fragility functions estimation

A fragility function specifies the structure’s probability of
exceeding (PoE) a limit state (LS) as a function of the ground motion
intensity measure (IM). The fragility function, shown in Equation 2,
is modeled using a lognormal cumulative distribution function
(CDF), ¢. In the equation, 0 is the median IM level at LS, and S is
the standard deviation of [n(IM) which called dispersion.
Calibration is required to estimate these parameters (6 and f) from
the structural analysis results. This process employs The Maximum
Likelihood Estimation which involves defining a log-likelihood
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objective function and using numerical optimization to find the
parameter estimates that maximize the likelihood of having observed
the collected IM data (Baker, 2015). The final fragility curve (PoE)
is then calculated using the fitted parameters over a range of IM
values. The fitted fragility curves generated via this strict
probabilistic approach provide a comparative framework for
evaluating the performance trends and seismic resilience across the
different building types.

In(x) — ln(@)) 2

POE(LS|1M=x) = ¢( B

Results and Discussion

The seismic performance of the three representative RC
frames was evaluated through a series of numerical analyses. The
results from the modal analysis, nonlinear static (pushover) analysis,
and Incremental Dynamic Analysis (IDA) are presented and
discussed, accomplishing in a comparison of the derived fragility
curves.

Modal and pushover analysis

The dynamic properties of the frames, determined via modal
analysis, are listed in Table 2. As seen from the table, the old frame
exhibits the longest fundamental period, T; = 1.538s, indicating the
highest flexibility. This is consistent with its design assumptions
based only on gravity loads and the use of low-strength 12 MPa
concrete with smooth reinforcement bars. On the other hand, the
modern frame, despite identical column dimensions, is significantly
stiffer with dominated first period equals 1.128s. This can be
attributed to the higher concrete strength (35 MPa) and deformed
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bars with less bond-slip effect. Moreover, the jacketed frame is the
stiffest with T; = 1.009s, which is an expected consequence of the
increased cross-sectional area (from 400x400 mm to 520x520 mm)
and the addition of high-strength concrete and reinforcement from
the RC jacket.

Table 2 The fundamental periods of the three frames

Frame 1st 2nd 3rd 4th 5th

Oold 1.538 0.511 0.306 0.225 0.189
Modern 1.128 0.374 0.223 0.163 0.136
Jacketed 1.009 0.318 0.174 0.116 0.091

The lateral load-resisting capacity of the frames was
determined using nonlinear static pushover analysis, with the
resulting capacity curves shown in Figure 8. The old frame shows
the lowest capacity, reaching a peak base shear of 346.9 kN. More
importantly, it exhibits a rapid and severe strength degradation after
its peak, which occurs at a roof drift ratio of approximately 1.25%.
This behavior expresses low ductility and a brittle failure mode,
which are characteristics of old and exciting pre-code structures built
with smooth reinforcement and inadequate confinement. On the
contrary, the modern frame demonstrates substantial improved
performance with a higher peak strength at 560.4 kN and a much
more ductile response, maintaining its lateral capacity over a larger
drift range. The retrofitted frame shows a pronounced enhancement
in performance. The RC jacketing increased the peak lateral strength
to 1421.3 kN, more than four times that of the old frame and 2.5
times that of the modern frame. This clearly illustrates the
effectiveness of RC jacketing in enhancing both strength and
stiffness.
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Figure 8 Capacity curve comparison of original frames, the
equivalent SDOF, and the matching numerical model
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Figure 8.b-d shows the capacity envelopes alongside the

equivalent SDOF curves with the

numerically calibrated "Matching

Models". These models, which utilize the HystereticSM uniaxial
material (Mazzoni, 2022), accurately capture the key characteristics
of the equivalent SDOF to the frames in terms of initial stiffness,

peak strength,
performance limit states (Limited

and post-capping degradation.

The defined
Damage, Controlled Damage, and

Collapse Prevention) are marked on these curves and form the basis
for the subsequent fragility analysis.
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Figure 9 IDA curves for three frame types and d) median curves
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IDA curves

The matching model of the SDOF systems were subjected to
IDA using the 20 selected ground motion records. The results,
plotting the intensity measure (IM) of PGA against the engineering
demand parameter (EDP) of roof drift ratio (&), are presented in
Figure 9. The individual IDA curves (gray lines) for all three frames
shown in the figure display a big variability lighting on the necessity
of a probabilistic approach. The vertical lines indicate the roof drift
ratios corresponding to the LD, CD, and CP limit states derived from
the pushover analysis. Additionally, direct comparison of the median
IDA curves is provided in Figure 9.d. The median curve for the old

frame is the lowest, confirming its high vulnerability; where it
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reaches large drift levels at relatively low PGA values. At the same
time, the modern and retrofitted frames show wvastly superior
performance, requiring much higher seismic intensities to reach the
same drift levels. It is worth noting that the median curves for the
modern and retrofitted frames are in a remarkable proximity. This
indicates that the RC jacketing retrofit strategy (even with
strengthening the first floor only) successfully elevated the seismic
performance of the vulnerable old frame to a level that is comparable
to that of a new, code-compliant modern structure.

Fragility curves

The fragility curves, which represent the probability of
exceeding each limit state (LD, CD, CP) for a given PGA, are the
final output of the assessment. These curves, generated by fitting the
lognormal CDF to the IDA results are shown in Figure 10. A curve
positioned further to the right signifies better seismic performance,
as a higher PGA is needed to induce the same probability of damage.
For the old Frame (Figure 10.a), the curves are shifted significantly
to the left. The LD curve rises steeply, indicating a high probability
of damage (PoE > 80%) at a relatively low PGA. The CP curve
shows a 50% probability of collapse at a PGA of approximately 1.0
g. On the other hand, modern frame curves (Figure 10.b) are shifted
to the right quantifying the significant safety improvement provided
by modern seismic codes. Similarly, the curves of the jacketed frame
(Figure 10.c) are nearly identical to, and in the case of CP slightly to
the right of, the curves obtained for the modern frame.

The comparison of the Collapse Prevention (CP) limit state
for all three frames in Figure 10.d provides the most critical finding
of this study. The fragility curves for the modern and retrofitted
frames are almost perfectly aligned, while the curves of the old frame
show a much higher probability of failure at any given PGA. This
result systematically demonstrates that the RC jacketing was highly
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effective despite of retrofitting the columns in the first floor only. It
successfully transformed the vulnerable, pre-code structure into a
resilient frame with a seismic risk profile statistically
indistinguishable from that of a newly constructed, modern code-
conforming building. This directly supports the objective of
evaluating retrofitting as an important alternative to new
construction for seismic risk limitation.

Figure 10 Fragility curves for three frame types and d) at CP limit
state comparison
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Conclusions

This study investigated the seismic performance of
reinforced concrete buildings under different design standards,
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specifically evaluating the effectiveness of RC jacketing as a
retrofitting technique. Three 5-story, 4-bay RC frames were modeled
in OpenSees to represent an old pre-code structure, a modern code-
compliant structure, and a strengthened jacketed version of the old
frame. The old frame was characterized by low-strength concrete (12
MPa) and smooth reinforcement, designed only for gravity loads.
The modern frame used higher-strength materials (35 MPa concrete
and deformed bars), while the jacketed frame involved adding a 60
mm RC jacket to the columns in the first floor of the old frame. The
methodology involved modal analysis, nonlinear static (pushover)
analysis, and Incremental Dynamic Analysis using 20 ground motion
records from recent Turkish earthquakes. The results were used to
generate probabilistic fragility curves for Limited Damage (LD),
Controlled Damage (CD), and Collapse Prevention (CP) limit states.

The results showed that the pre-code old frame was the less
stiff of the three frames and exhibited the lowest lateral capacity with
rapid strength degradation, confirming its high vulnerability and
brittle failure mode. At the same time, the modern frame was
significantly stiffer and stronger with a high ductile response
consistent with current seismic codes. The RC jacketed frame
showed a dramatic improvement in performance, becoming the
stiffest and increasing its lateral strength by over 300% compared to
the old frame that represents existing RC buildings.

The fragility analysis provided the most critical conclusion
since the collapse fragility curves for the retrofitted frame and the
modern frame were nearly identical. This quantitatively
demonstrates that RC jacketing is a highly effective strategy,
successfully upgrading the seismic resilience of the vulnerable, pre-
code structure to a level of safety comparable to that of a new,
modern code-conforming building.
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BOLUM 4

BOSLUKLU BETONARME DOSEMELER VE
KULLANIM ALANLARI

FIRAT KIPCAK!

Giris
Betonarme  sistemlerde  dosemeler diisey  yiklerin
tasinmasinda ve yatay yiiklerin aktarilmasinda 6nemli rol oynayan
tastyict elemanlardir. Yapilarin tastyict sistemini ve gilivenligini
etkileyen dosemeler, ayn1 zamanda yap1 agirliginin 6nemli bir
boliimiinii olusturmaktadir. Literatiirde, betonarme binalar i¢in zati
agirhgin %40-60’1m1 doésemelerin olusturdugu ifade edilmektedir
(Pawar et al., 2022; Yardim, 2008). Bu agirlik, 6zellikle deprem
etkisinin 6nemli oldugu yapilarda dogrudan kiitle—ivme iligkisini
etkilemektedir. Bu durum doésemelerin miihendislik tasariminda
kritik bir rol aldigin1 gostermektedir. Geleneksel dolu betonarme
désemeler, basit iiretim ve genis kullanim alanlarina sahip olmakla
birlikte, kat sayis1 yiiksek ve genis alan kaplayan yapilarda hem
ekonomik hem de performans agisindan uygulanabilir ¢oziimler
sunabilmektedir (Kipgak et al., 2023, 2025). Ozellikle genis aciklikl1
yapilarda artan ylkler nedeniyle doseme kalinligmin artirilmasi
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gereksinimi ortaya ¢ikmaktadir. Bu baglamda tasiyici elemanlarin
kesitlerinin biiylimesi, malzeme kullaniminin artmas1 ve nihayetinde
yapt maliyetlerinin yiikselmesi sorunlar1 ortaya c¢ikmaktadir
(Sagadevan & Rao, 2019). Bu sorunlar déseme sistemlerinde daha
hafif ve performansh c¢oziimlerin {iretilmesini zorunlu kilmistir.
Bosluklu doseme sistemleri, bu sorunlarin bir sonucu olarak
gelistirilmis  olup, ddsemelerde beton ve donati malzeme
yerlesiminin yeniden diizenlenmesi esasina dayanmaktadir. Egilme
etkisinde betonun katkisinin sinirli oldugu, tarafsiz eksene yakin
kesit bolgelerinde kontrol edilebilir bosluklar olusturularak zati
agirlik azaltilmaktadir. Basing ve g¢ekme gerilmelerinin yiliksek
oldugu iist ve alt liflerde beton stirekliligi korunmaktadir (Khouzani
et al., 2020; Seung Hun Kim, 2011). Bu teknik tasima kapasitesinde
kabul edilebilir diizeyde azalmalar ile 6nemli agirlik tasarrufu elde
edilmesine imkan saglamaktadir.

Bosluklu dosemeler 1950°1i yillarda asmolen ve kaset
doseme sistemleriyle tasarima dahil olmustur (Ziverts, 1964).
Zamanla prefabrik teknikleri, hafif dolgulu malzemeler ve iiretim
teknolojileri sayesinde modern bosluklu yapisini almistir. 1990’11
yillardan giiniimiize kadar kiiresel bosluklu sistemler Avrupa’da
yayginlasmistir. Polistiren ve plastik sekil olusturucu kiire
elemanlarin kullanimiyla bosluklu dosemelerde onemli adimlar
atilmistir (Chung et al., 2022; Seung Hun Kim, 2011; Yardim, 2008).
Tiirkiye’de ise bosluklu doseme uygulamalar sinirli kalmaktadir. Bu
tiir dosemelerin yerini Asmolen ve kaset dosemeler almaktadir.
Gilintimiizde bu sistemler kiibik, tiip tip1, kiiresel, halka tipi, elipsoit
ve petek tipi bosluklu dosemeler gibi geometrik 6zelliklerine gore
siiflandirilmaktadir (Khouzani et al., 2019; Seung Hun Kim, 2012;
C.-H. Lee et al., 2019). Bosluklu sistemeler bosluk geometrisi,
bosluk oran1 ve donat1 yerlesimi ile farkli yapisal 6zelliklere sahiptir.
Bosluklu doseme sistemlerinin miihendislik acisindan en Onemli
yeniligi, yap1 agirhiginin azaltilmasi ve dolayisiyla deprem
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etkilerinin diisiiriilmesi ve elemanlarin optimize edilebilmesi
yenilikleridir. Ayrica bu sistemler mimari esneklik, daha genis
aciklik gegcme olanag, 1s1 ve ses yalitiminin saglanmasi gibi ikincil
kazanimlar da saglamaktadir. Ancak bosluklu ddésemelerin
tasariminda kesme ve zimbalama dayanimi, gerilme yigilmalar1 gibi
onemli tasarim ilkelerinin dikkatli bir sekilde ele alinmasim
gerekmektedir (Seung Hun Kim, 2012; Viana et al., 2017). Bosluk
orani, bosluk geometrisi, bosluklarin déseme i¢indeki yerlesimi,
donat1 orani ve kesme donatist gibi bircok parametrenin etkisi ile
davranis degismektedir (Seung Hun Kim, 2011; Pawar et al., 2022).

Deneysel ve nlimerik ¢aligmalar, genel olarak bosluk orani
ile tasima kapasitesi arasinda ters orant1 oldugunu gdstermistir (Al-
Gasham et al., 2019; Chung et al., 2022; Khouzani et al., 2020;
Kipgak et al., 2023; C.-H. Lee et al., 2019). Deneysel ve nlimerik
calismalara gore bosluk oraninin %20-38 araliginda artmasi halinde
yiik kapasitesinde %7 ve %56 araliginda azalma meydana geldigi
goriilmiis, ancak siineklik ve deformasyon kapasitelerinde ise artig
oldugu belirlenmistir (Al-Gasham et al., 2019; Chung et al., 2022;
Khouzani et al., 2020; Kipcak et al., 2023; C.-H. Lee et al., 2019).
Ancak tagima kapasitesi doseme agirlig1 ile oranlandiginda ve daha
sonra  bosluk oranina gore degerlendirdiginde degisken
performanslar elde edilmektedir (Kipgak et al., 2025). Bosluklu
dosemede performans biiyiik dl¢iide bosluk sekli ve donati diizenine
baglhidir. Bu durum, yalnizca mimari veya ekonomik kaygilarla
degil, mithendislik yaklasimiyla tasarlanmasini gerektirmektedir.

Bosluklu déseme sistemlerinin kullanim alanlari, konutlar,
ofis yapilari, prefabrik yapilar, otoparklar ve endiistriyel tesisler gibi
genis bir alana yayilmaktadir (Fanella et al., 2017; Viana et al.,
2017). Ozellikle genis acikhik iceren egitim yapilar, alisveris
merkezleri, ofis binalar1 ve saglik tesisleri gibi yapilarda mekéansal
genisligin arttirilmasi ve kolon/perde sayisinin azaltilmasi amaciyla
tercih edilmektedir. Otopark ve endiistriyel yapilarda ise diisey
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yikiin yliksek olmasi nedeniyle yiliksek doseme kalinlig
gereksinimi,  bosluklu  sistemlerle = ekonomik  ¢oziimlere
ulagsmaktadir. Konut yapilarinda, 1s1—ses performansin iyilestirilmesi
ve mimari estetik diiz bir doseme yapisinin elde edilmesi bosluklu
désemelerin 6ne ¢ikan kullanim nedenleri arasinda yer almaktadir.
Ayrica prefabrik yapi sistemlerinde, polistiren veya kompozit bosluk
olusturucular kullanilarak iiretim siiresi kisaltilmakta ve santiye
isciligi azaltilmaktadir. Deprem etkilerinin yliksek oldugu
bolgelerde tasarim ilkelerinin agik bir sekilde tanimlanmasi 6nem
tasimaktadir. Tirkiye’deki mevcut yonetmeliklerde bosluklu
dosemelere 6zgii ayrintili tasarim kurallarinin sinirli olmasi, gelecek
bilimsel c¢alismalarin degerini artirmaktadir. Bu kitap boliimiinde,
bosluklu betonarme dosemeler ve kullanim alanlar1 konu bagliginda
yapisal sistem Ozellikleri, davranis sekilleri, tasarim parametreleri ve
uygulama potansiyelleri ele alinmaktadir. Amag, bilimsel ve
mithendislik uygulamalari1 ¢alismalarina iligskin biitiinciil ve teknik
kaynak olusturmaktir.

2. Bosluklu Betonarme Doseme Sistemlerinin Siniflandirilmasi

Bosluklu dosemeler kesit icerisinde olusturulan bosluklarin
geometrisi, bosluk konumu ve kapasiteye olan etkileri esas alinarak
farkl1 basliklar altinda smiflandirilmaktadir. I¢ boliimlerde bulunan
dosemelerin acikliklarinda doseme altinda ¢ekme gerilmeleri,
doseme Tlstiinde basing gerilmeleri gergeklesir. Ayn1 dosemelerin
mesnetlenme boliimlerinde ise gerilmeler yer degistirir. Balkon ve
cikma dosemelerinde ise durum farklhidir. Balkon veya c¢ikma
acikliginda ve mesnet bolgelerinde ¢ekme gerilmeleri listte basing
gerilmeleri altta olusur. Bu gerilme dagilimlarima gore bosluk
konumu ayarlanir ve optimize edilir. Cogunlukla bosluklu
dosemelerde bosluklar kesit ortasinda konumlandirilir. Boslugun
kesit altinda konumlandirildigi doésemelerde asmolen doseme
davranis1 goriilmektedir. Bu baglamda kesit altinda olusan ¢ekme
gerilmelerinin  uygun tasarlanmasi gerekmektedir. Bu kitap
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boliimiinde kesit ortasinda konumlandirilan bosluk tipleri bosluk
geometrisine gore siniflandirilmistir. Bu smiflandirma, egilme,
kesme ve siineklik davraniglarinin  belirlenmesi i¢in  Onem
tasimaktadir. Bosluk olusturucular plastik, kopiik, karton, polistiren
veya benzeri polimer esasli malzemeler ile saglanmaktadir (Chung
et al., 2018; Ziverts, 1964). Bu malzemeler uygun iiretim kosullari
ile standart 6zellikler gostermektedir. Farkli tasarim kriterlerine gore
sekil sekillendirilip doseme icine konumlandirilir ve gerekli
aparatlar veya i¢ ice gecme baglantilar1 ile doseme i¢inde sabitlenir.
Sekil 1’de dosemlerde kullanilan bosluk sekilleri verilmistir.

Sekil 1. Dosemlerde kullanilan bosluk sekilleri

Kiibik / Temel sekil ~Kose yuvarlatilmis  Kose yuvarlatilmis  Kiire / tiretilmis sekil

Kiibik/
Kiire tipi

Elipsoit/
Halka tipi

Tiip/Petek
tipi

Bosluklarin beton kesit igerisindeki konumu, kesitin kesme
kapasitesini  zayiflatabilmekte ve oOzellikle kolon ¢evresinde
zimbalama riskini artirabilmektedir (Allawi & Jabir, 2016; Chung et
al., 2015, 2018). Ayrica bosluk yerini korumak ve beton dokiimii
sirasinda bosluk olusturucularin kaymasini 6nlemek i¢in ek donati
gerekmektedir. Bu nedenlerle kesme donatis1 diizenlemesi, kolon

baslik veya tabla yapilmasi veya bu boliimde bosluk kullanilmamasi
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tasarimlari yapilmaktadir (Chung et al., 2018; Khouzani et al., 2019;
Viana et al., 2017). Zimbalama riskinin yiiksek olmasi durumunda
ise ilave kayma donatilar1 yerlestirilmektedir (Khouzani et al., 2020;
Kipcak et al., 2025).

2.1. Kiibik veya Kiiresel Bosluklu Dosemeler

Beton igerisine yerlestirilen kiibik veya kiiresel bosluk
olusturucu elemanlar araciligtyla olusturulan sistemlerdir. Bosluk
olusturucular ¢ogunlukla alt ve iist donati katmanlar1 arasinda
konumlandirilarak betonun ¢ekme ve basing gerilmelerinin sinirh
oldugu orta bolgelerde kullanilir. Bu sayede hacim azaltilarak
doseme kalinlig1 korunurken, zati agirlikta azalma elde edilebilir
(Seung Hun Kim, 2011; Sagadevan & Rao, 2019). Al-Gasham ve
dig. tarafindan yapilan caligmada kiiresel bosluklu dosemelerde %19
ve %25 bosluk oranlarinda yiik kapasitesi sirasiyla %7 ve %]l1
oraninda diistiigli kaydedilmistir (Al-Gasham et al., 2019). Kiibik
veya kiiresel bosluklarin geometrik avantaji ile simetrik ve diizenli
yerlesimi sayesinde dosemenin iki dogrultuda simetrik c¢aligmasi
saglanabilir.

Sekil 2. Kiibik ve kiiresel bosluk tipi

a) Kiibik tipi b) Kiire tipi
Bu durumda geometrik yap1 dosemenin iki dogrultuda yatay

rijitligini stirdlirmesine olanak tanimaktadir. Ayrica diisiik kapasite
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kayiplar1 ile plak dosemelere yakin egilme kapasiteleri elde
edilebilmektedir (Al-Gasham et al., 2019). Bu tiir dosemeler konut,
ofis, aligveris merkezleri ve sinema salonlart gibi yapilarin
dosemelerinde kullanilmaktadir.

2.2. Halka Tipi Bosluklu Désemeler

Kiibik ve kiiresel bosluklu dosemelerden farkli olarak bosluk
elemanlarinin merkezinde beton gecisine olanak saglayan bosluk
tipidir. Bu sayede bir miktar daha beton siirekliligi korunmaya
calisir. Bu sistemlerde bosluklar, ortast delikli veya beton ¢ekirdekli
bir geometriye sahiptir. Alt ve {ist beton tabakalar1 birbirine
baglanmaktadir. Boylece doseme kesitinde kesme giivenligi
arttirllmaya c¢alisilmaktadir (Amer M. Ibrahim et al., 2013; Chung et
al., 2015). Deneysel ve niimerik calismalar, halka tipi bosluklu
dosemelerin beton gecisine izin verilmeyen kiiresel bosluklu
dosemeler ile karsilastirldiginda egilme ve kesme kapasitelerini
belirli bir miktar koruyabildigini gdstermektedir (Chung et al.,
2015). Chung ve dig. tarafindan yapilan caligmada, halka tipi
bosluklu dosemelerde %38 bosluk oraninda sadece %2, halka
olmayip ici bosluklu dosemelerde ise %22 kapasite kaybi
belirlenmistir (Chung et al., 2022). Kiire tipine gore 6zellikle kesme
catlaklarinin ilerleme sekli lizerinde olumlu etkiler olusturdugu ve
stinek davranisi arttirdigi rapor edilmistir (Chung et al., 2022).

Sekil 3. Halka bosluk tipi




Bu nedenle halka tipi bosluklu désemeler kiiresel ve kiibik
bosluklu désemeler yerine belirli durumlarda tercih edilmektedir.
Yiiksek tasarim yiiklerine maruz kalan dosemelerde giivenli bir
alternatif olarak degerlendirilebilmektedir. Bu tiir dosemeler kiire ve
kiibik tiirii bosluklu désemelerin kullanim alanlari ile aynidir.

2.3 Tiip Tipi Bosluklu Déosemeler

Cogunlukla doseme boyunca tek dogrultuda konumlandirilan
silindirik veya prizmatik tiipler ile olusturulan bosluklu
dosemelerdir. Bu sistemler, temel olarak tek dogrultulu calisan
dosemelerde kullanilmaktadir (Kankeri et al., 2018; C. H. Lee et al.,
2021). Tiip bosluklarin konumu yatay ve egilme rijitliklerini
etkilerken agirligida onemli Olgiide diistirmektedir. Lee ve dig.
calismasinda ise tiip tipi bosluklu dosemelerde %30.8 bosluk
oraninda %7 kapasitesi kayb1 goriilmiistiir (C.-H. Lee et al., 2019).
Tip tipi sistemlerin 6ne ¢ikan Ozelliklerinden biri, siineklik ve
deplasman kapasitelerini belirli oranda korumasidir (C.-H. Lee et al.,
2019). Ozellikle tek ydnde agikligin fazla oldugu koprii, viyadiik ve
endistriyel yapilarin dosemlerinde tercih edilmektedir. Ayrica
otoparklar ve diizenli aks sistemine sahip biiylik agiklikli yapilarda
kullanilmaktadir.

Sekil 4. Tiip bosluk tipi

Hareketli yiiklerin yogun oldugu yapilarda, bu sistemlerin
servis performansi agisindan avantaj sagladigir farkli kaynaklarda
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rapor edilmistir (Kankeri et al., 2018; C. H. Lee et al., 2021; C.-H.
Lee et al., 2019).

2.4 Elipsoit Bosluklu Dosemeler

Elipsoit bosluklu dosemeler egik bosluk geometrileri
sayesinde yliksek bosluk oranlarina ulasmak i¢in tercih edilmektedir.
Doseme agirhiginda belirgin azalma saglamasi ile kesme ve
zimbalama dayanimi hassasiyetinde kiibik, kiire ve halka tipi
bosluklu dosemelere benzer davranir. Khouzani ve dig.
arastirmasinda elipsoit %37.5 bosluklu dosemelerde %56 kapasite
kayb1 goriilmiistiir (Khouzani et al., 2020). Bu tiir dosemelerde
bosluk orani yiliksek olmasi sebebiyle kapasite kayiplar1 daha
belirgindir (Khouzani et al., 2019; Viana et al., 2017). Bu nedenle
genellikle 6zel tasarim gerektiren projelerde degerlendirilmektedir.
Ayrica artan deneysel caligmalar ile yeni kompozit malzemelerin
eklenmesi ve dosemelerin giiclendirilmesi ile gelecek tasarimlarda
kullanilmas1 beklenmektedir (Khouzani et al., 2019, 2020).

Sekil 5. Yassi ve Elipsoit bosluk tipi

a) Yass tipi b) elipsoit tipi
2.5 Petek Geometrili Bosluklu Dosemeler

Bu tiir bosluklu dosemeler petek tipi ortasi veya kenari
bosluk olusturacak sekilde iki tiirde olusturulmaktadir. Bosluk
kisimlar kenarlarinda birakilan beton baglantilar sayesinde alt ve {ist
beton tabakalarinin birlikte ¢alismasini saglanir (S. H. Kim et al.,
2008; Seung Hun Kim, 2012). Beton baglantilar kesit i¢erisinde
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alternatif yiik aktarim kisimlar1 olusturarak dosemenin yiik ve
stineklik kapasitelerine belirli bir miktarda destek olusturmaktadir.
Kipcak ve dig. calismasinda petek tipi polistiren bosluk olusturucu
koptiklerin kullanildig bosluklu désemelerde %10 bosluk oraninda
%29 kapasite kaybinin yasandigir kaydedilmistir (Kipcak et al.,
2023). Literatiirde, bu tiir dosemelerin iki dogrultuda esit davranmasi
sayesinde deprem etkisi altinda daha dengeli ve siinek bir davranis
sergiledigi belirlenmistir (S. H. Kim et al., 2008; Seung Hun Kim,
2012). Bu tiir dosemeler iki dogrultuda bosluk olusturmasi ve
simetrik davranmasi sayesinde konut, ofis, aligveris merkezleri ve
sinema salonlar1 gibi yapilarda tercih edilmektedir.

Sekil 6. Petek geometrili bosluk tipi

a) Kare tipi b) Altigen tipi
3. Yapisal Davrams ve Tasarim Parametreleri

Tiirkiye’de yiiriirliikte olan mevcut yonetmeliklerde TS 500
ve TBDY-2018, Avrupa’da ve Amerika’da sirasiyla kullanilan
Eurocode-2 ve ACI 318 gibi uluslararast yoOnetmeliklerde de
bosluklu  ddsemelere  O6zgli  detayli  tasarnm  kurallan
bulunmamaktadir (ACI318-19, 2019; Eurocode-2, 2004; TBDY,
2018; TS 500, 2000). Bu nedenle uygulamada deneysel veriler ve
dolu dosemeler i¢in verilen kapasite denklemleri dikkate alinarak
bosluklu désemeler i¢in tasarimlar yapilmaktadir.



Deneysel ve niimerik ¢alismalar bosluk orani arttik¢a genel
olarak doseme agirliginin belirgin sekilde azaldigini gostermistir.
Bununla birlikte nihai egilme kapasitesinde bosluk sekline, oranina,
konumuna ve malzemesine gore farkli oranlarda diisiisler
olusmaktadir (Khouzani et al., 2020). Bosluklu désemelerde kesme
dayanimi, désemenin en Onemli tasarim konularindan biridir.
Bosluklarin beton kesitini zayiflatmasi nedeniyle catlaklarinin
dagilimi degigsmekte ve kesme kapasitesinde azalma meydana
gelmektedir (Khouzani et al., 2020; Viana et al., 2017).

4. Kullanim Alanlar

Bosluklu dosemeler plak dosemelere goére kapasite
kayiplarint 6nlemek i¢in ¢ogunlukla plak dosemeden daha kalin
yapilmaktadir. Bu sistemler, derin kiris gerektirmedigi i¢in diiz bir
tavan gorlinimi elde edilmektedir. Bu sayede mimari ve akustik
kazanimlar saglamaktadir. Bosluk geometrisi, tasima kapasitesi ve
iretim teknolojisine bagli olarak farkli kullanim alanlan
bulunmaktadir. Kiibik, kiiresel ve halka tipi bosluklu dosemeler iki
dogrultuda caligsmast ve plak davranisi gostermeleri nedeniyle ¢ok
katli konut yapilarinda, ofis binalar1 ve aligveris merkezlerinde tercih
edilmektedir (Fanella et al., 2017; Viana et al., 2017). Ayrica genis
aciklikli diiz doseme c¢oziimleri saglamakta ve yapinin kullanim
fonksiyonlarini arttirmak i¢in 6nemli bir avantaj olusturmaktadir.
Tiip tipi bosluklu dosemeler, tek dogrultuda ¢alistiklari i¢in uzun
aciklikli ve diizenli aks sistemlerinde ¢cogunlukla kullanilmaktadir.
Bu tiir dosemeler, endiistriyel tesisler, otopark yapilari, depo
binalar, alt ve {st gecitler ve koprii gibi yapilarda tercih
edilmektedir. Elipsoit ve yass1 tip bosluklu désemeler, yiiksek bosluk
oranlar1 saglamalar1 sayesinde g¢ogunlukla diisey yiikiin diisiik
oldugu dosemelerde kullanilmaktadir. Bu dosemelerde agirligin
diisiirtilmesi onceliklidir. Kesme dayanimi ve gogme mekanizmalari
konularinda zayif kaldiklar1 i¢in dikkatli tasarim gerekli olmaktadir.
Cogunlukla kisa ve orta agiklikli yapilarda veya Ozel tasarim
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gerektiren miihendislik projelerinde kullamilmaktadir. Petek tipi
bosluklu ddésemeler, deprem etkisinin yiiksek oldugu yapilarda,
konut ve ofis tiirii yapilarda tercih edilmektedir. Bu sistemler, iki
dogrultuda c¢alismasi ve diisiik bosluk oranmma sahip olmasi
nedeniyle bir¢ok yapi ¢esidinde kullanilabilir. Prefabrik ve yari
prefabrik yapi1 tiirlerinde iiretim kolayligi bu tiir dosemelerin
uygulanabilirligini arttirmistir. Genel olarak degerlendirildiginde,
bosluklu dosemeler yalnizca mimari ve ekonomik kriterler degil ayn
zamanda deprem performanst ve yapim teknolojisi de dikkate
alinarak tasarlanmaktadir. Sonug olarak bosluklu dosemeler yapim
tiirtine gore kendine avantajlar1 dogrultusunda farkli yapi tipleri i¢in
¢Ozlimler sunmaktadir.

3. Sonuc¢

Bu kitap boliimii kapsaminda bosluklu betonarme ddseme
sistemlerinin temel tasarim amaclari, davranis Ozellikleri ve
kullanim alanlar1 degerlendirilmistir. Bu tiir dosemeler ilk olarak
yap1 agirhini azaltma ve malzeme verimliligini artirma amaciyla
ortaya ¢ikmistir. Bu désemelerde yalnizca zati yiiklerin azaltilmasini
degil, beraberinde deprem kuvvetlerinin diisiiriilmesi ve agikliklarin
biiyiitiilmesi amaglanmaktadir. Bu sayede daha performansh ve
kullanim konforu yiiksek yapilar yapilmaktadir. Bosluklu
dosemelerin bosluk orani, bosluk geometrisi, kullanilan malzeme,
kesit igindeki konumu, donati diizeni ve kesme yiikii aktarim
seklinden etkilendigi ortaya konmustur. Tasima kapasitesi ile bosluk
orani arasinda dogrusal bir oranin olmamasi nedeniyle yiiriirliikteki
yonetmeliklerle tasarimin sonuglandirilmasi yetersiz kalmaktadir.
Bu baglamda deneysel ve niimerik arastirma sonuglarina
bakilmaktadir. Kiibik, kiiresel, halka, tiip ve petek tipi bosluklarin
her biri farkli gerilme dagilimi ve go¢cme mekanizmasi
sergilemektedir. Alt ve {ist beton tabakalar1 arasinda sagladigi
mekanik bag sayesinde cift dogrultuda esit davranis goOsteren
bosluklu dosemelerin daha yiiksek siineklik ve deformasyon
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kapasitesine sahip oldugu goriilmektedir. Yaklasik %15 ve %25
araliginda bosluk oranlarinin agirlik azalimi, egilme ve kesme
dayanimi arasinda dengeli bir ¢6ziim sunmaktadir. Bu oranlarin
asilmast durumunda kapasite kayiplarinin hizla arttifni sonucuna
varilmistir. Giinlimiiz uygulamalarda, Tiirkiye’deki uygulamalara
kiyasla 6zellikle Avrupa ve Amerika’da kiire ve benzeri bosluklu
tasariminlar yayginlagsmistir. Tiirkiye’de plak dosemlere alternatif
olarak ¢ogunlukla asmolen ve kaset dosemeler tercih edilmektedir.
Bosluk olusturucu malzemelerin yayginligi ve tasarim aliskanligi
nedeniyle bosluklu dosemeler uygulamada daha dar bir alanda
kalmaktadir. Bu konudaki deneysel veri eksikligi, standart ve
yonetmeliklerde bosluklu dosemelere 6zgli tasarim kurallarinin
bulunmamasi, tecriibeli miihendis, usta ve is¢ilerin bulunmamasi
sebebiyle bosluklu désemelerin kullanimi sinirli kalmistir. Mevcut
yerel TS 500 ve TBDY-2018, uluslararas1 Eurocode-2 ve ACI 318
yonetmeliklerinde acik diizenlemelerin yer almamasi bu konudaki
tasarimlar1  simirlamaktadir.  Bu  veya  diger  uluslararasi
yonetmeliklerde bosluklu ddsemeler igin yapilacak kapasite
hesaplar1 denklemleri ve yontemleri bu dosemelerin hesaplanmasini
kolaylastiracaktir. Hafif yap1 tasarimi, deprem giivenligi, biiylik
aciklik ihtiyaci ve glinlimiiz miithendislik yapilar dikkate alindiginda
bosluklu désemelerin kullanimi1 belirginlesmektedir. Konut, egitim,
ofis, otopark yapilart ve endiistriyel tesisler gibi ¢esitli kullanim
alanlar1 géz Oniine alindiginda bu dosemelerin potansiyeli ortaya
cikmaktadir. Bu baglamda, gelecekte yerli deneysel, parametrik ve
niimerik c¢alismalarin artirilmasi, ulusal yonetmeliklerde tasarim
kurallarinin eklenmesi bu sistemlerin giivenli bir sekilde insa
edilmesini saglayacaktir.

--101--



Kaynak¢a

ACI318-19. (2019). Building Code Requirements for
Structural Concrete and Commentary. In American Concrete
Institute. ACI, American Concrete Institute 2019.

Al-Gasham, T. S., Hilo, A. N. & Alawsi, M. A. (2019).
Structural Behavior of Reinforced Concrete One-Way Slabs Voided

by Polystyrene Balls. Case Studies in Construction Materials, 11.
https://doi.org/10.1016/j.cscm.2019.e00292

Allawi, A. A. & Jabir, H. A. (2016). Experimental Behavior
of Laced Reinforced Concrete One Way Slab under Static Load.
Journal of Engineering, 22(95).
https://doi.org/10.31026/j.eng.2016.05.04

Amer M. Ibrahim, Nazar K. Ali & Wissam D. Salman.
(2013). Flexural Capacities of Reinforced Concrete Two-Way
Bubbledeck Slabs of Plastic Spherical Voids. Diyala Journal of
Engineering Sciences, 6(2).
https://doi.org/10.24237/djes.2013.06202

Chung, J. H., Bae, B. 11, Choi, H. K., Jung, H. S. & Choi, C.
S. (2018). Evaluation of Punching Shear Strength of Voided Slabs
Considering the Effect of the Ratio bo/d. Engineering Structures,
164. https://doi.org/10.1016/j.engstruct.2018.02.085

Chung, J. H., Choi, H. K, Lee, S. C. & Choi, C. S. (2015).
One-Way Shear Strength of Circular Voided Reinforced Concrete
Floor Slabs. Proceedings of the Institution of Civil Engineers:
Structures and Buildings, 168(5).
https://doi.org/10.1680/stbu.14.00044

Chung, J. H., Jung, H. S. & Choi, H. K. (2022). Flexural
Strength and Stiffness of Donut-Type Voided Slab. Applied Sciences
(Switzerland), 12(12). https://doi.org/10.3390/app12125782

--102--



Eurocode-2. (2004). Eurocode-2 Design of Concrete
Structures. European Committee for Standardization.

Fanella, D. A., Mahamid, M. & Mota, M. (2017). Flat Plate—
Voided Concrete Slab Systems: Design, Serviceability, Fire
Resistance, and Construction. Practice Periodical on Structural
Design and Construction, 22(3).
https://doi.org/10.1061/(asce)sc.1943-5576.0000322

Kankeri, P., Suriya Prakash, S. & Pachalla, S. K. S. (2018).
Experimental and Numerical Studies on Efficiency of Hybrid
Overlay and Near Surface Mounted FRP Strengthening of Pre-
cracked Hollow Core Slabs. Structures, 15.
https://doi.org/10.1016/j.istruc.2018.05.003

Khouzani, M. A., Zeynalian, M., Hashemi, M., Mostofinejad,
D. & Farahbod, F. (2019). Investigation of Flexural and Shear
Behaviors of Biaxial Voided Slabs Containing Steel Cages.
Structural Concrete, 21(1). https://doi.org/10.1002/suc0.201900129

Khouzani, M. A., Zeynalian, M., Hashemi, M., Mostofinejad,
D. & Farahbod, F. (2020). Study on Shear Behavior and Capacity of
Biaxial Ellipsoidal Voided Slabs. Structures, 217.
https://doi.org/10.1016/j.istruc.2020.07.017

Kim, S. H., Lee, K. K., Lee, H. S., Lee, K. J. & Kang, L. S.
(2008). Bending and Shear Strength of I-Slab With Polystyrene
Forms. Key Engineering Materials, 385-387.
https://doi.org/10.4028/www.scientific.net/kem.385-387.353

Kim, Seung Hun. (2011). Flexural behavior of void RC and
PC slab with polystyrene forms. Key Engineering Materials, 452—
453. https://doi.org/10.4028/www.scientific.net/KEM.452-453.61

Kim, Seung Hun. (2012). Shear strength of void slab with
polystyrene forms. Applied Mechanics and Materials, 217-219.
https://doi.org/10.4028/www.scientific.net/ AMM.217-219.626

--103--



Kipgak, F., Erdil, B., Tapan, M. & Karasin, A. (2023). The
Effect of Voids on Flexural Capacity of Reinforced Concrete Slabs.
Periodica Polytechnica Civil Engineering, 67(4).
https://doi.org/10.3311/PPci.21988

Kipgak, F., Tapan, M., Erdil, B. & Karasin, A. (2025).
Investigation of Flexural Behavior of Voided and Crosstie
Reinforced Slabs. The Structural Design of Tall and Special
Buildings, 34(14), €70078.
https://doi.org/https://doi.org/10.1002/tal.70078

Lee, C. H., Mansouri, 1., Bae, J. & Ryu, J. (2021). Current
and New Approaches to Predict the Deflections of One-Way Flexural
Members With a Focus on Composite Steel Deck Slabs Voided by
Circular Tubes. Materials, 14(2).
https://doi.org/10.3390/ma14020421

Lee, C.-H., Mansouri, 1., Kim, E., Hwang, K.-S. & Woo, W.-
T. (2019). Flexural Strength of One-Way Composite Steel Deck
Slabs Voided by Circular Paper Tubes. Journal of Structural
Engineering, 145(2). https://doi.org/10.1061/(asce)st.1943-
541x.0002259

Pawar, A. J., Mathew, N. S., Dhake, P. D. & Patil, Y. D.
(2022). Flexural behavior of Two-Way voided slab. Materials Today:
Proceedings, 65. https://doi.org/10.1016/j.matpr.2022.04.500

Sagadevan, R. & Rao, B. N. (2019). Experimental and
Analytical Investigation of Punching Shear Capacity of Biaxial
Voided Slabs. Structures, 20.
https://doi.org/10.1016/j.1struc.2019.03.013

TBDY. (2018). Tiirkiye Bina Deprem Yonetmeligi (Turkey
Building Earthquake Regulation). Republic of Turkey Ministry of
Environment and Urbanization.

--104--



TS 500. (2000). Betonarme Yapilarin Tasarim ve Yapim
Kurallar1 (Requirements for Design and Construction of Reinforced
Concrete Structures). In Tiirk Standartlart Enstitiisi.

Viana, J. C. M., Matos, J. M. & da Camara, N. (2017).
“COBIAX” Voided Slabs and Post-Tensioned Flat Slabs:
Competitive Analyses.
https://api.semanticscholar.org/CorpusID:219570792

Yardim, Y. (2008). Development of Lightweight Composite
Slab System for Residential Building. University Putra Malaysia.

Ziverts, G. J. (1964). A Study of Cardboard Voids For
Prestressed  Concrete Box  Slabs. PCI  Journal, 9(4).
https://doi.org/10.15554/pcij.08011964.33.60

--105--



BOLUM 5

CIMENTOLU MACUN DOLGULAR VE MADEN
ATIKLARIN SURDURULEBILIR KULLANIMI

Bayram ATES!
Mohammad Azim Eirgash?

Giris
Madencilik sektorii, modern endiistriyel sistemlerin temel
hammaddelerini saglayan ve kiiresel ekonomik biiytimede kritik rol
oynayan stratejik bir sektordiir. Artan niifus ve sanayilesme ile
mineral kaynaklara olan talep siirekli artmakta; bu durum madencilik
faaliyetlerinin 6lgegini ve yogunlugunu dnemli dl¢iide artirmaktadir
(Azapagic, 2004). Ancak madencilik faaliyetleri yiiksek miktarda
atik tretimi ile karakterizedir. Cevher zenginlestirme siirecleri
sonucunda ortaya ¢ikan ince taneli atiklar, diinya genelinde en biiytik
hacimli endiistriyel atik akimlarindan birini olugturmaktadir (Blight,
2010). Bu atiklar genellikle yiiksek su icerigine sahip olup uzun
stireli depolama gerektirmektedir. Geleneksel olarak maden atiklari
ylzeyde insa edilen atik barajlarinda depolanmaktadir. Ancak bu

! Dr, Karadeniz Teknik Universitesi, Insaat Miihendisligi Boliimii, Orcid: 0000-
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sistemler stabilite problemleri, agir metal si1zintis1 ve asidik maden
drenaji (AMD) gibi ciddi ¢evresel riskler tasimaktadir. Ozellikle
stlfiirli minerallerin oksidasyonu sonucu olusan AMD, yeralt1 ve
ylizey su kaynaklarinin kirlenmesine neden olan en kritik ¢evresel
problemlerden biridir (Akcil & Koldas, 2006). Bu baglamda,
stirdiiriilebilir madencilik ve dongilisel ekonomi yaklagimlari
dogrultusunda, maden atiklarinin yeniden degerlendirilmesi giderek
daha fazla 6nem kazanmaktadir. Bu yaklasim, atiklarin yalnizca
bertaraf edilmesi gereken bir yiik degil, ayn1 zamanda miihendislik
uygulamalarinda kullanilabilecek bir kaynak oldugunu ortaya
koymaktadir.

Bu ¢ercevede gelistirilen ¢imentolu macun dolgu (CMD)
teknolojisi, maden atiklarinin yeraltinda degerlendirilmesini
saglayan en onemli yontemlerden biridir. CMD, ince taneli maden
atiklari, baglayict ve sudan olusan, yiiksek kati igerikli ve
pompalanabilir bir dolgu malzemesidir (Fall & ark., 2010). Bu
sistem sayesinde, atiklarin Onemli bir kismi yeraltina geri
kazandirilmakta, yiizey atik depolama ihtiyact azaltilmakta, yeraltt
bosluklar1  stabilize edilmekte, c¢evresel riskler minimize
edilmektedir. Ayrica son yillarda yapilan c¢alismalar, ucucu kiil,
graniile yiiksek firin ciirufu ve kirectas1 gibi endiistriyel atiklarin
CMD sistemlerinde baglayict ikamesi olarak kullanilabilecegini
gostermistir (Belem & Benzaazoua, 2008; Yilmaz & ark., 2011).

Maden Sektoriinde Atik Yonetimi

Madencilik sektorii, enerji iiretimi, altyapi, ulagim ve sanayi
iretimi i¢in gerekli olan hammaddelerin saglanmasinda kritik rol
oynamaktadir. Bu sektor, ozellikle gelismekte olan {ilkelerde
ekonomik biiylimenin 6nemli bir bileseni olarak kabul edilmektedir.
Ancak madencilik faaliyetleri yliksek hacimli atik {iretimi ile
gerceklesmektedir. Cevherin ekonomik olarak degerlendirilebilir
kism1 genellikle toplam kazi hacminin kiiciik bir bdliimiinii
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olustururken, geri kalan biiyiik hacim atik olarak ortaya ¢ikmaktadir
(Azapagic, 2004).

Yeralti Madenciliginde Dolgu Yontemleri ve Miihendislik
Yaklasimlari

Yeraltt madenciligi, delme, patlatma, havalandirma, kaz1 ve
olusan bosluklarin doldurulmasi gibi ardisik ve birbirine baglh
stireclerden olusan bir iiretim dongiisiidiir (bkz. Sekil 1). Bu siirecler
icerisinde dolgu uygulamalari, hem jeoteknik stabilitenin saglanmasi
hem de giivenli ve siirdiiriilebilir tiretimin devami acisindan kritik
bir O6neme sahiptir. Dolgu, yeralti iiretimi sirasinda olusan
bosluklarin kontrol altina alinmasi amaciyla bu bosluklara
yerlestirilen malzeme olarak tanimlanmakta olup (Thomas & ark.,
1979), ayn1 zamanda atik yonetimi ve miihendislik performansin
tyilestiren ¢ok yonlii bir uygulama niteligi tasimaktadir. Dolgu
teknolojilerinin gelisimi incelendiginde, ilk uygulamalarin iri taneli
malzemelere dayali kaya dolgusu ile basladigi, ardindan hidrolik
dolgu sistemlerinin  gelistirildigi  goriilmektedir. Ancak bu
yontemlerin sinirlamalari, yiiksek kati icerikli ve homojen yapiya
sahip ¢imentolu macun dolgu (CMD) sistemlerinin gelistirilmesine
yol agmustir. Giiniimiizde CMD, {istlin mekanik ozellikleri ve
operasyonel avantajlar1 nedeniyle en gelismis dolgu yontemi olarak
kabul edilmektedir (Landriault, 2001). Literatiirde yer alan
caligmalar, dolgu tiirii seciminde jeolojik kosullar, liretim yontemi ve
maliyet gibi faktorlerin belirleyici oldugunu ortaya koymakta; ayrica
modern CMD  sistemlerinin  miihendislik performansi  ve
sirdiiriilebilirlik  agisindan  6nemli  istiinlikkler  sundugunu
gostermektedir (Qin & ark., 2024).
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Sekil 1 Yeralti madenciliginde tiretim ve hazirlik safhalart

(5 Patlayici
@ erlestirme



Yeralti madenciliginde {iretim bosluklarinin giivenli sekilde
doldurulmasi, hem operasyonel siireklilik hem de kaya kiitlesi
stabilitesi a¢isindan kritik bir miihendislik gerekliligidir. Dolgu
uygulamalari; tasima kapasitesinin artirilmasi, deformasyonlarin
sinirlandirilmast ve cevher geri kazaniminin iyilestirilmesi gibi
onemli islevler tistlenmektedir. Bu kapsamda dolgu yontemleri genel
olarak kaya dolgu, hidrolik dolgu ve ¢imentolu macun dolgu (CMD)
olmak iizere ili¢ ana grupta incelenmektedir. Kaya dolgu, iri taneli
malzemelerin baglayicit kullanilmadan yerlestirilmesine dayanan,
diisiik maliyetli ve yiiksek drenaj kapasitesine sahip bir yontemdir;
ancak diisiik dayanim ve yiiksek bosluk orani gibi dezavantajlar
bulunmaktadir. Hidrolik dolgu ise ince taneli atiklarin su ile
tasinmasina dayanmakta olup biiyiik hacimlerin doldurulmasina
olanak tanirken, yiiksek su igerigi nedeniyle diisik dayanim ve
segregasyon sorunlar1 gdsterebilmektedir. Cimentolu macun dolgu
ise ince taneli atiklarin baglayici ve su ile karistirilmasiyla elde
edilen, yiiksek kat1 igerigine (%70-85) sahip ve homojen
yerlestirilebilen bir sistemdir (Fall & ark., 2010). Bu o6zellikleri
sayesinde CMD, giiniimiizde hem miihendislik performansi1 hem de
strdiirtilebilirlik acisindan en gelismis dolgu yontemi olarak one
cikmaktadir.

Cimentolu Macun Dolgu

Modern madencilik uygulamalarinda, ekonomik degeri olan
minerallerin iretiminin ardindan geriye kalan atik malzemeler
cogunlukla yeralt1 bosluklarina ya da acik ocak alanlarina geri
yerlestirilmektedir. Bu geri doldurma yaklasimi, o6zellikle kes-
doldur, alt seviyeli kaz1 yontemleri ve agik ocak isletmeciligi gibi
farkli madencilik tekniklerinde yaygin bicimde uygulanmaktadir
(Lu & ark., 2018). Dolgu sistemleri, maden atiklarinin uzun vadeli
yonetimi agisindan ¢evresel etkileri azaltan, ekonomik agidan uygun
ve teknik olarak olgunlagsmis ¢ozlimler arasinda yer almaktadir.
Bunun yani sira, dolgu malzemesi pasif bir destek mekanizmasi
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olusturarak cevre kaya kiitlesinin stabilitesine katki saglamaktadir.
Ozellikle baglayici olarak ¢imento kullanilan sistemler, ¢imentolu
maden dolgusu veya cimentolu macun dolgu (CMD) olarak
tanimlanmaktadir.

Cimentolu macun dolgu (CMD), belirli bir akma gerilimi ve
viskozite araliginda davranis gosteren, homojen yapida, ayrismaya
kars1 direngli ve yiiksek yogunluklu bir dolgu malzemesidir. Bu
ozellikleri sayesinde, yeralt1 duraklarina, atik depolama alanlarina,
acik ocaklara ve zemin c¢okme bolgelerine etkin bir sekilde
taginabilmektedir (bkz. Sekil 2). Kullanilan atigin tane boyutu
dagilim1 ve 6zgil agirhigina baglh olarak, ozellikle sert kaya metal
madenlerinde CMD’nin yogunlugu genellikle agirlikca %75-85
araliginda degismektedir (Keskin & ark., 2024).

Sekil 2 Cimentolu macun dolgu karisimi diyagrami ve ana
bilesenleri

" © Baglayici igerigi, s/c =
Gimento ——— Su \

(%2-7) (%15-25)

* Geri déndstiiriilmig su
* Musluk suyu
* GOl suyu

* Portland gimentosu
* Katkil gimento

Cimentolu 8
macun dolgu

* Mineral (ugucu kiil, ciiruf)
« Dogal (findik kabugu) 39

* Toplam (Boyut ayarlamas! olmadan)
« Siniflandirilmig (ince, orta, kaba)
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CMD belirgin bir kritik akis hizina sahip olmadigindan, uygun
kosullar altinda boru hatt1 igerisinde birkag saat (yaklasik 4-5 saat)
boyunca hareketsiz kalabilmekte ve bu durum hat igletimi agisindan
avantaj saglamaktadir. Ancak, durgun haldeki dolgunun yeniden
akisa gecirilmesi icin yeterli akma geriliminin olusturulmasi
gerekmektedir. Akisin yeniden baslatilmasi sirasinda gerekli olan
yliksek akma gerilimi, yetersiz pompalama kapasitesi veya enerji
saglanmasi durumunda boru hattinda titkanmalara yol agabilmekte;
bu da hem ekonomik kayiplara hem de iiretim gecikmelerine neden
olabilmektedir. Bu nedenle, dolgu malzemesinin akma geriliminin
dogru sekilde belirlenmesi, islenebilirligin degerlendirilmesi
acisindan kritik Oneme sahiptir. Bu kapsamda, ASTM C143
standardina gore gergeklestirilen ¢okme deneyi, dolgunun kivam ve
islenebilirlik  dzelliklerinin ~ belirlenmesinde  yaygin  olarak
kullanilmaktadir. Kararli ve siirekli bir CMD akis1 saglanabilmesi
icin, kullanilan atik malzemenin belirli bir ince tane igerigine sahip
olmas1 gerekmektedir. Literatiirde, genellikle 20 mikron alt1 ince
fraksiyonun en az %15 civarinda olmasi onerilmektedir (Hustrulid
& Bullock, 2001). Ince taneler, boru hatt1 duvarlari ile temas ederek
bir tiir kaygan tabaka olusturmakta ve boylece iri tanelerin
cokelmeden, daha yiiksek hizlarda ve ayrisma olmaksizin
tasinmasina olanak saglamaktadir. Bu mekanizma sayesinde CMD,
hidrolik dolgu ve kaya dolgu gibi geleneksel yontemlere kiyasla
ayrismayan bir davranis sergileyerek 6nemli operasyonel avantajlar
sunmaktadir. CMD {iretiminde kullanilan atiklarin tane boyutu
dagilimi, dolgunun hem pompalanabilirligini hem de nihai
mukavemetini dogrudan etkilemektedir. Bu kapsamda, ince, orta ve
iri  taneli  fraksiyonlarin uygun oranlarda dengelenmesi
gerekmektedir (bkz. Sekil 3). Dolgu tasariminda temel hedef; yeterli
akis Ozelliklerini koruyarak iletim performansini artirmak, ayni
zamanda ince tane oranmi optimize ederek ¢imento tiiketimini
azaltmak ve boylece maliyetleri diisirmektir.
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Sekil 3 Cimentolu macun dolgu uygulamalart igin farkli maden
atiklarimin tane boyutu dagilim analizi
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Genel olarak, bir CMD sistemi; susuzlastirma, karistirma,
boru hatti ile iletim ve yerlestirme/izleme asamalarindan
olugmaktadir. Bu siireclerin her biri, dolgunun performansi ve
isletme verimliligi acisindan kritik olup, izleyen boliimlerde
CMD’nin iiretim, taginma ve yerlestirme stliregleri ayrintili olarak ele
almacaktir.

CMD Uretiminde Susuzlastirma, Karistirma ve Iletim
Mekanizmalar

Macun dolgu; maden/baraj atiklari, baglayici, katki
maddeleri ve sudan olusan c¢ok bilesenli bir karisim olup, kullanim
amacma bagli olarak kum ve elyaf gibi takviyelerle
giiclendirilebilmektedir (Zhou et al., 2020). Karigimin performansi,
ozellikle atiklarin tane boyu dagilimi ve mineralojik 6zelliklerine
bagli olup, ince tanelerin yiiksek su tutma kapasitesi dayanimi
olumsuz etkileyebilmektedir. Buna karsilik kum ilavesi, yogunlugu
artirarak  su/¢cimento oranmi diizenlemekte ve mukavemeti
tyilestirmektedir. Baglayic1 olarak genellikle Portland ¢imentosu
tercih edilmekle birlikte, maliyet ve cevresel etkileri azaltmak
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amactyla ugucu kiil ve ciiruf gibi alternatif puzolanik malzemeler de
kullanilmaktadir. Karigim suyu ise farkli kaynaklardan temin
edilebilmekte olup, kimyasal 6zelliklerinin kontrol edilmesi 6nem
tasimaktadir. Tipik bir CMD iretim sistemi; yogunlastirma,
depolama, karistirma ve pompalama {initelerinden olusmaktadir
(bkz. Sekil 4).

Sekil 4 Cimentolu macun dolgu tiretim sisteminin sematik gosterimi
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Kaynak: Qi & Fourie, 2019; Wang & ark., 2023

CMD iiretiminde atiklarin susuzlastirilmasi, kati igeriginin
artirllmast ve istenen reolojik Ozelliklerin saglanmasi agisindan
kritik bir asamadir. Bu amagla konvansiyonel veya derin konik
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yogunlastiricilar, siklonlar ve filtre sistemleri kullanilmaktadir.
Kimyasal katkilarla desteklenen geleneksel yogunlastiricilar
genellikle %55-70 kat1 icerigine sahip bulamag {iiretirken, daha
yiksek yogunluklu dolgu elde etmek icgin siklon—filtre
kombinasyonlari tercih edilebilmektedir (Qi & Fourie, 2019). Ancak
yliksek isletme maliyetleri nedeniyle son yillarda derin konik
yogunlastiricilar 6n plana ¢ikmis olup, bu sistemler yiliksek tutma
stiresi ve gelismis sikistirma bolgesi sayesinde daha yiiksek kati
oranina sahip bulamag {iretimine olanak saglamaktadir. Karistirma
asamasi ise CMD firetiminin en kritik adimlarindan biridir. Tim
bilesenler, yeraltina sevk edilmeden Once siirekli karistiricilar
icerisinde uygun oranlarda homojen hale getirilir. Genellikle ¢ift
safth ve cok bicakli karstiricilar kullanilarak, susuzlastirilmis
atiklarin etkin bigimde parcalanmasi ve karistmin uniform hale
gelmesi saglanir. Sistem kontrolii ¢ogunlukla karistirict motorunun
giic tiikketimi lizerinden izlenir. Nihai hedef, boru hattinda tikanmaya
neden olmadan yiiksek kati icerigi ve yeterli akma gerilimine sahip
stabil bir macun dolgu elde etmektir.

Uretilen macun dolgu, yeralti duraklarma genellikle
yercekimi, pompalama veya bu iki sistemin birlikte kullanildigi
yontemlerle iletilmektedir. Bircok tesiste, yliksek pompalama
basinglarindan kacinmak ve boru hattindaki siirtiinme kayiplarinm
azaltmak amaciyla yercekimiyle calisan akis sistemleri tercih
edilmektedir. Dagitim sisteminin tasariminda boru hatt1 ag1, boru
cap1 ve malzeme tiirii kritik olup, hat i¢inde olusabilecek yiiksek
basinglar tikanma ve boru hasarlarina yol acabilmektedir. Bu tiir
durumlar bakim siiresini uzatarak iiretim kayiplarina neden
olmaktadir. Ancak topografyanin uygun olmadigi kosullarda, gerekli
enerji ihtiyacin1 karsilamak i¢in pompa sistemlerinin kullanilmasi
kagmilmazdir. Dolgu operasyonu sonrasinda veya planli duruslar
oncesinde, boru hatlarmin basingli su ve hava ile temizlenmesi
gerekmektedir. Aksi takdirde, hat icerisinde biriken macun malzeme
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zamanla kesit daralmasina, basing artisina ve hatta boru
patlamalarmma neden olabilir Bu durum, ciddi operasyonel
aksakliklar ve iiretim gecikmeleriyle sonuclanabilmektedir.

Dolgu Barikatlarimin Tasarimi, Kontrolii ve Operasyonel
Yonetimi

Cevher iiretimi sonrasinda, yeralti duraklarinda macun
dolgunun tutulabilmesi i¢in ¢ekme noktalarinda barikatlarin inga
edilmesi gerekmektedir. Uygulamada genellikle ilk asamada daha
yiiksek ¢imento igerigine (%5—7) sahip bir tika¢ dolgu belirli bir
ylikseklige kadar yerlestirilmekte, ardindan daha diisiik baglayici
oranina (%2-5) sahip ana dolgu ile doldurma islemi
tamamlanmaktadir. Barikat {izerine etkiyen basinci sinirlamak
amaciyla, tika¢ dolgunun yaklasik 2-7 giin kiirlenmesine izin
verilmektedir (Yilmaz, 2018). Bu kademeli dolgu yaklagimi,
duraklarin daha kontrollii ve etkin sekilde doldurulmasina olanak
saglamaktadir. Dolgunun baslangigtaki akiskan yapisini tutmak igin
en yaygin kullanilan sistem, kesit boyunca insa edilen ¢elik donatili
pliskiirtme beton barikatlardir. Bu yapilar genellikle ahsap kalip,
ankrajli donati elemanlar1 ve belirli kalinlikta piiskiirtme beton
tabakasindan olugsmakta olup, dolgunun giivenli sekilde tutulmasinm
saglamaktadir.

Macun dolgu tasariminda, dayanimin yan sira barikatlarin
dolgu sirasinda olusan basinglara giivenli sekilde karsi koyabilmesi
kritik bir gerekliliktir. Bu nedenle dolgu igerisindeki gercek
gerilmelerin, toprak basing hiicreleri ve barikat {izerine yerlestirilen
Olciim sistemleri ile izlenmesi Onem tagimaktadir. Her dolgu
uygulamas1 saha kosullarina bagli olarak farklilik gosterdiginden,
stireg; mihendisler, operatorler, denetciler ve diger paydaslar
arasinda koordinasyon gerektiren ¢ok disiplinli bir yapidadir. Bu
kapsamda hazirlanan bir macun dolgu yonetim plani, ortak bir bilgi
taban1 olusturarak tiretimden yerlestirmeye kadar tiim asamalarin
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etkin ve gilivenli sekilde yiiriitiilmesini saglar. Ayn1 zamanda bu plan,
tesis isletimi, kontrol stratejileri ve yeralti dagitim sistemlerine
iligkin temel bilgileri de igermelidir.

Literatiirde yapilan calismalar, ¢imentolu macun dolgu
(CMD) uygulamalarinda tiim madenler i¢in gegerli tek bir optimum
karisim tasariminin bulunmadigini ortaya koymaktadir (Fahey &
ark., 2009). Bu nedenle, uygun karisim oranlar1 her saha i¢in; dolgu
elemaninin 6zellikleri ve yerinde test kosullar1 dikkate alinarak ayr1
ayrt belirlenmelidir (Khudyakov & Vashchenko, 2020). CMD
performansin1 belirleyen faktorler genel olarak iki ana grupta
degerlendirilmektedir. Bunlardan ilki, dolgunun bilesimini olusturan
malzemelere ve kiir siirecindeki etkilesimlerine bagh ig
parametrelerdir (Deschamps & ark., 2008). Ikinci grup ise dolgunun
yeraltina yerlestirildikten sonraki davramisim1 etkileyen dis
parametreleri kapsamaktadir. Bu kapsamda dolgu—kaya etkilesimi,
kiir kosullar1, konsolidasyon, drenaj, yeralt1 suyu etkileri ve dinamik
yiikler 6nemli rol oynamaktadir (Yilmaz & ark., 2015; Mbonimpa &
ark., 2019; Libos & ark., 2021).

Cimentolu Macun Dolgularin Tasarim Prensipleri

Cimentolu macun dolgu (CMD), yiiksek oranda atik
malzeme (%70-85), baglayict (%3-7, genellikle Portland
cimentosu) ve sudan olusan kompozit bir karisim olup, bilesen
oranlar1 hedeflenen mekanik ve reolojik oOzelliklere gore
belirlenmektedir (Koohestani & ark., 2021). Karisim performansi
iizerinde Ozellikle atiklarin tane boyutu dagilimi ve 6zgil ylizey
alan1 etkili olmakta; ince taneli fraksiyonun (<20 pm) yeterli
diizeyde olmasi, hem ayrismanin Onlenmesi hem de dayanim
gelisimi agisindan kritik rol oynamaktadir. Bu baglamda, ince taneli
oraninin genellikle %15’in iizerinde olmasi ve optimum dayanim
icin %25-30 araliginda bulunmasi 6nerilmektedir (Landriault, 2001;
Fall & ark., 2005). Baglayic1 olarak farkli puzolanik malzemeler
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kullanilabilmekle birlikte, en yaygin tercih Portland ¢imentosudur.
Cimento miktar1 yalnizca maliyeti degil, aynt zamanda C-S-H
olusumu tizerinden dayanim gelisimini de dogrudan etkilemektedir.
Ayrica karisimin  pompalanabilirligi ve hidratasyon siirecleri
acisindan su/¢imento orant Onemli olup genellikle 2.7-20.2
araliginda degismektedir (Belem & Benzaazoua, 2008; Fall & ark.,
2010). Bu nedenle, uygun miihendislik 6zelliklerine sahip CMD
iretimi i¢in bilesenlerin Ozelliklerinin detayli analiz edilmesi ve
karisim tasariminin optimize edilmesi gerekmektedir.

Cimentolu Macun Dolgularda Maden  Atiklarimin
Degerlendirilmesi

Cimentolu macun dolgu (CMD) uygulamalarinin gelisimiyle
birlikte, dolgu malzemesi olarak kullanilabilecek farkli endiistriyel
kat1 atiklarin degerlendirilmesine yonelik caligmalar artmastir.
Kullanilan atik tiirli, ¢ogunlukla maden sahasina yakinligi ve
erigilebilirligi ile belirlenmektedir. Literatiirde, CMD tiretiminde en
yaygin kullanilan malzemenin degirmen atiklar1 oldugu, bunu komdir
gangi, kum, kaya agregasi, insaat-yikim atiklar1 ve atik kaya gibi
diger malzemelerin izledigi goriilmektedir. Degirmen atiklarnin
yiiksek kullanim orani, zenginlestirme siirecleri sonucu biiyiik
miktarlarda tretilmeleri ile iligkilidir. Buna karsilik iri taneli
atiklarin daha sinirh kullanimi, uygun graniilometriye ulagsmak icin
ek kirma ve eleme islemlerine ihtiya¢ duyulmasindan
kaynaklanmaktadir. Bu ilave islemler, dolgu iiretim maliyetlerini
artirarak uygulamada ekonomik bir dezavantaj olusturmaktadir.
Sekil 5, 1990 yilindan giinlimiize kadar ¢imentolu macun dolgu
(CMD) uygulamalarinda farkli endiistriyel kati atik tiirlerinin
kullanim dagilimini ortaya koymaktadir.
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Sekil 5 CMD uygulamalarinda kati atiklarimin kullanim oranlart
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Cevher tiiriine bagh olarak degirmen atiklar farkli 6zellikler
gosterebilmekte olup, demir, silika, nikel, altin-giimiis, bakir-altin,
tungsten, kirmizi ¢amur, tantal-niyobyum, uranyum ve kursun-¢inko
kokenli atiklar CMD  uygulamalarinda  kiiresel  6lcekte
degerlendirilen baglica malzemeler arasinda yer almaktadir. Bununla
birlikte literatiirde, 6zellikle bakir-altin, altin-glimiis, altin, bakir-
cinko ve bakir esasl atiklarin daha yaygin kullanildigi; nikel, tantal-
niyobyum, uranyum ve kursun-¢inko koékenli atiklarin ise sinirh
sayida ¢alismada ele alindig1 goriilmektedir. Herhangi bir atigin
CMD karisimlarinda kullanilabilmesi icin fiziksel, kimyasal ve
mineralojik  Ozelliklerinin ~ detayli sekilde  incelenmesi
gerekmektedir. Ozellikle o6zgiil agirlik, tane boyu dagilimi ve
yogunluk gibi fiziksel parametreler dolgu performansini dogrudan
etkilemektedir. Ozgiil agirlik, cevher tipine bagli olarak degismekte
ve baglayici miktariin belirlenmesinde 6énemli bir rol oynamaktadir
(Zheng & ark., 2016). Ayrica atiklarin inceligi ve yogunlugu; su
ihtiyaci, dayanim gelisimi, mikroyapisal oOzellikler ve maliyet
iizerinde belirleyici etkiye sahiptir (Abdul-Hussain & Fall, 2011).
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Tane boyu dagilimi ve buna bagli o6zgiil yiizey alani, CMD
performansinda kritik bir faktordiir. Ince tanelerin artmasi, yiizey
alanin1 bliyliterek hidratasyon reaksiyonlarina katilan su miktarin
artirmakta ve karisim davranisini etkilemektedir (Sun & ark., 2021;
Wang & ark., 2024). Ozellikle 20 pm’den kiiciik ince fraksiyonun
orani, dolgunun gozenekliligi, drenaji ve mekanik dayanimi
iizerinde Onemli rol oynamaktadir. Bu baglamda, atiklar ince
fraksiyon oranina gore kaba (%15-35), orta (%35-60) ve ince
(>%60) olarak siniflandirilmaktadir (Qi & ark., 2018). Ince
fraksiyonun yeterli diizeyde olmasi, karisim bilesenlerinin
ayrismasint Onleyerek su tutma kapasitesini artirmakta, serbest
suyun drenajim1  smirlamakta ve iri tanelerin  tagmmasini
kolaylastirmaktadir. Bu nedenle, gerekli akis &zelliklerinin
saglanabilmesi icin CMD karisimlarinda ince fraksiyon oraninin
(<20 pm) genellikle %]15’in {izerinde olmasi1 Onerilmektedir
(Haigiang & ark., 2016).

Maden atiklarinin tane boyu dagilimini tanimlamak amaciyla
literatlirde farkli smiflandirma yaklasimlar: gelistirilmistir. Bu
kapsamda en yaygin kullanilan modeller arasinda gii¢ yasasi,
modifiye A&A ve Rosin—Rammler (R—R) modelleri yer almaktadir
(Mehdipour & Khayat, 2018). Bunun yani sira, gradasyonun daha
etkin temsil edilebilmesi i¢in tiniformluk katsayis1 (Cu = Deo/D10) ve
derecelenme katsayisit (Cc = D30%/(Ds0*D10)) gibi parametreler de
kullanilmaktadir. Bu katsayilar, Dio, D30 ve Deo karakteristik tane
caplarina bagl olarak hesaplanmaktadir (Lamorski & ark., 2014).
Literatiirde raporlanan verilere gore maden atiklarinin 6zgiil
agirliklar1 2.7-4.13, tane boyutlar1 0.1-500 pm, medyan cap (Dso)
16.2-46.9 pum, C, degeri 4.33-16.6 ve C. degeri ise 2.42-8.46
araliginda degigsmektedir.

Maden atiklar1 genellikle piiriizlii ve koseli tane yapisina
sahip oldugundan, dolgunun boru hatlariyla tasinmasi sirasinda
onemli agmmma ve ekipman yipranmasina neden olmaktadir; bu
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durum hem hat dayanimini azaltmakta hem de isletme maliyetlerini
artirmaktadir. Parcacik sekli ayni1 zamanda dolgunun konsolidasyon
ve oturma davranisini da dogrudan etkilemektedir (Mishra & Das,
2010). Atiklarin mineralojik o6zellikleri, CMD’nin mekanik ve
reolojik performansinda belirleyici rol oynamaktadir (Qi and Fourie,
2019). Ozellikle kil mineralleri ve kuvars igeriginin yiiksek olmasi
su tutma kapasitesini ve asindiriciligi artirirken, siilfiir agisindan
zengin atiklar uzun vadede asidik reaksiyonlar yoluyla C-S-H
yapisini zayiflatarak dayanimi olumsuz etkileyebilmektedir (Rao &
Reddy, 2006). Degirmen atiklarinda yaygin olarak kuvars, hematit,
kalsit, dolomit ve pirit gibi mineral fazlar bulunmakta (Behera &
ark., 2021) ve bu atiklarin kimyasal bilesimi ¢ogunlukla SiO-, CaO,
AlOs, MgO ve Fe:0s oksitlerinden olusmaktadir. Bu bilesenler
dolgunun dayanim gelisiminde kritik rol oynarken, goézlenen
farkliliklar cevher tiiriine ve jeolojik kosullara bagl olarak degisiklik
gostermektedir.

Belediye Kati1 Atiklarinin Siirdiiriilebilir Yonetimi

Belediye kati1 atiklari, evsel, bahge, endiistriyel ve tehlikeli
atiklar1 kapsayan genis bir bilesen grubundan olusmakta olup,
kentlesme ve niifus artigina bagl olarak hizla artmaktadir. Diinya
Bankasi verilerine gore giinliik kiiresel liretim milyonlarca tona
ulagsmis ve bu miktarin dniimiizdeki yillarda 6nemli 6l¢iide artacag:
ongoriilmektedir (Kaza & ark., 2018). Ulkeler arasinda iiretim
miktarlan farklilik géstermekle birlikte, ABD ve Cin gibi iilkelerde
kat1 atiklart tiretimi oldukga yiiksek seviyelerdedir ve geri dontistim
oranlari istenilen diizeyde degildir (OECD, 2007; EPA, 2011). Bu
durum, siirdiiriilebilir atik yonetimi i¢in alternatif degerlendirme
yontemlerinin gelistirilmesini zorunlu kilmaktadir (Obe & ark.,
2017). Kat1 atik yonetiminde yaygin olarak kullanilan yontemlerden
biri yakma teknolojisidir. Bu yontem, atik hacmini ve agirligim
onemli Ol¢lide azaltmasinin yani sira enerji geri kazanimi imkani
sunmaktadir (Zhang & ark., 2021). Giiniimiizde modern yakma
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tesisleri, enerji liretimi ile entegre calismakta ve c¢evresel faydalar
saglamaktadir. Kat1 atiklarin yakilmasi sirasinda olusan baslica yan
iiriinler taban kiilii ve ugucu kiildiir. Bunlardan taban kiilii, toplam
kiiliin biiyiik bir kismin1 (%75-80) olusturan ve genellikle gézenekli
yapiya sahip ana kati faz olarak tanimlanmaktadir.

Biyokiitle Kaynakh Atiklarin Degerlendirilmesi

Biyokiitlenin termik santrallerde yakilmasi, fosil yakitlara
kiyasla daha siirdiiriilebilir ve verimli bir elektrik {iretim yOntemi
olarak one ¢ikmaktadir (Briones-Hidrovo & ark., 2021). Kiiresel
Olcekte biyokiitleye dayali enerji tiretimi hizla artmakta olup, toplam
kurulu gii¢ yaklasik 130 GW seviyesine ulagsmis ve 6zellikle Asya,
Afrika ve Amerika kitalarinda yogunlagmistir. Bu sistemlerde enerji
liretimi, kOmiir yakma siireclerine benzer sekilde
gerceklestirilmekte; ancak yakit olarak bitkisel ve organik kokenli
biyokiitle kaynaklari kullanilmaktadir (IRENA, 2012). Biyokiitle
kaynaklari; orman ve odun atiklari, tarimsal artiklar, kentsel ahsap
atiklar1 ve gida isleme yan irlinleri gibi cesitli malzemeleri
icermekte olup genel olarak otlar, odunsu bitkiler, su bitkileri ve
giibreler seklinde smiflandirilmaktadir (bkz. Sekil 6). Bu
malzemeler, fotosentez yoluyla depolanan gilines enerjisini
icermeleri nedeniyle yenilenebilir enerji  kaynagi olarak
degerlendirilmektedir. Nitekim biyokiitle enerjisi, kiiresel enerji
arzinda Oonemli bir paya sahip olup toplam enerji tiikketiminin
yaklasik %10’unu karsilamakta ve yenilenebilir enerji kaynaklari
igerisinde en biiylik katkiy1 saglamaktadir (IRENA, 2013).
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Sekil 6 Biyokiitle tabanli atiklarin genel siniflandirmasi
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Son yillarda biyokiitleden enerji tiretim teknolojileri 6nemli
ol¢tide geligmis olup, dogrudan yakma ve gazlastirma gibi yontemler
yaygin olarak kullanilmaktadir. Kiiresel 6lgekte biyokiitle enerjisinin
biiytlik kismi kat1 biyokiitleden saglanmakta, daha kiigiik bir boliimii
ise s1v1 biyoyakitlar ve biyogazdan elde edilmektedir. Kombine 1s1
ve gii¢c sistemlerinde biyokiitle kullanimmnin verimliligi %70-90
araligma ulagmis ve teknolojik ilerlemelerle birlikte artmaya devam
etmektedir (Eisentraut & Brown, 2012). Ayrica biyokiitlenin enerji
potansiyelinin gelecekte dnemli dl¢lide artarak 2050 yilina kadar
yillik 300 EJ seviyesine ulagmasi beklenmektedir (IEA, 2012).
Biyokiitlenin enerji iiretiminde daha verimli kullanilabilmesi i¢in
kurutma, peletleme, torrefaksiyon ve piroliz gibi ¢esitli 6n islem
yontemleri uygulanmaktadir. Bu islemler, biyokiitlenin taginmasini
ve yanma performansini iyilestirirken, ozellikle akigkan yatakli

kazan sistemleri yiiksek verim ve diisiik emisyon avantajlartyla 6ne
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cikmaktadir. Bununla birlikte, biyokiitle yakiminin O6nemli
dezavantajlarindan biri kiil olusumudur. Yanma siirecinde taban kiilii
ve ugucu kiil olmak tizere iki ana kiil tiirii ortaya ¢ikmaktadir. Taban
kiilii daha iri ve agir partikiillerden olusurken, ugucu kiil ince
partikiiller halinde gaz akimiyla taginmakta ve 6zel filtre sistemleri
ile tutulmaktadir (Modolo & ark., 2013). Kiil miktar1 ve 6zellikleri;
kullanilan biyokiitle tiiriine, yakma teknigine ve isletme kosullarina
bagli olarak degismekte olup, otsu biyokiitlelerin odunsu kaynaklara
kiyasla daha fazla kiil iirettigi bilinmektedir (Koppejan & Van Loo,
2012).

Biyokiitle Atiklarinin Ozellikleri

Biyokiitle termik santrallerinde olusan kiil kalintilari, taban
kiili (BBA) ve wucucu kiil (BFA) olarak iki ana grupta
incelenmektedir. Bu kiiller, biyokiitlenin yanmasi sonrasi olusan
oksitlenmis mineraller ile belirli oranda yanmamis organik
bilesenler icermektedir. S6z konusu organik igerik; karbonhidratlar,
lignin, lipitler ve proteinlerden olusmakta olup biyokiitlenin
cogunlukla lignoseliilozik karakterde oldugu bilinmektedir (Wang &
Tester, 2023). Kiil miktar1 ve O6zellikleri; biyokiitle tiirli, yakma
sistemi ve isletme kosullaria bagl olarak degisiklik gostermektedir
(Munawar & ark., 2021). Fiziksel agidan, BBA genellikle daha iri ve
yogun partikiillerden olusurken, BFA baca gazlariyla tasinan ince
taneli fraksiyonu temsil etmektedir. Biyokiitle kiillerinin tane
sekilleri genellikle diizensiz olup, komiir kiillerine kiyasla daha
diisiik yanma sicakliklar1 nedeniyle kiiresel yap1 gostermez. Partikiil
boyutu BFA i¢in genellikle <200 pm iken, BBA’da mm mertebesine
ulasabilmektedir. Yogunluk ve tane boyu gibi 6zellikler, kullanilan
biyokiitle tiirline bagl olarak onemli degiskenlik gdstermektedir
(Eliche-Quesada & ark., 2021).

Biyokiitle atiklarinin nem igerigi de 6nemli bir parametre
olup genellikle %30 esik degeri esas alinmaktadir (Ravindiran &
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ark., 2022). Kimyasal olarak ise biyokiitle kiillerinin bilesimi; Si, Ca,
Al, Fe, K ve Mg gibi elementlerce zengin olup, bu igerik
biyokiitlenin kaynagi ve yanma kosullarina bagli olarak
degismektedir (Cruz & ark., 2019). Bu nedenle, biyokiitle kiiliiniin
ozellikleri oldukca degisken olup her bir atik tiirii i¢cin ayri
degerlendirme yapilmas1 gerekmektedir.

Biyokiitle ucucu kiilleri (BFA), komiir ugucu kiiliine benzer
sekilde kimyasal bilesimine gore C ve F siniflarina ayrilabilmekte
olup bu smiflandirma 6zellikle CaO igerigine dayanmaktadir;
yaklasik %8 ve iizeri CaO igeren kiiller C siifi, daha diisik CaO
icerigine sahip olanlar ise F smifi olarak degerlendirilmektedir
(Agrela & ark., 2019). Biyokiitle yakimi sonucu olusan kiiller, Pb,
Cd, Cr, Cu, As, Ni ve Zn gibi potansiyel olarak zararli elementlerin
yant sira ¢esitli bitkisel kokenli mineralleri de igermektedir. Bu
durum, kiiliin miithendislik uygulamalarindaki kullanimin1 etkilerken
aynt zamanda c¢evresel ve saglhik agisindan  dikkatle
degerlendirilmesini gerektirmektedir. Mineralojik agidan bu kiiller;
silikat, stilfat, fosfat, karbonat ve kloriir gibi farkli fazlardan
olugmakta ve bu yapi, yanma sirasinda gergeklesen oksidasyon ve
ayrisma reaksiyonlarmin bir sonucudur (Vassilev & ark., 2013).
Literatiirde farkl biyokiitle tiirlerinden elde edilen kiillerin mineral
bilesimlerinin 6nemli 6lciide degistigi goriilmektedir. Ornegin zeytin
atiklarinda arkanit ve kalsit, odunsu atiklarda kuvars ve portlandit,
tarimsal atiklarda ise kuvars ve albit gibi fazlar rapor edilmistir
(Beltran & ark., 2016). Bu farkliliklar, kiiliin 6zelliklerinin biyokiitle
kaynagi ve yakma kosullarina bagli olarak degistigini
gostermektedir.

Macun Dolgu Karisimlarinda Baglayici Tiirleri ve Etkileri

Cimentolu macun dolgularin (CMD) mekanik performansi,
baglayicinin tiirli ve miktarina dogrudan baghdir (Xu & ark., 2020).
Bu sistemlerde en yaygin baglayici Portland ¢imentosu olup
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genellikle %3-7 oraninda kullanilmakta ve dayanim gelisiminde
belirleyici rol oynamaktadir. Ancak ¢imento miktarinin artist
maliyetleri nemli dlciide yiikseltmekte ve toplam dolgu maliyetinin
%30-70’ini olusturabilmektedir (Fall & Samb, 2008; Wu & ark.,
2024). Ayrica ¢imento tiretimi, yliksek CO: emisyonlar1 ve ¢evresel
etkiler nedeniyle siirdiiriilebilirlik acisindan smirlayicidir (Gao &
ark., 2015). Bu nedenle, ekonomik ve ¢evresel agidan daha uygun
coziimler kapsaminda ucucu kiil, cliruf ve diger puzolanik
malzemeler alternatif baglayici olarak degerlendirilmektedir (bkz.
Sekil 7). Literatiirde 6zellikle ugucu kiil ve clirufun yaygin sekilde
kullanildig1 ve 6nemli bir paya sahip oldugu goriilmektedir (Behera
& ark., 2021).

Sekil 7 CMD sistemlerinde Portland ¢imentosuna alternatif
baglayicilar
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Ugucu kil (UK), termik santral kaynakli bir yan {iriin olup
genellikle kiiresel sekilli ferro-aliimino-silikat taneciklerinden
olusmaktadir (Blissett & Rowson, 2012). CSA A3001 standardina

o

Kaynak: Behera & ark., 2021 den tiiretilmistir
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gore UK; diisiik (<%8 CaO), orta (%8-20 CaO) ve yiiksek (> %20
CaO) kireg igerikli olarak siniflandirilirken, ASTM C618’e gore C
ve F tipi olarak ayrilmaktadir. Bu ayrim, toplam oksit igerigine
(S102+Al205+Fe203) baglt olup, C tipi kiiller daha yliksek kalsiyum
icerigi nedeniyle hem baglayici hem de puzolanik 6zellik
gosterirken, F tipi kiiller diisiik CaO igerigiyle daha ¢ok puzolanik
karakter sergilemektedir (Yazic1 & Arel, 2012; Giergiczny, 2019).
TS EN 197-1’e gore ise UK’lar silisli (V) ve kalkerli (W) olmak
iizere iki gruba ayrilmaktadir. C tipi ugucu kiiliin Portland ¢imentosu
(PC) yerine kullanimi maliyetleri azaltmakla birlikte mekanik
ozelliklerde baz1 diisiislere neden olabilmektedir; ancak siilfat
etkisine kars1 uzun vadede olumlu katkilar saglayabilmektedir (Ali
& ark., 2021). Ayrica PC ile birlikte kullanimi, 6zellikle uzun kiir
stirelerinde dayanim gelisimini desteklemektedir (Cavusoglu & ark.,
2021). Siilfiir agisindan zengin atiklarin, hidratasyon iiriinlerini
bozarak dolgu dayaniminmi olumsuz etkiledigi de bilinmektedir
(Jafari & ark., 2021). Yiiksek firin ciirufu (YFC) ise demir-gelik
iiretiminin camsi yapida bir yan iirlinii olup ince taneli ve reaktif bir
malzemedir. PC ile birlikte kullanildiginda hidratasyon siireclerini
destekleyerek ek C-S-H olusumuna katki saglamakta ve dayanim
gelisimini iyilestirmektedir (Ustabas & ark., 2021). Bununla birlikte,
gbzenek yapisini incelterek hidrolik iletkenligi azaltmakta ve dolgu
yogunlugunu artirmaktadir (Kou & ark., 2020). Sonug olarak, UK ve
YFC gibi alternatif baglayicilar, ozellikle siilfiir igerigi yliksek
atiklarla hazirlanan CMD’lerde hem uzun vadeli dayanimi
artirmakta hem de maliyetlerin diisiiriilmesine katki saglamaktadir.

Macun Dolgularda Kimyasal Katkilarin Miihendislik
Ozelliklerine Etkisi

Kimyasal katki maddeleri, beton ve har¢ teknolojisinde
yaygin olarak kullanilan ve karigtim performansini artirmayi
amaglayan bilesenlerdir. Benzer sekilde, ¢cimentolu macun dolgular
(CMD) daha diisiik ¢imento igerigine sahip olmasina ragmen, bu
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katkilarin kullanim1 dolgu performansini iyilestirme ve maliyetleri
azaltma agisindan 6nemli avantajlar saglamaktadir (Mangane & ark.,
2018; Saedi & ark., 2021). CMD uygulamalarinda karsilasilan
sorunlarin  bilyiikk boliimii  hazirlama, tasima ve yerlestirme
asamalarinda ortaya ¢iktigindan, kimyasal katkilar optimum karisim
tasariminin  gelistirilmesinde Onemli bir rol oynamaktadir. Bu
katkilar; dayanim artis1 (erken ve uzun vadede), kohezyonun
tyilestirilmesi, su  igerigi ve  ayrismanin  azaltilmasi,
pompalanabilirlik ve islenebilirligin artirilmasi ile biiziilme ve ¢atlak
olusumunun azaltilmas1 gibi ¢ok yonlii faydalar saglamaktadir
(Koohestani & ark., 2018; Jiang & ark., 2020). Literatiirde, kimyasal
katki igeren dolgularin katkisiz sistemlere kiyasla dnemli Olgilide
daha yiiksek dayanim degerlerine ulastigi, ayrica su ihtiyacinin
azaldig1 ve akis ozelliklerinin iyilestigi rapor edilmistir (Quattara &
ark., 2018; Ouffa & ark., 2022). Bu nedenle, 6zellikle siilfiir icerigi
yiiksek atiklar i¢in katki kullanimi, hem dayanim ve dayanikliligt
artirmakta hem de cimento tiiketimini ve isletme maliyetlerini
azaltmaktadir. Bununla birlikte, katkilarin etkinligi dogru dozaj ve
uygun karigim tasarimina bagli olup, yanhs kullanim durumunda
olumsuz sonuglar ortaya ¢ikabilmektedir.

CMD’de Su/Cimento Oram ve Performans iliskisi

Cimentolu macun dolgular (CMD) i¢in karisim suyu;
belediye/musluk, proses, yeralti ve ylizey sular gibi farkl
kaynaklardan temin edilebilmektedir. Su, hidratasyon siireci ve
dolgu mikroyapis1 lizerinde dogrudan etkili olup genellikle
su/cimento (s/¢) orant veya kati icerigi ile ifade edilmektedir.
Cimentonun etkin sekilde hidrate olabilmesi i¢in minimum s/¢
oranmnin  yaklastk 0.4  olmast  gerekirken, CMD’lerde
pompalanabilirlik gereksinimi nedeniyle bu oran genellikle 2.7-20.2
araliginda degismektedir (Belem & Benzaazoua, 2008). Bununla
birlikte, asirt su kullanimi kilcal bosluk oranmi artirarak dayanimi
olumsuz etkileyebilmektedir (Qi & Fourie, 2019).
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Karisim suyunun miktar1 kadar kimyasal kalitesi de kritik
oneme sahiptir. pH, redoks potansiyeli, elektriksel iletkenlik ve iyon
konsantrasyonlar1 (6zellikle SO+~ ve Ca?") hidratasyon siirecinin
saglikli ilerlemesini belirlemektedir. Yiiksek siilfat icerigi, baglayici
sistemle etkilesime girerek dayanim gelisimini olumsuz etkileyebilir
ve Ozellikle ciliruf bazli baglayicilar bu duruma daha hassastir
(Benzaazoua & ark., 2002). CMD karisimlarinda onemli bir su
kaynagi olan gozenek suyu, toplam suyun biiyiikk bir kismini
olusturmakta ve Ozellikle siilfiirlii cevherlerin islenmesi sonucu
silfatca zengin ortamlar olusabilmektedir. Bu durumda temiz su
kullanim1  siilfat konsantrasyonunu seyrelterek performansi
iyilestirebilmektedir (Wu & ark., 2015; Li & ark., 2020). Ayrica
maliyet ve c¢evresel nedenlerle geri kazanilmis proses suyu tercih
edilse de, literatiirde musluk veya ylizey suyu kullanimiyla daha
yiiksek dolgu stabilitesi elde edildigi belirtilmektedir (Ouellet &
ark., 2007).

Macun Dolgu Sistemlerinde Boru Hatti Tasima Mekanizmalari

Yeriistii dolgu tesisinde optimum karisim oranlarma gore
hazirlanan CMD bulamaci, boru hatlar1 araciligiyla yeralt:1 liretim
odalarma iletilmektedir. Bu hidrolik tasima yontemi; siirekli
kullanim imkani, diisiik bakim gereksinimi ve ¢evresel avantajlar
nedeniyle yaygin olarak tercih edilmektedir (Kumar & ark., 2003;
Ravelet & ark., 2013). Tasima sistemleri genel olarak yercekimi,
pompalama veya bu iki yontemin kombinasyonu seklinde
uygulanmakta olup, giiniimiizde kurulum ve isletme kolayligi
nedeniyle 0Ozellikle pompalama/yer¢ekimi  sistemleri  One
cikmaktadir (Belem & Benzaazoua, 2008; Qi & ark., 2018). Taze
CMD bulamaci, yiiksek kati icerigine sahip Newtonyen olmayan bir
akiskan olup, boru ici akisi biiyiikk Olgiide reolojik ozellikleri
tarafindan belirlenmektedir. Bu kapsamda akma gerilmesi ve
viskozite, taginabilirligi kontrol eden temel parametrelerdir (Roshani
& Fall, 2020). Kat1 igerigi, tane boyu dagilimi, su miktar1 ve
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kimyasal katkilar gibi faktorler reolojik davranist dogrudan
etkilemektedir. Ozellikle yiiksek kati orami viskoziteyi artirirken,
ince taneli ve koseli parcacik yapisi akis direncini yiikseltmekte ve
boru aginmasina neden olabilmektedir. Karigim suyunun miktart ve
kimyasal o6zellikleri de reolojide belirleyicidir. Artan su igerigi
akiskanlig1 1iyilestirirken, suyun pH degeri parcaciklar arasi
etkilesimleri ve zeta potansiyelini degistirerek akma gerilmesini
etkileyebilmektedir. ~ Ayrica  katki  maddeleri, ozellikle
akiskanlastiricilar, pargaciklar arasi itme kuvvetlerini artirarak akisi
iyilestirmekte; buna karsilik sicaklik artigi hidratasyon siirecini
hizlandirarak viskozite ve akma gerilmesini yiikseltebilmektedir.

Macun Dolgularin Dayamim ve Elastisite Ozelliklerinin
Degerlendirilmesi

Cimentolu macun dolgularin (CMD) temel amac1 yeraltinda
stabiliteyi saglamak oldugundan, mekanik dayanim tasarimin en
kritik parametrelerinden biridir (Fall & ark., 2007). Bu kapsamda,
hem pratik hem de ekonomik olmasi nedeniyle tek eksenli basing
dayanimi1 (UCS) testleri en yaygin kullanilan yontemdir ve dolgu
performansinin degerlendirilmesinde temel Olciit olarak kabul
edilmektedir (Qi & ark., 2018). Bununla birlikte, bazi durumlarda
akma dayanimi, elastisite modiilii ve ¢ekme dayanimi gibi ilave
mekanik ozellikler de dikkate alinabilmektedir. Gerekli dayanim
degerleri, dolgunun kullannom amacina ve saha kosullarina bagl
olarak degismektedir. Ornegin, atik depolama amaciyla kullanilan
dolgular i¢in erken yasta yaklasik 150-300 kPa UCS yeterli
goriliirken (Bloss, 2002), yapisal destek amaciyla kullanilan
sistemlerde  bu degerin 4 MPa’min iizerine ¢ikmasi
gerekebilmektedir (Grice, 1998). CMD’lerin dayanim gelisimi;
baglayici tiirli ve miktari, su/¢cimento orani, katki maddeleri ile kiir
kosullar1 gibi birgok parametrenin etkisi altindadir (Ghirian & Fall,
2016). Bu nedenle uygun tasarim dayanimi, kullanim amaci ve
cevresel kosullar dikkate alinarak belirlenmelidir.
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