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ONSOZ

Insaat sektorii, son yillarda dijital teknolojilerin etkisiyle
onemli bir doniisiim geg¢irmekte ve bu donilisiim siireci, yalnizca
tasarim ve uygulama asamalarinda degil; ayn1 zamanda yOnetim,
analiz ve siirdiiriilebilirlik perspektiflerinde de kokli degisiklikler
yaratmaktadir. Bu kitap, dijitallesmenin insaat miihendisligi
izerindeki etkilerini ele alan yenilik¢i caligmalari bir araya getirerek
literatiirde 6nemli bir boslugu doldurmay1 amaglamaktadir.

Kitapta yer alan bdliimler, yapay zeka destekli yonetim
yaklagimlarindan deniz yapilarinda sayisal analizlere ve iklim
degisikligine uyum saglayan esnek iistyap1 sistemlerine kadar genis
bir teknik ve tematik cesitlilik sunmaktadir. Bu kapsamda, bilgi
teknolojilerinin proje yonetim siireclerine entegrasyonu, modelleme
teknikleri ve veri temelli karar verme siireclerine yonelik giincel
uygulamalar detayli bicimde sunulmaktadir.

Modern insaat uygulamalarinin dijitallesme ekseninde
yeniden tanimlandigi giinlimiizde, bu kitabin arastirmacilar,
uygulayict mithendisler ve karar vericiler i¢in hem yol gdsterici hem
de ilham verici bir kaynak olmas1 hedeflenmistir.

Katki sunan degerli yazarlara ve emegi gecen tiim bilim
insanlarma tesekkiir eder, kitabin akademik c¢evrelere faydali
olmasini temenni ederiz.

Dog. Dr. ATILA KUMBASAROGLU
ERZINCAN BINALI YILDIRIM UNIVERSITESI
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Introduction

The construction industry, historically characterized by its
reliance on manual processes and reactive decision-making, is
undergoing a profound transformation with the integration of
Artificial Intelligence (Al). In the face of accelerating urbanization,
resource scarcity, and environmental imperatives, construction
engineering management must evolve toward smarter, more
sustainable systems. Al serves as a catalyst in this shift, facilitating
the transition from traditional, fragmented workflows to automated
and intelligent operations that prioritize sustainability, efficiency,
and resilience (Ghosh et al., 2024).

The incorporation of Al in construction management enables
predictive analytics, process automation, and real-time decision
support. These capabilities are particularly vital in managing large-
scale infrastructure projects that are susceptible to uncertainties in
cost, schedule, labor availability, and environmental constraints
(Kumar et al., 2024). Al models trained on historical and sensor-
based data can forecast construction delays, optimize resource
allocation, and evaluate carbon emissions during various project
phases. These functions are central to achieving the sustainability
targets aligned with global frameworks such as the United Nations
Sustainable Development Goals (SDGs).

Recent scholarly efforts have emphasized the role of digital
ecosystems that combine Al with complementary technologies such
as Building Information Modeling (BIM), Internet of Things (IoT),
and blockchain. These integrated platforms support lifecycle-based
management, data transparency, and stakeholder collaboration.
Moreover, the emergence of digital twins as virtual replicas of
construction assets allows for the dynamic simulation of
construction scenarios, energy performance, and risk factors, thereby
enabling proactive management (Lu et al., 2024).
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Despite these advancements, several challenges hinder
widespread Al adoption in construction. These include fragmented
data environments, lack of standardized protocols, cybersecurity
vulnerabilities, and cultural resistance within firms (Zhao et al.,
2024). Addressing these barriers requires a multidisciplinary
approach that blends technical innovation with organizational
learning, regulatory support, and ethical governance.

This chapter offers a comprehensive examination of Al-
driven methodologies and their contribution to automated and
sustainable construction engineering management. Drawing from
current literature, real-world applications, and emerging digital
paradigms, the discussion will explore how Al technologies can
enhance operational performance, environmental accountability, and
long-term resilience in construction systems.

While the preceding sections provide a comprehensive
review of existing applications of artificial intelligence in sustainable
construction, there remains a need for a structured framework that
organizes these technologies based on their functional role and
sustainability impact. To address this gap, the author proposes a
conceptual classification that groups Al applications into four core
functional domains: Design Optimization, Resource Management,
Construction Site Automation, and Post-construction Intelligence.

This proposed framework serves to bridge the connection
between technical Al capabilities and sustainability objectives,
offering a practical lens for both researchers and practitioners to
identify relevant tools and assess their contributions. Table 1
presents an overview of this classification, highlighting specific Al
methods, sustainability impacts, and illustrative applications within
each domain.

Table 1. Author’s proposed classification of Al applications in
sustainable construction.
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Functional

Sustainability

Domain Al Method Impact Example Application
Design C_Seneratlve_ Energy efficiency, Al-driven HVAC
R Design, Machine ) . .
Optimization - low-carbon design configuration
Learning
Resource Predictive Material efficiency, Procurement
Management Analytics waste reduction forecasting
Construction Site  Computer Vision, . Safety . Drone-based site
- . improvement, time . :
Automation Robotics - inspection
savings
Post-construction Digital Twins, Lifecycle Pr_edlctlve
Intelligence loT perfor_mar_lce maintenance
optimization scheduling

Digital Transformation in Construction Management

Digital transformation in construction management has
become an essential enabler of operational efficiency, sustainability,
and strategic competitiveness. Traditionally reliant on fragmented
and paper-based workflows, the construction sector is now rapidly
adopting digital technologies to manage increasing complexity and
to meet pressing environmental and economic demands. Artificial
Intelligence (Al) stands at the forefront of this transition, offering
powerful capabilities for automation, analytics, and decision-making
when integrated with systems such as Building Information
Modeling (BIM), Internet of Things (IoT), and cloud platforms
(Jiang et al., 2024).

At the core of this transformation is the development of
cyber-physical ecosystems, where real-time data from sensors,
digital models, and operational records are synthesized to support
continuous monitoring and adaptive control. The digital twin
paradigm exemplifies this integration, enabling construction
professionals to virtually replicate project elements, test various
and optimize designs and processes before
implementation. When enhanced with Al algorithms, digital twins
can proactively identify risks, suggest corrective actions, and

scenarios,
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improve sustainability outcomes throughout the lifecycle of a
building or infrastructure system (Lu et al., 2024).

Moreover, Al-powered platforms are instrumental in
streamlining resource allocation, forecasting demand fluctuations,
and automating tasks that are repetitive or error-prone. These tools
are particularly beneficial for construction scheduling, procurement,
and workforce planning, allowing for greater transparency and
accountability across supply chains (Zhao et al., 2024). In parallel,
the incorporation of cloud-based collaborative environments
promotes stakeholder integration and facilitates real-time
communication across geographically distributed teams.

Despite these advancements, full-scale implementation of
digital transformation strategies continues to face several challenges.
These include the lack of interoperability between software
platforms, cybersecurity vulnerabilities, high initial investment
costs, and resistance from industry actors accustomed to
conventional methods. Overcoming these barriers requires a holistic
strategy that blends technological infrastructure with organizational
change management, workforce upskilling, and policy alignment
(Kwon et al., 2024).

The future of digital transformation in construction lies in
achieving convergence between human intelligence and machine
intelligence, in alignment with the values of Industry 5.0. This
emerging paradigm not only embraces automation and efficiency but
also prioritizes human-centric values such as inclusivity,
adaptability, and ethical responsibility. In this context, Al is evolving
from a tool of operational enhancement to a co-evolutionary partner
in decision-making and sustainable development.

Al Applications in Sustainable Construction

The application of Artificial Intelligence (Al) in sustainable

construction practices has introduced transformative capabilities for
--5--



achieving environmental, economic, and social objectives across the
lifecycle of built environments. Al technologies such as machine
learning, deep learning, and reinforcement learning are being
leveraged to optimize material selection, energy -efficiency,
structural design, and waste minimization (Firoozi et al., 2025).

Machine learning algorithms have demonstrated efficacy in
predicting energy consumption patterns and optimizing heating,
ventilation, and air conditioning (HVAC) systems. These systems
dynamically adjust performance based on real-time occupancy and
climatic data, significantly reducing operational energy demand in
buildings. Moreover, Al-driven generative design tools support
architects and engineers in exploring thousands of sustainable design
alternatives that meet environmental regulations and minimize
lifecycle carbon emissions (Cheng et al., 2024).

Al also plays a critical role in construction waste
management. By analyzing historical project data and identifying
inefficiencies in procurement, storage, and material usage, Al tools
can inform circular construction practices and reduce embodied
carbon. For instance, computer vision systems integrated with
drones are being used to monitor waste generation on-site and
suggest corrective interventions.

In the context of sustainable infrastructure, Al contributes to
climate-resilient construction by supporting flood modeling, heat
vulnerability assessment, and structural adaptation planning. Neural
networks and fuzzy logic models, trained on historical climate and
geospatial datasets, can forecast climate risks and inform site-
specific resilience strategies (Mehta et al., 2024). Figure 1 below
presents a conceptual model of Al applications across the design,
construction, and operation phases of sustainable buildings.

Figure 1. Al integration points across sustainable construction
phases
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In summary, Al applications in sustainable construction are
multifaceted and span from predictive analytics and generative
design to carbon tracking and resilience planning. As regulatory
pressures and stakeholder expectations intensify, the deployment of
Al technologies will continue to grow, necessitating robust data
infrastructures, interdisciplinary expertise, and ethical governance
frameworks.

Automation and Robotics in Construction Engineering

The integration of automation and robotics into construction
engineering has significantly transformed how projects are planned,
executed, and managed. As labor shortages, safety demands, and
productivity challenges escalate, the construction industry is turning
to intelligent automation to enhance precision, accelerate timelines,
and improve sustainability outcomes (Bock, 2024). These
technologies, when guided by Al-driven control systems, redefine
traditional workflows by automating repetitive, hazardous, and high-
precision tasks.

Robotics in construction spans several domains, including
bricklaying robots, autonomous excavation machinery, robotic arms
for rebar tying, and mobile robotic platforms for inspection. These
systems are increasingly being deployed on sites to reduce human
error, improve site safety, and ensure consistent quality. For instance,
robotic 3D printing technologies allow for the fabrication of
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complex concrete structures with minimal formwork and material
waste, contributing directly to sustainability goals (Wu et al., 2024).

One of the most impactful developments is the use of
autonomous mobile robots equipped with Al-enabled navigation
systems. These robots can carry out tasks such as layout marking,
progress tracking, and material transport, while continuously
adapting to dynamic site conditions through computer vision and
sensor data fusion.

Moreover, the integration of robotic systems with Building
Information Modeling (BIM) and digital twin platforms enables
synchronized execution and real-time feedback loops between the
physical site and its digital representation. This synergy facilitates
predictive maintenance, automated documentation, and continuous
performance optimization. As illustrated in Figure 2, the integration
of robotics and Al technologies can be mapped across all key phases
of the construction project lifecycle. During the design phase, Al
algorithms aid in generative modeling and performance simulations.
In the pre-construction stage, robotic systems can be utilized for
layout planning and automated scheduling. Execution phases see the
deployment of bricklaying robots, autonomous vehicles, and 3D
printing technologies to enhance precision and reduce waste. Finally,
in post-construction operations, Al-enabled drones and robotic
sensors support real-time inspection, facility monitoring, and
predictive maintenance. This holistic automation roadmap
demonstrates the increasing reliance on intelligent systems for
improving safety, efficiency, and environmental outcomes in modern
construction engineering.

Figure 2. Robotic and Al-assisted automation stages across the
construction lifecycle, from design to post-construction.
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The widespread adoption of robotics in construction is not
without its challenges. High initial investment, interoperability
concerns, workforce retraining needs, and regulatory gaps continue
to act as barriers. Addressing these requires not only technological
advancement but also institutional and educational reforms aimed at
preparing a hybrid human-machine workforce (Shrestha et al.,

In conclusion, Al-guided automation and robotics offer
transformative potential for sustainable construction engineering. As
these technologies mature, their integration will reshape construction
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delivery models, making them safer, more efficient, and more
environmentally responsible.

Data-Driven Decision Making in AI-Enabled Construction
Management

The rise of artificial intelligence in construction management
has ushered in an era where data is the cornerstone of informed and
strategic decision-making. Traditional construction practices, often
reliant on intuition and static reports, are being replaced by dynamic,
data-driven frameworks that leverage vast datasets generated across
project lifecycles. From design inception to post-occupancy
evaluation, Al algorithms analyze sensor data, BIM outputs, weather
patterns, supply chain metrics, and workforce information to support
proactive and optimized decisions (Mousavi et al., 2024).

At the heart of this transformation is the integration of
Internet of Things (IoT) devices with Al platforms. IoT sensors
embedded in construction equipment, materials, and structures
continuously stream data related to environmental conditions,
structural stress, equipment performance, and worker safety. These
data points are collected in real time, processed through Al models,
and translated into actionable insights that inform scheduling,
procurement, and maintenance strategies.

A key advantage of Al-enabled decision support systems
(DSS) lies in their predictive capabilities. For example, machine
learning models can forecast potential project delays by analyzing
historical project durations, workforce fluctuations, and external risk
factors. Similarly, predictive models can optimize energy
consumption by analyzing site-specific data and proposing
operational adjustments before inefficiencies materialize (Chen et
al., 2024). Figure 3 illustrates a conceptual model of an Al-driven
data flow architecture tailored for construction decision-making
environments. The figure outlines how raw data from various
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sources such as IoT sensors, BIM platforms, and construction
equipment is collected, preprocessed, and fed into analytical engines
powered by machine learning algorithms. These engines perform
real-time analysis and generate insights, which are then visualized
through interactive dashboards to support strategic planning,
resource allocation, risk management, and operational adjustments.
Finally, the model demonstrates how actionable outputs are
communicated to decision execution layers, enabling dynamic and
data-informed responses throughout the construction lifecycle.

Figure 3. Architecture of Al-driven data flow for real-time and
predictive decision-making in construction projects.

loT Devices
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However, the increasing reliance on data analytics brings
challenges related to data standardization, quality control, and
cybersecurity. Construction firms must invest in secure data
infrastructure and adopt standardized data protocols to ensure

interoperability and integrity. Moreover, ethical concerns
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surrounding data ownership, consent, and algorithmic transparency
must be addressed to foster stakeholder trust (Alreshidi et al., 2024).
Ultimately, data-driven decision-making in Al-enabled construction
management empowers stakeholders with timely, evidence-based
insights. It fosters resilience, adaptability, and sustainability by
allowing managers to anticipate disruptions, minimize waste, and
align operations with environmental and economic goals.

Challenges and Ethical Considerations in Al-Driven
Construction

The integration of artificial intelligence (Al) in construction
management presents both groundbreaking opportunities and
complex challenges. While Al promises enhanced efficiency,
predictive capabilities, and sustainability, its implementation is
constrained by technical, organizational, and ethical limitations.
Understanding and addressing these challenges is essential for
responsible Al adoption in the built environment (Yang et al., 2024).

A major technical barrier is the lack of standardized, high-
quality data. Al systems require large volumes of structured data for
training and validation, yet construction projects are often
characterized by fragmented information sources, inconsistent
formats, and incomplete records. This undermines model accuracy
and generalizability. Furthermore, legacy systems and limited
interoperability between digital platforms exacerbate data silos and
hinder real-time integration (Zhu et al., 2024).

Another critical concern is the ethical dimension of Al
deployment. The opacity of algorithmic decision-making, often
referred to as the "black box" problem, raises concerns about
accountability and fairness. Decisions related to labor allocation,
safety risks, or procurement—if made by Al—must be explainable
and traceable to prevent discrimination or error propagation.
Algorithmic bias, which may arise from historical data reflecting
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past inequities, poses a risk of perpetuating unfair practices if not
properly mitigated (Crawford et al., 2023).

Moreover, the collection and use of personal or project-
sensitive data raise serious questions about privacy and consent.
Construction sites increasingly rely on wearable sensors,
surveillance systems, and biometric data to monitor safety and
productivity. Without robust data governance frameworks, such
surveillance can become intrusive or abusive. Stakeholders must
ensure transparency, informed consent, and compliance with data
protection regulations (Shin et al., 2024).

In the European context, the General Data Protection
Regulation (GDPR) provides a comprehensive legal framework
governing the collection, processing, and storage of personal data,
which is particularly relevant in Al-enabled construction sites using
wearable sensors, biometric access systems, or facial recognition
cameras. Non-compliance with GDPR can result in legal penalties
and reputational damage, highlighting the necessity of integrating
privacy-by-design principles into system architectures. Additionally,
professional bodies such as the Chartered Institute of Building
(CIOB) and the American Society of Civil Engineers (ASCE)
emphasize  ethical responsibilities  regarding  algorithmic
transparency, data stewardship, and worker autonomy in their codes
of conduct. These guidelines advocate for human oversight,
informed consent, and fairness in Al-driven decision-making
processes.

On an organizational level, resistance to change, lack of
digital literacy, and fear of job displacement inhibit Al adoption.
While AI can augment human capabilities, there is a pressing need
to retrain and upskill the workforce to adapt to Al-augmented roles.
Regulatory wuncertainty also hampers innovation, as many
jurisdictions lack comprehensive guidelines for the ethical

deployment of Al in construction contexts. Figure 4 summarizes the
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primary ethical and implementation challenges associated with Al-
driven construction management. It categorizes concerns such as
data privacy, algorithmic bias, lack of transparency, and
accountability in automated decision-making. In addition, it
highlights practical barriers including limited digital literacy,
organizational resistance, inadequate regulatory frameworks, and the
absence of standardized data governance protocols. By visualizing
these interconnected issues, the figure emphasizes the need for
responsible Al adoption that aligns with both technological
feasibility and ethical imperatives in the construction sector.

Figure 4. Key ethical and practical implementation challenges
associated with Al adoption in construction management.

ETHICAL
CHALLENGES

IMPLEMENTATION
CHALLENGES

e Skill Gaps
Integration

CHALLENGES IN
AI-DRIVEN
CONSTRUCTION
MANAGEMENT

REGULATORY

UNCERTAINTY TRANSPARENCY

In response to these challenges, a multidisciplinary approach
is necessary. Ethical Al frameworks must be co-developed by
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engineers, ethicists, policymakers, and industry leaders to ensure
inclusivity, transparency, and accountability. Initiatives such as
human-in-the-loop architectures, algorithm auditing, and value-
sensitive design can help align Al applications with societal values
and legal expectations.

Future Trends and Strategic Roadmap for Al in Sustainable
Construction

As artificial intelligence (Al) continues to shape the future of
the construction industry, emerging technologies are expected to
further elevate its role in achieving sustainable and efficient project
delivery. The convergence of Al with technologies such as digital
twins, edge computing, federated learning, and explainable Al (XAI)
signals a paradigm shift in how construction operations will be
conceived, executed, and maintained (Ghobadi et al., 2024).

One of the most significant future trends is the rise of Al-
integrated digital twin environments. These platforms enable real-
time synchronization between physical assets and their virtual
counterparts, allowing predictive analytics, autonomous system
control, and sustainability assessment throughout the lifecycle of
built environments. When combined with Al, digital twins evolve
from static models into intelligent agents capable of autonomous
decision-making, continuous optimization, and scenario testing for
resilience and energy performance (Lu et al., 2024).

Edge Al is another emerging trend with significant
implications for on-site construction intelligence. By enabling
decentralized data processing on edge devices—such as drones,
wearable sensors, and mobile robots—construction systems can
respond rapidly to environmental changes without relying on central
cloud infrastructure. This not only reduces latency but also enhances
data privacy and operational reliability (Shin et al., 2024).
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Federated learning represents a novel approach to
collaborative Al model training across multiple organizations or sites
without sharing raw data. In construction, where data confidentiality
and heterogeneity are major concerns, federated learning enables
knowledge sharing and model improvement while preserving data
ownership and security (Wang et al., 2024).

A strategic roadmap for advancing Al in sustainable
construction is illustrated in Figure 5, offering a structured view of
the key stages, enabling technologies, and institutional drivers that
support this transformation. The roadmap delineates a temporal
progression, identifying short-term priorities such as pilot project
deployment and foundational digital training, medium-term
initiatives like platform standardization and workforce adaptation,
and long-term goals including autonomous decision-making systems
and comprehensive regulatory frameworks. It also underscores the
necessity of ethical oversight, cross-sector collaboration, and
iterative evaluation to ensure the responsible and effective
integration of Al within construction ecosystems.

--16--



Figure 5. Strategic roadmap outlining key stages,
technologies, and enablers for Al-enabled sustainable construction
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To realize this future, coordinated efforts across stakeholders
are essential. Governments must enact supportive regulatory
frameworks and incentivize innovation. Academic institutions
should embed Al and digital construction modules into engineering
curricula. Industry leaders must adopt long-term digital
transformation strategies and foster collaborative innovation
ecosystems. Lastly, continuous investment in explainable Al and
transparent governance mechanisms will be critical for maintaining
public trust and ethical integrity.

Conclusion and Recommendations
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The integration of artificial intelligence into sustainable
construction management signifies a pivotal transformation in the
planning, execution, and maintenance of the built environment. This
evolution reflects a broader paradigm shift—wherein Al is not
merely a set of digital tools, but a comprehensive framework
reshaping the operational, environmental, and economic dimensions
of construction practice.

Throughout this chapter, the multifaceted impact of Al has
been explored across all major phases of construction management.
From pre-construction planning to post-occupancy operations,
intelligent systems have demonstrated the potential to enhance
accuracy, reduce waste, improve worker safety, and align
construction practices with sustainability objectives. Technologies
such as digital twins, real-time analytics, robotics, and autonomous
systems are streamlining project delivery, while simultaneously
elevating the precision and adaptability of decision-making.

Despite these advances, the transition to Al-enabled
construction is accompanied by significant challenges. Fragmented
data environments, limited interoperability among digital tools,
organizational resistance to technological change, and a lack of
digital literacy within the workforce remain critical barriers.
Moreover, ethical issues related to privacy, algorithmic transparency,
and data governance require urgent attention, particularly as Al
systems begin to influence safety protocols, resource allocation, and
long-term infrastructure planning.

To ensure that the benefits of Al are realized equitably and
responsibly, a strategic and holistic approach is essential. First,
regulatory frameworks must be established to provide clear guidance
on the ethical deployment of Al in construction. These should
encompass standards for data integrity, privacy, and accountability.
Second, investment in digital infrastructure must be prioritized—

facilitating the integration of advanced sensing technologies, secure
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data pipelines, and interoperable platforms that support real-time
decision-making. Third, cross-disciplinary collaboration between
academia, industry, and policymakers should be encouraged to foster
innovation, knowledge sharing, and policy alignment. Fourth,
capacity-building initiatives are needed to upskill the construction
workforce and prepare them for Al-augmented roles, bridging the
gap between technological potential and on-site practicality.

In addition, Al applications in construction must be evaluated
not solely based on efficiency metrics, but also through the lens of
long-term environmental stewardship, resilience to climate change,
and contribution to inclusive development. The future of Al in
sustainable construction lies in designing systems that are not only
intelligent but also ethical, transparent, and adaptable to the complex
socio-technical landscapes in which they operate.

In conclusion, artificial intelligence represents a critical
enabler in the evolution of sustainable construction management. Its
application extends beyond efficiency gains, offering meaningful
advancements in  environmental  responsibility, resource
optimization, and intelligent decision-making. When approached
with a human-centered and ethically grounded perspective, Al can
contribute to more adaptive and resilient construction ecosystems.

In summary, this chapter has demonstrated that the
integration of Al into construction management is not merely a
matter of technological advancement but a multidimensional
transformation that intersects with ethics, governance, sustainability,
and workforce development. A clear understanding of these
interconnected domains is essential for maximizing the positive
impact of Al while minimizing risks related to equity, privacy, and
accountability.

Future research should focus on developing explainable Al
(XAI) models tailored to construction-specific decision-making
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contexts, addressing the “black-box” issue while maintaining
predictive accuracy. In addition, longitudinal studies on the
socioeconomic impacts of Al adoption in construction, particularly
in developing countries, are needed. The role of Al in adaptive
design under climate uncertainty, as well as its integration into
regulatory compliance systems, also presents promising directions
for academic exploration.

The strategic incorporation of these technologies into
planning, design, and operational workflows holds the potential to
elevate both project outcomes and broader societal goals. In doing
so, the construction industry is poised to meet emerging challenges
while fostering a built environment that is intelligent, inclusive, and
environmentally attuned for future generations. Table 2 summarizes
the core findings and practical implications presented throughout
this chapter.

Table 2. Summary of core findings and implications from the

chapter
Key Finding Implication
Al enhances sustainability in design, Encourages adoption of Al across all
execution, and operations project phases
Ethical challenges are context-specific and Necessitates sector-specific ethical
under-regulated frameworks
Data quality and standardization remain Investment in interoperable digital
key obstacles infrastructure is essential
Workforce adaptation is critical for long- Requires continuous training and
term success capacity-building programs
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BOLUM 2

KARAYOLU ESNEK USTYAPILARININ iKLIiM
DEGISIKLIGINE UYUMU

[HSAN GUZEL!
Giris
Boliim Sanayi devriminin bagladigi 1750’11 yillardan itibaren
gelisen sanayilesme ve endiistrilesme Ikinci diinya savasindan sonra
1950’11 yillardan itibaren ekonomik faaliyetleri artirmistir.
Toplumlarin iktisadi biiylime ve kalkinmas1 bakimindan énemli olan
ekonomik faaliyetlerin temelini olusturan sinir tanimayan insan
isteklerine bagli artan ihtiyaglarinin kargilamasi i¢in yapilan
iretimlerden dolayr fosil yakit kullaniminda, ormansizlasma,
sehirlesmede artis ve arazi kullaniminda degisiklikler atmosferde
yaklasik %0,07 oranindaki dogal sera etkisi yapan gazlar1 artirmasi
kiiresel 1sinmaya neden olmustur.

Kiiresel 1sinmanin dogal iklim degiskenligi ile iklimi degistirmesi,
bugiinkii ve gelecek nesiller icin Onemli olan siirdiiriilebilir
kalkinmanin geri doniilemez 6zeligine sahip olan ¢evre boyutunu
etkilemeye devam etmektedir. Cevre degisiniminin siirdiiriilebilir
kalkinmanin ekonomik sosyal boyutlariyla etkilesimi ekonomik ve

! Doktor Ogretim. Uyesi, Bingdl Universitesi, Miihendislik ve Mimarlik Fakiiltesi,
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sosyal sorunlar ortaya cikarmasi sera gazlarinin azaltilmasi igin
uluslararas1  protokol ve anlagmalar yiriirliige konulmaya
caligilmistir.

Insan faaliyetlerinden kaynaklanan sera gazi artislarmm iklim
degisikligi lizerindeki etkisini azaltabilmek i¢in uluslararasi alandaki
ilk girisim olan Birlesmis Milletler iklim Degisikligi Cerceve
So6zlesmesi (United Nations Framework Convention on Climate
Crane: UNFCCC) 1995 yilinda kabul edilmistir. Bu s6zlesmenin ilk
uygulama anlagmasi olan Kyoto Protokolii ile 2005-2020 yillari
arasinda sera gazi emisyonlarin1 1990 yili seviyelerinin altinda
olmas1 hedeflenmistir (Sanli, Bayrakdar &, Ince kara, 2017: 205-
212).

2020 yili sonrast i¢in ise 2016 yilinda yiiriirliige giren Paris
Anlagmasiyla ilk defa tiim tlkeler sera gazlarin1 azaltmay1 taahhiit
etmislerdir. Bu anlasma UNFCCC ile karsilagtirildiginda tiim
iilkelerin katkilarina dayanacak bir sistemle sera gazi emisyonlarinin
yol actig1 kiiresel sicakliktaki artisi, Sanayi Devrimi’nden Oncesi
sicakligin 20C altinda tutmak ve hatta bunu 1,5°C ile sinirlamak
olarak hedeflenmistir (Demirtiirk, 2021:1087). Bu anlagmada ana
faaliyetler sera gazlarin1 azaltim, uyum, finans, teknolojik gelisme
ve transfer, eylem gelistirme, eylem ve destegin seffafligidir
(Besball, 2023:500-517).

Sera gazi emisyonlarmin azaltilmasi kadar 6nemli olan uyum
faaliyetleri iklim degisikliginin etkileye bilirligine bagli olarak
tarim, gida, su, halk sagligi, turizm, afet, sigorta, altyapi, biyolojik
cesitlilik ve ekosistem, enerji, finans, kentlesme, ulasim, sanayi, gog,
sosyal kalkinma gibi, bir¢ok alanda karar vermeyi biitiinlesmis ele
alan strateji ve politikalar1 giiclendirilmesi ve uygulanmasini
kapsayan dinamik bir siire¢ olup; tiim diinyada 6nemini artirmaya
baglamistir.
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Ekonomik ve sosyal kalkinmanin gelismesine katki saglayan en
onemli hizmet sektorlerinden biri olan karayolu ulagiminin rijit,
esnek ve kompozit olarak tasarlanan iist yapilari; kiiresel 1sitnmanin
kisa siirede iklim elemanlarinda meydana getirdigi degisimden en
fazla etkilenen kisimlaridir. Ust yapi performansi diger sektdr
alanlarim1 dolayli veya dolaysiz etkilediginden uyum ve azaltim
faaliyetleri kapsaminda degerlendirmesini 6ne ¢ikaristir.

Diinya genelinde yaygin olarak insa edilen esnek {ist yapilarin
kaplamalarinda baglayic1 olarak viskoz elastik malzeme olan
bitlimle, alttemel, temel, iist yap: taban tabaklarinin baglayicisiz
tasarlanmas1 bu st yapilarin kiiresel 1smnmanin kisa siireler
icerisinde hava olaylarinda yaptigit degisimden daha fazla
etkilenmesine neden olmaktadir.

Bolgelere gore farklilik gésteren hava olaylarinda degisim esnek tist
yapilarda teker izinde oturma deformasyonunu, yorulma ve termal
catlama bozulma oranlarinda farkli artiglara neden olmaktadir.
ABD’nin farkli bolge kosullarinda 2017-2037 yillar1 arasi iklim
degisiminin tekerlek izinde oturmayr %9 ile %40, yorulma
catlaklarini ise 2 ile %9 arasinda artiracagi (Almeida & Santos,
2022:3), Cin Cumhuriyeti genelinde 1,5 0C sicaklik artiginin %19,2
0C sicaklik artisinin %37 tekerlek izinde oturma artisina neden
olacagi tahmin edilmistir (Liu & ark., 2023:3). Cin Cumhuriyetinde
yapilan diger bir ¢alismada ise 1992-2019 yillar1 arasinda sicaklik
degisiminin esnek list yap1 kaplamalarinda kalici deformasyonlari
%20,70 artirdig1 belirlenmistir (Miao, Sheng & Ye., 2022:6).

Esnek iist yapilarda bozulma artiglari yasam dongli maliyet
analizlerini ve st yapt yOnetim sistemini etkileyerek ek
biitgelendirmelere neden olacaktir. ABD genelinde uygulanan iklim
degisimi senaryosu c¢aligsmasina gore 2050 yilinda esnek iist yap1
bakim maliyetlerinde 28 milyar dolar ek artis olacagi tahmin
edilmektedir (Yang & ark., 2024:2).
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Kiiresel 1sinmanin iklim sisteminde yaptigi degisiklik uzun siire
siirecegi ve 21 ylizyllda daha fazla etkisini gosterecegi tahmin
edildiginden esnek {ist yapilarin sera gazi emisyonlarinin azaltilmasi
ve iklim degisimine uyumu dikkate alinarak projelendirilmesi
siirdiiriilebilir kalkinmaya katki saglayacaktir.

Iklim Degisikligine Genel Bakis

Iklim sistemi biyosfer, hidrosfer, litosfer, kriyosfer ve
atmosfer olmak {izere bes ana bilesenden meydana gelir. Bu
bilesenlerin zaman igerisinde kendi i¢ dinamikleri ve dis
etmenlerdeki degisimlere bagl olarak yavas yavas degisimi onlarca,
ylzerce ve binlerce yillik farkli dongiilerde iklimin sogumasi,
1sinmas1 donemleri olarak goriilmiistiir. Iklim sisteminde degisim
iklim degiskenligi ve iklim degisikligi kavramlariyla agiklanmistir
(Tiirkes, 2008:30).

Iklim sistemi, Yerkiirenin yaklasik 4.5 milyar yillik tarihi boyunca
milyonlarca yildan on yillara kadar tim zaman 6l¢eklerinde degisim
egilimi gostermistir. Insan faktoriiniin bulunmadig1 bu siire¢ iklim
degiskenligi kavramiyla ifade edilmektedir (Basoglu, 2014:177).
Jeomorfolojik ve klimatolojik olarak iyi bilinen en son ve en 6nemli
dogal iklim degiskenligi 4. zamandaki (Kuvaterner) buzul ve buzul
arast donemlerde olusmustur. Jeolojik devirlerdeki iklim
degisiklikleri, 6zellikle buzul hareketleri ve deniz seviyesindeki
degisimler yoluyla yalnizca diinya cografyasini degistirmekle
kalmamis, c¢evreyle ilgili sistemlerde de kalict degisiklikler
olusturmustur (Tiirkes, Stimer & Cetimer, 2000:10).

Iklim degisikligi ise, karsilastirilabilir bir zaman diliminde (Diinya
Meteoroloji Orgiitii’ne gore ortalama 30 yil kabul edilmektedir).
Gozlenen iklimin dogal degiskenligine ilaveten, dogrudan ya da
dolayli bir sekilde atmosferin bilesimini degistiren insan faaliyetleri
sonucu gelen degisimdir (Tiirkes, 2008a:32).
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Yer kiirenin etrafin1 ¢epecevre kusatan, yeryliziindeki tim yasam
bicimleri i¢in vazgegilmez ortam olusturan atmosfer bilesiminde
gazlar hacimsel olarak sabit ve degisken olarak iki ana gruba
ayrilmistir. Sabit gazlar azot (%78,08), oksijen (%20,95) argon
(%0,93), neon (%0,0018), kripton (%0,0018), helyum (%0,0005),
hidrojen (%0,00006), Xenon (%0,000009) olup; atmosfer icerisinde
%99,993 oranindadir. Su buhar1 (H20), karbondioksit (CO2), metan
(CH4), karbonmonoksit (CO), kiikiirtdioksit (SO2), azot dioksit
(NO2), diazot monoksit (N20), ozon (0O3), kloroflorokarbon
(CFCs), partikiiller (Duman, aerosoller ve kirleticiler) ise degisken
gazlardir. Chapman tarafindan atmosferde bulunan gazlarin yer
cekimi etkisiyle kimyasal ve fiziksel ozellikleri dikkate alinarak
yapilan siniflamalardan biri olan diisey sicaklik dagilimina gor
atmosfer troposfer, stratosfer, mezosfer, termosfer olarak dort
tabakaya ayrilmistir (Sekil 1). Bu tabakalarin kalinliklart mevsimlere
anlik hava olaylar1 ve enlemlere gore degisiklik gostermektedir.
Sicakligin 1600 0C’ye ulastig1 termosfer tabakasi tizerinde bulunan
ekzosfer tabakasinda az miktarda helyum ve hidrojen atomlar1
bulunmakta olup; iist sinir1 ise 10000km olarak kabul edilmektedir.
Bu tabakadan sonra sinir olmadigindan bosluga gecis baglamaktadir
(MGM, 2007).

Atmosferi olusturan gazlarin kiitlesi yaklasik 5.1 x 1015 ton olup
%751 troposfer, %24’l stratosfer tabakasindadir. Hava olaylari
iizerinde onemli etkisi olan su buharmin %99°u gazlarin 3/4'u
troposfer tabakasinda bulunmasi nedeniyle yer yiizeyini etkileyen ve
atmosferde olusan biitliin hava olaylari, yatay ve diisey hava
hareketleri troposfer tabakasinda meydana gelmektedir, Stratosfer
tabakasinda yatay hava hareketleriyle beraber alt kisimlarinda
troposferdeki hava olaylari olugabilmektedir (MGM, 2005).

Yerkiire atmosfer arasinda karbon, azot, oksijen kiikiirt, su dongiileri,
giines ile yerkiire arasinda enerji dongiisii atmosfer tabakalarinin gaz
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bileseninin 1sinlar1 yansitma, absorbe ve gecirgenlik ozelligiyle
iliskilidir.
Sekil 1 Atmosfer tabakalari ve sicaklik dagilimi

Ekzosfer teorik olarak atmosferin sii yer cekimi ile uzaydaki genel
cekimin esit oldugu alana kadar uzanmr10000km oldugu kabul edilir
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Iklim sisteminin gii¢ kaynag1 olan giines 1sinlar1 kisa dalgal1 olarak
atmosfere girdikten sonra %31°1 atmosfer ve yeryiiziimden uzaya
yansitilmaktadir. Geriye kalan 1sinlarin yaklagik {icte biri atmosfer,
icte ikisi ise iklim sisteminin diger bilesenlerince absorbe
edilmektedir. Isman yerkiireden gelen uzun dalga boylu 1smlar
atmosfer tarafindan emildikten sonra tekrar yansitilmasiyla 1s1
dengesi diizenlenerek sicakligin artmasi siireci dogal sera etkisi
olarak adlandirlir (Tiirkes, 2003:15). Atmosferde sera etkisi
olusturan gazlarin en fazlasini %60°1 su buhar1 %26’s1 CO2, %8’1
03, %6’lik kismi ise CH4 ve N20O olusturmaktadir. Bu gazlar
kendine gelen 1s1nlarin sogrulmasini veya yansitilmasini saglayarak
yeryliziiniin yasanabilir bir sicaklikta tutulmasina yardimeci
olmaktadir. Atmosferde bu gazlarin olmamasi durumunda 150C olan
yerylizii sicaklik ortalamasinin 330C daha diiserek-18 oC olacagi
tahmin edilmektedir (Akin, 2003:30).

--20--



Atmosferin 1sitnmasini artiran sera gazlari dogal ve insan faaliyetleri
sonucu olusmaktadir. Insan faaliyetlerinden dolay atmosfere salinan
sera gazlar1 1750’11 yillarda baglayan Sanayi Devrimiyle artmaya
baslamais, ikinci diinya savasindan sonra 6zellikle 1950’11 yillardan
itibaren fosil yakit kullanimi, ormansizlasma ve sehirlesmede artis,
arazi kullaniminda degisiklikler, sanayilesme ve endiistrilesmede
degisimden dolayr hizlanmistir. Atmosfere salinan sera gazi
emisyonunda yaklasik %72’lik paya sahip olan CO2 ve diger
gazlarin kaynaklar1 Tablo.1’de gosterilmistir (Erbas,2022; Edemen
& ark, 2022:40).

Tablo 1 Kiiresel sera gazi emisyonlari ve kaynaklar

Sera gazi emisyonunda

Gaz Kaynak pay1 (%)

Elektrik ve 1s1 iiretimi, sanayi, ulagtirma, binalarda fosil
Co, yakitlarin yanmasi arazi kullammi ve ormancilik, 72
okyanuslarda karbon déngiisii

Kémiir ¢ikarma, isleme ve tagima, hayvancilik atik
depolama. dogal gaz boru hatlarindaki kagaklar

Tarimda kullamlan suni giibreler, tropikal ormanlarin yok
olmasi

CH,

Insan kaynakli emisyonlarmn (Azot oksitler, hidrokarbonlar,
0, karbon monoksit vb.) kimyasal degisimlere ugramalari
sonucu olusmaktadir

CFC. CO. Yakatlarin iyi yanmamasi orman yanginlari, aliminyum ve
Hidroflorokarbonlar(HFCs), Y3 iletken firetimi sogutucu gazlar, yangin séndiiriiciiler,
Perflorokarbonlar(PECs), aerosoller, s?lvemler. m-ag‘nezylm.l isleme, ke-sic-:iler.
Hekzaflorokarbonlar (SF), trafolar yart iletken iiretimi, yar1 lleﬂfen iiretimi, giines
panelleri, diiz tv ekranlar1, dokunmatik ekranlar ve

Nitrojen Triflorit (NF3) elektronik iglemcilerin tiretimi

Diinya sera gazi emisyonlarinin %73,20’si enerji, 18,20’si tarim,
ormancilik, %15,20’si  endiistri  %3,20’si atik  sektoriinden
kaynaklanmaktadir. Atmosfere salinan sera gazi emisyonunda ilk
sirada bulunan CO2 emisyonu enerji ihtiyaglarinin karsilanmasinda
kullanilan fosil yakitlarin etkisi ilk siradir. Enerji ihtiyact kaynakli
emisyonlarin sektorlere dagilimi Sekil 2’de gosterilmis olup;
%16,20 ile tiglincii sirada bulunan ulastirma sektoriinde karayolu
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ulagiminda yiik ve yolcu tagimacilig1 kaynakli pay ise yaklasik %75
oranindadir (Akbelen, Bulut & Yaman, 2023:264).

Sekil 2 Enerji kaynakli sera gazi emisyonlarinin sektorlere gore
dagilimi

Dagilim (%)
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000 [ |
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edilmemis vakat  edilemeven balkerhk
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Enerji sektorii faliyetleri

*Bu kategori, biyokiitle, tesis ici 151 kaynaklar, kombine 11 ve giic (CHP), nikleer endiistri ve pompah
hidroelektrik depolama dahil olmak izere diger yakitlardan

Atmosfer bileseninde %0,07°den daha az bulunan sera gazlarinin
artig1 iklim degisikliginin sebeplerinden biri olan kiiresel 1sinmaya
neden olmaktadir. Birlesmis Milletler HiikGimetler aras1 iklim
Degisikligi  Paneli  (Intergovernmental Panel on Climate
Change:IPCC.) arastirmalar1 sonucunda 1995 yilinda gercekligi
kabul edilen iklim degisikligini etkileyen kiiresel 1sinma, bir
ekonomide iktisadi aktdrlerin faaliyetleri neticesinde meydana gelen
sera gazlarmin atmosferde yogun bir sekilde artmasi sonucunda,
yeryliziine yakin atmosfer tabakalari ile yeryiizii sicakliginin yapay
olarak artmasi olarak tanimlanmistir.

Ulusal Okyanus ve Atmosfer Idaresi (NOAA) tarafindan 1900-2019
yillar1 arasinda okyanus ve kara sicakliklarinda yasanan ortalama
sicaklik gore ¢izilen sicaklik anomali grafiginde (Sekil 3) goriilecegi
iizere Diinya ortalama sicaklik artiglar1 1980’11 yillardan itibaren

hizlanmistir (Diindar & Kolay, 2021:321).
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Sekil 3 Yillara (1900-2020) gore ortalama sicaklik artiglart
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Sanayi devrimi oncesi donemden giiniimiize kiiresel sicakliklarin
1,10C civarinda artig gosterdigi, 2081-2100 yillar1 aras1 Sanayi devri
oncesine gore degerlendirmelerde basta CO2 ve diger sera gazi
emisyonlar1 dikkate alinarak yapilan en disik sera gazi
senaryosunda 1,40C, orta diizey sera gazi emisyon senaryosunda
2,70C, cok yiiksek sera gazi emisyon senaryosunda ise 4,40C
1sinmani artacagi tahmin edilmektedir (IPCC:2023).

Kiiresel 1sinmanin neden oldugu en belirgin olay kutuplardaki ve
yuksek daglardaki buzullarin erimesi ve bunun sonucu deniz
seviyelerinde yiikselme olup; iklimin degisimine etkileri ise;

e Siddetli yagis ve giin sayisinda artis,
e Sel, tagkin

e Sicak hava dalgasi

e Ardisik sicak giin sayisinda artig

e Kuraklik
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e Yagish giin sayis1 ve yagis miktarinda azalma

e Ardisik kurak giin sayisinda artig

e Siddetli yagis giin sayisinda artig olarak gozlenmektedir.
Iklim Degisikligine Uyum

Iklim degisikliginin cevresel kategoride meydana getirdigi
tehlikeler risk seviyesini artirarak insanligi etkilemeye baslamistir.
2024 yilindan itibaren on yil igerisinde kiiresel risklerin ilk dérdiinde
bulunan sirasiyla asir1 hava olaylari, diinya sistemlerinde kritik
degisim, bio-gesitlilik kayb1 ve ekosistem bozulmasi, dogal kaynak
kithgr ve onuncu sirada bulunan kirlilik cevresel kategoride
risklerdir.  Cevresel risklerin en Onemli kaynagi olan iklim
degisikligi tehlikeleri ekonomik, sosyal ve jeopolitik kategoride
riskleri ortaya ¢ikarmaktadir (WEF 2024:8).

IPCC’nin 5. Degerlendirme Raporu’na gore risk kavrami, tehlike,
marufiyet ve etkilenebilirligin birlesimi olup Sekil 4’te gosterilmistir
(CSIDB: 2023).

Sekil 4 IPCC yaklasimina gore risk bilesenleri

 Tehlike Varuzivet

Duyarluluk Uyum Kapasitesi
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Tehlike can kaybi, yaralanma veya bagka saglik sorunlara neden
olan, mallarin zarar gérmesine veya yok olmasina yol acabilecek
veya ge¢im kaynaklarina, servis teminine, ekosisteme ve dogal
kaynaklara zarar verebilecek iklim degisikliginden kaynakli olaydir.
Maruziyet bir sistemin iklim degisikligine maruz kalma niteligi ve
derecesi, etkilenebilirlik ise bir sistemin iklim degisikliginden
kaynaklanan iklim degiskenligi ve asir1 olaylarin olumsuz etkilerine
kars1 duyarli olma ve bunlarla bas edememe 6zelligidir (Calda&ark,
2022:175).

Etkilenebilirligin iki temel bileseninden duyarlilik ise tehlikenin
sonuglarini dogrudan etkileyen faktorler tarafindan sistemin fiziksel,
mekaniksel, sosyal, ekonomik ve kiiltiirel o6zellikleriyle iliskili
olarak olumsuz veya olumlu sekilde etkilenme derecesidir.
Etkilenebilirligin diger bileseni uyum kapasitesi ise bir sistemin
iklim degisikligine uyum saglama, etki ve risklere dair potansiyel
zararlar1 hafifletme, firsatlardan yararlanma veya sonuglarla basa
cikma yetenegidir. Mevcut teknolojik secenekleri, kaynaklar, kritik
kurum ve karar alma otoritelerinin yapisi, insan sermayesi stoku,
miilkiyet haklarinin tanimi dahil sosyal sermaye stoku, bilgi
yonetimi ve karar vericiler tarafindan saglanan bilgilerin
giivenilirligi, sistemin risk yayan siire¢lere erisimi ve halkin risk ve
maruziyet algis1 uyum kapasitesinin 6nemli belirleyicileridir
(CSIDB, 2023a).

IPCC’nin 5. Degerlendirme raporuna gore risk, Denklem 1’de,
etkilenebilirlik Denklem 2’deki gibi ifade edilmektedir.
Etkilenebilirlik ve risk, insan kaynakli iklim degisikligi, dogal iklim
degiskenligi ve sosyo-ekonomik kalkinma gibi c¢ok ¢esitli
faktorlerden etkilenmektedir. Maruziyet ve etkilenebilirlik artikca
risk artmakta, uyum kapasitesi artip duyarhk azaldikca
etkilenebilirlik ve risk azalmaktadir.



R=T.M.D (1—-UK).....(1)
E=D.(1-UK)...... )

R:Risk, T:Tehlike, M:Maruziyet, D:Duyarlik, UK: Uyum kapasitesi

Iklim degisikliginden kaynakli riskler tam olarak ortadan
kaldirilamadigindan riskler duyarlilik ve maruziyetin azaltilmas,
uyum kapasitesinin artirilmast veya riski paylagsmak gibi cesitli
yaklasimlarla yonetilmektedir.

Iklim degisikligine neden olan faktorler ortadan kaldirilsa bile
etkilerinin uzun siirecegi goz Oniine alindiginda iklim degisikligi
risklerinin ydnetilmesi i¢in azaltim ve uyum faaliyetleri her gegen
giin 6nemini artmaktadir.

Azaltim iklim degisikligini hizlandiran insan kaynakli sera gazi
emisyonlarinin veya olumsuz arazi kullanim uygulamalarinin
azaltilmast yoluyla iklim degisikliginin hizin1 ve biiytlikliglini
azaltarak tehlikeyi azaltmaya yonelik etkinliklerin tiimiidiir.

Iklim degisikligine uyum ise iklim risklerinin etkileriyle miicadele
etmek, fayda saglamak ve etkileri yonetebilmek igin stratejilerin
giiclendirilmesi, gelistirilmesi ve uygulanmasi siirecidir. Bu siireg
toplumlarin ve ekosistemlerin degisen iklim sartlariyla basg
edebilmelerine yardimci olmak i¢in gergeklestirilen eylemler ve
alinan Onlemleri kapsamaktadir. Genel olarak uyum Onlemleri
etkilenebilirligi ve bazi durumlarda maruziyet azaltarak riskin
azaltilmasi olup; sistemin uyum kapasitesi ve duyarlilifiyla daha
fazla iligkili 6nlemlerdir.

Iklim degisikligine uyum calismalarinda etkilerin belirlenmesi,
etkilenebilirlik ve uyum siireclerinin anlagilmasi ve bunlara yonelik
degerlendirmelerin  yapilmas1 kapsaminda ilk olarak uyum
ihtiyaclarinin belirlenmesi gerekmektedir. Uyum ihtiyaglar1 bolgeye,
insanlara ve sektorlere gore farklilik gosterir. Etkili ve stratejik uyum
planlamas1 yapilabilmesi ic¢in iklim degisikliginin olumsuz
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etkilerinden en fazla etkilenecek sistemlerin (yer, topluluk, sektdr)
hedeflenmesi gerekmektedir.

Uyum degerlendirmesi ulasilabilirlik, fayda, maliyet, etkililik,
verimlilik ve uygulanabilirlik gibi dl¢iitlerin degerlendirme ve iklim
degisikligine uyum icin seceneklerin tanimlanmasi g¢aligmasidir.
Uyum genel olarak proaktif uyum, otonom uyum ve planli uyum
olarak ti¢ farkli kategoride degerlendirilebilmektedir (MGM,2015:
139-140).

Proaktif uyum: Gozlenen iklim degisikliginin spesifik etkileri
ortaya ¢cikmadan once hayata gecirilen uyumdur.

Otonom uyum: Bu uyum cesidi plansizdir ve iklimde, insan veya
dogal sistemlerde meydana gelen degisiklikler gozlemlendikten
sonra bunlara cevap olarak olusturulan uyum c¢esididir.

Planh uyum: Belli bir duruma ulagsmak, devam ettirmek ya da
geriye dondiirmek icin gerekli eylemleri igeren, sartlarin degistigi ya
da degismek iizere oldugu bilgisine dayanan maksatli plan, strateji
ya da politik kararin sonucu yiiriitiilen uyum siirecleridir.

Uyum kategorilerinin uygulanmasi ulusal, bolgesel ve yerel 6lcekte
stirdiiriilebilir kalkinma hedefleri kapsaminda belirlenen iklim
senaryolarma gore sektorlerin etkilenebilirlik ve risk analizleri
dikkate alinarak degerlendirilir. Sektorlerin risklerden etkilenme
diizeyi daha fazla olan kesimlerinin belirlenmesi, uyum eylemleri
planlamasi agisindan 6nemlidir. Avrupa Birligi iklim degisikligi ile
ilgili mevcut uygulamalari ve gelecekteki planlamalarin
belirlenmesinde uyuma entegrasyonu saglanmasi gereken oncelikli
sektorler;

e Tarim ve kirsal kalkinma
e Sanayi ve hizmetleri

e Enerji
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e Ulasim

e Saglk

e Su kaynaklar1

o [letisim

e Deniz ve balik¢ilik

e Ekosistem ve biyolojik ¢esitlilik

e Diger dogal kaynaklar olarak belirlenmistir.

Bu sektorler arasinda ulagim sektoriinde maruziyet ve
etkilenebilirlik nedeniyle iklim degisiklinden kaynakli riskler
artarken; ayni zamanda hizmet sektoriinde olmasi nedeniyle diger
sektorlerin risklerini de etkilemektedir.

Ulasim modlari i¢erisinde karayolu ulasim altyapi yatirimlar1 pahali
oldugundan {ilkelerin en degerli 6z varliklar1 olup, bu yapilarin
mevcut ve gelecekte iklim senaryolarina gore etkilenebilirliginin ve
maruziyetinin azaltarak iklim degisikligine uyumun artirilmasi;
siirdiiriilebilir kalkinma i¢in 6nemlidir.

Esnek Ust Yapilarin iklim Degisikligine Uyumu

Toplumu ilgilendiren en 6nemli alt yap1 yatirirmlarindan biri
olan karayolu ulagim yapilarinin yiiksek maliyetli kistmlarindan biri
olan tist yapilar genel olarak esnek, rijit ve kompozit olmak iizere ii¢
tipte tasarlanmaktadir. Diinya genelinde yaygin olarak yapilan esnek
iistyapilar trafik yikii, cevresel etki ve en Onemlisi {ilkelerin
ekonomik durumuyla iligkili olarak sathi kaplama ve bitiimlii sicak
karisim olmak iizere iki tipte yapilmaktadir. Bitiimlii sicak karigimlar
sathi kaplamalara gore daha maliyetli olmasina karsin trafik ytikdi,
cevresel etkilere daha fazla dayanimli esnek iist yapilardir (Sekil 5).

Bitiimlii sicak karisim ve sathi kaplama tistyapilarin aginma ve sathi
kaplama tabakas1 ¢evresel ve trafik yiikii etkisine en fazla maruz
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kalan tabakadir. Bitiim baglayicili asinma, binder, bitiimlii temel ve
sathi kaplama tabakalar1 bitlimden dolay1 viskoz- elastik davranig
gostermesi nedeniyle baglayicisiz temel ve alt temel tabakalarina
gore cevresel kosullar ve trafik yiikiinden daha fazla etkilenebilme
ozelligine sahiptir.

Sekil 5 Esnek iist yapt tipleri

} Kaplama
Bitiimlii Temel Sathi kaplama ‘

Temel Temel Baglayiesr
Alttemel Alttemel tabakalar
Ust yap1 Tabam Ust yap1 Tabam

a) Bitiimlii Sicak b) Sathi kaplama
Kansim

Cevresel etki kapsaminda olan iklim degisikligi genel olarak
sicaklik, yagis, donma, ¢oziilme ve deniz seviyesinde degisimler
olarak iklim senaryolarinda degerlendirilmektedir.

Bu degisimler esnek iistyapilarin performans ve trafik giivenligini
etkileyen bozulmalar iizerimde etkisi olan mekanik 6zelliklerden
bitimlii tabakalarin dinamik rijitlik ve baglayicisiz tabakalarin
esneklik modiiliinii etkileyecektir. Denklem (3, 4) parametreleri
degerlendirildiginde sirasiyla sicaklik, yagis ve donma ¢oziilme
degisimleri oncelikli olarak dikkate alinmas1 gereken degisimlerdir.

Yogun gradasyonlu baglayicisiz tabaka (Ustyap: tabami, alt temel,
temel) tahmini esneklik modiilii (KGM, 2008:18).
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MR: Esneklik modiilii (psi), DBSK: Bitiimlii sicak karisimli
tabakalarinin toplam kalinlig1 (cm), k:derinlik diizeltme Faktori
(cm), CBR: Kaliforniya tagima orani (%), Ymax: Maksimum kuru
birim agirlik (g/cm3),wopt: Optimum su igerigi (%), No200:200
nolu elekten gecen malzeme yiizdesi, No4:4 Nolu elekten gegen
malzeme yiizdesi

Yogun gradasyonlu bitiimlii tabaka (asinma, binder, bitiimli temel)
tahmini dinamik rijitlik modiilii (Yousefdoost &ark, 2015:23).

Log|E*|
= —1.249937 + 0.029232. 200 — 0.001767. (p200)? + 0.002841. p, — 0.058097.V,
v
~0.802208 |—2¢1
Vbeff + VA
3.871977 — 0.0021. p, + 0.003959. psg — 0.000017. (ps5)? + 0.00547. ps,
+ 1 + ¢(-0.603313-0313551L0g(f)—0.593532 Log(1)) C))

E*:Dinamik rijitlik modulii (psi), n:Bitiimiin viskozitesi (10° Poise)
f: yiikleme frekansi, Va.: Hava boslugu %,Veerr: Hacimsel olarak
efektif bitim %, , ps, p3g, P34 N0o4,3/87,3/4” elekler tizerinde %
kalan, p,40: No 200 elekten gecen %

Sicaklik artisi, yagis miktarlar1 ve donma ¢oziilme sayilarinda artig
ist yapilarda teker izi, ondiilasyon deformasyonlarini yorulma,
enine, blok, kenar catlagi bozulmalarin1 ve kayma direncinin
azaltilmasini hizlandirarak servis kabiliyetini ve hizmet siiresini
azaltarak trafik giivenligi ve ekonomik kayip risklerini artirarak,
karayolu ulagiminin iliskili sektorlerin risklerini de etkileyecektir

Iklim degisikligine bagl1 bu risklerin azaltilmasi i¢in siirdiirtiilebilir
kalkinmada dikkate alinarak uyum ve azalttim Onlemlerinin
uygulanmast  ve  bu  Onlemler arasinda  etkilesimin
degerlendirilmesini gereklilik haline getirmistir. Ust yapilarin yasam
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dongiisiiniin iklim degisikligi ile etkilesiminde uyum ve azaltim
onlemleri Sekil 6’da gosterilmistir. iklim degisikligi esnek iist
yapilarda bozulmalarda direkt etkileri olmakla birlikte demografik
yapida degisim faktorlerinin (gog, niifus artist vb.) trafik yiikiinde
artiglar1 dolayli yonden bozulma hizini artirmaktadir (Qiao & ark,
2020:1060).

Sekil 6 Yol iist yapr yasam dongiisii ve iklim degisikligi etkilesimi

| Demografik Falditler |

Emisyon

Ustyap Yasam

Dingiisii

Rijit, kompozit iist yapilarda oldugu gibi esnek iist yapilarda uyum
onlemleriyle iistyap1 dayanakligini, performansini, trafik giivenligini
artirmak ve iklim degisiminden fayda, azaltim dnlemlerinde ise sera
gaz1 emisyonlarini en aza indirilmesi ve kaplama ylizeylerinde 1s1
depolamasinin azaltilmasi1 saglanarak iklim degisikligi etkileri
hafifletmek hedeflenmektedir,

Iklim degisiminden kaynakli bozulmalarin énlenmesi veya siddeti
ve yogunlugunun azaltilmasi uyum calismalar1 {istyapt yasam
dongiisliniin yapim, onarim, tasarim asamalarini, demografik yapi
degisiminden kaynakl trafik artis ve azalislarina uyum ise yasam
dongiisiiniin kullanim asamasini1 kapsamaktadir. iklim degisikligine
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neden olan sera gaz1 emisyonlarinin azaltilmasi ise listyap:t yasam
dongiisiiniin tiim bilesenlerini kapsamaktadir.

Ustyap1 yasam dongiisiiniin tasarim bileseni iklim degisikligine
uyum ve azaltim strateji ve politikalarinin belirlenmesinde en 6nemli
asama olup; yasam dongiisiin diger bilesenlerini ve yasam dongii
maliyet analizini etkilemektedir.

Tasarimda trafik yiikii ve cevre etkilerine en fazla maruz kalan
iistyap1 kaplamasinin iklim degisimine uyumu ve iklim degisiminin
tabakada etkilerini azaltilmasi i¢in proje siiresinde iklim senaryolari
dikitte alinarak kaplama tipi belirlenir. Kaplama tipi geleneksel
yogun gradasyonlu karigimli kaplama ve diizenlemeleri (Bitiim,
karisim modifikasyonu, gradasyon, soyulma onleyici katki vb.) veya
bu kaplamaya alternatif olan gecirgen, soguk (Albedo katsayisini
yuksek kaplamalar), su tutmayan buz ¢oziicii, 1siya az duyarl ve tuza
dayanikli kaplamalarin avantaj ve dezavantajlar1 degerlendirilir.

Esnek lstyapr kaplamalar1 etkilenebilirlik ve maruziyet
ozeliklerinden dolay1 iklim degisikliginin sicaklik artiglarimdan en
fazla etkilenen tabakalardir. Bu tabakalarin sicakligini etkileyen
faktorler gevresel ve malzeme faktorleridir (Sekil 7). Malzeme
faktorleriyle iligkili giines kolektdrii, faz degistiren ve termoelektrik
kaplamalarda 1s1 hasadi 1s1 depolanmasi ve 1s1 dontisimiiyle sicakligi
diizenleyen sicaklik artiglarini firsata gevirerek enerji iiretilmesini
saglanmaktadir. Bu kaplamalarin yiiksek teknoloji gerektirmesi,
yapim ve isletme maliyetlerinin yiiksek olmasi uygulanabilirligini
sinirlandirmaktadir (Gong & ark, 2022:10).

Cevresel faktorlerin kaplama sicakligi iizerinde etkilerini 1s1 transferi
ve 1s1 radyasyonuyla kaplama sicakliini azaltan yansitma
degistirici, termal direnci artirici, buharlastirict ve sogutucu
kaplamlar malzeme faktorleriyle iligkili kaplamalara gore
uygulanabilirligi daha fazla yapim bakim ve isletme maliyetleri daha
az olup; asagida kisaca agiklanmustir.
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Sekil 7 Kaplama sicakligini etkileyen faktérlere gére kaplama
tipleri
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Yansitma degistirici kaplamalar: Kaplama karisimlart 1s1y1
yansitan baz polimer (Akrilik, epoksi, poliamid, poliftalamin
regineleri vb.), katki (incelticiler, 1slatict dagiticilar, kdpiik
gidericiler, akis ajanlar1 vb.) ve pigment (demiroksit sarisi, yesili,
kirmizisi, grisi, nikeloksit siyahi, titanyumdioksit beyazi)
malzemelerin, igermektedir. Yansitma, pigmentin ve baz polimerin
performansiyla yakindan iligkilidir. Titanyumdioksit beyazi ve
demiroksit saris1 en iyi yansitict pigmentlerdir. Bu karigimlarla yaz
aylarinda kaplama sicakliklar1 200C’ye kadar diisiiriilebilmektedir.

Termal direncligi artirici kaplamalar: Kaplamalarin termal
direnci, diisiik termal iletkenlige sahip malzemeler (sist, mineral
tozu, , ugucu kiil gézenekli ince agrega) kullanilmasi ve karigimlarda
bosluk yiizdesinin artirilmasi i¢in karisim gradasyonu degistirilerek
saglanmaktadir.

Buharlastirici1 ve sogutucu kaplamalar: Kaplama sicakliginin
azaltilmas1 i¢in gecgirgen kaplamanin bosluk o6zeliklerinden
yararlanilarak su ile kaplama sicaklig1 azaltilmaktadir. Suyun belli
bir siire sonra buharlagsmasi sonucu kaplama sicakliginin artmasi ve
su ihtiyacinin fazla olmasi nedeniyle gecirgen kaplamalara su
emebilen ve su tutan ugucu kiil, kalsiyum hidroksit igceren harglar
veya su emilimi yiiksek polimer harglar enjekte edilmesiyle
sogutmanin saglandig1 kaplamalardir.

Kaplama tipi belirlendikten sonra esnek iistyapr tabakalarinin
tasarimi karigim tasarimlari ve istyapi tabaka kalinlik tasarimi
olarak iki kisimda degerlendirilmektedir.

Esnek iist yapilarda bitlimlii tabakalarin karisim tasariminda genel
olarak Marshall ve Siiperpave yontemler uygulanmaktadir. Marshall
yontemi laboratuvar donanim sayisinin azligir ve temin ucuzlugu,
deney siiresinin kisaligi ve bitlim miktariin Siiperpave yontemi
bitiim miktarina ¢ok yakin tespit edilmesi nedeniyle diinya genelinde
daha fazla uygulanan karisim tasarim yontemi olmasina karsin



Stiperpave yontemi iklim degisikligi etkilerini ve kalic1 deformasyon
degerlendirilmesine daha fazla olanak saglamaktadir.

Baglayicisi tabalarda ise genel olarak CBR, gradayasyon, Proktor,
Atterberg limitleri (LL, PI), kaba agrega su emme yiizdesi , donma
ve c¢oziilme, organik madde, metilen mavisi deney sonuglari
degerlendirilerek tabaka analizlerinde kullanilacak girdiler tespit
edilir.

Ustyap: tabaka kalinliklar1 amprik, mekanistik ve mekanistik-
ampirik yontemlerle analiz edilmektedir. iklim senaryolarini, tabaka
karisgimlarinin - daha fazla mekanik Ozelliklerini ve istyapi
bozulmalarini degerlendiren yontemler ise mekanistik-ampirik
tasarim yontemleridir.

Iklim degisikliginden dolay1 artan sicakliklar bitiimlii tabalarda
bitiimii yaslandirarak tabakalarin esnekligini azaltilmasi yorulma
catlamalarimi ve teker izi deformasyonlarini artirmaktadir. Ayrica
artan yagisin nem kosullarini degistirmesi kaplamalarda agrega
sOkiilmesi ayrismalara, baglayicisiz tabakalarda ise deformasyonlara
neden olmaktadir.

Esnek tistyapilarda iklim degisikliginden dolay1 hizlanan yorulma
catlaklar1 ve teker izinde oturma deformasyonlar1 yol kullanici,
isletme maliyetlerini ve hizmet Omriinii etkilemesi iklim
senaryolarina gore uyum stratejilerinin belirlenmesini gerekli hale
getirmistir.

Diinya genelinde ekonomikligi ve uygulanabilirligi kolay olmasi
nedeniyle yaygin olarak yapimi gergeklestirilen yogun gradasyon
karisimli esnek {styapi tabakalarinda sicaklik artist ve yagis
degisimine bagli olarak teker izinde oturma ve yorulma catlaklarinin
etkilerinin azaltilmasit uyum stratejisi akis semast Sekil 8’de
gosterilmistir (Swarna & ark, 2022:137).



Sekil 8 Esnek tistyapilarda bozulma nedenine bagli olarak ¢esitli

uyum stratejileri
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Yogun gradasyon karisimli bitiimlii sicak karisim kaplamali esnek
iistyapilarin iklim degisiminden dolay1 yorulma catlagi, teker izinde
oturma deformasyonu hizlarinin azaltilmasi i¢in bitiimlii tabakalarda
bitlim sinifi, kalinlik ve gradasyon degisimi, baglayicisiz tabalarda
ise kalinlik artig1 ve stabilizasyonlu karisim degerlendirmeleri 6ne
¢ikan uyum stratejileridir.

Sonuc¢ ve Tartisma

Esnek tistyapilarin iklim degisikligi etkilerine en fazla maruz
kalan ve etkilenebilirligi en fazla olan ve diger tabakalara gore
maliyetleri yliksek olan kaplamalarin iklim degisikligine uyum
alternatiflerinin, iklim senaryolarinda belirsizlikler, proje siiresi ve
siirdiiriilebilirligin ekonomik, sosyol, ¢evre bilesenlerinin beraber
degerlendirildigi o6zellikle uygulanabilirligi ve kullanilabilirligi
dikkate alinmalidir.

Bitiimlii ve baglayicisiz tabaka karigimlarinin iklim degisimi
etkilerinin degerlendirilecegi yontem ve deneylerle belirlenmesi,
deney prosediirlerinin hazirlanmasi bununla iligkili olarak tabaka
kalinliklariin mekanistik-amprik yontemlerle analiz edilerek; iklim
degisikligine proaktif veya planli kategoride uyum stratejileri
belirlenmelidir.

Uyum ve azaltim stratejilerinde esnek iistyapilarin  yasam
dongiiliisiiniin ~ 6zellikle yapim, onarim, yeniden yapim
bilesenlerinde sera gaz1 emisyonlarinin meydana gelmesine en fazla
sebep olan ozelikle agrega, bitim malzemelerinin alternatiflerinin
tasarim asamasinda degerlendirilmesi ve malzeme tasima
mesafelerinin kisaltilmasi, iiretim ve yapim asamasinda daha az
enerji harcamasini saglayacak projelerin yapilmasi
degerlendirilmelidir.

Esnek iistyapilarin yasam dongiisiinde ilk yapim, onarim ve yeniden
yapim tabaka tasariminda atik agrega, geri doniistliriilmiis bitimli

veya baglayicisiz karigim kullaniminin degerlendirilmesi, yeniden
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yapim ve onarim c¢aligmalarinda yerinde doniigiim yontemlerinin
uygulanmasi sera gazi emisyonlarimi azaltacaktir. Ulkelerin
biitgelerine ek yiikler getirecek esnek {istyapilarin  uyum
stratejilerimde Ozelikle kullanim asamasinda trafik giivenliginin
saglanmas1 sartiyla yol kullanicilarinin konforu acisinda yapacagi
veya yapmakta zorunlu olacagi fedakarliklar 6nemli etken olacaktur.
Ayrica proje hizmet siireleriyle beraber iklim senoryalarmin ag
diizeyinde belirsizlikler dikkate alinarak uyum stratejilerinde
kademeli insaat ve otonom kategoride uyum stratejileri
tartisilmalidir.
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BOLUM 3

DYNAMIC ANALYSIS OF DOCK PILES UNDER
THE EFFECTS OF DIFFERENT SEA WAVES AND
SEDIMENT MOVEMENT

MUHAMMET ENSAR YiGiT?
UMIT GOKKUS ?

Introduction

Studies on wave-based hydrodynamic effects occurring
around dock piles are available in the literature. Hydrodynamic
forces on cylindrical piles against wave motion modelled as
unsteady flow can be calculated theoretically according to different
wave theories. These wave theories are grouped into two main
groups as small amplitude and finite amplitude. In analyses of wave
statistics, design wave parameters (wave height and period) vary
according to their probability of occurrence and risk values. Design
parameters also change according to the depth at which the piles will
be constructed. Design parameters are of great importance in
calculating the hydrodynamic forces that will affect the piles.
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In the Le Mehaute diagram (Figure 1), which determines the
validity regions of wave theories, when the statistical analyses of
piles at a construction depth are taken into account, it can be
determined that the pile will be affected by more than one different
wave theory during its useful life, depending on the d/gT? and H/gT?
ratios. Different design parameters that may be encountered at the
same depth will validate different theories, which will reveal the
changing hydrodynamic forces along the pile due to different wave
particle velocities and accelerations. It is necessary to design and
project cylindrical steel dock piles according to the design
parameters and therefore the hydrodynamic force changes that are
likely to occur during their useful life.

Figure 1. Limits of validity of wave theories (Le-Mehaute, 1969).
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It has been determined that hydraulic-hydrodynamic loads,
ship berthing loads, earthquake loads, dock operational loads and
lateral ground loads play an active role in the marine environment
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where steel-cylindrical dock piles will be constructed. In analyses
based on fluid-structure interaction, hydraulic-hydrodynamic and
lateral ground loads play a fundamental role. In hydraulic and
hydrodynamic loads, whether the flow is stable or unstable, and in
lateral ground loads, whether the ground is elastic springy or
liquefied are the facts to be decided in fluid-structure interaction
models. As a result, it can be said that in the fluid-structure
interaction model of a steel-cylindrical dock pile, the need for
dynamic modelling of the water and soil movements that change
along the pile arises. This modelling can be done analytically by
developing equations of motion with SDOF and MDOF functions or
numerically by using finite difference, finite element, bounded
element, and finite volume method-based software.

Material and method

Mathematical Model for the Movement of Dock Piles

The oscillation of individual dock piles under the influence
of dynamic external loads can be calculated by means of generalized
mass, damping, stiffness and external load equations. The
parameters of the pile can be constant, or they can vary with position.
In this case, the equations are generalized by taking the integral of
the parameters with respect to position along the structure. Thus, the
oscillation function is obtained with its position and time-varying
form. If the displacement function is decomposed into positional and
time-dependent terms;

Xp(y,t) = v (X (¢) (6]

Here y/(y) is the shape function expressed by position and X(z)

is the vibration function expressed by time (Figure 2). The equation
of motion of the generalized single degree of freedom system is;

« 0°X

m
at?

+ " Z 4 kX(E) = F (1) )
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Figure 2. Single dock pile and acting loads.
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It can be written in dynamic form as follows. The obtained
generalized equation can be analyzed analytically or numerically.
The parameters of the equation of motion are calculated depending
on position and time as follows.

m* = [ ms 0w (y)?dy + 2 (3)
¢ = asf [ 1) (22 dy @
K = E [ 1) (22) dy - v, (%) dy )
F*(8) = SO ) + [ Fu(y, Op()dy (6)

*

Here; mg: structural mass, m*:
generalized damping, k*: generalized rigidity, Xj: displacement, a;:
damping coefficient, F*(t): external load, g: gravitational

*

generalized mass, c*:

acceleration, y4: sea water unit volume weight, N,,: axial load, E:

elasticity modulus, I,,,: moment of inertia, d: water depth, L;: pile
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length, p;: singular force in x-direction, Fj, (y, t): hydrodynamic drag
force, F;(y,t): hydrodynamic inertia force (Olmez, 2011). The
displacement of the dock pile in the direction of the effective fluid
velocity depending on the general equation of motion can be
calculated with numerical modelling by providing fluid-structure
interaction in the Abaqus (Abaqus, 2014) environment.

Wave Theories

In selecting the appropriate wave theory, the water depth (d),
wave period (T) and wave height (H) in the environment where the
pile is constructed, defined as environmental parameters, are taken
as factors. In the design of coastal structures, especially in pile
analysis, it is possible to obtain the appropriate wave theory by using
the wave parameters at the depth where each pile is located.

Figure 3. General definition of linear wave parameters.
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Waves are considered as two-dimensional in the x — y plane.
The seabed is considered as an undisturbed horizontal layer. Here,
the distance (d) is the distance from the seabed to the still water
level. Waves propagate in the positive x direction. All wave theories
assume that waves are periodic and uniform (Figure 1). The period
(T) is the time required for the wave crest to travel one wavelength.
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The wave height (H) is the vertical distance between the trough and
the wave crest between two waves. The wavelength (L) is the
horizontal distance measured between similar points of successive
waves in the direction of wave propagation. The speed of the crest
or trough for a periodic wave is called the propagation speed. This
speed is simply given as follows.

c=LJT (7

If the boundary value problem is summarized as two-
dimensional.

9?0 | 00 9%

Differential (Laplace) equation: 2zt 52tz = 0 (8)
Base boundary condition: fory = —d 09 /dy =0 )
Free surface kinematic condition: for y=n

an , 0@ dn 0P __

% T axox oy - (10)

Free surface dynamic condition: for y=n

av  1[(ad\?  [od)\?
3G () ran=0 (b
Relations can be obtained. Here @ is the velocity potential.

The potential function must satisfy the Laplace equation and three
boundary conditions (Karaturp, 2007); (Russell, 1844).

Stokes-1 Wave Theory

For any wave theory, the problem is to find the velocity
potential (@) or, in the same way, the stream function (¥) specific to
the flow field. The detailed calculations and formulas of the Stokes-
1 (Linear) wave theory are given by (Chakrabarti, 1987).

Accordingly, the water surface profile (1) can be calculated as given
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in equation (12) and the wavelength as given in equation (13)
(Stokes, 1980).

27T 27T

_H — _ — <t
n=-cos0{0=(kx—wt), k=", 0 =" (12)

L=""tanhkd (13)
27T

As seen in Equation (13), the wavelength can be calculated
depending on T and d. The velocity and acceleration of a fluid
particle in the x-direction are expressed as follows.

H coshks ou  2m%H coshks
=—-——¢0s0 |, — = ,
T sinhkd at T2 sinhkd

sin® (14)

Here, s represents the height from the sea floor. The
hydrodynamic pressure (p) formed on the sea floor is given in
equation (18) according to the first order.

_ H coshks
p=prg 2 coshkd

cos O (18)

Stokes-2 Wave Theory

In Stokes second order wave theory, the potential velocity is
written as follows;

d =ced, + 20, (19)

Here, the solution of @; and @&; should be in a form similar
to the solution for @ given in (Chakrabarti, 1987), except that the
coefficient k is 2k and the coefficient & is 20. By applying the
boundary conditions and appropriate initial conditions on the free
water surface, the water surface profile is;

mH? coshks

S rd [2 4+ cosh2kd]cos26 (20)

n=§c050+

Deep water wave profile;
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H TH?
n—;cos@+360520 21)

The velocity and acceleration of the fluid particle in the x
direction are;

nH cosh ks 3 (mH\ H cosh2ks
u=—_—cos@+—(—)— ——c0s20 (22)
T sinhkd 4\ L T sinh™ kd
ou  2m%H coshks . 3m2%H (mH) cosh2ks
Qu _ 2 H coshks s in2 2
ot T2 sinhkd - 0+ T2 ( L )sinh4 rea St 0 (23)

From here, the water particle displacement equations can be
derived for Stokes Second Order Theory. The dynamic pressure
equation is obtained from the solutions @; and @: by completing the
Bernoulli equation. The hydrodynamic pressure equation on the
seabed is calculated as given below, taking only wave effects into

account.
H coshks 3 TH? 1 cosh2ks 1
= - cosO +-pg— [ ——]COSZ@—
p 2 sinhkd + 4'Dg T sinh2kd sinh® kd 3
Log T x [cosh2 ks — 1] (24)
4 T sinh2kd

The wave speed or propagation speed is calculated from the
second order as given below.

2 2 4
2 _ (9 E) (9—8 cosh® kd+8 cosh kd)
¢ (k tanhk d) X ( T X 8 sinh* kd (25)

Stokes-3 Wave Theory

In Stokes third order wave theory, the potential velocity is
written as follows;

b = gd)l + gz(pz + 83(p3 (26)

Here, the solution of &;, @, and ®; should be in a form
similar to the solution for ®@; given in (Chakrabarti, 1987), except
that the coefficients k are 2k and 3k, and the coefficients @ are 26
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and 360. By applying the boundary conditions and appropriate initial
conditions on the free water surface, the water surface profile is;

H

n==

2 64 sinh*kd

H? 1 4 2
1+—k*———(2cosh*kd + 10 cosh® kd

—9)>COS@
H cothkd
+—-k———
8 sinh kd

+ ﬂ 2
256 smh6 kd

[2 4+ cosh2 kd] cos 26

[1+ 8 cosh* kd] cos 36} 27)
Wave speed and propagation speed are of the third order;

c= /gtanhkd<1+H—2k2 - (8cosh*kd — 4cosh2kd+5)>(28)
k 64 sinh

Third order water particle velocity and acceleration
(Tsuchiya and Yasuda, 1980);

_ (mHcoshks 9+37T2H2<cosh2ks 20
TN sihkd 7 T a2 \sintkad
1 3 m3H3 2 cosh3ks

m) + PYRE (13 — 4 cosh” k d) X 7 kd cos 3 @} (29)
ou 2n?H coshks 3n3H? (cosh2ks
E - { LT sinhkd no+ L2T (sinh4 kd n2e

9 m*H3 2 cosh3ks

~ T (13— 4cosh® kd) <=2 sin 3 0 (30)

The dynamic pressure equation is obtained from the solutions
of @, ®; and @3 and is written as follows, ignoring the hydrostatic
terms.
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kHY?
p _ tanhkd (T)
pgd T kd 4sinh® kd

(— — cosh?2 ks)

o k (H) coshks
0o 2/ sinhkd

kH 2
( ) (2sinh kdcoshks)) +3 coshks] cos © —

16 sinh® kd

kH
2 ) [smhzkd+3( )smh kdcosths]cosZ@+

4$mh4 kd
3 3
” > (kH/2)
4 cosh® k d) cosh 3 ks] cos36 (31)

Sinh17 P [4 sinh®* kd coshk s+ ( ) (13 —

Hydrodynamic Wave Forces

The speed and acceleration of water particles directly affect
the magnitude of the forces generated by wave flow. For vertical
piles, the horizontal flow velocity and acceleration and the
dimensions of the wave's impact surface are important. The pile
diameter (D) is important variable for the pile. The density (p=y/g)
and kinematic viscosity (v) of the fluid can be considered as
important properties of the fluid. In addition to the drag forces in the
tangential direction to the pile surface, it can also be defined as the
force determined by the mass and acceleration of the water
distributed on the pile in a kind of impact manner (Morison et al.
1950). According to (Morison, 1950), the drag and inertia force
acting on the unit pile width are,

nD? au

1
Fp = > CppaDulul Fr=Cup—7;

(32)

It is expressed by the formula (Tsuchiya, 1980) (Morison,
1950). Here, Cp: Drag coefficient, pa: Unit volume weight of water,
Cy: Inertia coefficient. Other quantities are as defined before.
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Mathematical Model for Sediment Movement

As a result of current or wave action, sedimented soil
particles on the seabed move and rise as a result of hydrodynamic
effects, changing the seawater concentration. This concentration
profile decreases exponentially as it rises from the bottom.
According to (Kirca, 2013), the total wall shear stress 1o at the
channel bottom, resulting from the steady and uniform flow of water
movement in an open channel flow,

To=RYyal (33)

It is given in the form (Kirca, 2013). Here; R: Hydraulic
radius, y4: Specific gravity of water, J: Channel slope. The wall
shear stress can be expressed in terms of the friction velocity (Uy):

Uy = t/p (34)

The channel bottom shear stress (7;,) may be different from
the total wall shear stress (7). By nondimensionalizing the bottom
shear stress resulting from the solid material movement and the
variables causing the movement, the Shields parameter 0 is obtained.

_w . Uf
Sk—Dyadr  (Sx—1gdg

(35)

Here; Sy : specific gravity of solid material, (S, = p,/p), di:
diameter of solid material. The initial condition of the movement at
the base depends on the dimensionless shear stress 8 reaching the
critical value. When the critical value of this shear value is exceeded,
the solid material transport at the base begins. The change obtained
as a function of the critical shear stress (6.) and Reynolds number
(Re) is given Figure 4 (Kirca, 2013) (Fredsoe, 1992).

From the moment the movement starts, the surface shape on
the base will cease to be flat and after the base movement starts, the
grains will turn into hills and valleys of different sizes on the base.
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In addition to the friction in the base movement, there will be a
resistance to the flow due to the roughness effect caused by the
differentiation of the surface geometry. For this reason, it is
suggested that the base shear stress (7,) consists of two separate
components (Kirca, 2013) (Wilson, 1990) (Luque, 1976).

Ty = T,', + Tll; (36)

Here; 1,,: Friction resistance, 7,: Shape resistance.

Figure 4. Grain Reynolds (Re") and Critical Shields (0.) numbers
(Kirca, 2013).
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Figure 5. Suspended sediment transport under the influence of
waves and currents (Soulsby R. , 1997) (Soulsby R. &., 2005).
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The change of sediment concentration under wave action
along the depth is generally an exponential function. Many methods
have been proposed for the estimation of this function in the studies
conducted. According to (Nielsen, 1992), the following equation can
be used to calculate the sediment concentration under wave action
on the mounded bottom regime:

_ Yy
c) = coexp (-2) (37)
0,075°=,=2 < 18
L = s W 38
* |1,4H,,* > 18 38)
Ws
Um
a = j (39)
co = 0,00563 (40)
6= — (41)
(-TH)

Here; y: Height from the base, 8': Friction resistance, wy:
Sedimentation velocity, d*: Dimensionless grain diameter, H,: Sand
dune height, L,: Sand dune length, L,: Damping distance, 6,:
Dimensionless shear stress. Other quantities are as defined before.

Seawater Density-Sediment Interaction

Regional models are generally unable to resolve the highly
concentrated near-bottom regions of less than a few centimetres due
to the vertical scale. The density to be used in the equations can be
indirectly assumed to be a sediment-water dilute mixture. In coastal
areas, the variation of seawater density along the depth under the
influence of salinity, temperature, and pressure can usually be
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calculated. The additional effect of suspended solids can be included
as follows (Amoudry, 2011).

p(y) = pa + c(y)(ps — pa) (42)

Here; p(y): Density of sediment-sea water mixture, pg:
Density of sediment particles, p,: Density of sea water, c(y): Solid
matter concentration. In this study, it is taken into account that the
density of sea water in areas close to the sea floor increases due to
the effect of sediment.

Hydraulic Modeling

Abaqus/CFD finite element software was used to calculate
the fluid characteristics (Abaqus, 2014; (Gokkus, 2017).

Conservation of mass; =20 (43)
. v
Conservation of momentum; (E +V X VV) =Vo+pg (44)

Conservation of energy; Z—f + V(V(Et + P)) =0 (45)

The solution of the equations with the finite element method
according to the boundary conditions was carried out with the
software used. In the equations, V: velocity vector, P: pressure, E;:
total energy, t: time, o: surface tension.

Continuous, 3-dimensional (continuum-3D) elements are
used in fluid analyses. The element geometry used in fluid models is
hexahedron (6-sided). The element type used in the fluid models
seen in Figure 6.a is FC3D8. The element geometry used in the dock
pile model is 4-node double-sloped thin or thick shell (2-sided).
Different element types can be used in solid body models. The
element type seen in Figure 6.b. below is SR4, which is also used in
solid body models with pipe sections having a certain wall thickness.
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Figure 6. a) Fluid element geometry, b) Shell element geometry

[

The acronym of this element, which is suitable for fluid
modelling, FC3D8 is fluid (F), continuous (C, continium), three-
dimensional (3D) and 8-node (8). It is developed for contact
problems. The acronym of this element, which is suitable for pipe
section shell body modelling with a certain wall thickness, S4R is
shell (S), 4-node (4) and reduced integration (R) (Abaqus, 2014).

Modelling Fluid-Structure Interaction

By determining the contact surfaces in the fluid and structure
models, the effect surfaces of the forces to be transferred from the
fluid to the structure and the deformations to be transferred from the
structure to the fluid are determined in the solution of the two models
together. The finite element program uses the following equation for
the fluid solver. The subscript "f" in the equation represents the fluid.

keup = Fe(t) (46)

The flow forces to be transferred to the structure are
calculated by solving the above equation (Abaqus, 2014). With the
following equation, uy,

.o t
Ur = {puxuyuZTa} 47)
It is calculated depending on the pressure (p), velocity
components (L U, it,), temperature (Ta) and time (t). The structure
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solver is similar to the equation (48) stated with the force obtained
in the fluid solver (Gokkus, 2017);
2%u ou
mg 32 + cg EY + ksu = Fpg(t) (48)
The structure displacement is obtained by using the equation.
The values obtained from the two solvents are transferred to each
other to provide interaction. Frg (t) represents the time-varying
hydrodynamic force on the solid body. The structure is represented
by the subscript “s”. Other quantities are as defined before.

Von-Mises Stresses on Pile in Fluid-Structure Interaction

According to this stress hypothesis; Rupture occurs when the
maximum strain energy per unit volume in the triaxial stress exceeds
a certain value. This hypothesis, which is used for ductile materials,
is called the maximum strain energy hypothesis (Von-Mises, 1913).

Von Mises stresses are directly related to the deviatoric
components in the energy equation.

W= %a': g (49)

The following expression, known from Hooke's Law, is

written into the equation to make the energy equation independent
of displacements.

’ ’ 1 ’
& —8—50' (50)

Von Mises Stresses can be written in different forms. Abaqus Finite
Element Program obtains Von Mises stresses using the following

equations.
3 1 ,3
— 2 —
Oym = \/Eo_ijo_ij — 5 (Ox)?ovm = |5 015045 (1)
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Case Study

In this section, two models are determined to determine the
flow velocity and pressure distribution that Stokes-1, Stokes-2 and
Stokes-3 wave theories will create around a cylindrical dock pile in
a constant and variable density sea environment. The displacement
and stress values of the dock pile under the effect of hydrodynamic
forces are calculated. A fixed-support dock pile with a circular cross-
section diameter; D=1.0 m and a height; L=40.0 m is placed in a
constant and variable density wavy sea environment with rectangular
cross-section dimensions (X,Y, Z) = (50 m, 25 m, 5 m) (Figure 7). In
the finite element model, sea water is modeled with the
Computational Fluid Dynamics (Abaqus/CFD) solver and the dock
pile is modeled with the Dynamic Finite Element (Abaqus/Explicit)
solver.

Figure 7. Schematic of variation with depth a) Constant and b)
Variable density.

a} Dock Pile [ b) DockPile [

Seawater Seawater

Material Section and Properties

The material parameters of the pile element are given in
Table 1. The properties determined in Table 2 were used for sea water
and fluid liquefied soil. The wave theories and wave parameters to
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be examined within the scope of the application are given in Table
3. In this study, Cp=1.16 and Cy,=2.0 were taken for the circular pile.

Tablo 1. Steel pile parameters (Yigit, 2019).

px(t/m’) | v (kN/m3) | D(m) | s(m) | E(kN/m?) | Ny(kN) | v
7.834 76.85 1.00 | 0.014 | 2.1x10° 700.0 | 0.3

Tablo 2. Water parameters.

Co (m/s) kK | lo | p@t/m’) |y (kN/m’)  (N.s/m?)
1450 0 |0 1.029 10.09 1.002x10-3

Tablo 3. Wave parameters.

wave | |7 |po |w  |a |Imcaseolsediment
3 3
Type (m) | (s) | (/m) | (kN/m3) | (m) = - m/s) |0
Stokes-1 | 0.4 | 9 1.029 | 10.09 250 | 0.011 10
Stokes-2 | 24 | 9 1.029 | 10.09 250 | 0.028 0.9
Stokes-3 | 80 | 9 1.029 | 10.09 250 | 0.085 0.8
Mesh Design

The element geometry used in the fluid models shown below
is hexahedron (6-sided) FC3D8 (Figure 8). The element geometry
used in the separation of the dock pile into finite elements is 4-node
double-sloped thin or thick shell (2-sided) S4R. In order to provide
better interaction on the fluid and solid body contact surface in the
models, the mesh spacing should be kept smaller than normal and
made denser. The general mesh spacing in the creation of the points
and elements seen in Figure 8 is 0.5 m, and the mesh spacing is 0.10
m to obtain more precise results in areas close to the pile surface.
115659 points and 105210 elements were used in the sea model, and
12276 points and 12245 elements were used for the steel dock pile.
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Figure 8. Mesh structure of the marine-pile interaction model.

Boundary Conditions

In the modelling carried out within the scope of this study,
flow is not allowed in the y direction (VY=0). Flow is not allowed
for the lateral surface boundary condition in the z direction (VZ=0).
Gravitational acceleration is applied in the vertical y direction (gy=-
9.81 m/s?). Fixed support condition is given on the bottom surface
of the section (UX=UY=UZ=0).

Figure 9. Boundary conditions.
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The reference pressure at calm water level is determined as
Pre=0 kN/m?. The upper end of the pile is free, and the lower end is
fixed to the seabed with fixed support. (UX=UY=UZ=0,
RX=RY=RZ=0).

Results

The sediments in the turbulent zone formed because of wave
or current-based movement on the sea floor may remain suspended
at a certain height in uniform or variable concentration. In this case,
an exponentially decreasing form occurs in the sea water density
from the bottom to the water surface. This concentration change can
be determined from the sea bottom to the water surface and its effect
on the sea water density can be calculated. The sediment vertical
concentration profile is given separately for each of the three
different wave theories by using the data in Tables 2-4 with the help
of Equation (37-42) (Table 4). The vertical profile of sea water with
variable density was calculated by considering the sediment
concentration, sediment particle density and sea water density in
determining p(y). The change in the density of sea water with depth
is shown in Figure 10. It is calculated that in case of sediment
movement on the sea floor, the sea water density at the bottom will
increase by approximately 18% to 31%.

Table 4. Concentration and density equations that vary with depth.

Wave Type Sediment Concentration (%)

Stokes-1 c(y) = 0.1831 exp(—y/0.9856)
Stokes-S2 c(y) = 0.2402 exp(—y/1.1732)
Stokes-S3 c(y) =0.3117 exp(—y/1.3421)

Variable Seawater Density (t/m?3)

Stokes-S51 p(y) = 1.029 + 0.1635 exp(—y/0.9856)
Stokes- p(y) =1.029 + 0.2145 exp(—y/0.9856)
Stokes-S53 p(y) = 1.029 4+ 0.2783 exp(—y/0.9856)
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The wave speed, wave acceleration and hydrodynamic wave

forces varying with depth, belonging to Stokes-1-2-3 wave theories,
are shown in Figure 11 for constant and variable sea density. The

water surface profile, pressure, velocity, and acceleration values of
the Stokes-1-2-3 wave theories are shown in Figure 12 for the water

surface and in Figure 13 for the sea bottom.

Figure 10. Seawater density profile, p(y).
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Figure 11. Changes a) Wave speed, b) Wave acceleration, c) Force
in constant density, d) Force in variable density (t=3T/4).
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Figure 12. Stokes-1-2-3 waves on the water surface a) Profile, b)
pressure - time, c) speed - time and d) acceleration - time graph.
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Figure 13. Stokes-1-2-3 waves on the seabed, a) Profile, b)
pressure - time, c) speed - time and d) acceleration - time graph.
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Fixed density marine environment

As a result of the hydrodynamic forces acting on the
structure, a displacement of 0.0355 m for Stokes 1 at the top of the
steel pile with a wall thickness of t=14 mm (Figure 14, Figure 15)
and a Mises stress of 28497 kN/m? at the pile base were calculated
(Figure 14, Figure 16). The change in displacement and stress values
with time for the other analyzed wave theories are shown in Table 5.

Figure 14. Displacement-time graphs and Stress-time graphs on
piles in constant density marine environment.
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Figure 15. Displacement U(m) distribution for a constant density.
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Figure 16. Stress S(kN/m?) distribution for a constant density.
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Variable density marine environment

As aresult of the hydrodynamic forces acting on the structure
in the variable density marine environment, a displacement of
0.0361 m for Stokes 1 at the top of the steel pile with t=14 mm wall
thickness was calculated (Figure 17.a-b-c, Figure 18) and a Mises
stress of 29067 kN/m? at the pile base (Figure 17.d-e-f, Figure 19).

Figure 17. Displacement-time graphs and Stress-time graphs on
piles in variable density marine environment.
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Figure 18. Displacement U(m) distribution for variable density.
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In the analyses performed in the sea environment with variable
density with depth, the density change caused by the suspended solid
concentration formed by the sediment movement on the sea floor
increases the pressure acting on the pile. However, since this increase
decreases in exponential form, it does not create an effective
hydrodynamic force on the pile. Therefore, it was observed that this
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force increases at the end of the pile where it is anchored to the sea
floor does not have much effect on the displacement and stress
results on the pile element (Table 5). The displacement and stress
values formed on the dock pile are given in Table 5. The differences
between the constant density sea environment and the variable
density sea environment were calculated and compared with each
other.

Table 5. Comparison of fixed and variable density marine environments.

Wave Displacement (m) | Diff Stress (kN/m?) Dift

Theory | fixed variable | (%) fixed variable (%)

Stokes-1 | 0.0355 | 0.0361 17 2849712 | 29067.32 19

Stokes-2 | 0.2479 | 0.2541 2.1 75720.32 | 77613.44 2.5

Stokes-3 | 1.3352 | 1.3746 2.9 302920.78 | 312014.12 | 3.1
Conclusion

Within the scope of this study, analyses were made for
external effects that quay piles may encounter during their useful life
in constant and variable density marine environments under the
influence of different design waves. The following results were
obtained because of the calculations.

e Wave particle velocities, which reach the highest value
on the sea surface in Stokes-1, Stokes-2 and Stokes-3
waves, decrease towards the bottom.

e [f the wave-originated displacement value at the pile tip
point is compared in constant and variable density marine
environments, a difference of 1.7% for Stokes-1 wave,
2.1% for Stokes-2 wave and 2.9% for Stokes-3 wave was
calculated.

e Similarly, if the stress values are compared, a greater
value of 1.9% for Stokes-1 wave, 2.5% for Stokes-2 wave
and 3.1% for Stokes-3 wave was calculated in the
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variable density marine environment compared to the
constant density marine environment.

e  When the Effect of Sediment Movement is Examined;
sediment movement is effective on the seabed and
decreases exponentially towards the water surface, the
hydrodynamic pressure acting on the quay pile increases
depending on the concentration ratio and since the part
where the concentration is highest is close to the pile
support, its effect is not much.

As aresult, the effect of sediment movement on displacement
and stress in vertical facilities with fixed supports remains between
1.7-3.1%. However, since the density on the seabed will increase
between 18% and 31% (Fig.10), it is predicted that its effect will be
greater in horizontal facilities (e.g., sea pipeline) that sit freely on the
bottom. Studies on this subject can be done in the future.
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