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EMISSIONS BASED ON ENERGY INPUTS AND BUILDING CHARACTERISTICS

PhD. Semi Emrah ASLAY
Erzincan Binali Yildirim University, Department of Construction,

Erzincan, Turkey,
ORCID NO: 0000-0002-0127-5474

ABSTRACT

In this study, annual CO: emissions were successfully predicted using a Random Forest
regression model and the feature importance sub-method of the same algorithm, based on the
structural and energy efficiency characteristics of 504 residential buildings. The model revealed
the effects of variables such as residential area, residential type, number of rooms, number of
lighting fixtures, and energy inputs (low-energy consumption fixtures and photovoltaic energy
production) on CO: consumption. Through feature grouping, the impact of factors such as
energy input usage and residential type on energy consumption became clearer and more
understandable. The findings provide important outputs for the development of sustainable
building design and energy efficiency applications, guiding strategies for reducing carbon
emissions.

Keywords: CO: Emission, Housing, Photovoltaic Energy

INTRODUCTION

Our buildings account for a significant proportion of greenhouse gas emissions and energy
consumption. Buildings are responsible for approximately 40% of total energy consumption
and one-third of greenhouse gas emissions (MIHLAYANLAR and MERAL, 2023). For this
reason, comprehensive studies are being conducted on both the design of new buildings and the
management of energy consumption in existing buildings in order to reduce carbon emissions.
Research indicates that decisions made in building envelope design directly impact CO:
emissions. Factors that enable energy savings and emission reductions in building envelopes
have been identified as key entry points for CO: reduction, not only in residential buildings but
also in prefabricated structures (Shi et al., 2025). On the other hand, experimental studies
conducted in classrooms have shown that mechanical ventilation systems have a positive effect
on indoor CO: levels, especially during winter months. However, user errors limit the
effectiveness of these systems (Summa et al., 2024). This highlights the importance of
considering the impact of user behaviour on carbon emissions and, consequently, indoor air
quality. Similarly, in buildings with high user density, variables such as user density, metabolic
rate, and window opening behaviour influence carbon emissions, and prediction models that do
not account for such variables may not accurately reflect reality (Sood et al., 2025). To reduce
or optimise carbon emissions, the literature suggests using adsorbent materials. This has
resulted in significant carbon emission savings in large-scale applications (Sinha et al., 2022).
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upgrades in existing buildings. By using different insulation, window, and orientation scenarios
in buildings, significant reductions in annual energy consumption and CO: emissions have been
achieved (MIHLAYANLAR and MERAL, 2023). Optimal insulation thickness and window
numbers were determined for different climate zones, carbon emission quantities were
calculated according to fuel type, and the most efficient building envelope configurations were
recommended (Kon, 2018). Additionally, carbon quantities can be managed by adjusting the
angle and orientation of glass cladding systems used on building facades. It has been determined
that the slope of glass facades increases heating loads, while changes in orientation alter cooling
loads (Siimer-Haydaraslan and Dikmen, 2023). Facade designs are also other structural
elements that require further study in this area.

The aim of this study is to determine the physical and energy efficiency-based factors
affecting CO: emissions in residential buildings using a machine learning-based method and to
analyse the importance levels of these factors. Thus, data-driven analyses and detailed
conclusions are made regarding carbon emission reduction, contributing to building design and

management.

MATERIALS AND METHODS

A total of 504 data points were obtained from residential buildings. These were used as 8
different inputs. The target variable is the total CO2 emission amount (CO2). One of the inputs,
property type (Type House-Type Bung-Type Flat), was considered in 3 different ways. A
house is typically a detached building with a garden where a family lives. A bungalow is a
single-storey residential building. A flat is a type of housing found in multi-storey buildings
within an apartment complex and is typical of urban living. These different housing types also
differ in terms of energy consumption and living space requirements. Other input parameters
include housing area, number of rooms, and the number of fixed lighting fixtures. In addition
to these parameters, photovoltaic energy production (Pv Supply) and the number of low-energy
lighting fixtures (Low Energy Lights) have been considered as important parameters for energy
savings and reducing CO2 consumption. Furthermore, these two parameters have been analysed
together under the category of "Energy inputs." The Random Forest algorithm was used as the
prediction model, along with feature importance, a popular sub-tool of this algorithm. It is a
powerful supervised learning algorithm consisting of a collection of decision trees. Each tree is
created using randomly selected subsets of the training data and features, and combines the
predictions of individual trees to improve accuracy. In this study, it was used to predict CO2

emissions from residential buildings.
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RESULTS AND DISCUSSION

In this study, the annual carbon emissions (CO: emissions) of 504 residential buildings were
estimated using the Random Forest regression algorithm. In the model, structural characteristics
of the residential units (e.g., total area, number of rooms, type of residence), the number and
type of lighting fixtures (including low-energy consumption fixtures), and energy efficiency
indicators such as annual solar energy production (photovoltaic energy production) were used
as independent variables. As a result of model training, the Determination Coefficient (R?) value
was obtained as 0.875 in the training data and 0.840 in the test data. This result indicates that
the model has a very strong explanatory power. Additionally, it demonstrates successful
performance in predicting carbon emissions. Other performance metrics include the Mean
Absolute Error (MAE) value of 0.94 and the Root Mean Square Error (RMSE) of 2.90. All
these metrics indicate that the model's error margin is acceptable and at a minimal level. The

scatter plot created in the study is presented in Figure 1.
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Figure 1. Scatter plot

The model's results not only demonstrate its prediction power but also reveal the factors most
influential on carbon emissions through Feature Importance analysis. The analysis revealed that
physical characteristics such as the number of fixed lighting fixtures, total residential area, and
number of rooms, as well as energy efficiency measures like the use of low-energy consumption
fixtures and solar energy production, play a decisive role in CO: emissions. These findings are
of critical importance for achieving energy savings and developing sustainable building
designs. The insights gained can encourage individual homeowners to adopt energy-efficient
practices and provide data-driven contributions to policymakers for the development of
environmentally friendly building standards. Figure 2 visually presents the property values
calculated using 8 input parameters.
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Figure 2 Importance values created with 8 input parameters

These data demonstrate the effects of residential features on energy purity (ePurity). Figure 2
shows the contribution percentage (Percentage) and information contribution (IncNod) of each
feature. While housing types such as "Type House," "Type Bung," and "Type Flat" are listed
separately, in the second figure, these types are grouped under a single "Type" heading. As a
result of this consolidation, the information contribution (IncNod) of the "Type" heading
increased to 68.35 and its percentage to 2.43. Thus, grouping housing types into a single
category allows the model to describe these variables more comprehensively. This indicates

that housing type information has a limited impact on CO2.

Similarly, the variables "Pv Supply" and "Low Energy Lights" have been combined to create a
new variable called "Energylnputs". When these two inputs are provided separately, their total
contribution is approximately 21.08%, and when combined, they maintain the same
contribution ratio. This combination not only reduces the number of variables but also clarifies
the parameters related to energy inputs in residential buildings. Additionally, physical quantities
such as "Area," "Rooms," and "Light- -Outlets," which contribute over 20%, are among the
most influential variables affecting CO2 consumption.
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Figure 3 Importance values created with 5 input parameters
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According to these data, the most influential factors on CO2 consumption are the residential
area, number of rooms, number of lighting fixtures, and the Energy Inputs component, which
represents the total energy inputs. The type of residential building (Type) also emerges as an
important variable influencing CO2 consumption; however, physical and technical
characteristics such as area, number of rooms, and energy usage hold higher importance values.
These results indicate that optimising building size and energy inputs is critical in strategies
aimed at reducing CO2 consumption.

CONCLUSION

The Random Forest regression model developed in this study accurately predicted annual CO-
emissions for 504 residential buildings using structural and energy efficiency characteristics.
The model's performance metrics indicate that its predictive power is at a good level. In
particular, it was found that physical characteristics such as residential area, number of rooms,
and number of lighting fixtures, as well as energy inputs such as the use of low-energy lighting
fixtures and photovoltaic energy production, have significant effects on CO2 emissions.

Analyses based on grouping characteristics reveal that certain variables, such as housing type,
have a limited impact on CO- emissions. The combined variable representing energy inputs and
physical dimensions are more powerful and meaningful. These results provide important
outputs for developing building designs that enable CO: control. This type of study, which
focuses on individual and societal levels of carbon emissions in residential buildings,
contributes to the establishment of necessary standards for homeowners.
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OZET

Bu ¢alisma, otomotiv dis aydinlatma sistemlerinin 6nemli bir bileseni olan 6n farin, yaya
koruma regiilasyonlar1 kapsaminda degerlendirilmesini amaglamakta ve 6zellikle {ist bacak
darbe testine kars1 yapisal tepkisini analiz etmektedir. Avrupa Gelistirilmis Arag Gilivenligi
Komitesi (European Enhanced Vehicle-safety Committee-EEVC) WG17 tarafindan belirlenen
test protokolil esas alinarak, 10.5 kg kiitleye sahip bir {ist bacak darbe elemaninin 12 m/s hizla
farin kaput 6n kenar bolgesine ¢arpmasi senaryosu modellenmistir. Caligmanin temel amaci,
carpisma sirasinda ortaya c¢ikan reaksiyon kuvvetleri ve egilme momenti degerleri lizerinden,
far govdesinin farkli yapisal varyasyonlara sahip tasarimlar altindaki enerji soniimleme
kapasitesini karsilastirmali olarak degerlendirmektir.

Tasarim siirecleri CATIA V5 platformunda gercgeklestirilmis; sonlu eleman analizleri ise
HyperMesh ve HyperCrash 6n islemcileri araciligiyla modellenmis ve Radioss ¢oziiciisii
kullanilarak simiilasyonlar yiiriitiilmiistiir. Far gévdesinde dort farkli malzeme kalinlig: (1.5
mm, 2 mm, 2.5 mm, 3 mm) ve ¢entik (dolu-bos gecisli yap1) varyasyonlart modellenmis, bu
varyasyonlarin darbe anindaki performanslar1 kuvvet-zaman ve moment-zaman grafiklerinin
karsilastiriimasi yoluyla analiz edilmistir. Ust bacak-far temas modeli, fiziksel ger¢ekligi
yuksek bir sekilde, “type 7” temas algoritmasi ile modellenerek etkilesim parametrelerinin
hassasiyetle hesaplanmasi saglanmaistir.

Simiilasyon sonuglarina gore, 1.5 mm kalinliginda ve dolu-bos ¢entik yapisina sahip far
govdesi, maksimum darbe kuvvetini 4.0 kN seviyesinde tutarak EEVC'nin belirledigi 5.0 kN
siirinin altinda kalmis ve deformasyonu kontrollii sekilde gergeklestirmistir. Buna karsin
centiksiz ya da yliksek kalinlikta rijit gdvde tasarimlari, 5.2 kN seviyesine ulasarak enerji
soniimleme performansini diislirmiis, dolayisiyla yaya giivenligi agisindan olumsuz bir durum

olusturmustur. Kuvvet-zaman egrilerinin siirekliligi ve egimi dikkate alindiginda, kontrolli
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wabsierors— Jeformasyonun gergeklestigi konfigiirasyonlarin darbe enerjisini daha verimli soniimledigi ve

insan viicudu iizerine aktarilan yiikleri azalttig1 gézlemlenmistir.

Sonug olarak, bu ¢alisma, yaya giivenligi regiilasyonlarina yapisal diizeyde uyum saglayan far
tasarimlarinin gelistirilmesinde simiilasyon temelli miithendislik yaklagimlarinin ne denli etkin
bir ara¢ oldugunu ortaya koymaktadir. Elde edilen veriler, estetik ve optik performansin
Otesinde, mekanik giivenligin de on far tasarimlarinda dikkate alinmasi gerektigini
vurgulamakta ve otomotiv sektoriinde giivenlik odakli, yenilikei iiriin gelistirme siireglerine
katki sunmaktadir.

Anahtar Kelimeler: Yaya Giivenligi, Far Tasarimi, Sonlu Elemanlar Analizi, EEVC/WG17.
ABSTRACT

This study aims to evaluate the structural response of a passenger car front headlamp, which is a
critical component of the vehicle's exterior lighting system, within the scope of pedestrian protection
regulations. Specifically, the focus is on analyzing the headlamp's performance during upper legform
to bumper impact tests. In accordance with the test protocol defined by the European Enhanced
Vehicle-safety Committee (EEVC) Working Group 17, a simulated impact scenario was created using
a 10.5 kg upper legform impactor traveling at a velocity of 12 m/s toward the front edge of the engine
hood, targeting the headlamp assembly.

The primary objective of the research is to assess how different structural variations in the headlamp
housing influence its energy absorption capacity under dynamic impact. The design and modeling
processes were carried out using CATIA V5, with finite element models prepared in HyperMesh and
HyperCrash, and simulations executed using the Radioss explicit solver. Multiple structural
configurations of the headlamp were developed, incorporating different wall thicknesses (1.5 mm, 2
mm, 2.5 mm, 3 mm) and notch designs (solid-void transitional regions), which were evaluated in
terms of force-time and moment-time responses. The upper legform-to-headlamp interaction was
modeled using a Type 7 contact algorithm to ensure high physical accuracy and reliable simulation
fidelity.

Analysis results indicate that the 1.5 mm thick housing with strategically placed notches provides
optimal impact performance by maintaining the peak force at approximately 4.0 kN—well below the
EEVC-specified 5.0 kN limit—and exhibiting controlled deformation behavior. In contrast, designs
with higher rigidity (either due to increased thickness or absence of notches) demonstrated peak forces
reaching 5.2 kN, thereby failing to dissipate impact energy effectively and increasing the load
transmitted to the pedestrian's body. Evaluation of the slope and continuity of the force-time curves
further confirmed that configurations enabling progressive and controlled deformation offer superior
pedestrian safety performance.

In conclusion, this study highlights the critical role of simulation-driven engineering approaches in the
development of headlamp designs that comply with structural requirements of pedestrian protection
standards. The findings emphasize the necessity of considering mechanical safety alongside optical
and aesthetic criteria in automotive lighting design. The research contributes to a broader
understanding of how innovative structural solutions can enhance pedestrian safety and supports the
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wabsteros  development of next-generation, regulation-compliant, and impact-resilient headlamp systems in the

automotive industry.

Keywords: Pedestrian Safety, Headlamp Design, Finite Element Analysis, EEVC/WG17.

GIRIS

Yaya giivenligi, otomotiv endiistrisinde yalnizca yasal bir gereklilik degil, aynm1 zamanda
toplumsal beklentilerin ve miihendislik etik sorumluluklarinin bir sonucudur. Ozellikle sehir igi
trafiginde yaya—arac¢ temasinin kaginilmaz olabilecegi durumlarda, ara¢ tasariminin yayalarin
yaralanma riskini en aza indirecek sekilde optimize edilmesi biiylik 6nem tasir. Bu baglamda,
EEVC/WG17 (European Enhanced Vehicle Safety Committee / Working Group 17) tarafindan
gelistirilen test protokolleri, ara¢ On tasariminin yaya ¢arpigsma senaryolarindaki performansini
degerlendirmek ic¢in kiiresel olgekte kabul goéren standartlardir. Bu protokoller; alt bacak
formu—tampon ¢arpigma testi, list bacak formu—kaput 6n kenar ¢arpisma testi ve kafa formu—

kaput carpisma testi gibi farkli senaryolar1 kapsamaktadir.

Arag 6n bolgesinde yer alan 6n far govdeleri, estetik ve aydinlatma islevlerinin yani sira, yaya
tasarimi ve malzeme secimi, darbe sirasinda iletilen kuvvetin seviyesini ve enerji soniimleme
kapasitesini dogrudan etkiler. Bu nedenle, far govdelerinin yapisal optimizasyonu, yaya
giivenligi performansinin iyilestirilmesinde 6nemli bir arastirma alanidir.

Wordenweber ve Schifer’in calismasinda, on far tasarimlarinin yasal kuvvet smirlarimni
asabilecegi ve bu nedenle yaya giivenligi acisindan optimize edilmesi gerektigi ortaya
konmustur. Darbe simiilasyonlarinda, maksimum kuvvetin EEVC WG17 tarafindan belirlenen
5000 N smirini astig1, ancak govde iizerinde yapilan zayiflatma bolgeleri ile bu degerin sinirin
altina ¢ekilebildigi rapor edilmistir. Yapilan optimizasyon calismalari, far tasarim
degisikliklerinin yaya giivenligi tizerindeki olumlu etkilerini net bicimde ortaya koymustur [1].

Ankit ve ark., far govdesi ile lens bolgesi arasina “Energy Absorbing Ring” (EAR) ad1 verilen
bir enerji soniimleyici bilesen ekleyerek, darbe sirasinda enerjinin énemli bir kisminin yapida
absorbe edilmesini saglamislardir. EAR uygulamasi, iist bacak darbe testinde maksimum
kuvveti 7,4 kN’dan 4,5 kN’a, maksimum egilme momentini ise 403 Nm’den 234,8 Nm’ye
diistirmustiir. Bu sonuglar, ek sonlimleyici elemanlarin yaya giivenligini 6nemli 6l¢iide
tyilestirebilecegini gostermektedir [2].

Matsui ve Ishikawa, iist bacak—0n far carpisma testleri ile, optimizasyon oncesinde far i¢
parcalarinda catlaklar olustugunu; optimizasyon sonrasi ise bu hasarlarin biiyiik 6l¢iide
azaldigim gozlemlemistir. Bu bulgu, gévde geometrisi ve malzeme kalinligindaki
degisikliklerin darbe sonrasi1 hasar seviyesini dogrudan etkiledigini gostermektedir [3].

Yaya giivenligi optimizasyonu yalnizca kuvvet ve deformasyon iligkisine degil, kafa yaralanma
kriteri (HIC) gibi biyomekanik parametrelere de odaklanmaktadir. Gii¢lii (2016) tarafindan
yapilan yiiksek lisans tezinde, hafif ticari ara¢ 6n far gdévdesinde yapilan optimizasyon
caligmalari ile HIC15 degerinin 4723 ten 3506’ya diistiriildiigii belirtilmistir. Ancak, analizlerin
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tizerinde sonuglar vermistir. Bu durum, smir sartlarinin ve komsu bilesen etkilesimlerinin
performans iizerindeki kritik roliinii ortaya koymaktadir [4].

Literatiirdeki bu g¢aligmalar, 6n far govdelerinin yaya carpisma performansinin, malzeme
secimi, geometrik optimizasyon, kontrollii zayiflatma bolgeleri ve ek enerji soniimleyici
eleman kullanim1 gibi faktorlerle iyilestirilebilecegini gostermektedir. Bununla birlikte, rijitlik
ve deformasyon kapasitesi arasindaki denge, hem darbe kuvvetinin soniimlenmesi hem de
yapinin ani ¢okme riskinin 6nlenmesi agisindan kritik dnemdedir.

Bu baglamda, bu ¢aligma hafif ticari bir ara¢ 6n far govdesi tlizerinde iist bacak formu—kaput 6n
kenar carpigsma testi senaryosunu modelleyerek, farkli g¢entik geometrisi ve kalinlik
varyasyonlarinin darbe kuvveti ve enerji absorpsiyonu iizerindeki etkilerini incelemeyi
amaglamaktadir. Elde edilecek bulgular, hem yaya giivenligi optimizasyonuna hem de otomotiv

endiistrisinde hafifletme—dayanim dengesinin saglanmasina katki sunacaktir.
YONTEM
Modelleme ve Analiz Yontemi

Calismanin ilk asamasinda Catia V5 yazilimi kullanilarak 23 pargadan olusan 6n far modeli
tasarlanmigtir. Tasarimda hem optik hem de mekanik bilesenler modellenmis, gévde pargalari
icin malzeme Ozellikleri literatliir ve iiretim verilerinden alinmistir. Model, Hyperworks
ortaminda sonlu elemanlar agina doniistiiriilmiis ve EEVC/WG17 standartlarina uygun tist
bacak formu olusturulmustur. Far govdesinin arag gdvdesine baglantilari, gercek montaj
kosullarina uygun sekilde vidali baglant1 noktalarindan sabitlenmistir. Bu baglantilarda hem fi¢
oteleme (X, Y, Z) hem de ii¢ dénme (RX, RY, RZ) serbestlik derecesi kisitlanmustir. Ust bacak
formu rijit olarak tanimlanmis ve darbe kuvveti 6lgiimleri bu model iizerinden alinmistir. Euro
NCAP protokoliine gore iist bacak carpigsma testlerinde maksimum kuvvetin 5.0 kN altinda
kalmas1 hedeflenmektedir. Bu baglamda, 6n far gévdesinde yer alan ¢entik bolgesi geometrisi
ve kalinlig1 degistirilerek alt1 farkli konfigilirasyon incelenmistir.

Sekil 1. Tiim pargalar ile far ve {ist bacak modeli icin ag yapis1

Siniflandirma / Classification: Gizli / Confide ISBN: 978-625-6997-77-6



QCHAND s
o M,

é@

7
Yy W

%

(NNSCENT

%,

www.ubsder.org

)
%, o
S inawao®™®

IMAEC 9 INTERNATIONAL MATHEMATIC

ARCHITECTURE AND ENGINEERING CONGRESS
August 14-17, 2025 GEORGIA

BULGULAR
Test Edilen Konfigiirasyonlar ve Sonuclar

Centik bolgesi olmadan

......

artmistir. Bu durum, darbe sirasinda deformasyonun sinirlanmasina ve yapinin enerjiyi absorbe
edemeyerek yiiksek kuvvetleri dogrudan insan viicuduna iletmesine neden olmaktadir.
Yaklasik 5.3 kN seviyesinde gozlemlenen maksimum kuvvet, kuvvet-zaman egrisinde diizenli
bir artigla zirveye ulagmakta, ardindan kontrollii bir diisiis goriilmektedir. Ancak yapinin yiiksek
acmakta; enerji, yapidan gecerek dogrudan list bacak modeline aktarilmaktadir. Maksimum
kuvvete gec ulagilmasi (7 ms), deformasyonun sinirli oldugunu, dolayisiyla enerji soniimleme
kapasitesinin diisiik kaldigini gostermektedir. Sonug olarak, ¢entiksiz yapilar yapisal stabilite
acisindan avantaj saglasa da, darbe etkilerine kars1 yetersiz enerji absorpsiyonu nedeniyle insan
viicuduna iletilen kuvveti artirmakta ve yaralanma riskini {ist seviyelere tagimaktadir.

Gentik Hatt Yok

Reaksiyon Kuvveti (kN)
/

3
Zaman (ms)

Grafik 1. Centik bdlgesi olmadan Kuvvet-Zaman grafigi

Tiim modellerde 4 ms ve 6.8 ms’deki gerilmeler kontrol edilmistir. Sekil 2’de ¢entik bolgesi
olmadigi i¢in gerilme baglant1 yapilarinin iizerine dagilmis, yapinin esneyerek tepki
kuvvetinin artmasina sebep olmustur. Centik bolgesi olmadigi i¢in gerilmeler civata
bolgesinin ¢evresinde yogunlagmistir.

Siniflandirma / Classification: Gizli / Confide ISBN: 978-625-6997-77-6
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Centiksiz - 4 ms

Centiksiz - 6.8 ms

Sekil 2. Centik bolgesi olmadan 4 ms ve 6.8 ms’deki gerilmeleri

1,5 mm kalinhginda ¢entik bolgesi

1.5 mm kalinliginda ¢entik bolgesine sahip yap1 konfigiirasyonunda, maksimum kuvvet
yaklagik 4.6 kN ile en diisiik degerler arasinda yer almaktadir. Kuvvet egrisi, darbenin
baslangicinda hizli bir artis gosterip ardindan hizla azalmaktadir. Centik varligi, kontrollii
deformasyona olanak taniyarak yapinin darbe enerjisini etkin sekilde absorbe etmesini saglar.
Bu durum, yapinin hizli ¢gékmeye ugramasina ve enerjinin biiyiik oranda yapi tarafindan
emilmesine yol agmaktadir. Ancak yapinin dayanim kapasitesi sinirl kalmakta ve ani kuvvet
diistisleri yapisal ¢okme riskini artirmaktadir. Sonug olarak, ince ¢entik bolgesi yapinin enerji
sonlimleme performansini artirsa da, yapisal dayaniklilik ve yaya giivenligi agisindan

potansiyel riskler igermektedir.

1.5mm Gentik Hattl

Reaksiyon Kuwveti (kN)
0% - ~ ~ w w &
5 G 5 & 5 & b3 o

°
7

2 4 2 10 12

6
Zaman (ms)

Grafik 2. 1.5 mm kalinliginda gentik bolgesinin Kuvvet-Zaman grafigi

Sekil 3’te 1,5 mm kalinliginda ¢entik bdlgesi olusturulmustur. 4 ms’de ¢entik bolgelerinde
kirilmalar baglamistir. Baglanti noktalarinin hepsinde gerilmeler ¢gentik bolgelerinde
yogunlagsmistir. 6.8 ms’de Sekil 3’teki ilk gorseldeki baglant1 noktasi tamamen kirilmaistir.

Siniflandirma / Classification: Gizli / Confide ISBN: 978-625-6997-77-6
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1.5 mm - 4 ms

1.5 mm - 6.8 ms

Sekil 3. 1.5 mm kalinliginda ¢entik bdlgesinin 4 ms ve 6.8 ms’deki gerilmeleri

1,5 mm kalinh@inda dolu-bos ¢entik bolgesi

Dolu-bos desenli ¢entik yapisinda maksimum kuvvet yaklasik 4.1 kN olup, klasik centik
bolgesine kiyasla daha diisiiktiir. Kuvvet artisi kontrollii ve disiisii yumusak sekilde
gerceklesmektedir. Bu yapi konfiglirasyonu, enerji emilimi ile yapisal stabilite arasinda
giivenligi agisindan kuvvetin emilmesi avantajlidir. Enerji yayilimi daha genis zamana
yayilirken, tepe kuvvet orta seviyede kalmakta ve kuvvet egrisinde ani degisimler
gozlenmemektedir; bu da yliksek kuvvet siirekliligine isaret eder. Tepe kuvvete ulasma siiresi
(6.5 ms) diger yap1 konfigiirasyonlarina goére daha uzun olup, kuvvetin kontrollii bir sekilde
azalmasini saglar. Sonu¢ olarak, dolu-bos ¢entik yapisi, enerji soniimleme ve yapisal
dayaniklilik arasinda dengeli performans sunmaktadir.

1.5mm Bosaltiimig Centik Hatti

4.

40

Reaksiyon Kuvveti (kN)

2 a 8 10 12

6
Zaman (ms)

Grafik 3. 1.5 mm kalinliginda dolu-bos ¢entik bdlgesinin Kuvvet-Zaman grafigi

Sekil 4’te 1.5 mm kalinliginda dolu-bos ¢entik bolgesi olusturulmustur. Gerilme dagilimlari
ve kirilma siireleri 1.5 mm kalinligindaki yapi ile yakindir. Ancak bosaltmalar sayesinde
kirilmalar daha kontrollii ve tepki kuvveti daha diisiiktiir. Ek olarak, Sekil 3’teki ortada
bulunan baglanti noktalar1 tamamen kirilmistir.

Siniflandirma / Classification: Gizli / Confide ISBN: 978-625-6997-77-6
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Sekil 4. 1.5 mm kaliliginda dolu-bos ¢entik bolgesinin 4 ms ve 6.8 ms’deki gerilmeleri

2 mm kalinhginda ¢entik bolgesi

2 mm kalinhigindaki centik bdlgesine sahip yapi konfiglirasyonunda maksimum kuvvet
yaklagik 4.7 kN olup, rijitlik belirgin sekilde artmistir. Kuvvet egrisi daha dik bir artis
kuvvetinin daha biiyiik bir kismmin yapiya iletilmesine neden olur. Ancak, deformasyon
kapasitesinin azalmasi nedeniyle enerji emilimi sinirli kalmakta ve dolayisiyla daha fazla
kuvvet insan viicuduna aktarilmaktadir. Kontrollii deformasyona ragmen, bu yiiksek rijitlik
seviyesi glivenlik agisindan potansiyel riskler tasimaktadir.

2mm Centik Hatt

Reaksiyon Kuweti (kN)
~
@

2 4 8 10 12

6
Zaman (ms)

Grafik 4. 2 mm kalinliginda ¢entik bolgesinin Kuvvet-Zaman grafigi

Sekil 5’te 2 mm kalinli§inda ¢entik bolgesi olusturulmustur. 4 ms’de en solda bulunan
baglant1 bolgeleri heniiz tam kirilmamis, bu sebeple de kuvvet artisina sebep olmustur.
Gerilmeler ¢entik bolgelerinde yogunlagsmis ancak istenilen enerji emilimi tam
gerceklesmemistir. 6.8 ms’de Sekil 3’te en soldaki kulaklar tamamen kirilmis, diger
bolgelerde kirllma gézlemlenmemektedir.

Siniflandirma / Classification: Gizli / Confide ISBN: 978-625-6997-77-6
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Sekil 5. 2 mm kalinliginda ¢entik bdlgesinin 4 ms ve 6.8 ms’deki gerilmeleri

2,5 mm kalinhginda ¢entik bolgesi

Zirve kuvvet degeri yaklasik 5.0 kN seviyesindedir. Kuvvet egrisi olduke¢a dik olup, rijit yap1
davranigi barizdir. 2.5 mm kalinlik, test edilen konfigiirasyonlar arasinda ytiksek rijitlik
gosteren yapi gruplarindandir. Yapinin deformasyonu sinirli olup, darbe kuvveti neredeyse
dogrudan insan viicuduna iletilmektedir. Bu yap1 yiiksek dayaniklilik sunarken, enerji
absorpsiyonu agisindan etkisizdir. Euro NCAP kriterleri kapsaminda giivenlik acisindan
uygunlugu tartigmalidir. Grafik 5’ten bu yapinin enerji yayilimi agisindan en zayif yapilardan
birisi oldugu gozlemlenmektedir. Kuvvet kisa siirede yiikselmis olup uzun siire yiiksek
kalmistir, bu da enerjinin biiyilik kisminin yap1 yerine {ist bacak modeline aktarildigini
gostermektedir. Ayni zamanda hizli kuvvet artist (5 ms tepe degere ulasmasi) ve uzun siire
yiiksek kuvvet degerinde kalma egilimi gostermesi iist bacak modeli (insan viicudu) i¢in
tehlikeli bir durumdur.

2.5mm Centik Hatt

2.5mm Gentik Hatti

Reaksiyon Kuwveti (kN)

2 1 6 8 10 12
Zaman (ms)

Grafik 5. 2.5 mm kalinliginda gentik bolgesinin Kuvvet-Zaman grafigi
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wwabsderon— Sekil 6°da 2.5 mm kalinliginda ¢entik bolgesi olusturulmustur. En soldaki baglanti
noktalarinda kirilmalar gerceklesmis ancak yine de gerilmeler baglanti bolgesine yayilmaistir.
Diger baglant1 noktalarinda gerilmeler yapiya yayildig1 i¢in par¢anin esnemesine sebep olup
kuvvet degerlerini arttirmistir. Sonuglar 5 kN degerine ¢ok yakindir. Bu sebeple kabul
edilebilir degildir.
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2.5 mm - 6.8 ms

Sekil 6. 2.5 mm kalinliginda ¢entik bolgesinin 4 ms ve 6.8 ms’deki gerilmeleri

3 mm kalinhginda ¢entik bolgesi

3 mm kalinligindaki ¢entik bdlgesine sahip yap1 konfigiirasyonunda en yiiksek tepe kuvveti 5.4
kN olarak 06l¢iilmiis olup, yap1 oldukga rijit davranmaktadir. Kuvvet absorpsiyonu diisiiktiir ve
kuvvet egrisinde yavas bir diisiis gozlemlenmektedir; bu durum enerji absorbesini
gerceklesmedigini ve yiikiin dogrudan insan viicuduna aktarildigini gostermektedir. Yapi, darbe
sirasinda neredeyse hi¢ deformasyon gostermemekte ve dolayisiyla darbe enerjisi tamamen iist
bacak modeline iletilmektedir. Bu durum, yaralanma riskini ciddi sekilde artirmakta ve yolcu
giivenligi agisindan onemli bir dezavantaj olusturmaktadir. Grafik 6 incelendiginde, bu
konfigiirasyonun enerji yayilimi agisindan en zayif yapilar arasinda yer aldigi; kuvvetin hizli
yiikselip (5 ms i¢inde tepeye ulagsmasi) uzun siire yiliksek kalmasi nedeniyle yapinin enerjiyi
absorbe etmedigi acik¢a goriilmektedir. Bu 6zellikler, insan viicudu {izerindeki yiliklenmeyi
artirarak potansiyel tehlike yaratmaktadir.

Siniflandirma / Classification: Gizli / Confide ISBN: 978-625-6997-77-6
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——— 3mm Centik Hatt

Reaksiyon Kuvveti (kN)
w

2 a 2 10 12

6
Zaman (ms)

Grafik 6. 3 mm kalinliginda ¢entik bolgesinin Kuvvet-Zaman grafigi

Sekil 7°de 3 mm kalinliginda centik bolgesi olusturulmustur. Olusturulan c¢entik bolgeleri
nominal kaliliga ¢ok yakindir. Olugan bu kalinlik farki yapinin kararsizligini arttirmis olup
esnemesine sebep olmustur. Gerilmeler ¢entik bolgelerinde yogunlagsmamistir. Bu sebeple
tepki kuvveti, centik bolgesi olmadan olusan tepki kuvvetinden daha yiiksektir.
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TARTISMA VE SONUC
Degerlendirme

Sonuglar, centik geometrisinin ve kalinliginin yaya carpisma performansinda dogrudan
belirleyici oldugunu gostermektedir. Ozellikle 1,5 mm dolu-bos centik konfigiirasyonu, hem
kuvvet seviyesini giivenli sinirlar i¢inde tutmus hem de ani yapisal ¢cokme riskini minimize
etmistir. Bu tasarim, darbe enerjisinin 6nemli bir kismin1 absorbeederken, yapinin genel
rijitligini korumustur. Yapinin rijitliginin artmasi, tepe kuvvetin yilikselmesine ve insan
viicuduna iletilen enerjinin artmasina yol agmaktadir. Buna karsin, asir1 zayif yapilar da ani
deformasyon ve montaj stabilitesinde sorun yaratabilmektedir. Dolayisiyla, optimum giivenlik
performansi i¢in kontrollii kirilma bolgelerinin tasarlanmasi kritik 6nemdedir.
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Grafik 7. Tiim durumlarin Kuvvet-Zaman grafigi

Bu ¢alisma, hafif ticari ara¢ 6n far gdvdesinde ¢entik tasariminin yaya ¢arpisma performansi
tizerindeki etkilerini sayisal analizler ile ortaya koymustur. Euro NCAP {ist bacak formu
carpisma testi senaryosu kapsaminda, farkli ¢entik kalinligi ve geometrilerinin maksimum
kuvvet, enerji absorpsiyonu ve yapisal stabilite lizerindeki etkileri degerlendirilmistir. Elde
edilen bulgulara gore: 1,5 mm dolu-bos ¢entik konfigiirasyonu, optimum giivenlik performansi
saglamis, maksimum kuvvet degerini yaklasik 4.1 kN seviyesine diislirerek Euro NCAP
siirlarinin altinda tutmustur. Centiksiz veya yiiksek kalinlikli (2,5 mm ve 3 mm) yapilar, enerji
absorpsiyonu agisindan yetersiz kalmis ve yaralanma riskini artirmistir. ince ve kontrollii gentik
bolgeleri, darbe enerjisinin yapi icerisinde dagitilmasini saglayarak {ist bacak formuna iletilen
kuvveti azaltmaktadir. Sonug olarak, yaya giivenligini artirmak amaciyla on far govdesinde
optimize edilmis ¢entik tasarimi uygulanmasi onerilmektedir. Bu yaklasim, gelecekte farkli
malzeme kombinasyonlar1 ve iiretim teknikleri ile desteklenerek hem giivenlik hem de
hafifletme hedeflerine katki saglayacaktir.
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Ozet

Geometri her kiiltirde mimari iiretimin dogal bir o6zelligi olsa da islam medeniyet
merkezlerinde ¢ok daha yiiksek bir 6neme sahip olmustur. Geleneksel sanat kozmik yasalarin
ve evrensel ilkelerin varligin1 kabul ederken kutsal geometri evrenin dogasinda olan
matematiksel diizenin ifadesi ve ona yonelik arayisin simgesi olmaktadir. Mimarlikta antik
caglardan gilinlimiize tasarimda geometrik diizenlerin, modiil ve oran ilkeleinin kullanimi
olgusu giindemde olmustur. Yap1 ustalarinin kullandig1 geometrik yontemlerden ad guadratum,
ad traiangulum ve Pisagor iiggenleri gibi liggen ve kare temelli sistemlerin antik dénemlerden
itibaren Dogu Roma ve Osmanli devletinde kullanilmaya devam ettigi, ozellikle Islam
mimarliginda geometri kullanimi ile plan ve cephe oOlgiilerinde irrasyonel sayilara erismek
amacina yonelik kullanildigir iddia edilmektedir. Bu calismada ilk kez altin {iggen olarak
tanimlanan geometrik yapilarin mimari tasarimda kullanilmis olmasi iddiasi giindeme
getirilmektedir. Altin {iggenin tarihsel arkaplami iizerinde durularak yapilarin tasariminda
kullanim imkanlar1 giincel dlgiimler baz alinarak irdelenmektedir. Ornek olarak segilen yapilar
tizerinde kesit tasarirminda ve plan diizenlemesinde kullanildigina dair tespitlere yer
verilmektedir. Geometrik kurulus ilkeleri baglaminda altin oran ve birbiri ile iligkili
bliytikliiklerin nasil bu yolla elde edilebilecegi, gegmis zanaatkarlarin ulasabilecegi kaynaklar
baglaminda ele alinmaktadir. Mimari tasarimda basarili estetik sonuclar olarak kabul goren
klasik donem yapilarinin planlama ilkeleri hakkinda otantik belgelerin eksikligi goz Oniine

alindiginda calismanin 6nemini artirmaktadir.

Anahtar Kelimeler: Mimari Tasarim Ilkeleri, Geometrik Proporsiyon, Altin Uggen.

Abstract

Geometry, while a natural feature of architectural production across cultures, holds a
particularly significant role in Islamic civilization centers. Traditional art acknowledges the
existence of cosmic laws and universal principles, with sacred geometry serving as an
expression of the mathematical order inherent in the universe and a symbol of the quest for it.
The use of geometric patterns, modular systems, and proportional principles in architectural
design has been a prominent topic from antiquity to the present. It is claimed that geometric
methods such as ad quadratum, ad triangulum, and Pythagorean triangles—triangle- and
square-based systems—were employed from ancient times through the Byzantine and Ottoman
periods. In Islamic architecture, geometry was purportedly used to achieve irrational numbers
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O @\@"fn plan and fagade measurements. This study introduces, for the first time, the hypothesis that
by g€OMeEtric structures defined as the golden triangle were utilized in architectural design. The
historical background of the golden triangle is explored, and its potential applications in
architectural design are examined. The study identifies evidence of its use in section design and
plan arrangements in selected structures. Within the context of geometric design principles, the
study discusses how the golden ratio and related proportional magnitudes could be derived,
considering the resources available to historical craftsmen. Given the scarcity of authentic
documents regarding the planning principles of classical period structures, widely regarded as

successful aesthetic achievements, this study gains particular significance.
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Ozet

Polilaktik asit (PLA), biyobozunur yapisi, biyouyumlulugu ve yenilenebilir kaynaklardan elde
edilebilmesi sayesinde hem ¢evre dostu iiretim siiregleri hem de biyomedikal uygulamalar i¢in
dikkat ¢eken bir malzeme haline gelmistir. 3B yazici teknolojisinin gelisimiyle birlikte, PLA'nin
mekanik ve yiizeysel performansinin, liretim parametrelerine bagl olarak daha hassas bigimde
kontrol edilebilmesine olanak saglamistir. Bununla birlikte, ¢evresel siirdiiriilebilirligi
desteklemek amaciyla yeniden islenip geri doniistiiriilerek elde edilen Re-PLA malzemelerin
kullanimi1 da giderek 6nem kazanmis; ancak bu malzemelerin iiretim sonras1 yapisal biitiinligi
ve deformasyon davranisi, halen detayli arastirilmasi gereken bir konudur.

Bu ¢alismada, PLA ve Re-PLA malzemeleri kullanilarak farkli iiretim parametreleriyle iiretilen
numunelerin  sekil deformasyonu ve mikroyapisal karakteristikleri deneysel olarak
karsilastirilmistir. Numuneler, doluluk orani, katman kalinlig1 ve {iretim agist gibi temel {iretim
parametreleri degistirilerek FDM tipi 3B yazici ile {iretilmis; ardindan ii¢ nokta egme testleriyle
deformasyon davranislar1 analiz edilmis ve taramali elektron mikroskobu (SEM) goriintiileri ile
mikroyapisal yapilar incelenmistir.

Yapilan deformasyon testleri, PLA numunelerinde doluluk oranindaki artisin deformasyon
direncini artirdigini, ancak bu etkinin yiliksek doluluk seviyelerinde giderek azaldigini
gostermistir. Re-PLA numunelerde ise deformasyon davranisi i¢ yapisal diizensizlikler ve geri
doniisiim kaynakli heterojenlikler nedeniyle daha degisken bir karakter sergilemistir. Ozellikle
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Q,ﬁiretim acisinin artirilmasiyla PLA numunelerde deformasyon degerleri ciddi bigimde artarken,
W

Re-PLA numunelerde bu artis daha sinirli kalmistir. SEM goriintiileri sonuglart ise, doluluk
oranmin artmasiyla birlikte PLA ve Re-PLA numunelerde filamentler arasi bosluklarin ve
hapsolmus hava kabarciklarinin azaldigi, bunun da genel yap1 biitiinliigiinii olumlu etkiledigi
tespit edilmistir. PLA numunelerde gozlemlenen kirik yiizeylerin keskin kenarlara sahip olmasi
ve filamentler arasi yapismanin diizglin gerceklesmesi, gevrek bir kirilma davranisina isaret
etmektedir. Re-PLA numunelerde de benzer bir gevrek kirilma morfolojisi goriilse de,
mikroyapida daha fazla diizensizlik izlenmis, filament yapigsma kalitesi orijinal PLA’ya gore
daha diistik kalmistir.

Anahtar Kelimeler: PLA, 3B yazici, geri doniisiim, mikroyapisal karakteristik.

Abstract

Polylactic acid (PLA) has become a material of interest for both environmentally friendly
production processes and biomedical applications, thanks to its biodegradable structure,
biocompatibility, and ability to be derived from renewable resources. The advancement of 3D
printing technology has enabled more precise control over PLA's mechanical and surface
performance through the adjustment of production parameters. Furthermore, the use of Re-PLA
materials, obtained through reprocessing and recycling, has become increasingly important in
supporting environmental sustainability. However, the structural integrity and deformation
behavior of these materials after production still require further in-depth investigation.

In this study, the shape deformation and microstructural characteristics of samples produced
using PLA and Re-PLA materials with different production parameters were experimentally
compared. The specimens were fabricated using an FDM-type 3D printer by varying key
production parameters such as infill density, layer thickness, and printing orientations. Following
this, deformation behavior was analyzed using three-point bending tests, and their
microstructural structures were examined using Scanning Electron Microscope (SEM) images.

Deformation tests showed that increasing the infill density in PLA specimens increased
deformation resistance, but this effect gradually diminished at higher infill levels. In Re-PLA
samples, deformation behavior exhibited a more variable character due to internal structural
irregularities and heterogeneity caused by recycling. While deformation values increased
significantly in PLA specimens, particularly with increasing the printing orientation, this increase
was more limited in Re-PLA specimens. SEM analysis revealed that, as the infill density
increased, microvoids and entrapped air gaps between filaments were significantly reduced in
both PLA and Re-PLA specimens, enhancing the overall structural integrity. The sharp edges of
the fracture surfaces observed in the PLA samples and the smooth adhesion between the
filaments indicate brittle fracture behavior. Although a similar brittle fracture morphology was
observed in the Re-PLA samples, the microstructure was more irregular, and the filament
adhesion quality was lower than in the original PLA.

Keywords: PLA, 3D printing, recycling, microstructural characteristics.
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Ozet

3B yazic1 teknolojisiyle ile iriin lretiminde bir¢cok iiretim parametresi etkili olup, bu
parametrelerin uygun optimize edilmesi, hem iiretim maliyetleri ve siiresinin azaltilmasina hem
de iiretilen pargalarin mekanik performansinin iyilestirilmesine katki saglamaktadir. Bu nedenle,
farkl iretim kosullarinda tiretilen 3B baski {iriinlerinin mekanik 6zelliklerinin ve mikroyapisal
yapilarinin belirlenmesi, kullanim amacina en uygun iiretim parametrelerinin secilebilmesi
acisindan onemlidir. Bu ¢alismada, Erimis Biriktirme Modelleme (FDM) yontemiyle tiretilen
ABS ve geri doniistiiriilmiis Re-ABS polimer numunelerinde, , doluluk orani, katman kalinligi
ve liretim agis1 gibi iiretim parametrelerinin sekil deformasyonu ve mikroyapisal yapiya etkileri
incelenmistir. Numunelerin sekil deformasyonu ii¢ nokta egme testleri ile Olgiilmiis,
mikroyapisal 6zellikleri Taramali Elektron Mikroskobu (SEM) analizleri degerlendirilmis ve
elde edilen veriler Box-Behnken deney tasarimi ve Minitab Statistical Software 22 kullanilarak

istatistiksel olarak analiz edilmistir.

Elde edilen sonuglar, doluluk orani, katman kalinlig1 ve iiretim acisinin ABS ve Re-ABS
numunelerinin deformasyon davraniglarii farkli bigcimlerde etkiledigini gostermistir. ABS
numunelerinde doluluk orani arttik¢ca deformasyon genellikle artis egilimi gosterirken, Re-ABS
numunelerinde ise bu artigin dalgali ve diizensiz tepkiler seklinde gerceklestigi gozlemlenmistir.
Katman kalinlig1 arttikca, ABS numunelerinde deformasyon artarken, Re-ABS numunelerinde
genel olarak azalma gdzlenmistir. Uretim agisinda ise ABS numunelerinde yiiksek agilarda
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~@%eformasyon belirgin bi¢cimde artarken, Re-ABS numunelerinde ac¢inin deformasyon
W

degerlerinde azalma ile iliskilendirilmistir. SEM analizleri, hem ABS hem de Re-ABS
numunelerinde hava bosluklar1 ve gézenekli yapilar bulundugunu gostermistir. Bu mikroyapisal
kusurlar, o6zellikle ABS numunelerinde deformasyona ugrama dayanimin diismesine yol
acmistir. Ayrica, Re-ABS numunelerinin daha diizensiz yiizey morfolojisine ve artmis gdzenekli
yapiya sahip oldugu gozlemlenmis; bu durum, genel mekanik performansit olumsuz yonde
etkilemistir.

Anahtar Kelimeler: ABS, Erimis Biriktirme Modelleme, geri doniisiim, 3B yazici.

Abstract

Many production parameters are influential in the fabrication of products using 3D printing
technology, and optimizing these parameters contributes to both reducing production costs and
time, as well as improving the mechanical performance of the manufactured parts. Therefore,
determining the mechanical properties and microstructural characteristics of 3D-printed products
produced under different production conditions is crucial for selecting the most appropriate
production parameters for their intended use. In this study, the effects of production parameters
such as infill density, layer thickness, and printing orientation on the deformation and
microstructural features of ABS and recycled Re-ABS polymer samples produced using Fused
Deposition Modeling (FDM) were investigated. The deformation of the samples was measured
using three-point bending tests, the microstructural properties were evaluated using a Scanning
Electron Microscope (SEM), and the obtained data were statistically analyzed using the Box-
Behnken design of experiments and Minitab Statistical Software 22.

The results showed that infill density, layer thickness, and printing orientation affect the
deformation behavior of ABS and Re-ABS samples differently. In ABS samples, deformation
generally increases as the infill density increases, while in Re-ABS samples, this increase occurs
in a fluctuating and irregular manner. As the layer thickness increases, deformation also increases
in ABS samples, whereas a general decrease is observed in Re-ABS samples. With respect to
printing orientation, deformation significantly increases at higher angles in ABS samples, while
in Re-ABS samples, increasing the angle is associated with a reduction in deformation values.
SEM analyses revealed the presence of air gaps and porous structures in both ABS and Re-ABS
samples. These microstructural defects led to a decrease in deformation resistance, particularly
in ABS samples. Furthermore, Re-ABS samples exhibited a more irregular surface morphology
and increased porosity, which negatively impacted their overall mechanical performance.

Keywords: ABS, Fused Deposition Modeling, recycling, 3D printing.
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wnwabsderorg SUSTAINABLE MATERIALS IN MODERN CONSTRUCTION ENGINEERING
Caner KAYA
Yildiz Technical University, Tiirkiye
OZET

Giliniimiizde ingaat sektoriiniin ¢evresel etkileri giderek daha fazla tartisilir hale gelmistir.
Karbon salinimlarinin artisi, dogal kaynaklarin hizli tilkenmesi ve enerji maliyetlerinin
yukselmesi, stirdiiriilebilir malzemelerin 6nemini 6n plana ¢ikarmaktadir. Bu ¢alismada,
stirdiiriilebilir yapt malzemelerinin gilincel insaat mihendisligi projelerinde nasil
kullanilabilecegi ayrintili bir sekilde ele alinmaktadir. Ozellikle geri déniistiiriilmiis beton,
bambu ve kenevir gibi dogal lifli malzemeler, diisiik karbonlu ¢imento tiirleri ve enerji
verimliligini artiran akilli malzemeler iizerinde durulmustur. Ayrica, bu malzemelerin
ekonomik uygulanabilirligi, uzun vadeli bakim kolaylig1 ve ¢evresel faydalari detayli 6rneklerle
aciklanmistir. Sonug olarak, siirdiiriilebilir malzemeler sadece ¢evre dostu bir segenek olmakla
kalmayip ayni zamanda modern miihendislik c¢oziimlerinde yenilik¢i bir bakis acist
saglamaktadir.

Anahtar Kelimeler: Siirdiiriilebilir malzemeler, yap1 miithendisligi, geri doniistiiriilmiis beton,
diisiik karbonlu ¢imento, ¢evre dostu yap1

ABSTRACT

In recent years, the environmental impacts of the construction industry have become
increasingly debated. The rise in carbon emissions, the rapid depletion of natural resources, and
the increase in energy costs have highlighted the significance of sustainable materials. This
study provides an in-depth examination of how sustainable building materials can be integrated
into contemporary construction engineering projects. Particular attention is given to recycled
concrete, natural fiber-based materials such as bamboo and hemp, low-carbon cement
alternatives, and smart materials designed to improve energy efficiency. Additionally, the
economic feasibility, long-term maintenance advantages, and environmental benefits of these
materials are discussed with detailed examples. In conclusion, sustainable materials not only
represent an environmentally conscious choice but also bring an innovative perspective to
modern engineering practices.

Keywords: Sustainable materials, construction engineering, recycled concrete, low-carbon
cement, eco-friendly building
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NUMERICAL SIMULATION OF BRIDGE DYNAMICS UNDER VARIABLE LOADS

Elif AKSOY
Ege University, Tiirkiye

OZET

Kopriiler, modern ulasim altyapisinin en kritik unsurlarindan biridir ve maruz kaldiklari
degisken yiikler yapisal davraniglarint dogrudan etkilemektedir. Bu ¢alismada, kopriilerin
degisken yiikler altindaki dinamik tepkilerini modellemek amaciyla sayisal simiilasyon
yontemleri kullanilmistir. Ozellikle trafik yogunlugunun yarattig: titresimler, riizgar etkileri,
sicaklik degisimleri ve deprem yiikleri incelenmistir. Sonlu elemanlar analizi ile farkhi
senaryolar test edilmis ve elde edilen sonuglar koprilerin giivenligi acgisindan
degerlendirilmistir. Arastirma, koprii tasariminda ve bakiminda miihendislerin karsilasabilecegi
zorluklara 151k tutmakta ve daha dayanikli yapilarin insa edilmesine katki saglamaktadir.

Anahtar Kelimeler: Koprii dinamikleri, sayisal simiilasyon, degisken yiikler, sonlu elemanlar
analizi, yapisal glivenlik

ABSTRACT

Bridges are one of the most critical components of modern transportation infrastructure, and
the variable loads they are subjected to directly affect their structural behavior. This study
applies numerical simulation methods to model the dynamic responses of bridges under variable
loading conditions. Vibrations caused by traffic density, wind effects, temperature fluctuations,
and seismic loads were analyzed in detail. Using finite element analysis, various scenarios were
tested, and the results were evaluated in terms of bridge safety and reliability. The research
sheds light on the challenges engineers may encounter in bridge design and maintenance while
contributing to the construction of more resilient structures.

Keywords: Bridge dynamics, numerical simulation, variable loads, finite element analysis,
structural safety
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GEOTECHNICAL INVESTIGATION OF LANDSLIDE-PRONE AREAS

Hakan CELIK
Karadeniz Technical University, Tiirkiye

OZET

Heyelanlar, dogal afetler arasinda en yikici sonuglara yol acan olaylardan biridir. Bu ¢caligmada,
heyelan riski yliksek bolgelerin jeoteknik ozellikleri detayli sekilde arastirilmistir. Zemin
tiirleri, suyun zemin igerisindeki hareketi, egim acilar1 ve topografik kosullar analiz edilmistir.
Arazi Ol¢timleri, sondaj ¢aligmalar1 ve laboratuvar testlerinden elde edilen veriler bir araya
getirilerek risk haritalar1 olusturulmustur. Ayrica, mithendislik ¢éziimleri kapsaminda drenaj
sistemleri, sev stabilizasyon yontemleri ve erken uyari mekanizmalar1 degerlendirilmistir.
Calismanin bulgulari, 6zellikle Karadeniz Bolgesi gibi riskli alanlarda glivenli yerlesim ve
altyapi projeleri i¢in 6nemli katkilar saglamaktadir.

Anahtar Kelimeler: Heyelan, jeoteknik aragtirma, sev stabilitesi, drenaj sistemleri, dogal afet

ABSTRACT

Landslides are among the most destructive natural disasters. This study thoroughly investigates
the geotechnical characteristics of landslide-prone areas. Soil types, groundwater movement,
slope angles, and topographical conditions were analyzed in detail. Data obtained from field
measurements, drilling studies, and laboratory tests were combined to produce risk maps.
Engineering solutions such as drainage systems, slope stabilization techniques, and early
warning mechanisms were also evaluated. The findings of this study contribute significantly to
safe settlement planning and infrastructure development, especially in high-risk regions such
as the Black Sea area.

Keywords: Landslide, geotechnical investigation, slope stability, drainage systems, natural
disaster

ISBN: 978-625-6997-77-6

27



QCHAND s
o M,

é@

G

el
QoSBT

)
%, o
S inawao®™®

IMAEC 9 INTERNATIONAL MATHEMATIC

ARCHITECTURE AND ENGINEERING CONGRESS
August 14-17, 2025 GEORGIA

*457#/ \\0\\*\
wwnwbsderorg OPTIMIZATION OF WATER SUPPLY NETWORKS USING HYDRAULIC
MODELING
Zeynep ARSLAN
Selguk University, Tiirkiye
OZET

Su kaynaklarmin etkin kullanimi, giiniimiiz kentlesme siireclerinde giderek daha fazla 6nem
kazanmaktadir. Bu calismada, su dagitim aglarinin optimizasyonu i¢in hidrolik modelleme
yontemleri incelenmistir. Farkli ag yapilar1 ve tiiketim senaryolar1 dikkate alinarak suyun basing
dengesi, enerji verimliligi ve kayip oranlar1 degerlendirilmistir. Ayrica, modern yazilim araglari
kullanilarak alternatif senaryolarin karsilastirilmasi yapilmis ve maliyet-etkin ¢oziimler ortaya
konmustur. Arastirmanin sonugclari, slirdiiriilebilir kent planlamasinda su kaynaklarinin daha
verimli kullanilmasina 6nemli katkilar saglamaktadir.

Anahtar Kelimeler: Su dagitim aglari, hidrolik modelleme, optimizasyon, su kaynaklari, enerji
verimliligi

ABSTRACT

The efficient use of water resources is becoming increasingly significant in today’s urbanization
processes. This study investigates hydraulic modeling methods for the optimization of water
supply networks. Considering different network structures and consumption scenarios,
parameters such as pressure balance, energy efficiency, and water loss rates were evaluated.
Moreover, alternative scenarios were compared using modern software tools, and cost-effective
solutions were proposed. The results of the research provide essential contributions to the
sustainable planning of urban water resources.

Keywords: Water supply networks, hydraulic modeling, optimization, water resources, energy
efficiency
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MANAGEMENT
Murat OZTURK
Cukurova University, Tiirkiye
OZET

Bina Bilgi Modellemesi (BIM), modern insaat projelerinde planlama, tasarim ve ydnetim
stire¢lerinde devrim yaratan bir yontemdir. Bu ¢alismada, BIM tabanli yaklasimlarin proje
yonetiminde sagladigi avantajlar ele alinmistir. Zaman planlamasi, maliyet kontrolii, malzeme
yOnetimi ve disiplinler aras1 koordinasyon konular1 detayli olarak incelenmistir. Ayrica, BIM
teknolojisinin stirdiiriilebilirlik, enerji verimliligi ve hata oranlarinin azaltilmasi agisindan
katkilar1 tartisitlmistir. Calismanin sonuclari, BIM’in yalnizca teknik bir ara¢ degil, aynm
zamanda stratejik bir yonetim yontemi oldugunu gostermektedir.

Anahtar Kelimeler: BIM, proje yonetimi, insaat miihendisligi, maliyet kontrolii,
stirdiiriilebilirlik

ABSTRACT

Building Information Modeling (BIM) is a revolutionary method in planning, design, and
management processes of modern construction projects. This study explores the advantages of
BIM-based approaches in project management. Key aspects such as scheduling, cost control,
material management, and interdisciplinary coordination were examined in detail. Moreover,
the contributions of BIM technology to sustainability, energy efficiency, and error reduction
were discussed. The findings demonstrate that BIM is not merely a technical tool but also a
strategic management approach that enhances overall project efficiency.

Keywords: BIM, project management, construction engineering, cost control, sustainability
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MATHEMATICAL OPTIMIZATION FOR SMART GRID ENERGY DISTRIBUTION

Nattapong RATTANAKIT
Thammasat University, Thailand

ABSTRACT

This paper investigates the role of mathematical optimization techniques in the efficient
distribution of energy within smart grid systems. With the rapid expansion of renewable energy
sources such as solar and wind power, traditional grids face increasing challenges related to
fluctuating supply, demand imbalances, and network stability. The study employs linear
programming, mixed-integer optimization, and stochastic models to design energy distribution
frameworks that minimize operational costs while ensuring reliability. Case studies demonstrate
the effectiveness of optimization models in reducing energy losses, improving load balancing,
and enhancing the integration of renewable sources. The findings highlight that mathematical
optimization is a crucial tool for developing sustainable and resilient energy distribution
systems in the era of smart grids.

Keywords: Smart grid, mathematical optimization, renewable energy, load balancing, energy
distribution
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BIM-BASED PROJECT MANAGEMENT IN LARGE-SCALE CONSTRUCTION

Suda PHANIT
Chiang Mai University, Thailand
ABSTRACT

Building Information Modeling (BIM) has transformed the management of construction
projects, particularly at large scales where complexity and coordination challenges are more
significant. This paper explores how BIM-based project management improves efficiency
across design, planning, and execution phases. The research emphasizes enhanced collaboration
among multidisciplinary teams, cost and time control, and the reduction of construction errors.
Through case analyses of large-scale infrastructure projects, the study illustrates how BIM
facilitates real-time data sharing, clash detection, and resource optimization. The results
confirm that BIM is not only a technological advancement but also a strategic management tool
that redefines traditional approaches to construction project management.

Keywords: BIM, project management, large-scale construction, resource optimization,
collaboration
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Dr. Putri AYU
University of Indonesia, Indonesia
ABSTRACT

The growing environmental concerns surrounding infrastructure development necessitate the
creation of sustainable construction materials. This study examines the development of
pavement materials produced from recycled waste products, such as plastic, rubber, and
industrial by-products. Laboratory experiments were conducted to assess mechanical strength,
durability, and resistance to environmental conditions. The results demonstrate that recycled
materials not only meet engineering standards but also significantly reduce the environmental
footprint of pavement construction. Furthermore, the research discusses the economic
feasibility of large-scale implementation and the potential for integrating such materials into
urban infrastructure planning. Ultimately, recycled waste-based pavements represent a
promising pathway toward sustainable and eco-friendly road construction.

Keywords: Sustainable pavement, recycled waste, construction materials, durability, eco-
friendly infrastructure
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HYDRAULIC ANALYSIS OF URBAN FLOOD CONTROL SYSTEMS

Budi SANTOSO
Gadjah Mada University, Indonesia

ABSTRACT

Urban areas are increasingly vulnerable to flooding due to rapid population growth, unplanned
development, and climate change. This study applies hydraulic modeling to analyze the
effectiveness of flood control systems in metropolitan regions. Using computational fluid
dynamics (CFD) and hydrological data, the research evaluates stormwater drainage capacity,
retention basins, and pumping stations. Simulation results highlight weaknesses in existing
systems and propose design improvements that enhance flood resilience. The study also
emphasizes the integration of sustainable drainage solutions, such as green infrastructure and
permeable surfaces, into urban planning. Findings suggest that a comprehensive hydraulic
analysis is essential for mitigating flood risks and ensuring long-term urban sustainability.

Keywords: Urban flooding, hydraulic analysis, flood control, sustainable drainage, climate
resilience

ISBN: 978-625-6997-77-6

33



QCHAND s
o M,

é@

7
“u o

G

el
QoSBT

www.ubsder.org

%)
%, o
S inawao®™®

IMAEC 9 INTERNATIONAL MATHEMATIC

ARCHITECTURE AND ENGINEERING CONGRESS
August 14-17, 2025 GEORGIA

MATHEMATICAL APPROACHES TO OPTIMIZE CONSTRUCTION PROJECT
SCHEDULING

Ratna DEWI
Airlangga University, Indonesia
ABSTRACT

Efficient project scheduling remains a persistent challenge in construction management,
especially for large and complex projects. This paper explores mathematical approaches that
optimize scheduling by integrating critical path methods (CPM), linear programming, and
heuristic algorithms. The research highlights how mathematical modeling can minimize delays,
reduce costs, and improve resource allocation. Real-world case studies demonstrate that these
techniques enable construction managers to anticipate scheduling conflicts, adapt to
uncertainties, and enhance overall project performance. The study concludes that applying
mathematical optimization to project scheduling not only supports timely delivery but also
strengthens the strategic competitiveness of construction firms in a highly dynamic industry.

Keywords: Project scheduling, mathematical optimization, construction management, critical
path method, resource allocation
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Ayesha KHAN
University of the Punjab, Pakistan
ABSTRACT

The increasing demand for safer, cost-effective, and sustainable structures has positioned
optimization techniques at the forefront of structural engineering design. This paper provides a
comprehensive exploration of various optimization strategies, including gradient-based
methods, evolutionary algorithms, and metaheuristic approaches such as genetic algorithms,
particle swarm optimization, and ant colony optimization. These methods are applied to solve
complex engineering problems such as minimizing material usage while ensuring maximum
load-bearing capacity, optimizing structural topology, and improving seismic resilience. The
research highlights how optimization not only reduces construction costs but also plays a vital
role in sustainability by minimizing waste and carbon emissions. Case studies on bridges, high-
rise buildings, and lightweight roof structures illustrate the efficiency of these techniques in
real-world engineering applications. Moreover, the integration of optimization with advanced
computational tools such as Building Information Modeling (BIM) and artificial intelligence
further strengthens its role in the future of engineering design. This study concludes that
optimization techniques are essential for developing innovative, environmentally responsible,
and economically viable structural systems that meet the challenges of modern urbanization
and climate change.

Keywords: Structural engineering, optimization techniques, evolutionary algorithms,
sustainable design, computational methods
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APPLICATION OF MACHINE LEARNING IN BRIDGE LOAD PREDICTION

Imran MALIK
Quaid-i-Azam University, Pakistan

ABSTRACT

Bridges represent some of the most critical components of transportation infrastructure, and
their safety heavily depends on accurate predictions of load-bearing capacity and stress
distribution. This paper examines the application of machine learning (ML) algorithms for
bridge load prediction under varying conditions such as traffic intensity, temperature changes,
and material degradation. Supervised and unsupervised learning methods, including artificial
neural networks (ANN), support vector machines (SVM), random forests, and deep learning
techniques, are analyzed for their ability to predict loads with high accuracy. The study
discusses the advantages of ML over traditional analytical models, particularly in dealing with
large-scale data collected from sensors, structural health monitoring systems, and remote
sensing technologies. Several case studies demonstrate that ML models can significantly
improve the precision of load forecasts, reduce uncertainties, and provide real-time predictive
maintenance strategies. Additionally, the integration of ML into digital twins of bridges allows
for continuous monitoring and proactive decision-making. The findings conclude that machine
learning not only enhances safety but also reduces maintenance costs and extends the service
life of bridge infrastructure.

Keywords: Machine learning, bridge engineering, load prediction, structural health
monitoring, artificial intelligence
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NUMERICAL ANALYSIS OF WIND LOAD EFFECTS ON HIGH-RISE BUILDINGS

Ms. Sara HAMEED
National University of Sciences and Technology, Pakistan

ABSTRACT

High-rise buildings are becoming increasingly common in urban areas, making wind load
effects a crucial factor in structural engineering design. This paper presents a detailed numerical
analysis of wind load impacts on tall structures, focusing on the acrodynamic behavior, dynamic
responses, and structural stability under varying wind conditions. Computational Fluid
Dynamics (CFD) simulations were performed alongside finite element modeling (FEM) to
capture both the external aerodynamic pressures and the internal structural responses. The
research emphasizes the influence of building shape, orientation, height, and surrounding urban
topography on wind flow patterns and vortex shedding. Case studies reveal how improper wind
load considerations can lead to excessive swaying, discomfort for occupants, and even
catastrophic failures. The study also evaluates mitigation strategies such as tuned mass dampers,
aerodynamic modifications, and facade optimization. Furthermore, the integration of numerical
modeling with real-time wind tunnel testing provides a more reliable framework for safe design
practices. The findings stress that precise wind load analysis is indispensable for ensuring both
safety and comfort in the design of skyscrapers, especially in regions prone to high wind events
and climate variability.

Keywords: Wind load, high-rise buildings, numerical analysis, computational fluid dynamics,
structural stability
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ABSTRACT

Tunnel construction is one of the most complex engineering challenges due to the intricate
interaction between the underground structure and surrounding geological conditions. This
paper explores advanced finite element methods (FEM) used to design and analyze tunnel
structures under various geotechnical and environmental conditions. Traditional FEM
techniques are extended with non-linear material models, soil-structure interaction simulations,
and coupled thermo-hydro-mechanical analyses to provide a more accurate representation of
tunnel behavior. The study examines different loading scenarios such as seismic forces,
groundwater fluctuations, and long-term creep effects on tunnel linings. Advanced FEM
approaches allow engineers to assess ground deformation, predict potential failure zones, and
develop effective reinforcement strategies. Real-world case studies from metro tunnels and
hydropower projects demonstrate how advanced FEM can significantly reduce construction
risks and improve cost efficiency. The integration of FEM with real-time monitoring systems
and digital twin technology further enhances predictive modeling and decision-making during
construction. The findings confirm that advanced FEM represents a powerful tool for achieving
safer, more resilient, and cost-effective tunnel infrastructure in complex geotechnical
environments.

Keywords: Finite element method, tunnel engineering, soil-structure interaction, seismic
analysis, digital twin
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W absderorg MATHEMATICAL MODELING OF TRAFFIC FLOW IN URBAN
INFRASTRUCTURE
Anita SHARMA
University of Mumbai, India
ABSTRACT

Traffic congestion is one of the most pressing challenges faced by rapidly growing urban centers
worldwide. This paper investigates mathematical modeling approaches for analyzing and
optimizing traffic flow in urban infrastructure. The study reviews classical models such as the
Lighthill-Whitham-Richards (LWR) model, queuing theory, and network flow theory, as well
as advanced approaches using stochastic models and simulation-based optimization. Numerical
experiments were conducted to evaluate traffic density, flow velocity, and congestion
propagation under various conditions such as peak-hour demand, road accidents, and
infrastructure bottlenecks. The results highlight the importance of accurate mathematical
models in predicting traffic patterns, improving road safety, and designing effective traffic
management strategies. Furthermore, the paper explores the integration of real-time traffic data
from sensors, GPS devices, and intelligent transportation systems into mathematical models for
adaptive control of traffic signals and dynamic route planning. The research emphasizes that
mathematical modeling is not only a theoretical exercise but also a practical tool for reducing
congestion, lowering emissions, and improving the overall efficiency of urban mobility
systems. Ultimately, such models are indispensable for sustainable city planning and the
development of smart transportation infrastructure.

Keywords: Traffic flow, mathematical modeling, urban infrastructure, congestion
management, intelligent transportation systems
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GEOTECHNICAL ENGINEERING SOLUTIONS FOR SOFT SOIL FOUNDATIONS

Arjun SINGH
Jawaharlal Nehru University, India

ABSTRACT

Soft soil conditions pose significant challenges to foundation design and construction, often
leading to excessive settlement, instability, and reduced load-bearing capacity. This paper
investigates geotechnical engineering solutions aimed at enhancing the stability and
performance of foundations built on soft soils. The study reviews ground improvement
techniques such as preloading with vertical drains, vibro-compaction, soil stabilization with
lime and cement, and the use of geosynthetics to reinforce weak subgrades. Numerical
modeling and field case studies are analyzed to evaluate the efficiency of these methods in
minimizing settlement and improving soil strength. Special emphasis is placed on the
integration of advanced monitoring systems for real-time settlement tracking and predictive
analysis. The findings reveal that applying a combination of soil improvement strategies and
innovative design approaches not only ensures structural safety but also extends the service life
of infrastructure in problematic geotechnical environments.

Keywords: Soft soil foundations, geotechnical engineering, ground improvement, soil
stabilization, settlement control
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SENSORS
Chinedu OKAFOR
University of Lagos, Nigeria
ABSTRACT

Concrete bridges are critical components of transportation infrastructure, yet they are
vulnerable to deterioration caused by aging, environmental effects, and increasing traffic loads.
This study explores the role of sensor-based structural health monitoring (SHM) in ensuring the
long-term safety and serviceability of concrete bridges. Various sensing technologies—
including fiber optic sensors, strain gauges, accelerometers, and wireless sensor networks—are
examined for their ability to detect stress, strain, cracking, and vibration responses. The
integration of Internet of Things (IoT) platforms and cloud-based data analysis allows for real-
time monitoring, predictive maintenance, and early fault detection. Case studies of monitored
bridges demonstrate that SHM systems significantly reduce maintenance costs, prevent
catastrophic failures, and provide valuable insights for engineers and policymakers. The study
concludes that sensor-based SHM is a transformative approach for modern infrastructure
management, enabling proactive strategies rather than reactive interventions.

Keywords: Structural health monitoring, concrete bridges, sensors, predictive maintenance,
infrastructure safety
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COST ESTIMATION
Grace EMEKA
Obafemi Awolowo University, Nigeria
ABSTRACT

Accurate cost estimation is one of the most critical aspects of construction project management,
as underestimations can lead to financial losses while overestimations may reduce project
competitiveness. This paper investigates the application of artificial neural networks (ANNs)
in construction cost estimation. The study explores how input parameters such as material
prices, labor costs, project size, and complexity are processed through neural network models
to predict overall construction costs with high accuracy. Comparative analyses between
traditional estimation techniques and ANN-based models demonstrate that neural networks
significantly outperform manual and regression-based methods, particularly when dealing with
nonlinear and complex datasets. Case studies of residential and commercial projects validate
the robustness of ANN predictions in dynamic market conditions. The research also highlights
the role of machine learning in continuously updating and refining cost models as new project
data becomes available. The results indicate that ANN-based systems provide a reliable,
adaptive, and efficient framework for cost forecasting in the construction industry.

Keywords: Artificial neural networks, construction cost estimation, project management,
machine learning, predictive modeling
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Amina BELLO
Ahmadu Bello University, Nigeria
ABSTRACT

Water resources engineering plays a vital role in addressing the challenges of water supply,
flood management, and sustainable resource allocation in rapidly urbanizing regions. This study
focuses on the use of hydraulic modeling to design and optimize water resource systems.
Numerical simulations are conducted to assess river flow patterns, reservoir operations,
groundwater interactions, and flood control strategies. The paper highlights the importance of
integrating hydrological data, climate change projections, and land-use patterns into hydraulic
models to improve decision-making. Case studies demonstrate how hydraulic modeling
supports the design of irrigation networks, urban stormwater systems, and flood protection
measures. Moreover, the research emphasizes the application of Geographic Information
Systems (GIS) and remote sensing in enhancing model accuracy and visualization. The findings
underscore the necessity of hydraulic modeling as a planning and management tool for ensuring
water security, resilience against extreme events, and long-term sustainability of water
resources.

Keywords: Water resources engineering, hydraulic modeling, flood management, GIS,
sustainable water systems
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SEISMIC PERFORMANCE ANALYSIS OF REINFORCED CONCRETE
BUILDINGS

Kittipong SUWANNAPONG
Chulalongkorn University, Thailand

ABSTRACT

Reinforced concrete (RC) buildings are widely used worldwide due to their durability and cost-
effectiveness; however, their seismic performance is a critical concern in earthquake-prone
regions. This paper presents a detailed seismic performance analysis of RC buildings using
advanced numerical modeling techniques. Nonlinear time-history analysis and pushover
methods are applied to evaluate structural responses under different seismic scenarios.
Parameters such as material properties, reinforcement detailing, building height, and
irregularities in plan and elevation are carefully assessed. The study also examines retrofitting
strategies, including fiber-reinforced polymer (FRP) wrapping, base isolation, and energy
dissipation devices, to improve earthquake resilience. Case studies from past seismic events
provide insights into the failure mechanisms of RC buildings and the effectiveness of
strengthening measures. The results confirm that adopting performance-based seismic design,
coupled with advanced modeling, significantly enhances the safety and resilience of reinforced
concrete structures.

Keywords: Seismic performance, reinforced concrete buildings, earthquake engineering,
retrofitting, structural resilience
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