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FOREWORD

Civil engineering is a fundamental discipline that creates and maintains the infrastructure of societies.
Civil engineers are responsible for designing safe, durable and sustainable structures, from buildings to
bridges, highways, railways, airports, ports and dams.

Turkiye is a country that frequently experiences earthquakes. The earthquakes centered in
Kahramanmaras that occurred on February 6, 2023 and affected 11 provinces, once again revealed how
important the profession of civil engineering is. This tragic event brought to the agenda not only the
loss of life and destruction, but also the importance of awareness about the earthquake resistance of
structures.

Similar situations are experienced worldwide; natural disasters, climate change and environmental
conditions require the development of civil engineers and their updating according to the requirements
of the age. Sustainable designs, green building applications, smart city solutions, artificial intelligence
applications are important trends in the field of civil engineering. At this point, civil engineers need to
not only design structures but also take environmental impacts into consideration.

As a result, civil engineering is of great importance worldwide. The February 6 earthquake reminded
us that this profession is not just a construction activity, but also a critical area that directly affects
human life and safety. In this context, the responsibilities of civil engineers are increasing; they need to
continuously develop the knowledge and skills required to ensure the safety of structures, protect
human life and develop sustainable solutions.

For this purpose, the first International Symposium on Innovations in Civil Engineering and
Technologies (ICivilTech) hosted by Afyon Kocatepe University in Afyonkarahisar, Turkiye in 2019 was
a great scientific event where academicians, industry representatives and students came together to
present and discuss the latest developments and innovations in the field of Civil Engineering. Due to
the pandemic process, we are experiencing, it was decided that the second symposium after 5 years will
be held in Isparta/Turkiye on October 30th-November 1st, 2024 hosted by Suleyman Demirel
University.

The symposium aims to bring together academicians, industry representatives and students at
Siileyman Demirel University to promote new ideas, innovative applications and knowledge sharing at
the intersection of civil engineering and technology and to discuss the latest developments in the field.
In the 27 iCivilTech symposium, a total of 86 papers from 18 different countries (Algeria, Bangladesh,
China, Croatia, Georgia, Greece, India, Iraq, Italy, Kazakhstan, Pakistan, Poland, Russian Federation,
Slovenia, Sweden, Ukraine, United States, Vietnam) will be presented face-to-face and online. In
addition, invited speakers from five different countries, Prof. Dr. Halil Ceylan, Assoc. Prof. Dr. Luigi
Pariota, Assoc. Prof. Dr. Borut Macuh, Assoc. Prof. Dr. Aman Garg, Assist. Prof. Dr. Selguk iz will make
presentations on the latest developments in traffic, geotechnical, mechanical and steel structures. In the
sessions to be held, expert academics, researchers and industry representatives will share with us and
the relevant industry the research results and technologies that will shape the future of civil engineering.
I believe that the interactions between the participants will allow our knowledge and experience to be
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further enriched. I hope that the 27 ICivilTech symposium will open the door to new academic
collaborations, creative solution suggestions and inspiring exchanges of ideas in the field of civil
engineering. I would like to thank all participants, the members of the executive board who contributed
to the work of the symposium, our valuable researchers who supported us with their papers, our
participants and all the universities that supported us. I hope that the symposium will be beneficial.

Prof. Dr. Mehmet SALTAN
Rector of Suleyman Demirel University



. . ENGINEERING AND TECHNOLOGIES
CivilTech 31 OCT 2024 | THURSDAY

09:15-10:00

10:00-10:30

10:30-12:15

10:30-10:45

Programme

2ND INTERNATIONAL SYMPOSIUM ON INNOVATIONS IN CIVIL

DAY2 - LUTFU GAKMAKGI CONVENTION CENTER
HALL A

OPENING CEREMONY

KEYNOTE SESSION

LUIGI PARIOTA (PH.D.) (INVITED SPEAKER)

EXPERIMENTS CONCERNING THE USE OF MACROSCOPIC FUNDAMENTAL
DIAGRAM-BASED HIERARCHICAL CONTROL OF URBAN TRAFFIC

SESSION 1 SESSION CHAIR: PROF. DR. SERDAL TERZI

INVESTIGATION OF THE NYLON BAG WASTE MODIFIED BITUMEN PROPERTIES
CAHIT GURER, BOJAN ZLENDER, SULEYMAN GUCEK, PRIMOZ JELUSIK, BURAK ENis
KORKMAZ, SULE YARCI, MURAT VERGI TACIROGLU, TAMARA BRACKO, BORUT
MACUH. ROK VARGA

10:45-11:00

CATEGORIZING URBAN NETWORK SEGMENTS FOR CYCLISTS’ USE FOR

MULTI-OBJECTIVE ROUTING
KONSTANTINOS THEODORESKOS, KONSTANTINOS GKIOTSALITIS

11:00-11:15

11:15-11:30

A COMPARATIVE INVESTIGATION OF THE EFFECTS OF GEOMETRIC
DIFFERENCES IN WEAVING AREAS IN THE UNITED KINGDOM AND TURKIYE
METIN MUTLU AYDIN, EREN DAGLI

DEVELOPING PUBLIC TRANSPORTATION INFORMATION SYSTEMS AT CITY

ENTRY POINTS: PUBLIC TRANSPORTATION INTEGRATION SCORE
ABDULKADIR OZDEN, SULEYMAN NURULAH ADAHI SAHIN

11:30-11:45

EVALUATION OF EMERGENCY ENTRY MANEUVERS FOR AMBULANCES IN
TERMS OF ROAD DESIGN: THE CASE OF SDU FACULTY OF MEDICINE
AYSE UNAL, MELTEM SAPLIOGLU

11:45-12:00

STATISTICAL PREDICTION OF BITUMEN RUTTING PARAMETER
JULIDE ONER

12:00-12:15

12:15-12:45

12:45-13:30

RAIL THERMAL BUCKLING RISK MANAGEMENT: COMPARATIVE ANALYSIS OF

STRESS-FREE TEMPERATURE DETERMINATION IN THE USA AND TURKIYE
MEHMET SALTAN, FERHAT CEGEN, OMER FARUK ACAR

KEYNOTE SESSION

AMAN GARG (PH.D.) (INVITED SPEAKER)
BOOTSTRAP-BASED MACHINE LEARNING ALGORITHM FOR INVESTIGATING
STOCHASTICITY IN COMPRESSIVE STRENGTH OF CONCRETE

LUNCH BREAK

Xi



L. ENGINEERING AND TECHNOLOGIES
ClVllTeCh 31 OCT 2024 | THURSDAY

13:30-14:00

14:00-14:30

14:30-14:45

14:45-15:00

15:00-15:30

15:30-15:45

15:45-17:00

15:45-16:00

2ND INTERNATIONAL SYMPOSIUM ON INNOVATIONS IN CIVIL

DAY2 - LUTFU GAKMAKGI CONVENTION CENTER
HALL A

KEYNOTE SESSION

SELGUK iZ (PH.D.) (INVITED SPEAKER)
THE EFFECT OF WALL FORM AND RAW MATERIAL HUMIDITY AND DUST
EXPLOSION ON SILO PRESSURE IN GRAIN SILOS

KEYNOTE SESSION
BORUT MACUH (PH.D.) (INVITED SPEAKER)
FEASIBILITY OF USING GEOSYNTHETICS IN GEOTECHNICAL STRUCTURES

QUESTION AND ANSWERS

COFFEE BREAK

KEYNOTE SESSION
HALIL CEYLAN (PH.D.) (INVITED SPEAKER)

Al IN TRANSPORTATION GEOTECHNICS: UNLOCKING COMPLEX
Solutions for a New Era

QUESTION AND ANSWERS
SESSION 2 SESSION CHAIR: PROF.DR.MESUT TIGDEMIR

INVESTIGATION OF CONDUCTIVITY AND MECHANICAL PROPERTIES OF
ELECTRICALLY CONDUCTIVE ASPHALT CONCRETE PRODUCED FROM
HYBRID AGGREGATE

CAHIT GURER , HAKKI ARDA DUZGUN, HUSEYIN AKBULUT, BURAK ENIS
KORKMAZ , AYFER ELMACI KORKMAZ

16:00-16:15

THE EFFECT OF MODULUS OF ELASTICITY AND LAYER THICKNESS ON THE
DESIGN LIFE OF FLEXIBLE PAVEMENTS
MERVE BOSNAK, MURAT VERGI TACIROGLU

16:15-16:30

INVESTIGATION OF THE EFFECTS OF USING WASTE VEGETABLE MARGARINE IN
BITUMEN MODIFICATION
GIiZEM KACAROGLU, OZNUR KARADAG, MEHMET SALTAN

16:30-16:45

INTERVENTION MAPPING FOR TRAFFIC CRASHES IN TURKIYE
AHMED PAKSOY, SONER HALDENBILEN, HALIM CEYLAN

16:45-17:00

USING ASPHALT PAVEMENT INSTEAD OF BALLAST AND SUBBALLAST
LAYERS IN RAIL TRACK
TUGGE AKILLI TORER, CAHIT GURER, KUBILAY ASLANTAS

xii



2ND INTERNATIONAL SYMPOSIUM ON INNOVATIONS IN CIVIL

ENGINEERING AND TECHNOLOGIES
CivilTech 31 OCT 2024 | THURSDAY
DAY2 - LUTFOU CAKMAKCI CONVENTION CENTER
HALL B

10:30-12:15 SESSION 3 SESSION CHAIR: PROF.DR.HASAN OZKAYNAK

BENDING ANALYSIS OF FUNCTIONALLY GRADED BEAMS USING HIGHER
10:30-10:45 ORDER SHEAR DEFORMATION THEORY INCLUDING THICKNESS STRETCHING

EFFECT

DOGAN KANIG, YONCA BAB, AKIF KUTLU
10:45.11:00 3 BOYUTLU YAZICILARIN INSAAT SEKTORUNDE KULLANIMI

’ | FERDIi GEVREK, LALE ATILGAN GEVREK

EVALUATION OF MONOLITHIC CONSTRUCTION QUALITY ACCORDING TO THE
11:00-11:15 ECONOMIC INDICATOR

ELINA KRISTESIASHVILI, LEILA KRISTESIASHVILI, IA MSHVIDOBADZE, IRMA

GHARIBASHVILI

STUDY OF VIBRATIONS OF FRAME BUILDINGS AS A DISCRETE CONTINUOUS
11:15-11:30  gyYSTEM DURING AN EARTHQUAKE UNDER IMPULSE ACTION

GELA KIPIANI, ANA TABATADZE, MALKHAZ TSIKARISHVILIE

PRODUCTION OF ENVIRONMENTALLY FRIENDLY FOAM CONCRETE USING WASTE
11:30-11:45  MATERIAL: EFFECTS OF WASTE CONCRETE SLUDGE AND FIBER ADDITIVES

iHSAN TURKEL, MEHMET UGUR YILMAZOGLU, iIFFET GAMZE MUTEVELLI OZKAN, GOKHAN KAPLAN

IMPACT OF THE EUROPEAN GREEN DEAL AND CIRCULARITY ON LEED
11:45-12:00  ppojecTs

SEYDA ADIGUZEL ISTIL

MULTIFUNCTIONAL UTILISATION OF MARBLE WASTES IN ONE-PART AND TWO-PART
12:00-12:15  GEOPOLYMER PRODUCTION METHODS: APPLICATIONS AS FILLER AND FINE

AGGREGATE

BURAK BODUR, M.A. MECIT I$IK,G6KHAN KAPLAN, OGUZHAN YAVUZ BAYRAKTAR

15:45-17:15 SESSION 4 SESSION CHAIR: PROF.DR.MURAT KANKAL

INVESTIGATION OF MEDITERRANEAN REGION PRECIPITATION AND
15:45-16:00 TEMPERATURES WITH INNOVATIVE POLYGON TREND ANALYSIS

TAHSIN BAYKAL

AN INVESTIGATION ON THE MECHANICAL BEHAVIOURS OF CONCRETE
16:00-16:15 GRAVITY DAM

TUBA AYDIN

USING MACHINE LEARNING ALGORITHMS WITH OVER SAMPLING
16:15-16:30 TECHNIQUES FOR SEDIMENT TRANSPORT PREDICTION

TAHSIN BAYKAL

TEMPORAL ANALYSIS OF DROUGHT AT THE ULUDAG METEOROLOGICAL
16:30-16:45  STATION, BURSA, TURKIYE

MURAT SAN, MURAT KANKAL
16:45-17-:00 KIZILIRMAK BASIN HYDROLOGICAL DROUGHT ANALYSIS

OZLEM TERZi, TAHSIN BAYKAL, EMINE DILEK TAYLAN

INVESTIGATION OF THE EFFECTS OF TWO DIFFERENT BIOPOLYMERS ON
17:00-17:15 THE STRENGTH PARAMETERS OF SILTY SOIL

HALIL OGUZHAN KARA, MEHMET UGUR YILMAZOGLU
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DAY3 - LUTFU CAKMAKGCI CONVENTION CENTER
HALL B

09:30-11:00 SESSION 5 SESSION CHAIR: PROF. DR. SERDAL TERZi
FROM KEYWORDS TO TRENDS: BIBLIOMETRIC ANALYSIS OF ARTIFICIAL
09:30-09:45 INTELLIGENCE METHODS IN ASPHALT PAVEMENT RESEARCH WITH R-STUDIO
PROGRAM _
FATIH ERGEZER, SERDAL TERZI
EXAMINATION OF THE PROPERTIES OF 70/100 BITUMEN MODIFIED WITH ACTIVATED
09:45-10:00
CARBON
OZNUR KARADAG, GIZEM KAGAROGLU, MEHMET SALTAN
10:00-10-15 RUTTING RESISTANCE IN BASALT FIBER REINFORCED RECYCLED ASPHALT
B PAVEMENT
DOLUNAY ZENGIN, HALIM CEYLAN, SONER HALDENBILEN
A NOVEL STRUCTURAL HEALTH ASSESSMENT APPROACH FOR THE BALLASTED
10:15-10:30 CONCRETE RAILWAY SLEEPERS
FERHAT CECEN, BEKIR AKTAS
INVESTIGATION OF RHEOLOGICAL AND CHEMICAL PROPERTIES OF BITUMEN
10:30-10:45 MODIFIED WITH WASTE ENGINE AND INDUSTRIAL OILS
GULSAH OZ KICI, MEHMET SALTAN
10:45-11:00 INVESTIGATION OF MECHANICAL PROPERTIES OF BASALT AGGREGATES IN TERMS
e OF USE IN ROAD PAVEMENT
ALTAN YILMAZ
11:00-11:15 COFFEE BREAK
11:15-13:00 SESSION 6 SESSION CHAIR: PROF.DR.MUSTAFA KARASAHIN
DEMIROKSIT PIGMENTI KULLANILARAK URETILEN RENKLI BITUMLU KARISIMLARIN
11:15-11:30  GZELLIKLERININ ARASTIRILMASI
CAHIT GURER, AYFER ELMACI KORKMAZ, BURAK ENiS KORKMAZ
) ) IMPROVING INTERSECTION EFFICIENCY: THE ROLE OF RIGHT-TURN-ON-RED (RTOR)
11:30-11:45 cye N ISPARTA, TURKIYE
AYDIN KICI, MESUT TIGDEMIR
DEVELOPMENT OF A DISTRESS DETECTION INDEX FOR ALLIGATOR CRACKS ON
11:45-12:00  yGHWAY PAVEMENTS
SULE YARCI, HUSEYIN AKBULUT, GUR EMRE GURAKSIN
DEMIRYOLU GUZERGAH PLANLANMASINDA AHP-TOPSIS-ARAS YONTEMI; ERZURUM
12:00-12:15  BRNEG&I
MUHAMMET AYDIN, HASAN BOZKURT
THE IMPACT OF TECHNOLOGICAL ADVANCES IN THE TRANSPORTATION SECTOR ON
12:15-12:30 SUSTAINABILITY
WAHABOU ATCHADE, KEMAL ARMAGAN
GIS-BASED ANALYSIS FOR DETERMINING HOT SPOTS OF PEDESTRIAN-INVOLVED
12:30-12:45  RasHES
ORUC ALTINTASI; AHMET HAKAN GAY
ASFALT CATLAK ONARIMINDA 3 BOYUTLU BASKI TEKNOLOJILERININ KULLANIMI
12:45-13:00

LALE ATILGAN GEVREK
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09:30-11:00

09:30-09:45

2ND INTERNATIONAL SYMPOSIUM ON INNOVATIONS IN CIVIL

DAY3 - ENGINEERING AND NATURAL SCIENCES
FACULTY E8-101 HALL

SESSION 7 SESSION CHAIR: PROF.DR.HASAN OZKAYNAK

AN IMPROVED RAPID SEISMIC RISK ASSESSMENT TOOL FOR EXISTING LOW TO MID-
RISE REINFORCED CONCRETE BUILDINGS IN TURKIYE
UTKU KARATAS, MERT CAN AYDEMIR, ZIYA MUDERRISOGLU, HASAN OZKAYNAK

09:45-10:00

FIRE RESISTANCE PROPERTIES OF GEOPOLYMER BINDERS INCORPORATING
CONSTRUCTION AND DEMOLITION WASTE AND SLAG
HUSEYIN ULUGOL, SELAHATTIN GUZELKUGUK, MEHMET KAAN ERDOGAN, OGUZHAN SAHIN

10:00-10:15

INVESTIGATION OF PROPERTIES OF BARITE-LAMINATED WOOD COMPOSITE
MATERIAL
SEMSETTIN KILINCARSLAN, YASEMIN SIMSEK TURKER

10:15-10:30

MUZ LiFiNIN ALGI MALZEME OZELLIKLERINE ETKIiSi
CENK KARAKURT, MEHMET UGUR TOPRAK, MERDAN TOREHAN TURAN

10:30-10:45

DESIGN OF STEEL AND COMPOSITE COLUMNS WITH LOADS AFFECTING COLUMNS
OF REINFORCED CONCRETE BUILDING MODELS WITH DIFFERENT HEIGHTS AND SOIL

CLASSIFICATIONS ~
KIVANG TASKIN, KORAY GULER

10:45-11:00

ANALYTICAL STUDY OF STRUCTURAL BEHAVIOUR OF RC COLUMNS STRENGTHENED
WITH CFRP WRAPS UNDER AXIAL LOAD
ALi JUMA NOORZAD, HAKAN DILMAG

11:00-11:15 COFFEE BREAK

11:15-13:00

SESSION 8 SESSION CHAIR: DOC.DR.KIVANC TASKIN
EFFECT OF CONCRETE STRESS MODEL ON MOMENT BEARING CAPACITY OF

11:15-11:30 STRENGTHENED REINFORCED CONCRETE ELEMENTS

SILA YAMAN, HAMIDE TEKELI KABAS

ONURETIMLI BETONARME YAPILARIN KOLON KiRi§ BIRLESIM BOLGELERI IGCIN
11:30-11:45 | |TERATUR ARASTIRMASI

MELIH SURMELI, CIHAN SOYDAN, HASAN OZKAYNAK, ERCAN YUKSEL
11-45-12:00 INVESTIGATION OF THE USE OF ORGANIC FIBER ADDITIVES IN FOAM CONCRETE

e PRODUCTION )

iSMAIL DEMIR, KADIR ASAL
12:00-12:15 STRUCTURAL ANALYSIS OF PLASTIC VOIDED SLABS

KIVANG TASKIN, iBRAHIM MULAZIMOGLU

CREATING A MODEL HOUSE USING THE DESING BUILDER APPLICATION AND
12:15-12:30 DETERMINING THE ENERGY PARAMETERS

M. TOREHAN TURAN, SULEYMAN GUCEK

POLIPROPILEN LiF TAKVIYELi GEGIRIMLIi BETONUN MEKANIK OZELLIKLERININ
12:30-12:45  jycELENMESI

AYSE BUYUKUNSAL, KURTULUS ARTIK

VOLKANIK TUFUN GIiMENTO DAYANIMINA VE KARBON SALINIMINA ETKIiSiNiN
12:45-13:00

ARASTIRILMASI
ALi NADi KAPLAN
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09:30-11:15

09:30-09:45

2ND INTERNATIONAL SYMPOSIUM ON INNOVATIONS IN CIVIL

DAY3 - ENGINEERING AND NATURAL SCIENCES
FACULTY E8-104 HALL
SESSION 9 SESSION CHAIR: PROF. DR. MEHMET AVCAR

FREE VIBRATION ANALYSIS OF SHEAR DEFORMABLE FUNCTIONALLY GRADED
POROUS BEAMS
BURAK iKINCI, PHAM VAN VINH, MEHMET AVCAR

09:45-10:00

FINITE ELEMENT MODELLING OF HAIL IMPACT ON STEEL SHEETS
MERYEM DILARA KOP, MEHMET EREN UZ, YUZE NIAN, MEHMET AVCAR

10:00-10:15

SOLUTION OF ELASTICITY-BASED MODELING TO DETECT THE ACCURATE

DESIGN OF NANO-COMPOSITE WITH CONTROL SENSING OF DENSITY
MUZAMAL HUSSAIN

10:15-10:30

BENDING ANALYSIS OF FUNCTIONALLY GRADED PLATES RESTING ON ELASTIC
FOUNDATIONS
KHAYRA DRAOUCHE, MOHAMED AIT AMAR MEZIANE, LAZREG HADJI

10:30-10:45

OPTIMIZATION OF POLYMER CONCRETE REINFORCEMENT WITH PALM FIBERS
AND WHITE MARBLE
ADEL LAKEL, ZINE EL ABIDINE RAHMOUNI, LAZREG HADJI

10:45-11:00

BENDING ANALYSIS OF FUNCTIONALLY GRADED POLYMER COMPOSITE PLATES
REINFORCED WITH GRAPHENE NANOPLATELETS
LAZREG HADJI, MEHMET AVCAR, NAFISSA ZOUATNIA

11:00-11:15

STATIC BENDING AND BUCKLING ANALYSIS OF FG BEAMS USING A NEW FIFTH-

ORDER SHEAR AND NORMAL DEFORMATION THEORY (FOSNDT).
MOHAMED NASSAH, HADJ HENNI ABDELAZIZ, LAZREG HADJI

11:15-11:30

11:30-12:45

11:30-11:45

STABILITY ANALYSIS OF CNT REINFORCED VARYING CROSS-SECTION BARS
PARTIALLY IN CONTACT WITH FOUNDATION
SEDAT KOMURCU

SESSION 10 SESSION CHAIR:

KiL ZEMINLERDE KONSOLIDASYON SURESININ ZEMININ KAYMA MUKAVEMETi
PARAMETRELERINE ETKiSi
MUSTAFA YILDIZ, TUBA OZGE NAKIPOGLU, iREM ERKAN iYIGONUL

11:45-12:00

USABILITY OF MAGNESIUM SLAG IN IMPROVING GRANULAR SOILS
iISMAIL ZORLUER, SULEYMAN GUCEK

12:00-12:15

RELIABILITY-BASED DESIGN OPTIMIZATION OF AN EMBEDDED RETAINING WALL

ROK VARGA, BOJAN ZLENDER, BORUT MACUH, TAMARA BRACKO, PRIMOZ
JELUSIC

12:15-12:30

EFFECTIVE OF MAGNESIUM SLAG TO SOIL STABILIZATION IN CLAY SOILS
SULEYMAN GUCEK, iSMAIL ZORLUER

12:30-12:45

EFFECT OF CLIMATE CHANGE ON SLOPE STABILITY ANALYZES
SULEYMAN GUCEK, ELIF GAKIR
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15:45-17:05

15:45-15:55

2ND INTERNATIONAL SYMPOSIUM ON INNOVATIONS IN CIVIL

DAY2 - ONLINE SEMINAR

ONLINE 1 SESSION CHAIR: CONSTRUCTION+GEOTECH

BEHAVIOUR OF DIFFERENT TUNNEL CROSS SECTIONS IN DRAINED CLAY-
SILTSTONE SOILS
iBRAHIM UMUT YALGINKAYA, BERRAK TEYMUR

15:55-16:05

ALTERNATIF MALZEMELERLE TASARLANMIS BACA SISTEMININ BINANIN
ENERJI VERIMLILIGINE KATKISININ OPTIMIZASYONU

AHMET KARAHAN, FIGEN BALO

16:05-16:15

DEPREMIN GOLGESINDE BATMAN iLl: GECMISTEN DERSLER VE GELECEK
iCiN STRATEJILER

SERHAT DEMIRHAN

16:15-16:25

INVESTIGATION OF THE EFFECT OF REPLACEABLE PLASTIC HINGE
MEMBER ON DIFFERENT TYPES OF FRAMES IN PRECAST REINFORCED
CONCRETE STRUCTURES USING ABAQUS SOFTWARE

ALI BERK BOZAN, RESAT ATALAY OYGUGC

16:25-16:35

BINALARDA FARKLI YALITIM MALZEMESI KALINLIKLARIYLA TASARLANMIS
BACALARIN CEVRESEL ETKILERININ SIMULASYONLA ANALIZi

AHMET KARAHAN, FIGEN BALO

16:35-16:45

CHANGING OF REINFORCEMENT PRESTRESS IN THE FRAME-LINK SYSTEM
UNDER THE INFLUENCE OF CONCRETE CREEP DEFORMATIONS

NINO NAKVETAURI, MARINA KURDADZE , FATIMA VERULASHVILI ,
AMIRAN BUKSIANIDZE

16:45-16:55

COMPARISON OF MECHANICAL PERFORMANCES OF MOLD-CAST
GEOPOLYMER MORTARS AND 3D-PRINTED GEOPOLYMER MORTARS UNDER
DIFFERENT CURING CIRCUMSTANCES

MAKSUT SELOGLU

16:55-17:05

INTEGRATION OF ADDITIONAL INNOVATIVE METHODS WITH SMART
MATERIALS TO CREATE GREEN BUILDING TECHNOLOGIES FOR A MORE
SUSTAINABLE AND CONNECTED FUTURE

SANJIDA SHIRIN URMI, ARNOB SARKER, NUSRAT JAHAN ROJI
MOJUMDER

CLICK THIS LINK
FOR ONLINE
SEMINAR
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DAY3 - ONLINE SEMINAR

09:30-10:50 ONLINE 2 SESSION CHAIR: TRANSPORTATION+HYDRO
RHEOLOGICAL BEHAVIOUR OF BITUMEN MODIFIED WITH SUSTAINABLE
09:30-09:40  AppITIVES: SBS, ANIMAL BONES, AND WASTE COOKING OIL
ALi ALMUSAWI, SHVAN TAHIR NASRALDEEN, HUSSEIN H NORRI, SARMAD
SHOMAN, MUSTAFA MOHAMMED JALEEL
09:40-09:50 IMPROPER APPLICATIONS OF THE “PEDESTRIANS FIRST” PROJECT OF ANTALYA
BANIHAN GUNAY, iSMAIL YOLCU, ERDEM EDIiS
USE AND ADVANTAGES OF CONSTRUCTION WASTE TIRES IN ROAD
09:50-10:00 CONSTRUCTION
HUMEYRA BOLAKAR TOSUN
GEOLOGICAL SPATIAL BASED MODELLING FOR ECONOMIC IMPERATIVES IN
L= = PRELIMINARY SITE INVESTIGATION
BERNA GALISKAN
10-10-10:20 IMPROVING TUNNEL SAFETY THROUGH LED LIGHTING FOR LONG TUNNELS: A
DRIVING SIMULATOR STUDY
OMER FARUK OZTURK, YUSUF MAZLUM, EMINE CORUH, METIN MUTLU AYDIN, HALIM
FERIT BAYATA
COMPARATIVE ANALYSIS OF SEISMIC DESIGN RESULTS FOR HIGH SPEED
10:20-10:30 RAILWAY BRIDGES ACCORDING TO DIFFERENT STANDARDS
USAME EKici
10:30-10:40 WATER POLDERS: A TOOL TO MITIGATE CLIMATE CHANGE
JAKUB KOSTECKI, MARTA GORTYCH
iCME SUYU DAGITIM SEBEKESINDE BASING, HIZ VE YUK KAYBI DEGiISKENLERININ
10:40-10:50 FARKLI SAYISAL YONTEMLER ILE ADANA iLi ORNEK UYGULAMALARI UZERINDEN
MODELLENMESI
BUSE DUYAN GCULHA, EVREN TURHAN
11:00-12:10 ONLINE 3 SESSION CHAIR: CONSTRUCTION+GEOTECH
CEMENT BOUND BASE COURSE WITH WASTE RUBBER — EXPERIENCES FROM
L= TRIAL SECTION/TESTFIELD CONSTRUCTION
IVANA BARISIC, MARTINA ZAGVOZDA, IVANKA NETINGER GRUBESA
_ _ DIGITAL TRANSFORMATION OF CONSTRUCTION MANAGEMENT WITH THE USE OF
Uizl AUTOMATED TECHNOLOGY “BUILDING MANAGER”
DMYTRO CHASHYN, KJARTAN GUDMUNDSSON, DMYTRO YAREMENKO , VIKTOR
KLEPA
COST-EFFECTIVENESS AND PERFORMANCE EVALUATION OF FOUR STRUCTURAL
11:20-11:30 SYSTEMS: FRAMED, SHEAR WALL-FRAMED, TUBE-IN-TUBE, AND OUTRIGGER IN G+30
STORIED BUILDINGS USING ETABS
MD FAYSHAL, SANJIDA SHIRIN URMI, ARNOB SARKER, ABDULLAH AL MAHIN
SOIL-STRUCTURE INTERACTION EFFECTS ON RC BUILDING RETROFITTED BY
11:30-11:40 o) 6 TCRETE PANELS
PINAR TEYMUR
MULTI-CAMERA BASED MONITORING OF THE STRUCTURAL HEALTH OF
11:40-11:50  LiSTORICAL MASONRY MINARETS § )
CEMILE DUMAN, TUNAHAN ASLAN, KEMAL HACIEFENDIOGLU, TEKIN GULTOP
THE ROLE OF BUILDING MATERIALS IN HOUSING PURCHASES: A MULTI-
11:50-12:00 CRITERIA DECISION-MAKING APPROACH USING THE COCOSO METHOD

UFUK AYDOGMUS, MERDAN TOREHAN TURAN, HACER YUMURTACI AYDOGMUS
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International Keynote Lecture

Experiments Concerning the Use of Macroscopic Fundamental Diagram-Based
Hierarchical Control of Urban Traffic

Assoc. Prof. Dr. Luigi Pariota

Transportation Engineering, University of Naples "Federico II" Italy

Abstract

Traffic congestion frequently occurs on urban networks and various control frameworks are employed
to mitigate such congestion at the network level. Hierarchical traffic control frameworks have also
gained great interest in the recent literature, having been shown to lead to increased mobility and
efficient use of network capacity.

In this presentation, we will show the results of various experiments concerning the application of a
hierarchical route guidance (RG) traffic control framework based on the Macroscopic Fundamental

Diagram paradigm.

The evaluation is based on the modelling of some relevant urban scenarios in the simulation software
Simulation of Urban MObility (SUMO).

It will be shown that overall the proposed network-level traffic control system could significantly
enhance several characteristics of the urban traffic environment.
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International Keynote Lecture

Bootstrap-Based Machine Learning Algorithm for Investigating Stochasticity in
Compressive Strength of Concrete

Assoc. Prof. Dr. Aman Garg

State Key Laboratory of Intelligent Manufacturing Equipment and Technology, School of Mechanical
Science and Engineering, Huazhong University of Science and Technology, Wuhan 430074, China
Department of Multidisciplinary Engineering, The NorthCap University, Gurugram, Haryana 122017,
India

Abstract

Compressive strength is the most important property of the concrete mix. In the present work, the
Gradient Boosting Machine (GBM) learning algorithm is applied in the framework of Bootstrap for
predicting the influence of uncertainties in the quantities of cement, blast furnace slag, fly ash, water,
superplasticizer, aggregate, and age on the compressive strength of concrete. At first, the correlation
coefficients are obtained for all the variables using Pearson, Spearman Rank, Kendall Tau, and Point-
Biserial Correlation coefficients are obtained. The efficiency of the present approach is demonstrated by
comparing the present results with those obtained using Monte Carlo simulations. It can be seen that
the present model predicts the stochasticity in compressive strength with good accuracy but requires
lesser dataset and computational efforts compared to the MCS. During sensitivity analysis, age is the
most important parameter affecting the stochastic compressive strength of concrete at noise levels,
followed by cement content.

Keywords: Bootstrap; gradient boosting machine; uncertainty; stochastic compressive strength;
sensitivity.
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International Keynote Lecture
Feasibility of using Geosynthetics in Geotechnical Structures

Assoc. Prof. Dr. Borut Macuh

University of Maribor, Faculty of Civil Engineering, Transportation Engineering and Architecture,
Slovenia

Abstract

A comprehensive analysis of geosynthetics' technical, economic, and sustainable benefits in
geotechnical structures will be presented. Case studies include road pavements, bridge abutments, strip
foundations, and piled embankments. Mathematical models are developed to compare reinforced and
non-reinforced options, considering cost, technical feasibility, and sustainability. Results show that
geosynthetics can significantly reduce costs, especially in challenging soil conditions. For example,
reinforced road pavements can be more cost-effective than traditional methods at low CBR values, and
reinforced bridge abutments can be up to five times cheaper than conventional concrete ones.
Reinforced pads under strip foundations are justified for high vertical loads and low horizontal loads.
In piled embankments, higher-strength geosynthetics can be more economical, though they increase
costs.

Keywords: Geosynthetics, geotechnical structures, reinforced soil, cost optimization, sustainable
construction, piled embankments.
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International Keynote Lecture

Al in Transportation Geotechnics: Unlocking Complex Solutions for a New Era

Prof. Dr. Halil Ceylan, Dist. M.ASCE

Pitt-Des Moines, Inc. Endowed Professor in Department of Civil, Construction and Environmental
Engineering (CCEE)
ISU Site Director for FAA PEGASAS Center of Excellence on General Aviation
Founding Director, Program for Sustainable Pavement Engineering and Research (PROSPER) Institute
for Transportation (InTrans)
Iowa State University (ISU), United States

Abstract

Transportation geotechnics deals with the geotechnical challenges faced in the construction and
maintenance of transportation infrastructure systems, encompassing roads, highways, railways,
underground transit systems, airfields, and waterways. The inherent complexity of soil and rock
behaviors in these contexts introduces significant uncertainties in material modeling. In the past few
decades, researchers have increasingly turned to artificial intelligence (AI) methods to address these
challenges in transportation geotechnics, effectively predicting complex, nonlinear relationships. This
presentation provides a comprehensive overview of the effectiveness of Al methods in transportation
geotechnics during the recent decade. It highlights key areas where Al methods have been extensively
applied and explores case studies and success stories, demonstrating the application of Al in this field.
Additionally, it emphasizes the proficiency of these methods in addressing complex challenges,
especially in dealing with highly nonlinear data relationships and meeting demanding optimization
requirements.
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Local Keynote Lecture

The Effect of Wall Form and Raw Material Humidity and Dust Explosion on Silo
Pressure in Grain Silos

Assist. Prof. Dr. Sel¢uk iZ

Yeditepe University, Depertmant of Civil Engineering, Istanbul, Turkiye

Abstract

In our country, steel silos, which are used for grain storage, have been damaged recently. In this study,
the calculation criteria between international specifications and our country's specifications were
compared, the effects of the roughness and form on the silo wall pressures and friction, and the effects
of the moisture content of the raw material on the silo wall pressures were investigated. Silo walls are
produced in sinusoidal form in steel prefabricated silos. Sinusoidal form should not be ignored in both
friction and silo pressures. The humidity ratio must be taken into consideration in the silo wall pressures
of the raw material, especially in grain silos, and these raw material effects have been summarized in
studies conducted for damaged silos. In addition, an algorithm is given in this study regarding the
maximum pressures that may occur on the silo walls in case of a dust explosion.

Keywords: Silos, dust explosion, wall form, material humidity, wall pressure, grain
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Abstract

In this study, the mechanical strength properties of three different produced fly ash-based geopolymer
mortar (GM) mixtures were compared. For this purpose, conventionally mold-cast GM samples were
cured for 3, 7, and 28 days under ambient cure (20+£2 °C) conditions, and GM samples produced with a
3D printer were created. In addition, conventionally mold-cast GM samples cured for 3, 7, and 28 days
under heat cure (60 °C) conditions were also created. These three GM mixtures were subjected to
mechanical strength tests at the end of the curing periods. For this purpose, flexural and compressive
strength tests were applied. At the end of all curing periods, conventionally mold-cast GM samples
cured under ambient cure conditions exhibited the highest mechanical performance. The compressive
strength test results of GM samples cured for 28 days and produced with a 3D printer were found to be
20% higher than the heat-cured conventionally mold-cast GM samples. The flexural strength test results
of conventionally mold-cast GM samples cured under ambient curing conditions were found to be 13%
higher than the GM samples produced with a 3D printer.

Keywords: 3D-printed geopolimer; ambient cure; geopolymer mortar; flexural strength; compressive
strength; heat cure.

1 Firat University, Organized Industrial Zone Vocational School, Elazig, Turkiye.


mailto:mseloglu@firat.edu.tr

2nd International Symposium on Innovations in Civil Engineering and Technologies (ICIVILTECH 2024)

1. Introduction

Geopolymer is known as a binder building material containing high levels of alumina and silica,
produced by using pozzolanic materials with alkali activators. Industrial waste materials are generally
used in its production (Qaidi et al., 2022). Geopolymer binders were first described and used by
Davidovits (Davidovits & France, 2018), (Davidovits & Cordi, 1979). He synthesized geopolymer
without the presence of cement. Geopolymer mortar (GM) is defined as mortars produced by activating
alumina and silica-containing materials without cement as binders, with fine sand and alkali activators.
It is an alternative binder construction material to cement in many applications with its sustainability
features like little energy use and CO: emissions (Peled & Bentur, 2003). It is known from the literature
that GM is more resilient to chemical and physical effects, and has better greater mechanical efficiency
compared to cement-based mortar (Lippiatt & Ahmad, 2004).

In the last decade, production with three-dimensional (3D) printers, also known as additive
manufacturing technology (AMT), has been included in the construction sector. 3D printers stand out
with their ability to prevent material waste, eliminate the use of molds, and faster manufacturing and
construction features (Buswell et al., 2018). While the mortar used in AMT is built on top of each other,
the lower layers carry the upper layers. In this way, the desired structure or building element is created.
AMT, first invented by C. Hull (Khoshnevis, 2004), is robotic-based and allows layer-by-layer
production without the need for molds. However, since production with 3D printers is still very new,
experimental studies, different construction methods, and production techniques continue to be applied
to discover all the potential it will bring to the construction sector (Geetha et al., 2021).

In this study, three types of fly ash (FA) based GM samples were produced. For this purpose, GMs were
produced by 3D printing without using molds and cement as binders. Its were cured at ambient
temperature (202 °C). Also, conventionally mold-cast GMs were cured at ambient temperature. The
third type of conventionally mold-cast GM samples were produced and heat cured at 60 °C for 24 h.
Then, these three types of samples were cured at ambient temperature for 3, 7, and 28 days. The
mechanical strength parameters of GM samples were tested in terms of flexural strength (FS) and
compressive strength (CS) after each curing stage.

2. Material and Method

2.1 Material

In this study, FA based GMs were produced. 55% FA and 45% metakaolin (MK) were used as binder
materials. The physical properties and chemical components of the binder materials used are given in

Table 1.

Table 1. Properties of binder materials
Binder LOI MgO Na:O K:0 Fe0s ca0 ADLOs SiO: Specific gravity

FA 091 242 092 099 725 2.58 2295 5825 2.31(g/cm3)
MK 111 0.16 024 055 0.85 0.91 40.25 56.10 2.52 (g/cm?)

NaOH (SH) solution and Naz2SiOs (SM) were used as alkali activators. Solid SH was used to prepare the
solution. SH was selected as 12 molar and the solution was kept in room temperature for 24 h. Then, SH
solution and SM were added to the GM mixture. 0.6 mm Palu aggregate (fine river sand) was used in
the GM mixture, and in the mixture calculations, the water absorption rate by weight was 2.1%, and the
saturated surface specific gravity was calculated to be 2.72 g/cm?. A viscosity-increasing additive (VIA)
was used as an additive to balance the increased water requirement of the produced GM and to provide
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the required workability value. VIA, with a specific gravity of 1.01 g/cm?, was used in the mixture. GM
samples produced with a 3D printer in ambient cure are expressed as 3DGM, conventionally mold
casting GM samples in ambient cure are expressed as GM20, and GM samples heat cured at 60 °C are
expressed as GM60, and the mixing ratios used for the GMs produced from these three different
mixtures are given in Table 2.

Table 2. GM mixing ratios
Mixture Binder FA MK SM SH SM/SH Aggregate AAS/B VIA (%)

3DGM 1 055 045 060 025 24 2.51 0.85 0.01
GM20 1 055 045 060 025 24 251 0.85 0.01
GMe60 1 055 045 060 025 24 2.51 0.85 0.01

2.2 Preparation of GM Samples and Method

The mixing process of GM samples was first mixed for approximately one minute in the presence of FA
and MK. Then, fine river sand was added to the FA-MK mixture and stirred for about one minute. After
allowing the SH solution to stand at room temperature for one day, SM was added and stirred for about
two minutes to obtain a uniform dispersion. Following a minute of mixing, VIA was added to this liquid
combination that contained an alkali activator. Two-thirds of the liquid materials and the solid mixture
consisting of binder material and fine river sand were mixed with the mixer for three minutes. The
process was finished when the remaining one-third of the liquid mixture was added to the combination
and stirred in the mixer for a total of four minutes. It took about twelve minutes in total to mix. These
three distinct GM samples were tested for mechanical strength after curing for 3, 7, and 28 days at room
temperature (20+2 °C). Figure 1. a shows the schematic visual of the 3D printer, Figure 1. b shows the
3DGM sample in the production phase on the 3D printer, and Figure 1. ¢ shows the produced 3DGM
sample.

Figure 1. a) Schematic of the 3D printer (SELOGLU, 2024) , b) 3DGM sample in production phase
(SELOGLU, 2024), ¢) 3DGM sample

2.3 Experimental Analyzes

To determine the mechanical properties of GM specimens, FS, and CS tests were performed. For this
purpose, GM samples produced in ambient temperature curing 40x40x160 mm dimensions, GM
samples produced with a 3D printer without using a mold, and GM samples heat cured at 60 °C were
used. For mechanical tests, three GM samples were produced from each GM mixture type, and a total
of 27 GM samples were produced separately for each curing period. The mechanical (FS and CS) testing
device is given in Figure 2.
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Figure 2. The mechanical testing device

At the end of the curing periods, the FS of these three different GM samples were determined by the
three-point flexural method in an automatically controlled press by the ASTM C348 (ASTM, n.d.)
standard. The FS value of the samples belonging to each series was obtained by taking the arithmetic
average of 3 samples. These values are given in the study. CS tests were performed on the GM samples
subjected to FS tests and divided into two in an automatically controlled press by the ASTM C349
(ASTM, 2008) standard. The CS value of the samples belonging to each series was obtained by taking
the arithmetic average of 6 samples. Figure 3. a shows a GM sample produced with conventionally
mold-cast, and Figure 3. b shows a 3DGM sample produced with a 3D printer.

Figure 3. a) GM sample produced with conventionally mold-cast, b) 3DGM sample
3. Results and Discussion
3.1 FS Test Results

Figure 4 shows the 3, 7, and 28-day FS test results of GM specimens produced under three different
types. When Figure 4 is examined, the 3, 7, and 28-day FS test results of the 3DGM series were found to
be 1.86 MPa, 2.5 MPa, and 2.99 MPa, respectively. The 3, 7, and 28-day FS test results of the GM20 series
were found to be 2.19 MPa, 2.74 MPa and 3.38 MPa, respectively. The 3, 7, and 28-day FS test results of
the GM60 series were found to be 1.77 MPa, 1.99 MPa, and 2.49 MPa, respectively. The highest ES test
results were obtained from GM20 samples at the end of 3, 7, and 28-day curing periods. The FS test
results of the GM20 samples increased by approximately 18%, 10%, and 13% at the end of all of curing
periods, respectively, compared to the 3DGM samples produced with the 3D printer exposed to ambient
temperature curing. The FS test results of GM20 samples showed an increase of approximately 24%,
38%, and 36% at the end of all cure periods, respectively, compared to the GM60 samples produced by
conventionally mold casting and subjected to heat cure at 60°C. The FS test results of 3DGM samples
showed an increase of approximately 5%, 26%, and 20% at the end of all cure periods, respectively,
compared to the GM60 samples produced by conventionally mold casting and subjected to heat cure at
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60°C. Seloglu et al. (SELOGLU et al., 2023) reported the FS and CS results of conventionally mold-cast
geopolymer mortar samples with UK-MK-based cured for 7 and 28 days. FS test results increased in
parallel with the increase in curing times.
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Figure 4. FS test results of GMs

3.2 CS Test Results

Figure 5 shows the 3, 7, and 28-day CS test results of GM specimens produced under three different
types.
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Figure 5. CS test results of GMs

When Figure 5 is examined, the 3, 7, and 28-day CS test results of GM20 samples were found to be 56.36
MPa, 58.69 MPa, and 67.70 MPa, respectively. The highest CS test results were obtained from GM20



2nd International Symposium on Innovations in Civil Engineering and Technologies (ICIVILTECH 2024)

samples at the end of all curing periods. The 3, 7, and 28-day CS test results of GM60 samples were
found to be 34.14 MPa, 40.22 MPa, and 42.91 MPa, respectively. The 3, 7, and 28-day CS test results of
3DGM samples were found to be 19.68 MPa, 22.37 MPa, and 26.22 MPa, respectively. The CS test results
of GM20 samples cured at ambient temperature were found to be 2.5 times higher than the CS test
results of 3DGM samples at the end of all curing times and 1.5 times higher than the CS test results of
GM60 samples heat cured at 60°C. It is known from the literature that curing at ambient temperature
curing conditions has advantages such as easy handling and lower energy consumption in GM samples
(Yunsheng et al., 2007). It is seen that the mechanical strength test results obtained in this study support
this situation. In comparison to 3DGM samples cured at room temperature using a 3D printer, the CS
test results of GM60 samples heat cured at 60°C were found to be, on average, approximately 1.7 times
greater. This difference was observed across all curing durations. When Figure 5 is examined, it is not
seen that the CS test results are parallel to the FS test results. This situation is thought to be due to the
anisotropic material properties of 3DGM samples produced using layered manufacturing technology
with a 3D printer. It can also be attributed to the possibility of gaps occurring in between since
production is done layer by layer and the fact that the sample surface is not completely smooth like
conventionally mold casting samples. Unlike conventionally mold-cast GM samples, GM samples
produced with 3D printers were produced using the layer-by-layer accumulation method, resulting in
defective lines, namely cold joints, between two adjacent layers. As a result, the CS of 3DGM samples
produced with 3D printers were lower than conventionally mold-cast GM samples produced using the
same material and mixing procedure.

4. Conclusion

In this study, the mechanical performances of three different types of GM mixtures were compared.
From the findings of this mechanical experimental study, the following conclusions can be drawn:

The highest flexural strength test results were obtained from GM20 samples at 3, 7, and 28-day curing
times. The highest FS was recorded as 3.38 MPa in the GM20 samples, which were cured for 28 days.
The 28-day FS test results of GM20 samples increased by approximately 13% and 36%, respectively,
compared to 3DGM samples produced by 3D printing and subjected to ambient temperature curing
and GM60 samples produced by conventionally mold casting and subjected to heat curing at 60°C. The
FS test results of 3DGM samples increased by approximately 20%, respectively, compared to GM60
samples produced by conventionally mold casting and subjected to heat curing at 60°C, at 28-day curing
times.

CS test results, like FS test results, increased at the end of 3, 7, and 28-day curing periods. The highest
CS test results were obtained from GM20 samples at 3, 7, and 28-day curing times. The highest CS was
recorded as 67.70 MPa in GM20 samples, which were cured for 28 days. Unlike conventionally mold-
cast GM samples, GM samples produced with 3D printers were produced using the layer-by-layer
accumulation method, resulting in defective lines, namely cold joints, between two adjacent layers. As
a result, the compressive strengths of 3DGM samples produced with 3D printers were lower than
conventionally mold-cast GM samples produced using the same material and mixing procedure.
Despite all these, the CS of 3DGM samples cured for 28 days was found to be 26.22 MPa. However, this
CS TEST result is sufficient for many construction applications.

The feature of the production method with 3D printers, unlike the conventionally mold casting
production method, is that it delivers benefits for quick manufacturing and fast skillfulness without
requiring the use of molds during building, and its use is quickly increasing, especially in the building
sector. However, it is recommended to use reinforcing materials, such as nano-materials and fibers, to
increase their mechanical performance. Thus, it is thought that geopolymer composites will be
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produced using 3D printers with faster and higher mechanical performance without the need for molds
by further strengthening their flexural and compressive strength properties.
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Giiclendirilen Betonarme Elemanlarin Moment Tasima Kapasitesine
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Abstract

Deprem performansi yetersiz olan yapilarin, ekonomik ve giivenli olmas1 kosuluyla, gii¢clendirilmesi
meydana gelebilecek can ve mal kaybini azaltmak icin 6nem tasimaktadir. Giiglendirme, elemanin
mevcut tasima kapasitesini, elemanin yetersiz oldugu 6zellikleri (kesme, egilme vb.) dogrultusunda
gidererek arttirma islemidir. Bu kapsamda betonarme elemanin distan sargilama (EBR) ve/veya ylizeye
yakin montaj (NSM) yontemiyle giiglendirildikten sonraki moment tasima kapasitesinin tasarim
asamasinda hesaplanarak etkin giiclendirme detaylarinin belirlenmesi gerekmektedir. Tasima giicii
hesabinda yapilan kabullerden biri de kesitin tasidig1 beton basing kuvveti hesabinda betonun gercek
gerilme dagilimi yerine esdeger dikdortgen basing blogunun kullanilmasidir. Calisma kapsaminda
literatiirde bulunan deney numunelerinin moment kapasiteleri analitik olarak hesaplanmistir. Kesitin
tasima gilicii hesabinda betonun gerilme-sekildegistirme egrileri 6nce parabolik daha sonra esdeger
dikdortgen basing blogu olarak etkitilmistir. Beton basing blogunun parabolik oldugu durumda beton
basing kuvveti, lifli yonteme gore belirlenmistir. Hesaplamalarda TRM sargimin beton basing
dayanimina etkisiyle birlikte CFRP levhalarin kesitin moment kapasitesine etkileri dikkate almarak
numunelerin moment tasima kapasiteleri elde edilmis ve deney sonuglariyla kiyaslanmistir. Calisma
sonucunda her iki yonteme gore hesaplanan moment tasima kapasiteleri, deneysel sonuglarla uyumlu
elde edilmistir. Esdeger dikdortgen basing bloguna gore hesaplanan moment tasima kapasiteleri,
deneysel sonuglarla daha az uyumlu ve parabolik basing bloguna gore belirlenen kapasitelerden %1.44
ile %3.48 oranlarinda daha diisiiktiir. Herhangi bir giiclendirmenin uygulanmadigi, yalnizca NSM
yontemiyle ya da NSM ve EBR yontemlerinin beraber uygulandig1 yontemle giiglendirilen betonarme
elemanlarda beton gerilme dagilimi her iki sekilde kullanilarak lifli ya da esdeger dikdortgen basing
blogu yontemlerine gore moment tasima kapasiteleri belirlenebilmektedir.

Anahtar kelimeler: Gii¢glendirme, NSM, moment kapasitesi, beton gerilme dagilimi

1 Siileyman Demirel Universitesi, Miihendislik ve Doga Bilimleri Fakiiltesi, ingaat Miihendisligi Boliimii,
Isparta, Tiirkiye
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1. Giris

Ulkemiz aktif deprem kugaginda yer almaktadir. Son yillarda meydana gelen biiyiik depremler, mevcut
binalarm biiyiik ¢ogunun biiyiik risk ve hasar potansiyeline sahip oldugunu gostermistir. Deprem
performansi yetersiz olan yapilarin, ekonomik ve giivenli olmasi kosuluyla, gii¢clendirilmesi meydana
gelebilecek can ve mal kaybmi azaltmak i¢in Onem tagimaktadir. Betonarme yapilarin
gliclendirilmesinde son yillarda fiber takviyeli polimer (Fiber Reinforced Polymer-FRP) kompozit
malzemelerin kullanimi1 dikkat ¢cekmektedir (Maras, 2021). Bu malzemeler kullanilarak betonarme
elemanlar distan sargilama (EBR) ve/veya ylizeye yakin montaj (NSM) yontemleriyle
gliclendirilmektedir. FRP kompozit malzeme, EBR yonteminde elemanin disindan yiizeyine
yapistirilirken NSM yonteminde elemanin paspayi seviyesinde agilan oluklara yerlestirilmektedir.

Giiclendirme, elemanin mevcut tasima kapasitesini, elemanin yetersiz oldugu 6zellikleri (kesme, egilme
vb.) dogrultusunda gidererek arttirma islemidir. Bu kapsamda betonarme elemanin EBR ve/veya NSM
yontemiyle giiclendirildikten sonraki moment tasima kapasitesinin tasarim asamasinda hesaplanarak
etkin gli¢clendirme detaylarinin belirlenmesi gerekmektedir. Giiglendirilen betonarme elemanin
moment tasima kapasitesi; beton, donati ve gliclendirme malzemelerinin tasidifi momentlerin
toplamidir. Betonarme bir kesitin gii¢ tiikenmesi durumundaki basing gerilme dagilimi, betonun
gerilme-sekildegistirme egrisine benzerdir (Celep, 2011). Tasima giicii hesabinda bazi kabuller
yapilmaktadir (Celep, 2011; Dogangiin, 2019). Kesitin tasidig1 beton basing kuvveti hesabinda betonun
gercek gerilme dagilimi yerine esdeger dikddrtgen basing blogunun kullanilmasida bunlardan biridir.
Beton gerilme-sekildegistirme egrisinin (parabolik) dogrudan basing blogu olarak etkitildigi
durumlarda betonun tasidigi basing kuvveti hesabinda tabakali (lifli/katmanli) yOntem
kullanilmaktadir (Parviz vd., 1991; Kaltaka vd., 2001).

Ulutas vd. (2016); beton gerilme dagiliminin, betonarme kolon kesitinin karsilikh etkilesim diyagramy,
moment-egrilik ve moment-donme iliskisine etkisini hazirlanan bir yazilim ile incelemislerdir. Beton
basing blogunun parabolik kabul edilmesi durumunda kolon kesitine ait kapasite degerleri, esdeger
dikddrtgen basing blogu kabuliine gore artis gostermistir. Koroglu (2018) karbon fiber takviyeli (CFRP)
kumasla sargilanan betonarme kolonlarin moment-egrilik iligkisi i¢cin MATLAB tabanl bilgisayar kodu
gelistirmistir. Bunu yaparken betonun gerilme dagilimiru lifli yontem ile belirlemistir.

Calisma kapsaminda literatiirde bulunan (Bournas ve Triantafillou, 2009) deney numunelerinin
moment kapasiteleri analitik olarak hesaplanmustir. Kesitin tasima giicii hesabinda beton gerilme
dagilimi iki farkl sekilde kullanilmis ve deney sonuglariyla kiyaslanmaistir.

2. Materyal ve Yontem
2.1. Materyal

Bournas ve Triantafillou (2009) yaptiklar: calismada; 250x250 mm kare kesitli, 4014 boyuna ve &8/200
enine donatili 1600 mm yiiksekliginde on bir adet konsol kolon iiretmislerdir. Kolonlarin paspay1
seviyesinde acilan oluklarina karbon fiber takviyeli polimer (CFRP) levhalar yerlestirerek NSM
yontemiyle numuneleri gii¢lendirmislerdir. Bazi numuneleri ise NSM yontemiyle giiclendirdikten
sonra kolonun alt ucunu EBR yOntemiyle tekstil takviyeli polimer (TRM) kullanarak dort kat
sargilamislardir. Giiclendirilen deney numunelerine ait kesitler Sekil 1’de sunulmustur. CFRP levhanin
oluga dik yerlestirildigi numunelerde oluklar 10x20 mm, paralel yerlestirildigi numunelerde ise 20x10
mm boyutlarinda agilmistir. Calisma kapsaminda segilen numunelerin deney giinii beton basing
dayanimi ve gii¢clendirme detaylar: Tablo 1’de verilmistir. NSM yontemiyle oluklara yerlestirilen CFRP
levha, 2 mm kalinliginda ve 16 mm genisligindedir. Sargilama igin kullanulan TRM’nin kalinlig1 ise 0.095
mm’dir. Boyuna ve enine donati ile CFRP levha ve TRM'nin teknik 6zellikleri Tablo 2’de verilmistir.
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Sekil 1. Deney numunelerine ait kesitler
Tablo 1. Deney numunelerinin detaylar1
Numune Beton Basing Giiclendirme CFRP Levhanin Sayis1 ve
Ad1 Dayanimi Yontemi Oluktaki Yerlesimi
Control 25.6 MPa - -
C_per 27.2 MPa NSM 4 / Dik
C_per_pn2 27.3 MPa NSM 6/ Dik
C_Par 26.2 MPa NSM 4 / Paralel
C_par_J 25 MPa NSM+EBR 4 / Paralel
Tablo 2. Malzemelerin teknik 6zellikleri
Malzeme Tiirii Akma Dayanimi  Cekme Dayanimi1  Elastisite Modiilii
Boyuna Donati 372 MPa 433 MPa 200,000 MPa
Enine Donat1 351 MPa 444 MPa 200,000 MPa
CFRP Levha - 2173 MPa 144,900 MPa
TRM - 3800 MPa 225,000MPa

2.2. Yontem

Betonarme kesitin moment tasima kapasitesine betonun, donatinin ve eger mevcutsa giiclendirme
malzemesinin etkisi vardir. Giiglendirme malzemelerinin etkisi, gliclendirme yontemine gore degisiklik
gostermektedir. NSM yonteminde oluklara eklenen FRP kompozit malzemeler, donat1 gibi dikkate
almarak kesit merkezine olan mesafesine gére moment kapasitesine katki saglamaktadir. EBR
yonteminde ise bu durum daha farklidir. FRP kompozit malzemelerle sargilanan kesitin yanal sarg:
basmcindan dolayr betonun dayanimi artmaktadir. Dolayisiyla EBR yontemiyle giiclendirilen
kesitlerde sargili betonun davranisi dikkate alinmalidir. C_par_] haricindeki numunelerde betonun
gerilme-sekildegisirme davramisi TBDY (2018)'de bulunan Mander yontemine gore belirlenmistir.
Deney numunelerinde etriye siklastirlmasi bulunmadigindan sargisiz beton igin gerilme-
sekildegistirme egrisi dikkate alinmistir. C_par_] numunesinde ise ACI 549.4R-20’de verilen sargili
beton modeli kullanilmistir. Betonun elde edilen gerilme-sekildegistirme egrileri 6nce parabolik daha
sonra esdeger dikdortgen basing blogu olarak etkitilmis ve hesaplamalar1 yapilmstir.

TRM ile sargilanan betonun gerilme-sekildegistirme egrisi asagidaki denklemlere gore
belirlenmektedir. Yapilan hesaplamalar sonucunda C_par_] numunesinin maksimum beton basing
dayanimi 26.50 MPa olarak elde edilmistir.

E-E,)’ ,
E.e.- [% xag] 0<e <,
C

f+ E,E. &<5eL€.y

f= ey
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Burada; €', sargisiz betonun maksimum basing dayanimina (fc) karsilik gelen sekildegistirme degerini;
€ccu, sargill betonun maksimum basing dayanimina (f«) karsilik gelen sekildegistirme degerini; e, sargili
betonun basing dayanimina (fc) karsilik gelen sekildegistirme degerini; e, TRM'nin koptugu andaki
etkin sekildegistirme degerini; en, TRM'nin tasarim kopma sekildegistirme degerini; €', parabolik
kisimdan dogrusal kisima gecis noktasindaki sekildegistirme degerini; Ec, sargisiz betonun elastisite
modiiliinii; E2, dogrusal ikinci kismin egimini; fi, maksimum sargi basincini; As, TRM'nin birim genislik
alanin;; Er, TRM'nin elastisite modjiiliinii; n, TRM'nin sarg1 kat adedini; t;, bir kat TRM sarginin
kalinhigin; k., TRM sekildegistirme etkinlik katsayisini; ka ve s, kesit geometrisini dikkate alan etkinlik
katsayisini; b ve h, sirayla kolonun kisa ve uzun kenar boyutunu; Ag, kesitin alanini; Ac/A. orany, etkili
sarg1 alani oranini; Qg, kesitin boyuna donat1 oranini; D, kolonun kdsegen uzunlugunu; r., yuvarlatma
yaricapini; |, azaltma faktoriinii belirtmektedir.

Donatinin gerilme-sekildegistirme davranisinda peklesme dikkate alinmamaistir. Akma noktasina kadar
donatida olusan sekildegistirme degerleri elasitiste modiilii ile garpilarak boyuna donati gerilme
degerleri elde edilmistir. Akma dayanimina ulastiktan sonra donati gerilmeleri kopma dayanimina
kadar sabit kabul edilmistir. CFRP levhanin gerilme-sekildegistirme egrisi dogrusal artarken kopma
dayanimina ulastiginda gii¢ tiikenmesine ulasmaktadir. Donati ve CFRP levhanin gerilme-
sekildegistirme egrileri Sekil 2’de sunulmustur.
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CFRP Levha

Gerilme

» Donati

Sekildegistirme

Sekil 2. Donati ve CFRP levhanin davraniglar:

Deney numuneleri eksenel yiik ve egilme momenti etkisi altindadir. Dolayisiyla kesitin moment tasima
kapasitesini belirlerken betonun ezilme sekildegistirme degeri 0.003 kabul edilmistir (TS 500, 2000).
Betonarme kesitte betonun sekildegistirme degerleri tarafsiz eksenden uzaklastik¢a artmaktadir. Giig
tilkkenmesi durumundaki kesitin basing gerilme blogu ile betonun gerilme-sekildegistirme egrisi
tamamen benzerlik gostermektedir (Celep, 2011) (Sekil 3.a). Bu parabolik basing blogunun esdeger
dikdortgen basing bloguna cevrilmesinde 6nemli olan betonun tasidigi bileske kuvvetin degeri ve
etkidigi noktadir (Ulutas vd., 2016; Dogangiin, 2019) (Sekil 3.b). Bu doniisiim yapilirken bazi
katsayilardan yararlanilmaktadir. Dikdortgen blogun genisligi 0.85f« olarak belirlenirken derinligi,
beton sinifina bagli olan ki katsayusi ile tarafsiz eksen derinliginin carpilmasi sonucu elde edilmektedir.
TS 500 (2000)' de ki1 katsayisinin, C30 beton smifina kadar olan dayanimlarda 0.85 alinmas1 gerektigi
belirtilmistir. Deney numunelerinin beton basing dayanimlar: 30 MPa’dan diisiik oldugu icin esdeger
dikdortgen basing bloguna gore yapilan hesaplamalarda betonun tasidigi kuvvet Denklem (13)’e gore
hesaplanmigtr.

L
®
by
Basing b

20

Sekil 3. Beton basing gerilmelerinin dagilimi (Dogangiin, 2019)
F =0.85xf_ xbx(0.85xc) (13)

Burada; Fc, beton basing kuvvetini; f., beton basing dayanimini; b, kesit genisligini; c ise tarafsiz eksen
derinligini ifade etmektedir.

Beton basing blogunun parabolik oldugu durumda beton basing kuvveti, lifli ydnteme gore
belirlenmistir. Lifli yontemde kesitler istenilen sayida esit tabakalara bdliinerek o tabakalarin agirlik
merkezindeki beton sekildegistirme degerleri, betonun ezilme sekildegistirme degerine bagh olarak
hesaplanmustir. Betonun gerilme-sekildegistirme egrilerinden her tabakanin sekildegistirme degerine
karsilik gelen gerilme degerleri okunarak o tabakanin alani ¢arpilmis ve tabakalarin tasidigi beton
basing kuvvetleri elde edilmistir. Bu kuvvetlerin toplami kesitin beton basing kuvvetini vermektedir.
Her tabakanin agirlik merkezi igin elde edilen basing kuvvetleriyle kesit agirlik merkezine uzaklig
carpilarak tabakalarda betonun tasidigi momentler elde edilmistir. Bu momentlerin toplamu ise kesitteki
betonun tasidig1 momenti vermektedir. Cekme bolgesindeki tabakalar kuvvet hesabina negatif olacak
sekilde etkitilmistir.
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Deney numunelerinin moment tasima kapasitesini belirlerken Sekil 4'te verilen kuvvet dagilimlar
kullanilmistir. Burada esdeger dikdortgen basing blogu temsilen gosterilmistir. Eksenel yiik (N) ve
egilme momenti (M) sirasiyla Denklem (14) ve Denklem (15)’e gore hesaplanmuistir.

I — _| —————— 3 v —Fn
L] An 1] ] de €n a[ — nFC
¢ &1 [ Fs1
M
dn s '>
h N
52 —'FSZ
I— a — £ ——F,
5 )
Sekil 4. Giliclendirilen kesitte kuvvet dagilim
N=F +F;+Fy-Fo-Fy (14)
M=F (h a)+A f (h d’)+A’f’ (h d')+A f (d h)+Af (d h) 15
¢ 2'2 s1tsl 2'5 nin 2'r1 s21s2 5'2 nin n_2 ( )

Burada; ¢, tarafsiz eksen derinligini; h kesit yiiksekligini; dn ve ds, CFRP levhanin ve boyuna donatimin
faydal1 ytiiksekligini; dn' ve ds, CFRP levhanin ve boyuna donatinin paspayini; €, betonun ezilme
sekildegistirme degerini; es1 ve es2, boyuna donatilarin sekildegistirme degerini; en' ve en, CFRP levhalarin
sekildegistirme degerini; F., beton basing blogunun tasidig1 kuvveti; Fsi: ve Fs, sirasiyla basing ve ¢ekme
donatilarinin tasidigi kuvveti; Fn' ve Fr, basing ve ¢cekme bolgesindeki CFRP levhalarin tasidig kuvveti;
A ve Ag, sirasiyla boyuna donatilarin alanini; An" ve An, CFRP levhalarin toplam alanini; fsi ve fe,
boyuna donatilarin gerilmesini; f»' ve fn, CFRP levhalarin gerilmesini ifade etmektedir.

3. Bulgular ve Tartisma

Bournas ve Triantafillou (2009) tarafindan yapilan ¢alismada deney numunelerinin test edildikleri
eksenel yiik ile deneylerde itme ve ¢ekme yiiklemelerinde tasidiklar1 yatay kuvvetler yer almaktadir.
Yatay yiik tasima kuvvetleri, yatay yiikiin etki ettigi 1600 mm yiiksekligi ile carpilarak deneysel
moment kapasiteleri elde edilmistir. Her iki basing blogu yontemine gore yapilan teorik hesaplamalarda
eksenel yiike karsilik gelen moment degeri hesaplanmis ve deney sonuglari ile kiyaslanmistir. Deney
numunelerinin test edildikleri eksenel yiik, deneylerde itme ve ¢ekme yiiklemeleri icin tasidiklar
egilme momentleri ile bunlarin aritmetik ortalamalari, teorik hesaplardan elde edilen moment tasima
kapasiteleri Tablo 3’te verilmistir.

Tablo 3. Moment tasima kapasitelerinin sonuglar1

Deneysel Moment Kapasitesi Teorik Moment Kapasitesi

Numune Eksenel Yiik (kNm) (kNm)
Ad1 (kN) itme  Cekme Ortalama Esde gel.r. Dikd?’)rtgen .T-giﬂi

Yontemi Yontem

Control 320 52.93 53.90 53.42 50.77 51.50
C_per 340 66.40 68.35 67.38 64.23 66.17
C_per_pn2 341.25 74.02 70.11 72.07 69.48 71.90
C_Par 327.5 55.28 56.05 55.67 63.82 65.83
C_par_J 312.5 77.12 67.92 72.52 69.34 71.24

Teorik sonuglarin ortalama deney kapasitelerine gore ylizdesel degisimleri ve esdeger dikdortgen
basing bloguna gore parabolik basing blogu yonteminin ytizdesel degisimleri Tablo 4'te verilmistir.
Burada DOK, ortalama deneysel moment tasima kapasitesini; EDYK, esdeger dikdortgen yontemi icin
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moment tasima kapasitesini; LYK ise lifli yontem icin moment tasima kapasitesini temsil etmektedir.
Tablodaki eksi degerler azalis1 simgelerken art1 degerler artisi tanimlamaktadar.

Tablo 4. Moment tasima kapasitelerinin yiizdesel degisimleri

Control C_per C_per_pn2 C_Par C_par_J
DOK (%) - - - - -
EDYK (%) -5.22 -4.90 -3.73 12.77 -4.58
LYK (%) -3.73 -1.82 -0.24 15.43 -1.79
LYK (%) - - - - -
EDYK (%) -1.44 -3.02 -3.48 -3.15 -2.74

Sonuglar incelendiginde hem esdeger dikdortgen basing blogu hem de parabolik basing bloguna gore
elde edilen moment tasima kapasiteleri deneysel kapasitelerle uyumludur. Parabolik basing blogu igin
elde edilen moment tasima kapasitelerinin deneysel sonuglariyla daha yakin oldugu goriilebilir.
Bournas ve Triantafillou (2009) tarafindan yapilan ¢alismada, C_Par numunesinin hasar durumu CFRP
levhanin siyrilmasi olarak belirtilmistir. Teorik hesaplamalarda CFRP levhanin siyrilmasi dikkate
almadig: i¢in hata oranlar1 diger numunelere gore daha yiiksek (%12.77 ve %15.43) elde edilmistir.
C_Par numunesi disindaki numunelerde hata oranlar1 (%0.24 ile %5.22 arasinda) oldukga diistiktiir.
Esdeger dikddrtgen basing bloguna gore elde edilen moment tasima kapasiteleri, parabolik basing
bloguna gore elde edilen kapasitelerden %1.44 ile %3.48 arasinda daha diisitk olup birbiriyle
uyumludur.

4. Sonugclar

Yapilan bu g¢alismada literatiirde bulunan ve NSM ya da NSM+EBR yontemleriyle giiglendirilen
betonarme konsol kolon numunelerinin deneysel moment kapasitelerini elde etmek icin teorik
hesaplamalar yapilmistir. Bu hesaplamalarda TRM sarginin beton basing dayanimina etkisiyle birlikte
CFRP levhalarin kesitin moment kapasitesine etkileri dikkate alinmistir. Ayrica betonun gerilme-
sekildegistirme davranisi dnce parabolik daha sonra esdeger dikddrtgen basing blogu olarak etkitilmis
ve iki farkl1 yontem igin hesaplamalar1 yapilmistir. Calisma sonucunda her iki yonteme gore hesaplanan
moment tagima kapasiteleri, deneysel sonuglarla (C_Par numunesi hari¢) %0.24 - %5.22 oraninda
uyumlu elde edilmistir. C_Par numunesi giig tiikenme durumuna CFRP levhanin siyrilmasiyla ulastig:
ve teorik hesaplamalarda bu durum dikkate alinmadig: icin deney sonuglariyla %12.77 ile %15.43
oranlarinda uyum elde edilmistir. Esdeger dikdortgen basing bloguna gore hesaplanan moment tasima
kapasiteleri, deneysel sonuglarla daha az uyumlu olup parabolik basing bloguna gore belirlenen
kapasitelerden %1.44 ile %3.48 oranlarinda daha diigiiktiir. Herhangi bir giiclendirmenin
uygulanmadigl, yalnizca NSM yontemiyle ya da NSM ve EBR yontemlerinin beraber uygulandig:
yontemle giiclendirilen betonarme elemanlarda beton gerilme dagilimi her iki sekilde kullanilarak lifli
ya da esdeger dikdortgen basing blogu yontemlerine gore moment tasima kapasiteleri
belirlenebilmektedir.
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Abstract

This study investigates the effects of soil-structure interaction (SSI) on the seismic retrofitting of
buildings. Specifically, it evaluates the performance of a two-dimensional structure strengthened by the
addition of shotcrete panels, while systematically accounting for various soil types. Utilizing a nonlinear
macro-element model for shallow foundation SSI, the study uses modeling parameters that reflect the
unique characteristics of each soil class. Performance assessments are conducted through static push-
over analysis and nonlinear dynamic time history evaluations via the SeismoStruct software. The
analysis is focused on the Tuzla region, where soil conditions vary across soil classes ZA to ZD. A
specific coordinate within this area was selected to represent the building’s location, and the parameters
for the analysis were determined based on this coordinate. Findings from the modal analysis indicate
that SSI significantly prolongs the vibration periods of reinforced concrete structures compared to fixed-
base conditions, particularly when the structures are situated on softer soils. Code-based capacity
assessments reveal that many columns and beams reached their bending moment capacities in fixed-
base scenarios on softer soil types, like ZD and ZC. Additionally, a small number of columns and beams
also reached their shear force capacities. In contrast, good performance of retrofitted structure on ZB
soil suggests that the retrofitting technique is effective. This analysis highlights the importance of soil
improvement measures in regions with soft soils.

Keywords: Strengthening; soil-structure interaction; pushover analysis; seismic safety, soil types
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1. Introduction

In the design of any structural system, the civil engineer transfers all loads from the superstructure to
the underlying ground. Concurrently, the design must account for and respond to the reactions from
the ground. Consequently, the interaction between the superstructure and the ground must be
comprehensively addressed. Therefore, the efficacy of the project depends on the accurate
characterization of soil properties and the precise incorporation of soil-structure interaction into the
design calculations.

In practice, seismic investigations often assume a fixed-base structure, which is only accurate if the
ground is significantly more rigid than the superstructure. However, this is rarely the case, as both the
superstructure and the underlying soil typically act together as a deformable system under static and
dynamic loads. To more accurately estimate real behavior, it is essential to include the ground region
as part of the structural system and analyze it in conjunction with the superstructure. Thus, the effects
of soil on the superstructure and vice versa must be considered, acknowledging that soil-structure
interaction reflects the mutual influence between the structure and the ground as a unified system.

Past earthquakes have shown how soil-structure interaction (SSI) can severely impact building safety
during seismic events. For instance, in the 1970 Gediz earthquake in Turkey, a factory 135 km from the
epicenter was destroyed while other nearby buildings remained intact. The destruction was due to a
resonance effect, where the building's vibration period matched that of the underlying soil. Similarly,
the 1999 Kocaeli earthquake in the Adapazari region demonstrated SSI's destructive potential by
causing numerous foundation failures due to either uplift or soil bearing capacity issues.

Soil - structure is very important especially for tall buildings resting on soils with low bearing capacity.
Therefore, this effect should be accurately reflected in the analysis. In order to accurately determine the
behavior of the structure and the soil under earthquake loads, the structure and the soil should be
modeled together.

Oz et al, 2020 investigated the seismic performance of 40 buildings constructed before and after the
implementation of Turkey's modern seismic design code in 1998, focusing on soil-structure interaction.
The researchers used non-linear time history analyses with 20 strong ground motions to assess seismic
response, and they modeled soil-structure interaction using the substructure method. Four soil
conditions, based on shear wave velocities, were considered: fixed-base, stiff, moderate, and soft soils.
Seismic displacement demands were calculated for both roof and story levels under these soil
conditions. In addition to time history analyses, static pushover analyses were performed to determine
capacity curves for each building, yielding drift ratios at yield and ultimate levels. The study compared
displacement demands and building capacities, evaluating the impact of soil-structure interaction on
building performance across different soil types and summarized the findings.

Karasin & Isik (2017) investigated how different soil conditions and building importance factors affect
the seismic performance of reinforced concrete (RC) buildings. They analyzed the seismic responses of
a 3-story school building in Celtiksuyu, Turkey, which collapsed during the 2003 Bingdl earthquake.
Their study involved eight numerical analyses, considering various soil types (21, Z2, Z3, and Z4) and
building importance factors (R4 and R8) as specified by the Turkish Earthquake Code: Principles on
buildings to be built in earthquake zones (TEC 2007). Using the SeismoStruct software for pushover
analysis, they examined the seismic responses in terms of base shear force and roof displacement. The
findings highlighted that soil conditions significantly impact seismic performance: as soil properties
shift from hard to softer soil, seismic displacements increase while base shear force decreases due to
reduced stiffness.
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Shehata et al. (2015) analyzed the effects of soil-structure interaction (SSI) on typical multi-story
buildings with raft foundations using three methods: equivalent static load, response spectrum
methods, and nonlinear time history analysis with nine different time history records. They compared
numerical results from SSI models under various soil conditions with those from fixed-base support
models. Their findings suggest that conventional design procedures, which do not account for SSI, may
be insufficient to ensure the structural safety of regular mid-rise moment-resisting frames on soft soil
deposits.

This study aims to investigate the impact of changing local soil conditions on building performance. To
achieve this, a case study is conducted on a six-story reinforced concrete (RC) building enhanced with
shotcrete panels and RC jacketing. The analysis is focused on the Tuzla region, where soil conditions
vary across soil classes ZA to ZD. A specific coordinate within this area was selected to represent the
building’s location, and the parameters for the analysis were determined based on this coordinate. The
analysis employs both a single-mode pushover analysis method and a nonlinear time history analysis,
in accordance with the latest version of the Turkish Earthquake Code: Building earthquake code of
Turkey (TEC2018). The reference structure is evaluated under the design earthquake level (DD-2).
Seismic performance assessments are conducted through parametric investigations considering
variations in soil properties and base conditions. Two distinct support scenarios are examined: (1) fixed
foundation and (2) flexible foundation conditions. The numerical results obtained are analyzed
comparatively with respect to roof displacement-base shear force relationships, vibration periods, inter-
story drifts, and damage levels in the ground story columns.

2. Analytical Model of Building Structure

The analytical study examines a two-dimensional (2D) frame of a six-story building, which represents
typical reinforced concrete (RC) frame structures in Turkey, designed according to the Turkish
Earthquake Code: Specifications for structures to be built in disaster areas (TEC1975). The building,
depicted in Figure 1, has uniform story heights of 3.5 meters and span lengths of 5 meters, with 15 cm
thick slabs. For retrofitting purposes, the two outer spans of the frame (AB and DE) are reinforced with
15 cm thick shotcrete panels, as illustrated in Figure 1b. The efficacy of this retrofitting method has been
previously evaluated by Teymur (2009) and Teymur et al. (2017, 2012).

A
Figure 1 The representative frame for a) bare frame, b) retrofitted frame, Teymur (2009)

The steel used is of grade S420a, while the concrete quality for the frame and shotcrete panels is C16
and C20, respectively. Detailed dimensions and longitudinal reinforcement of the columns and beams
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are provided by Teymur (2009) and Teymur et al. (2012). Specifically, all beams have a width of 300 mm
and a depth of 600 mm, with a concrete cover of 40 mm for both beams and columns. The lateral
reinforcement for the columns and beams comprises @10 bars spaced at 200 mm intervals.

The existing reinforced concrete (RC) bare building, designed according to outdated codes, exhibits
insufficient stiffness and strength, rendering it particularly susceptible to seismic excitation. This
vulnerability is evidenced by potential moment and shear failures occurring in the columns and beams
as can be seen in Figure 2. To address these issues, Teymur (2009) conducted both experimental and
analytical investigations into the feasibility of employing thin shotcrete panels to mitigate shear failure
in the surrounding non-ductile RC columns. This approach aims to enhance the lateral structural
performance by improving the lateral strength, stiffness, and ductility of the frames. The relationship
between base shear and top displacement, as established through the analysis, is illustrated in Figure 3.

¥ i ¥
Moment Shear
Figure 2. Damage mode of the bare frame
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Figure 3. Base shear-top displacement diagram

SeismoStruct, a nonlinear finite element analysis software, was utilized to develop the theoretical
models for the selected structure and to simulate the soil-structure interaction. A two-dimensional
reinforced concrete moment-resisting frame is analyzed under two distinct support conditions. The first
scenario assumes that the buildings are fixed at their bases, providing a rigid support condition. The
second scenario incorporates soil-structure interaction by modeling the foundation stiffness and
underlying soil stiffness as springs (i.e., foundation impedance) at each degree of freedom. The
structural elements are represented as frame elements, with beams modeled using T-shaped cross-
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sections and columns using rectangular cross-sections. To simplify the analytical model, slabs and infill
walls are excluded; their effects are integrated into the system by translating their loads to the
surrounding beams as uniform distributed loads.

Bilinear steel model is utilized to model the reinforcement and a uniaxial nonlinear constant
confinement concrete model is used for concrete. Inelastic infill panel element is used to model the
shotcrete panels. The details of these models can be found in SeismoStruct software manual.

Since Teymur (2009) analyzed the results using the previous version of the earthquake code (TEC2007),
it has been determined that retrofitting the building in accordance with TEC 2018, as illustrated in Figure
4, has to involve the implementation of reinforced concrete (RC) jacketing on the columns surrounding
the shotcrete panel. The thickness of the RC jacket is 15 cm.

Moment Shear
Figure 4. Analysis results of the retrofitted frame according to TEC (2018)

2.3. Modeling of soil-structure interaction

The element described for modeling the soil-structure interaction is a nonlinear macro-element model
used for analyzing soil-structure interactions in shallow foundations, based on Correia and Paolucci's
2019 research. This model simplifies the problem by treating both the footing and the soil as one macro-
element with six degrees of freedom (DOFs) in a 3D scenario. The macro-element is defined as a zero-
length link element, capturing the interaction through resultant forces and displacements. For ease of
explanation, the model focuses on a rectangular rigid footing subjected to a rocking moment and vertical
and horizontal forces (My, N, and Hx), as shown in figure 5.
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The uplift model described uses a nonlinear elastic-uplift approach that accounts for both elastic
behavior and degradation at the soil/footing interface due to permanent geometric changes.
Additionally, a bounding surface plasticity model is employed to accurately capture both the elastic-
uplift and plastic nonlinear responses occurring simultaneously.

The bounding surface in this macro-element model varies based on soil type and drainage conditions
during a seismic event. For undrained loading conditions, the ultimate bounding surface takes the shape
of a "scallop," as illustrated in the figure 6, showing its intersection in the H-N and M-N loading planes.
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Figure 6. Ultimate surface: "scallop” shape, SeismoStruct 2023

In examining the geologic conditions of the site, this study evaluates three distinct ground conditions
to assess their impact on the damage levels sustained by reinforced concrete (RC) buildings subjected
to strong ground shaking. The soil profiles considered align with the ZB, ZC, and ZD classifications
outlined in the TEC-2018 provisions. This approach allows for a comprehensive analysis of how varying
site conditions influence the structural response and damage potential during seismic events. The
dynamic interaction between the foundation and the underlying soils is typically modeled using three
fundamental soil characteristics: soil shear velocity (Vs), Poisson's ratio (v), soil shear modulus (Go), and
shear strength (cx). The mechanical properties of the chosen local soil profiles are detailed in Table 1.

Table 1. The mechanical properties of the selected local soil profiles

Local soil (Vs )30 Go \% (cu)30
types [m/s] [kN/m?] [kPa]
ZB 800 1280000 0,25 500
ZC 400 320000 0,35 255
ZD 200 68450 045 70
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The design elastic response acceleration spectrum, representing the design earthquake ground motion
level-2 (DD-2), is derived from the Turkish earthquake hazard map in a standardized format, assuming
a 5% damping ratio.

The elastic response spectra for the design earthquake (DD-2), considering the soil properties for soil
types ZD, ZC and ZB are illustrated in Figure 7.
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Figure 7. Elestic Response Spectrum for Soil Types a) ZB, b) ZC, c) ZD

Nonlinear dynamic time history analysis (NDTHA) is performed with Izmit Earthquake. Original and
matched earthquake records according to soil types used in the analysis are given in Figure 8.
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According to TSBC2018, DD-2 should meet the performance target of Controlled Damage (KH) under
the influence of earthquake ground motion. KH defines the inelastic behavior in which the cross-
sectional strength can be safely achieved. Target Displacement used for KH in the push over analysis
for each soil types is given in Table 2.

Table 2. Target Displacements

Local soil types Target Displacement [m]
Fixed Based SSI
ZB 0,039 0,039
zC 0,072 0,073
ZD 0,077 0,085

Target displacements for soil classes ZB and ZC are notably similar in both scenarios. Conversely, the
target displacement for the ZD soil type, which is softer relative to the other classes, is higher in the SSI
analysis. Softer soils possess lower stiffness, resulting in greater deformations under applied loads. This
increased flexibility facilitates enhanced movement of the structure during its interaction with the soil.

3. Seismic response of the structures

In this section, the seismic performance of the building is evaluated for different soil conditions using
single-mode pushover analysis and the nonlinear dynamic analysis. Both analyses employed a
distributed plasticity model to accurately capture the structural response. The analysis results are
interpreted comparatively, focusing on the relationships between base shear and roof displacement,
building vibration periods, inter-story drifts, and the damage states of the ground floor columns. This
comparative approach facilitates a comprehensive understanding of the structural performance under
different geological ground conditions.

The values of vibration periods of the buildings, T1 as well as the vibration due to SSI effects are
presented in Table 3.

Table 3. Variation in vibration period due to the SSI effects

Foundation Ti (s)
Type ZB ZC ZD
Fixed Base 0.434 0.434 0.434
SSI 0.436 0.440 0.456
Variation (%) 0.46 1.38 5.07

The results obtained from the modal analysis of the studied buildings indicate that soil-structure
interaction (SSI) increases the vibration periods of the reinforced concrete (RC) structures when
compared to fixed-base conditions, particularly in scenarios where the structures are founded on soft
soil classified as soil type ZD. This phenomenon occurs due to a reduction in the lateral stiffness of the
buildings, which is attributable to the deformable behavior of the underlying soil.

3.1. The SSI effects on the structural capacity

A single-mode pushover analysis is employed to assess the influence of soil-structure interaction (SSI)
on the overall behavior of the selected buildings under the design earthquake (DD-2). The buildings are
subjected to incremental loading until a specified target displacement is reached. To facilitate a clearer
comparison of the results, the capacity curves for both the compliant base (SSI) and fixed base (FB)
conditions are plotted on the same graph.
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Figure 9 illustrates the variations in pushover curves of buildings attributable to soil-structure
interaction (SSI) effects under different ground conditions.

When a structure rests on a compliant base (soil), the added flexibility and energy dissipation from the
soil result in larger displacements for the same applied force compared to a fixed base. This leads to a
softer pushover curve and a shift toward lower stiffness. In all soil conditions, the distinction between
fixed and flexible base scenarios is notably pronounced, demonstrating significant variations in the
structural behavior observed in single-mode pushover analyses. It can be concluded that the use of

single-mode pushover analysis has lead to an underestimation of the base shear response when soil-
structure interaction (SSI) is considered.
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Figure 9. Pushover curves; comparison between FB and SSI conditions for a) ZB, b) ZC, c) ZD soil
classes

3.2. The SSI effects on the inter-story drift ratios (IDR)

Figure 10 illustrates the variation in the inter-story drift ratio (IDR) due to soil-structure interaction (SSI)
effects produced by NDTHA. The figures clearly show that the impact of SSI becomes more pronounced
as soil properties transition from type ZB to type ZD. For soil type ZB, the analysis indicates no
significant difference between the fixed-base assumption and the inclusion of SSI effects.
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Figure 10. Inter-story drift ratios; comparison between FB and SSI conditions for a) ZB, b) ZC, c) ZD

soil classes

The inter-story drifts of the buildings decrease when soil-structure interaction (SSI) is considered in the
analyses, compared to their fixed base conditions. However, the observed effects are minimal and nearly
negligible for stiffer soil profiles (with shear wave velocities greater than 400 m/s). In contrast, as the
geotechnical conditions beneath the foundation transition to softer soil types (ZD), the effects of SSI
become significantly more pronounced.

3.3. The SSI effects on the top displacement

The top displacement versus time graphs for both the fixed base and soil-structure interaction (SSI)
scenarios subjected to the Izmit earthquake are presented in Figure 11. The displacement demands for
the infilled frame situated on ZD, ZC, and ZB soil conditions are 0.123m, 0.107m, and 0.046m,
respectively. However, when SSI is accounted for, the displacement demands decrease to 0.108m and
0.069m for the ZD and ZC conditions, respectively. Notably, the displacement demand remains
unchanged for the stiff soil condition, ZB.
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In fixed foundation scenarios, the structure is treated as a rigid unit, directly transmitting seismic forces,
which typically results in elevated displacements. In contrast, soil-structure interaction (SSI) facilitates
foundation movement, allowing the surrounding soil to absorb a portion of the seismic energy, thereby
reducing displacements. This reduction is particularly pronounced in stiffer soil conditions. However,
in the context of this study, the interaction between the foundation and the stiff soil (ZB) appears
minimal due to the soil's inherent resistance to deformation. Consequently, the structural response
resembles that of a fixed base condition, leading to comparable displacement demands.

3.4. The SSI effects on the base shear forces

The base shear versus time graphs for the frame subjected to the Izmit earthquakes are presented in
Figure 12. The shear force demands for the frame with a fixed foundation are recorded as 4569kN,
4072kN, and 2922kN for the ZD, ZC, and ZB seismic zones, respectively. In contrast, when soil-structure
interaction (SSI) is taken into account, the base shear demands decrease to 1718kN, 3133kN, and 2640kN
for ZD, ZC, and ZB, respectively.
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Figure 12. Base shear-time; comparison between FB and SSI conditions for a) ZB, b) ZC, c) ZD soil
classes

In a fixed foundation scenario, higher shear forces occur due to direct seismic load transmission. With
soil-structure interaction (SSI), the foundation absorbs and redistributes forces through the soil, leading
to energy dissipation and a more distributed force pattern. This dynamic interaction reduces peak
forces, resulting in a lower base shear compared to the fixed base case.

3.5. Effects of SSI on the damage mode of the system

The damage modes resulting from nonlinear time history analysis (NTHA) are illustrated in Figures 13
and 14, in accordance with code-based capacity assessments.

Code-based capacity assessments indicate that several columns and numerous beams reached their
bending moment capacities in fixed-base scenarios when situated on soft soil types such as ZD and ZC.
Furthermore, a limited number of columns and beams were observed to have attained their shear force
capacities. In contrast, the performance under ZB soil type suggests that the retrofitting technique is
effective. This analysis emphasizes the necessity for soil improvement measures in areas with soft soil.
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4. Conclusion

In this study, retrofitted reinforced concrete moment-resisting frame models were developed using the
SeismoStruct program to conduct nonlinear static and time history analyses of the soil-foundation-
structure system. Single-mode pushover analyses, in accordance with the TEC-2018 standard, were
performed by subjecting the buildings to the design earthquake level (DD-2), accounting for both
material and geometric nonlinearities. Various soil properties specific to the Tuzla region were
considered for the soil layer beneath the foundation, and the effects of soil-foundation interaction were
modeled using equivalent springs. The analyses were conducted for both flexible base (SSI system) and
fixed base conditions.

The capacity curves from static pushover analyses of both fixed-based and SSI indicate that in all soil
conditions, the distinction between fixed and flexible base scenarios is notably pronounced,
demonstrating significant variations in the structural behavior observed in single-mode pushover
analyses. It can be concluded that the use of single-mode pushover analysis has lead to an
underestimation of the base shear response when soil-structure interaction (SSI) is considered.

The influence of soil-structure interaction (SSI) on the vibration periods of all reinforced concrete (RC)
frame models varies according to geotechnical conditions, resulting in elongation of these periods
compared to fixed base conditions across different soil profiles. Consequently, the seismic displacement
demands also increase, potentially leading to a redistribution of internal forces, particularly pronounced
in soft soil profiles.

The investigation into changes in seismic demands involved comparing story drift ratios. The inter-
story drifts of the buildings decrease when soil-structure interaction (SSI) is considered in the analyses,
compared to their fixed base conditions. However, the observed effects are minimal and nearly
negligible for stiffer soil profiles (with shear wave velocities greater than 400 m/s). In contrast, as the
geotechnical conditions beneath the foundation transition to softer soil types (ZD), the effects of SSI
become significantly more pronounced.

Code-based capacity assessments reveal that many columns and beams reached their bending moment
capacities in fixed-base scenarios on softer soil types, like ZD and ZC. Additionally, a small number of
columns and beams also reached their shear force capacities. In contrast, good performance of
retrofitted structure on ZB soil suggests that the retrofitting technique is effective. This analysis
highlights the importance of soil improvement measures in regions with soft soils.
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Abstract

Automated technology of construction management "Building Manager" represents a groundbreaking
advancement in construction project management, leveraging state-of-the-art automated technology to
optimize efficiency, streamline processes, and enhance collaboration across all design and construction
operations facets. Rooted in a comprehensive network of interconnected software solutions, automated
technology "Building Manager" transcends traditional project management frameworks, offering
unparalleled automation, information integration, and resource optimization capabilities. Automated
technology of construction management "Building Manager" traces its origins to the innovative concept
of "Automated Technology" (AT), a paradigm shift in project management facilitated by the symbiotic
evolution of software systems. Originally conceived within the "Building Manager" software complex
framework, this automated technology embodies a transformative approach to project management,
characterized by its dynamic adaptability, robust information linkage, and relentless pursuit of
construction management automation. Central to AT's "Building Manager" ethos is its ecosystem of
interconnected software products, meticulously curated by diverse developers to synergistically
operate within a unified framework. Integrating these disparate systems transcends conventional
boundaries, facilitating seamless information exchange, standardized protocols, and enhanced
interoperability. This collaborative endeavor culminates in realizing a cohesive, multifunctional
platform capable of orchestrating complex construction projects with unparalleled precision.

Keywords: Scheduling, resource management, construction management, project collaboration, on-site
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automated technology of construction management, artificial intelligence, organizational and
technological modelling of construction; BIM, Industry 4.0, Digital Transformation of Construction
Management.

! Division of Sustainable Buildings, Department of Civil and Architectural Engineering, School of Architecture
and the Built Environment, KTH Royal Institute of Technology, Stockholm, Sweden

2 ADA Ltd, author of AT "Building Manager”, Ukraine

3 Digital construction working group, Eurasian Federation of Construction Engineers, Astana, Kazakhstan

34


mailto:dmytrochashyn@gmail.com

2nd International Symposium on Innovations in Civil Engineering and Technologies (ICIVILTECH 2024)

1. Introduction
1.1. Root causes of the main problem

Results of the Digital Transformation of Construction Management with automated technology of
construction management "Building Manager" must provide a realization of the encompassing myriad
of cutting-edge functionalities designed to revolutionize project management practices within the
construction industry. These include:
- BIM Integration and Structural Description: Leveraging Building Information Modeling (BIM), AT
"Building Manager" facilitates the precise formulation of work lists and scopes, augmented by
comprehensive structural descriptions of construction objects.
- Construction Network Modeling: Employing advanced approaches akin to expert systems, AT
"Building Manager" automates the formation of construction network models, optimizing resource
allocation and scheduling.
- Resource and Cost Estimation: Drawing upon a diverse normative base, AT "Building Manager"
generates accurate resource and cost characteristics, informed by production standards and
regulatory methodologies.
- Organizational and Technological Profiling: By delineating key parameters such as performers,
equipment, and composition, AT "Building Manager" enables meticulous organizational and
technological profiling of construction projects.
- Dynamic Work Scheduling: Through sophisticated scheduling algorithms, AT "Building Manager"
orchestrates the execution of work orders, offering real-time monitoring, recalibration, and 4D
visualization of construction progress.
- Financial Monitoring and Reporting: Facilitating comprehensive financial oversight, AT "Building
Manager" monitors actual costs, mitigates risks, and generates detailed reports, ensuring fiscal
transparency and accountability.

1.2. Main objective of the digital transformation of construction management and expected
outcomes of the use of AT “Building Manager”

Digital transformation of construction management seems to be a particularly important component of
Industry 4.0 technologies and should find its rightful place among these technologies (Abbasnejad
2024). AT "Building Manager" is not one software product, but a system of interconnected software
products of different developers, designed to achieve the main goal of the Digital Transformation of
Construction Management:
- Maximum automation and information linkage of all divisions of the design and construction
organization into a single system with complex and dynamic resources — time — costs estimation.
- The creation of this automated technology required considerable efforts from developers of all
software complexes included in AT, from the development and coordination of information
exchange protocols to the development of special software.
- Joint operation of software complexes of different purposes within the framework of a single
system not only systematized all information flows against the background of significant reduction
of labor intensity of separate processes (for example: calculation of estimates or formation of
network organizational and technological model of construction for calculations of calendar plans)
with the significant increase of information reliability level, but also has opened such opportunities,
which were unavailable when using these software complexes separately.
- Such capabilities include 4D-visualisation of the construction process (three-dimensional display
of the construction object on any day of the calendar plan with or without the fact of work
execution).
- Inclusion or not of different software complexes in AT "Building Manager" is not regulated by any
contract between developers, but is determined by functional capabilities of software products to
provide import and export of information with the use of information exchange protocols accepted
in AT "Building Manager".
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2. Method

The use of automated technology "Building Manager" in the processes of digital transformation of
construction management is undoubtedly subordinate to the general principles of automation of
construction management (Smith, 2020), (Lee, Han 2019). Automated technology "Building Manager"
belongs to the class of expert systems capable of automatically planning all work and resource flows for
the entire period of project implementation based on a digital information model with the use of
artificial intelligence.

Creating this automated technology required considerable efforts from developers of all software
complexes included in AT "Building Manager", from developing and coordinating information
exchange protocols to developing special software.

Joint operation of software complexes of different purposes within the framework of a single system
not only systematized all information flows against the background of significant reduction of labor
intensity of separate processes (for example: calculation of estimates or formation of network
organizational and technological model of construction for calculations of calendar plans) with the
significant increase of information reliability level but also has opened such opportunities, which were
unavailable when using these software complexes separately.

Such capabilities include 4D-visualisation of the construction process (three-dimensional display of the
construction object on any day of the calendar plan with or without the fact of work execution).
Inclusion or not of different software complexes in AT "Building Manager" is not regulated by any
contract between developers, but is determined by functional capabilities of software products to
provide import and export of information with the use of information exchange protocols accepted in
AT "Building Manager".

3. Results and Discussion

3.1. Resolving the Digital Transformation of Construction Management tasks with the use of AT
"Building Manager"

Automated technology of construction and reconstruction management AT "Building Manager" was
developed for the needs of enterprises of the construction complex. The solutions implemented in our
automated technology can be safely used in enterprises, where there is a task of realizing complex
projects with the participation of various executors and using a large nomenclature of material and
technical resources.

AT "Building Manager" automates practically all functions of design and construction organization
departments related to project development and construction management.

Our software complexes for project management provide:

1) Formation of the list and scope of work for individual objects from the BIM model along with the
implementation of the structural description of the object (implemented in the Solaris program - as part
of AT "Building Manager");

2) Automation of the formation of construction network models using approaches typical for expert
systems (systems with elements of artificial intelligence);

3) Formation of resource and cost characteristics of works (based on the normative base of user's
production standards or calculated according to the normative methods of EU countries);

4) Formation of organizational and technological characteristics of works (performers, composition,
machines, equipment, etc.);

5) Calculation of work execution schedules by single or consolidated (unlimited number of objects
in the plan) models taking into account the fact of fulfillment in comparison with the benchmark plan
and forming on their basis:

- 4D display of construction objects on any day of the calendar plan with the marking of works

that are behind the plan;

- delivery orders for specified and non-specified materials and equipment with daily monitoring

of their fulfillment;

- work orders with daily monitoring of the fact of their fulfillment and corresponding
recalculations of calendar plans;
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- financing schedules with monitoring of actual costs of the objects and financial results of
construction taking into account actual and planned costs as well as planned risks (inflation,
credits, etc.);

- generation of certificates of completed works (periodic accounting) with the export of the fact
of fulfillment to software complexes for calculation of estimates;

- generation of a report on writing off materials in comparison with production norms in
connection with accounting software complexes with the entry of actually expended materials
into the certificate of completed works.

"Time Stream" program complex is developed in two versions:

"TS Light" - is used to form a structured, technologically correct list of works in conjunction with the
Solaris program and without it. It acts as a block of calendar planning with the possibility of 4D display
of the construction or reconstruction of the object. Monitors the execution of work volumes with
recalculation of the calendar plan for the object taking into account resource constraints. Exports to the
volumes of completed or planned works in the period for automatic formation of certificates of
completed works or sets of works of the plan for the period.

"TS Professional" - is under development. It is supposed to realize all the functions of AT "Building
Manager". The new development will be deprived of such disadvantages of its predecessor as
restrictions on the number of list items, the impossibility of simultaneous opening of several bases and
objects, the inconvenience of the interface associated with transitions between modes, etc. The "Time
Stream" is not an upgrade of "TS Professional". "Time Stream" is not a modernization of "Building
Manager", but a completely new development based on the experience of 10 years of operation of
"Building Manager" and modern approaches to programming.

3.2. Comparative analysis of competing software complexes to AT 'Building Manager'

“Primavera P6”:
- Features: “Primavera P6” offers comprehensive project management capabilities, including
scheduling, resource management, and cost control.
- Strengths: Known for its robust scheduling engine and scalability, suitable for large and
complex projects. It also offers advanced reporting and analytics features.
- Weaknesses: Steep learning curve, high cost of ownership, and significant customization
required for integration with other software systems.
- Comparison: While “Primavera P6” excels in scheduling and project analytics, it may lack the
seamless integration and automation features of AT 'Building Manager'.
“Procore”:

- Features: “Procore” is a cloud-based construction management platform offering tools for project
management, collaboration, and field productivity.

- Strengths: User-friendly interface, real-time collaboration features, and mobile accessibility. It also
offers integrations with various third-party applications.

- Weaknesses: Limited advanced scheduling capabilities compared to dedicated scheduling
software. May lack in-depth financial management features.

- Comparison: “Procore” focuses more on collaboration and field management, whereas AT
'‘Building Manager' offers a broader scope of project management functionalities, including
advanced scheduling and financial monitoring.

Autodesk (Technological chain: Revit - Navis Works - MS Project):
- Features: Autodesk BIM 360 is a cloud-based platform for building information modeling (BIM),
project collaboration, and field management.

- Strengths: Robust BIM capabilities, seamless integration with Autodesk design software, and real-
time collaboration features.

- Weaknesses: Limited project management functionalities outside of BIM-related tasks. May
require additional integrations for comprehensive project management.

- Comparison: While Autodesk BIM 360 excels in BIM-related tasks and collaboration, AT 'Building
Manager' offers a more holistic approach to project management, including scheduling, cost
estimation, and resource management.

“Aconex”:
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- Features: “Aconex” is a cloud-based construction management platform offering document
management, communication, and project collaboration tools.
- Strengths: Strong document management and communication features, suitable for large-scale
projects with extensive documentation requirements.
- Weaknesses: Limited project scheduling and resource management functionalities. May lack
advanced analytics and reporting capabilities.
- Comparison: “Aconex” is renowned for its document management and communication features,
but it may not offer the comprehensive project management capabilities of AT 'Building

Manager' in terms of scheduling, cost control, and resource management.

Other competing software complexes: “Alice”, “Spider Project”.
The results of the comparative analysis of competing software complexes to AT 'Building

Manager' are shown in Table 1.

Table 1. The results of the comparative analysis of competing software complexes to AT 'Building
Manager'

Feature

Primavera P6

Procore

MS Project

Aconex

VICO Office

Scheduling

Gantt charts,
critical path
analysis, and

Gantt charts and
calendar views

Gantt charts, task
dependencies, and
critical path

Some basic features

Strong in 4D BIM
scheduling (time) with
features like flowline

resource leveling analysis scheduling
Zone of work - - - - Minimally/
related to tasks partially
and volume of
work
Resource Resource Basic resource Resource Limited functionality Detailed resource
Management allocation, management assignment, allocation and
leveling, and leveling, and optimization
analysis utilization
tracking
Cost control Budget tracking, Budgeting, Cost tracking and - Cost estimation cost
cost forecasting, forecasting, and budget analysis and forecasting
earned value change management management

management

Project Some features Real-time Basic features, Strong platform Good around BIM models.
Collaboration communication, file often integrated designed for IPD workflows
sharing, and RFI with other MS sharing
management tools documents,
drawings, and
communication
across teams
On site Limited features Strong - including Limited features Mobile access for on-  Limited -integrates with
management daily logs, site site management, other tools
inspections, and including document
punch list control and issue
management. tracking
Document Basic - integration Robust document Basic features, Excellent - strong Integrates well with
management with other Oracle management system,  enhanced through version control, document management
solutions for version control, integration with transmittals, and systems
enhanced automated SharePoint. secure document
functionality workflows, and sharing.
unlimited storage.
Mobile access Limited - mostly Strong - Basic - through Good - with Limited native mobile
desktop-focused. comprehensive apps mobile apps, can dedicated apps access, relies on
for both iOS and be integrated with integration
Android Microsoft 365
BIM Integration with Strong - model Limited direct Strong - Aconex Exceptional 3D, 4D, and
Interoperability Oracle’s Aconex coordination, clash BIM Model Coordination 5D BIM. detailed model
BIM solution detection, and interoperability allows integration coordination, clash

visualization with BIM models and detection, and cost
tools estimation linked to the
BIM model.
Import formats XER, XML, MPX, CSV, XLSX, MPP, XML, MPX, CSV, PDF, IFC,
CSV, MPP PDF, DWG, DXF, CSV, XLSX DWG, DXF, IFC DWG, DXF, CSV, XML
IFC
Export formats XER, XML, CSV, CSV, XLSX, MPP, XML, MPX, CSV, PDF, IFC,
HTML, PDF, MPP PDF, DWG, DXF, CSV, XLSX, PDF DWG, DXEF, IFC, DWG, DXF, CSV, XML
IFC XML
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3.3. Case study (brief results)

One such project, in which the expert system Building Manager was used for work planning, was the
“Hanhikivi-1” nuclear power plant project. With the help of the Building Manager, several options for
the construction of the NPP were modeled. Thanks to variable modeling, finding the most rational way
of constructing the NPP was possible, which allowed to reduce the planned construction period by 12
months.
The expected savings from reducing the construction time for objects costing more than 1 billion euros
is 7-10% of the construction cost.
Modeling using the expert system Building Manager made it possible to find a variant of construction
of NPP "Hanhikivi-1" (Finland) 12 months earlier than the planned work schedule and to justify the
technological feasibility of this variant. This was achieved in the following way:
1. The nodal method of construction (AWP- Advanced Work Package) was applied with the
help of which structurally and technologically separate parts were allocated in the information
model of the nuclear power plant, allowing the adjustment of separate technological units
taking into account the order of their commissioning (Ryan 2017).
2. A variant of the main building construction using Open-Top technology was adopted - when
the installation of heavy and large-size equipment was carried out together with general
construction works.
3. To perform construction and installation works in parallel, a decision was made to create a
zone with completed finishing works and climate control in the premises of the main building,
which was half built.
4. The performed preparatory works determined the order of erection of buildings and
structures. For the formation of the calendar-network construction model, the automated
technology Building Manager was used, with the help of which the flows of works and
resources (machines and mechanisms, labor resources by specialties) were modeled and
synchronized.
5. Work and resource flows were analyzed, ways of their optimization were determined for the
entire complex of buildings and structures, taking into account all project constraints
(technological, spatial, climatic, resource, organizational) - and appropriate changes were made
to the technology of construction of buildings and structures. Taking these changes into
account, work, and resource flows were remodeled and synchronized with each other by using
the automated technology Building Manager.
6. Ways of local optimization of works that are on the critical path of the calendar-network
model of construction were found. Optimization of workflows with the help of automated
technology Building Manager was performed. The resulting construction variant was shorter
by 12 months of the planned work schedule and used the project resources more rationally.

Discussion

Each of the competing software complexes brings unique strengths to the table, catering to specific
aspects of construction project management. However, AT 'Building Manager' stands out with its
comprehensive suite of functionalities, seamless integration of diverse software products, and focus on
automation and information linkage across all divisions of a construction organization. Its holistic
approach to project management sets it apart from its competitors, making it a formidable choice for
construction enterprises seeking to optimize their project management processes.

It should be noted that for the successful application of automated technology "Building Manager"
requires a certain level of standardization of a limited list of parameters of BIM models used to
determine the type of work and the calculation of their volumes. Inconsistency in item parameter lists
may require additional labor costs to prepare the BIM model for use. In case of non-compliance with
the list of parameters to the standard one, the total labor intensity of preparation of initial data for
calculations increases, but it is still much less than the labor intensity when using traditional
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technologies. Standardization of the list of parameters of elements of BIM models can be local (within
the group of project participants) or within the firm or industry standard especially within the
framework of the Industry 4.0 concept. To a large extent, bringing the names of an arbitrary list of
parameters of BIM model elements to the standard (accepted in the system) is automated by a special
software module of the system.

4. Conclusion

The adoption of AT "Building Manager" yields tangible economic benefits, including a notable
reduction in labor intensity and construction costs. Empirical evidence from successful implementations
underscores its efficacy in delivering substantial cost savings and operational efficiencies across a
spectrum of construction and reconstruction projects.

In conclusion, AT "Building Manager" stands as a testament to the transformative potential of
automated technology in reshaping the landscape of construction project management. By fostering
collaboration, innovation, and efficiency, it empowers organizations to navigate the complexities of
modern construction projects with confidence and precision.

Using AT "Building Manager" in the Digital Transformation of Construction Management processes
and processes of Industry 4.0 allows stakeholders to approach the significant economic effect: a
reduction in the labor intensity of design and management processes by 25-30% and, a reduction in
construction or reconstruction costs by 20%. This economic effect has been confirmed by the successful
implementation of many construction and reconstruction projects.
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Abstract

Sustainability standards are changing in many industries, including the building industry,
because of the European Union's comprehensive policy program known as the European
Green Deal, which aims to achieve carbon neutrality by 2050. This study investigates the
interactions between the policies of the European Green Deal and the requirements of the
worldwide known LEED rating program for green buildings. In addition, the research
examines how LEED standards are affected in order to meet Europe's ambitious
environmental goals by examining important Green Deal components, including energy
efficiency, the circular economy, and carbon neutrality. The study aims to investigate the
impact of the European Green Deal and Circular Economy standards in terms of the building
sector on the recently developed LEED version 5 (v5) criteria.

Keywords: European green deal; circular economy; LEED; green building certificate
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1. Introduction

The European Green Deal has been launched by the European Union (EU) in December 2019 to make
Europe the first climate neutral continent by 2050. It aims to protect, conserve and enhance the EU’s
natural capital, and protect the health and well-being of citizens from environment related risks and
impacts (Soares, 2024). One of the main goal of the European Green Deal is to reduce greenhouse gas
emissions (GHGs) by at least 55% by 2030, compared to 1990 levels to accomplish the key indicator of
the Paris Agreement and European Climate Law (Brinkman, 2024).

In the analysis of the industries that are responsible for the emission of greenhouse gases, it is discovered
that the building industry is ranked fourth (IEA, 2023). To achieve net zero emission goals by 2050,
GHGs in the construction sector also need to be reduced. At this point, Article 2.1.4 of the European
Green Deal, “Building and renovating in an energy and resource efficient way”, emerges to achieve this
aim. According to the Article 2.1.4. the construction, use and renovation of buildings require significant
amounts of energy and mineral sources (European Commission, 2021). For this reason, it has been stated
that renovation of buildings rather than new construction will reduce resource use and energy
consumption and thus reduce GHG emissions. Buildings constructed by applying circular economy
requirements in new and renovated buildings should be included in the system as buildings that have
different functions for many years, are resilient to different climatic conditions, have low energy and
water consumption and even can produce on-site.

The objective of new and renovated buildings to commit to sustainable practices and minimize energy
and waste usage has led to the establishment of a system known as "green building certification
systems" in the industry (Greer et al., 2019). Various green building certification systems exist globally.
These are LEED (Leadership in Energy and Environmental Design), BREEAM (Building Research
Establishment Environmental Assessment Method), WELL Building Standard, DGNB (Deutsche
Gesellschaft fiir Nachhaltiges Bauen), CASBEE (Comprehensive Assessment System for Built
Environment Efficiency), Green Star, etc. A common objective of all green building certification systems
is to decrease energy and resource consumption in accordance with the goals outlined in the European
Green Deal (European Commision, 2021) and Circular Economy (Arruda et al., 2021) to give priority to
user comfort, and to guarantee sustainability objectives by delivering buildings with long-term
functionality.

This study aims to demonstrate the influence of the European Green Deal and Circular Economy
requirements on the LEED green building certification systems. The circular economy (CE) concept
promises an alternative to the current linear economy of ‘take-make-use-dispose’ (Eberhardt et al., 2022)
and it offers requirements such as waste management, reuse, recycle, life cycle assessment (LCA), etc.
to achieve sustainability goals and green building standards. In this study, the LEED certification system
has been selected due to its being the world’s most widely used certification program with 197000
projects worldwide (USGBC). It is known that both of the LEED and the European Green Deal pay
attention to the subjects such as material selection (Gurgun et al., 2015), energy efficiency (Rebelatto et
al.,, 2024), water efficiency (Luo et al., 2021), waste generation, GHG emissions to evaluate the buildings’
sustainability level within the scope of circularity. Thus, the study aims to investigate the impact of the
European Green Deal and Circular Economy standards in terms of the building sector on the recently
developed LEED version 5 (v5) criteria.
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2. Material and Method
2.1. Data Collection

This study based on qualitative research on exploring correlation between LEED certificates’ credits
with the European Green Deal and Circular Economy requirements for building sector. To reach the
research aims, data were obtained from USGBC’s (United States Green Building Council) web site,
articles of the European Green Deal and observing the requirements of the “Circular Economy” by
searching on academic databases. The latest version of the LEED certification system, LEED v5, were
examined by considering the category of Building Design and Construction: New Construction (BD+C).
First, the requirements of this category were tabulated, and then the relationship between the obtained
data and the European Green Deal and Circular Economy were revealed via interaction matrix (Hill,
1971).

LEED v5 is the newest certification system which requires different credits than the previous ones. The
new credits have been presented to public between April 3-May 24, 2024, to get the stakeholder’s
feedback before releasing the certificate. LEED v5 pay more attention to climate change, decarbonization
and ecological conservation and renovation (USGBC). The revised and developed credits of LEED v5
BD+C: New Construction were listed in Table 1. The prerequisite credits are shown in bold. The
prerequisite credit means that; in case of applying for a category, if the category has requirements, these
requirements must be achieved first. In other words, it is not possible to get points for the certification
before achieving the prerequisites.

Table 1. LEED v5. BD+C:New Construction Credits (USGBC)

Integrative a .
Process, Location& Sustainable Water Energy& Materials& In oor Prf)]e,c t
A . . .. R Environmental Priorities&
Planning and | Transportation | Sites Efficiency Atmosphere esources Quality Innovation
Assessments
Integrative Ind Proi
Process, Location& Sustainable Water Energy& Materials& naoor roject
A . . .. Resources Environmental Priorities&
Planning and Transportation | Sites Efficiency Atmosphere Quality Innovation
Assessments
Minimum
Carbon . Minimized .
A t Active Travel Sit Water Energy Metering | Assess Embodied | Building ]AECE:Z dited
ssessmen Facilities e Efficiency | &Reporting (R) | Carbon (R) Accessibility (R) ‘
R)* Disturbance(R) ® Professional
. Water
Climate Compact and - . Fundamental Planning for Zero .
s Resilient Metering c . Fundamental Air | Project
Resilience Connected . . Commissioning Waste Operations . o
Site Desing (R) | and R Quality (R) Priorities
Assessment (R) | Development Report (R) (R) ®)
epor
Social Enhanced Fundamental i
. Electric Accessible . Building& No S.mokmg or
Equity . Water Refrigerant . Vehicle
Vehicles Open Space - Materials Reuse Idling (R)
Assessment (R) Efficiency Management (R) ng
Water L.
. . Enhanced . Minimum Construction and
Integrative Equitable e . Metering and - Air Quality Testing
Design Process | Development Resilient Site Leak Energy Demolition Waste and Monitoring
1 'V . .
& P Design Detecti Efficiency (R) Diversion
etection
Operational
. Carbon
Sensitive Land | Heat Island ... Low-Emitting Connecting with
X . Water Reuse | Projection and .
Protection Reduction o Materials Nature
Decarbonization
Plan (R)
Light Pollution
Transportation | and Bird Electrificati Optimized Enhanced Air
Demand Collision ectritication Building Products Quality
Reduction
Protect and
Restore Enhance Energy Reduce Embodied | Enhanced Building
Biodiverse Efficiency Carbon Accessibility
Habitat
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. Enhanced

Rainwater . Occupant
Refrigerant .

Management Experience
Management
Enhancedé&
Ongoing Resilient Spaces
Commissioning

Table 1 (continue). LEED v5. BD+C:New Construction Credits (USGBC)

Grid Interactive

Reduce Peak
Thermal Loads

Renewable
Energy

*R means “Required Credit”

On the other hand, the European Green Deal’s requirements for building sector have been listed and

presented in Table 2. The subjects are detailed under 8 main headings and presented in the table. Each

main heading has been clarified upon, with the requirements clearly stated.

Table 2. European Green Deal Requirements for Building Sector (European Commission, 2021)

1. Energy Efficiency:

Improve energy performance of building

Double the renovation rate of buildings by 2030

Improve energy efficiency in buildings

2. Decarbonization of

Using renewable energy resources for heating and cooling

Heating and Cooling
e By 2030, newly built structures should be nearly zero-energy
buildings (NZEBs), highly efficient, and powered primarily by
renewable energy sources.
3. Energy . Iy -
e Existing buildings are encouraged to adopt NZEB standards via
Performance of .
.11 renovation.
Buildings

Minimum energy performance standards are mandated for new
buildings, and member states are required to develop long-term
renovation strategies.

4. Sustainable
Building Materials

The utilization of sustainable, recyclable, and environmentally
friendly building materials aims to minimize the carbon footprint
associated with construction and renovation activities.

Life-cycle assessments (LCA) of buildings evaluate their
environmental impact throughout their entire lifespan,
incorporating circular economy principles.
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Table 2 (Continue). European Green Deal Requirements for Building Sector (European Commission,

2021)

5. Smart Buildings

¢ Encouraging the incorporation of intelligent technologies in
buildings to enhance energy utilization, increase efficiency, and
facilitate demand-response in energy systems.

and Digitalization

o Utilization of smart meters, building management systems, and
various digital tools for the monitoring and reduction of energy
consumption.

6. Sustainable

¢ Minimizing transportation emissions and achieving sustainable
transport solutions

Transportation

e Promoting the adoption of low-emission vehicles and expanding the
infrastructure for vehicle charging stations.

e Preservation of biological diversity

7. Ecosystem

e Sustainable re- and afforestation, along with the restoration of
degraded forests, enhances CO: absorption, bolsters forest resilience,
and supports the circular bioeconomy.

e To protect the citizens and ecosystems of Europe, the EU must
enhance its monitoring, reporting, prevention, and remediation of
pollution affecting air, water, soil, and consumer products.

e The natural functions of ground and surface water must be restored

8. Clean Air

¢ Monitoring, modeling, and developing air quality plans to assist

local authorities in accomplishing improved air quality.

Within the scope of the study, Table 3 outlines the 11 principal topics identified for the achievement of

a circular economy within the construction sector. Each main category is subdivided into specific

requirements for achieving circular economy in the construction sector.

Table 3. Circular Economy Requirements for Building Sector

1.Design for
Disassembly
and Reuse

Modular Design: Buildings should be constructed in a way that enables
components to be readily disassembled and repurposed in new
constructions or renovations.

Material Passports: A material passport is a document that records the
categories, quantities, and qualities of materials used in a building,
thereby enabling their future reuse or recycling.

2. Use of Recyclable
and Recycled Materials

Sustainable Material Selection: Materials that are easily separated for
recycling, have little effect on the environment, and are recyclable should
be prioritized.

Recycled Content Integration: The demand for natural resources can be
reduced by incorporating materials that have been recycled from previous
projects into buildings.

3. Resource Efficiency
in Construction

Minimizing Waste: To minimize material waste, such as off-cuts and
packaging, construction processes should be optimized.

Resource Efficiency: The design and construction process should
prioritize the reduction of the building's overall environmental impact by
utilizing fewer materials and energy.
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Table 3 (continue). Circular Economy Requirements for Building Sector

4. Longevity and
Adaptability

Durability: To ensure that buildings stay relevant and useful for long
periods of time, materials and construction methods should be
selected based on their longevity.

Adaptability: To minimize the need for demolition and new
construction, buildings should be made to be able to adapt to various
uses over time.

5. Circular Business
Models

Product-as-a-Service: Supporting business models that lease rather
than sold building materials or components, encouraging their
recycling or reuse.

Take-back Strategies: To guarantee that materials and components
are recycled back into the production cycle, manufacturers and
suppliers are urged to design take-back plans for them when their
useful lifespans come to an end.

6. Deconstruction over
Demolition

Selective Deconstruction: As an alternative to conventional
demolition, structures ought to be dismantled with great care to
preserve as many components as possible for recycling or future use.

Reducing Landfill Use: The goal is to decrease the amount of waste
directed to landfills by maximizing the recovery and repurposing of
materials.

7. Circular Economy
Principles in Building
Codes and Standards

Regulatory Support: Building standards and regulations must
incorporate  circular

sustainability is addressed throughout the building lifecycle.

economy principles, guaranteeing that

Performance Standards: Developing requirements that account for the
whole life-cycle effects of buildings, encompassing their deconstruction
and potential for material reutilization.

8. Life Cycle Assessment
(LCA)

Environmental Impact Assessment: To assess a building's
environmental impact from construction to demolition and material
recovery, a life cycle assessment is recommended.

Reduced Carbon Footprint: Including embodied carbon in materials,
the LCA should be focused on reducing the building's carbon footprint
over its whole life.

9. Encouraging Circular
Procurement

Sustainable Procurement Policies: Public and private organizations
should implement guidelines for procurement that give priority to
circular products and solutions.

Lifecycle Costing: account for the
comprehensive cost of ownership, encompassing future reuse,
recycling, and disposal expenses.

Decision-making must

10. Collaboration Across
the Value Chain

Collaboration Among Stakeholders: Encouraging cooperation
between waste management firms, architects, designers, contractors,
and material suppliers to develop closed-loop systems.

Knowledge Sharing: Encouraging the sharing of innovative ideas,
research, and best practices in circular architecture and construction.

11. Digital Tools and
Innovation

Building Information Modeling (BIM): Planning, designing, and
managing buildings in a way that encourages the circular economy
principles using BIM and other digital tools.

Material Innovation: Encouraging the development and application of

novel materials with extended life spans or ease of recycling.
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3. Results and Discussion

Within the context of the research, the interactions between;
e The LEED v5. BD+C:New Construction Credit Categories and The European Green Deal

Requirements

e The LEED v5. BD+C:New Construction Credit Categories and The Circular Economy

Requirements

have been listed in Table 4 and 5 orderly.

First the interaction matrix has been presented in Table 4 to show the correlation between The European
Green Deal Requirements and LEED v5. BD+C: New Construction Credit Categories. Each LEED v5.
BD+C: New Construction Credit’s subcategories have been interacted with the European Green Deal
Requirements (Table 2). In case of even having an interaction for a subcategory, it is indicated by the

symbol “v”.

Table 4. The Interaction Matrix of The European Green Deal Requirements and LEED v5. BD+C: New
Construction Credit Categories

LEED v5 BD+C:
ew Construction ) Project
Credit Integratlve- Location& Sustainable | Water Energy& Materials& Ind(?or Priorities
. Process, Planning ) . L Environmental
ategories dA " Transportation | Sites Efficiency | Atmosphere | Resources Qualit &

E and ssessments uality Innovation

uropean Green
Deal Requirements
1. Energy Efficiency: v v v v v
2. De.carbonizatiorhl of v v v v v
Heating and Cooling
3.E Perf ce of

‘ne‘rgy erformance o v v v v
Buildings
4. Sustainable Building
. v v

Materials
5. Smart Buildings and

Jomart BHnang v v v v v v
Digitalization
6. Sustainable

. v v v

Transportation
7. Ecosystem v v v v v v v
8. Clean Air N v v v

Interaction Points

Integrative Process,
Planning and
Assessments

Locationd
Transportation

Water Efficiency

LEED v5 BD+C: New Construction Categories

Energy& Atmosphere

Materialsé
Resources

5
4
3
2 I I
o

Sustainable Sites

Indoor Envnrunmental

Quality

Project

Priorities&Innovation

Figure 1. The Interaction Points of LEED v5. BD+C: New Construction Categories and The European
Green Deal Requirements for The Building Sector
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In Figure 1, the achieved interactions were shown as earned points. It has seen that the "Integrative
Process, Planning and Assessments" category demonstrates the most significant influence on the
implementation of the European Green Deal requirements, getting 8 points. The reason behind that is
the "Integrative Process, Planning and Assessments" category has subcategories such as “Carbon
Assessment, Climate Resilience Assessment, Social Equity Assessment and Integrative Design Process”
which are directly related with the European Green Deal requirements. In particular, the “Integrated
Design Process” category’s requirements for decarbonization, energy efficiency, sustainable material
use and ecosystem protection during the pre-design phase and throughout the design phases of
construction projects resulted in it receiving the highest score. Furthermore, the categories of “Energy
& Atmosphere,” “Materials & Resources,” and “Indoor Environmental Quality” each obtained 6 points,
indicating that 75% of the European Green Deal requirements have been met. Also, it was seen that the
“Project Priorities & Innovation” category couldn’t get any point. Because the subcategories that are
working with a “LEED Accredited Professional” and “Project Priorities” don’t require any
decarbonization or energy efficiency implementation.

In the Table 5, the interaction between Circular Economy Requirements (Table 3) and LEED v5. BD+C:
New Construction Credit Categories (Table 1) have been listed. Each LEED v5. BD+C: New
Construction Credit’s subcategories have been interacted with the Circular Economy Requirements.
Interactions within a subcategory are indicated by the symbol “v” when at least one interaction is
present.

Table 5. The Interaction Matrix of The Circular Economy Requirements and LEED v5. BD+C: New
Construction Credit Categories

LEED v5 BD+C:
ew Construction
Credit Integrative A
. Process, Location& Sustainable | Water Energy& Materials& Indc?or Pr'O]e.ct'
ategories Planni d . . . Environmental | Priorities&
anning an Transportation | Sites Efficiency | Atmosphere | Resources . .
Circular Assessments Quality Innovation
Economy
Requirements
Design for
Disassembly and N v
Reuse
Use of R labl d
se o ecyca.ean v v v
Recycled Materials
R Effici i
esource . ciency in v Y v v v
Construction
L it d
ongevi .y-an v Y Y v
Adaptability
Circular Business
Models v v
Deconstruction over
.. v v
Demolition
Circular Economy
Principles in Building v v
Codes and Standards
Life Cycle
Assessment (LCA) v v v v v v v
E ing Circul
ncouraging Circular v v v v v v v
Procurement
Collaboration Across v v
the Value Chain
Digital Tools and
N v v
nnovation
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LEED v5 BD+C: New Construction Categories
Figure 2. The Interaction Points of LEED v5. BD+C: New Construction Categories and Circular
Economy Requirements for The Building Sector

Figure 2 illustrates that the "Integrative Process, Planning and Assessments" category displays the most
major impact on the implementation of Circular Economy requirements within the building sector. The
"Integrative Process, Planning and Assessments" category has requirements at the beginning of the
project by design phase and it allows to join the stakeholders to the project at beginning of the project.
During the design phase, it enables designers develop deconstruction and demolition plans, utilize
recycled and renewable resources, conduct life cycle assessments (LCA) of the project, evaluate the
durability of selected building materials, and create a waste management plan to mitigate
environmental impacts from the very beginning of the project. Thus, this category meets all the needs
of the circular economy requirements for building sector by deciding at the design phase. The
interaction achievement has been followed by the “Materials and Resources” category with 9 points.
The subcategories of the “Materials and Resources” category are mostly related with; planning for zero
waste operations, reuse of building materials, construction and demolition waste management,
reducing embodied carbon in buildings, using low-emitted building materials. Each of these
subcategories have relation with the Circular Economy requirements which are listed in Table 3.

4. Conclusion

The impact of the European Green Deal and Circular Economy on LEED v5 BD+C: New Construction
certification draft has been investigated for the building sector within the scope of this study. Within
the aim of the study, the LEED v5 BD+C: New Construction requirements have been interacted with the
requirements of the European Green Deal and Circular Economy for the building sector separately. The
study reveals that the “Integrative Process, Planning and Assessment” category of the LEED v5 BD+C:
New Construction has high interaction with both the European Green Deal and Circular Economy
requirements for construction projects. This is since the "Integrative Process, Planning and Assessment”
category requires integrative design processes, which allow the analysis and determination of the
projects' needs at the beginning.

On the other hand, the “Materials&Resources” category ranked second for both European Green Deal
and Circular Economy interactions. Each sub-credit within the "Materials & Resources" category
imposes requirements such as the utilization of recycled materials, the reuse of materials from previous
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structures, the use of low-emission materials, the reduction of embodied carbon, the pursuit of zero
waste operations during construction, and the assessment and mitigation of embodied carbon. Most of
the requirements of the European Green Deal and Circular Economy are required by this category.
Other LEED BD+C:New Construction categories are mostly related with increasing the quality of life
by applying smart building meters such as monitoring the water consumption and air quality of
buildings. Additionally, the Location & Transportation category focuses on reducing fossil fuel
consumption by encouraging the use of electric vehicles and public transport, aligning positively with
the European Green Deal. Accordingly, this study reveals that the LEED project categories contain the
European Green Deal and Circular Economy requirements for building sector. Applying a LEED project
allows the automatic implementation of the European Green Deal objectives, including the reduction of
carbon emissions, enhancement of energy efficiency, utilization of smart building materials, promotion
of sustainable transportation, ecosystem protection, and the adoption of renewable energy sources for
heating and cooling needs in buildings. Also, the circularity requirements, including design for
disassembly and reuse, utilization of recycled materials, development of waste management and
demolition plans, and collaboration with stakeholders, would be inherently achieved through the
implementation of a LEED project.
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Abstract

In this study, hydrological drought analysis was carried out with the Streamflow Drought Index (SDI)
using data of two flow observation stations in the Kizilirmak Basin, which is the longest river that
originates within Turkey's borders and flows into the sea within its own borders. Using monthly flow
data between 1985 and 2015, 3-, 6-, 9- and 12- months SDI values were calculated and then drought
severity and duration analysis was performed with Run Theory for these stations. As a result of the
analyses, it was observed that station E15A038 had a longer and more severe drought than station
E15A035.
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1 Faculty of Technology, Isparta Applied Sciences University, Isparta, Turkiye
2 Faculty of Engineering and Natural Sciences, Kirikkale University, Kirikkale, Turkiye
3 Faculty of Engineering and Natural Sciences, Suleyman Demirel University, Isparta, Turkiye

52


mailto:tahsinbaykal@kku.edu.tr

2nd International Symposium on Innovations in Civil Engineering and Technologies (ICIVILTECH 2024)

1. Introduction

Drought can generally be defined as a natural disaster that causes environmental, economic and social
problems because of precipitation falling below the long-term mean value in a region. When
meteorological, hydrological, agricultural and socioeconomic droughts are examined in order of
occurrence, meteorological drought is observed as a deficiency in precipitation from the mean, while
hydrological drought is seen as a deficiency in surface and ground water. Agricultural drought occurs
as a loss of productivity when plant water needs cannot be met because of lack of soil moisture. As a
result of loss of productivity, socioeconomic drought occurs when supply cannot meet demand.

Many studies have been conducted on the analysis of hydrological drought in Tiirkiye and in the world
(Tareke and Awoke, 2022; Malik et. al, 2021; Simsek, 2021; Jahangir and Yarahmadi, 2020). Tabari et al.
(2012) conducted hydrological drought analysis with ECM for 3-, 6-, 9- and 12-month periods using the
data of 14 flow observation stations in the northwest of Iran in the period between 1975 and 2009. They
found that extremely dry periods in a 12-month period occurred in 1997-1998 and 2008-2009 and all
stations were affected by extreme droughts. Glimiis et al. (2017) performed hydrological drought
analysis using SDI for flow data between 1954 and 2005 from four streamflow gauging stations in the
Asi Basin. They determined the severity, magnitude, and distribution of SDI values for 3-, 6-, and 12-
month periods. They found that the number of dry years between 1980 and 2005 was much higher than
the number of dry years between 1954 and 1979. They also stated that the extremely dry years were
2000 and 2001. Ozfidaner et al. (2018) made drought analysis using SDI for the monthly mean flow
values of two stations for the Seyhan Basin between 1967 and 2007. In their analysis for 3-, 6-, 9- and 12-
month periods, they obtained similar results for 9- and 12-month periods. Myronidis et al. (2018) carried
out hydrological drought analysis with SDI for rivers in Cyprus. For the analysis, streamflow data of
eleven streamflow gauging stations covering the years 1979 - 2013 were used. Additionally, they found
that drought increased over time with the Mann Kendall trend test.

In this study, it was aimed to perform hydrological drought analysis in the Kizilirmak Basin in 3-, 6-, 9-
and 12- month periods using the streamflow drought index for E15A035 and E15A038 streamflow
observation stations between 1985-2015. Also, run theory was used to determine drought duration and
severity in dry and wet periods. Thus, it will be tried to describe the similarities and differences in terms
of duration and severity of dry periods in these stations representing different topographic,
meteorologic and hydrologic characteristics of the basin.

2. Material and Method
2.1. Study Region and Data

The basin of the Kizilirmak River, which originates from the foothills of Kizildag in the Imranli district
of Sivas in Turkey and contains important water resources flowing into the Black Sea in the Bafra district
of Samsun, was chosen as the study area (Figure 1). The basin of the Kizilirmak River, which originates
from the foothills of Kizildag in the Imranl district of Sivas in Turkey and contains important water
resources flowing into the Black Sea in the Bafra district of Samsun, was chosen as the study area.
Kizilirmak basin, which is the second largest basin in Turkey, has an area of 82.205 km?2. The basin,
located between 41°- 44' and 38°- 25' northern latitudes and 32°- 48' and 38°- 25' eastern longitudes, is
surrounded by the Western Black Sea and Sakarya Basins in the west, the Konya Closed Basin in the
southwest, the Seyhan Basin in the south, the Euphrates and Tigris Basins in the southeast, and the
Yesilirmak Basin in the east (TOB, 2023). Statistical information for E15A035 and E15A038 stations
selected in the study are given in Table 1.
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Table 1. Descriptive statistics of the stations

Stations Mean (m3/s) Min (m?/s) Max (m3/s)
E15A035 1065.14 42.24 10327
E15A038 207.35 8.714 1649.3
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Figure 1. Study region
2.2. Run Theory

Run theory, introduced by Yevjevich in 1967, is employed to identify the severity and duration of
drought when a random variable X falls below a specific threshold value Xo. According to run theory,
if X(t) remains continuously above Xo over a chosen time interval At, this period is referred to as a
positive run (wet period). Conversely, if X(f) remains below Xy, it is defined as a negative run (dry
period). Figure 2 illustrates the concept of run theory, where S1 and Sz represent drought severity,
while D1 and D2 indicate drought duration.

Xi
A

D1 D2

Xo t
S1 Sz

Figure 2. The concept of run theory
2.3. Streamflow Drought Index
Streamflow Drought Index (SDI), developed by Nalbantis (2008), is used to determine hydrological
drought with monthly mean streamflow values. The SDI value is calculated with Equation 1, where Vix

(m?3/s) is the cumulative stream flow in different periods from k=1 to 4, /& is the mean of cumulative
streamflow for the reference period, Sk is its standard deviation and N is number of year.
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3. Results and Discussion

In this study, the severity and duration of hydrological droughts at stations E15A035 and E15A038
located in the Kizilirmak Basin were analyzed using Run Theory. For this purpose, firstly, the
Streamflow Drought Index (SDI) values were calculated for the 3-, 6-, 9- and 12-months periods using
the monthly total flow data for the 1987-2015 water years. Then, Run Theory was applied to the SDI
values to obtain the drought severity and duration values. The threshold value was selected as “0” in
Run Theory. The time series of the SDI values for the 3-, 6-, 9- and 12-months periods for station E15A035
are presented in Figure 2.

Upon examining Figure 2, it can be observed that the longest drought durations were as follows: 23
months between April 2003-February 2005 in the 3- month period; 40 months between November 2001-
February 2005 in the 6- month period; 37 months between February 2002-February 2005 in the 9- month
period and 35 months between April 2002-February 2005 in the 12- month period. The time series of
SDI values in all periods for station E15A038 are given in Figure 3.

When Figure 3 is examined, it is seen that the longest drought periods at station E15A038 are 38 months
between December 2006-January 2010 for 3- month period; 41 months between December 2006-April
2010 for 6- month period; 43 months between January 2007-July 2010 for 9- month period and 57 months
between February 2006-October 2010 for 12- month period. Additionally, Figure 4 shows the drought
severity for stations E15A035 and E15A038.
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Figure 2. Time series of SDI for E15A035 station
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Figure 3. Time series of SDI for E15A038 station
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Figure 3 (continue). Time series of SDI for E15A038 station

Dec/86
Nov/88
Oct/90

Mar/87
Feb/89
Jan/91 —

Figure 4

3- months
‘ ‘ | | H E15A035
| L |
A O ® O N S O ® S — e I H E15A038
238¢sg388z8:2¢
Q‘ p— g ,—
=} o < 7] 9
FERE3F522858¢
Time (month)
6- months
‘ ‘ ‘ H E15A035
A ¥ © ® o & *F OV oo N H I m E15A038
g3ggsEss82a2y
3] = <
A R -

Time (month)

. Drought severity of EI5A035 and E15A038 stations

57



2nd International Symposium on Innovations in Civil Engineering and Technologies (ICIVILTECH 2024)

9- months
60
2
‘o 40
()
% 20
1%5) m E15A035
0
5 2E8858E88858¢g5g8 wESsAm
T 8 8 8 8 €8 8 8 8 8 € &8 & & &
5= 5 8 8 83 5 5 8 8 8 8 8 5 5 3
= e . T = = = = = = =N =
Time (month)
12- months
70
60
50
2 40
g 30
g m E15A035
»n 20
10 m E15A038
0
N & = o 1O N O = o I N O = on 1N
X L Q2L L QD dd
T T o T S S S ST -V T -V -V -
D DD DB DB B DB PP DD D DB
ﬁmé‘?month‘f’

Figure 4 (continue). Drought severity of E15A035 and E15A038 stations

When examining Figure 4 to better understand the relationship between the drought severities of the
two stations, it is observed that, in the 3-month period after the year 2000, the drought at the E15A035
station was more severe than at the E15A038 station. In the time interval before the year 2000, the
drought severities at both stations were generally similar and occurred simultaneously. In the 6-month
period, E15A038 station generally experienced more severe droughts than E15A035 station with a delay
of 4 to 8 months. E015A38 station experienced more severe droughts with a delay in the 9-month period.
The longest and most severe droughts were observed for E15A038 station in October 2010 and for
E15A035 station in February 2005 in all periods. Since E15A038 station is downstream of E15A035
station and on a side branch, the droughts experienced in E15A038 station were delayed and more
severe. Also, the drought durations of E15A035 and E15A038 stations were given in Figure 5.
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Figure 5. Drought duration of E15A035 and E15A038 stations
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Figure 5 (continue). Drought duration of E15A035 and E15A038 stations (continue)

When the drought durations of both stations given in Figure 5 are examined, similar characteristics are
observed in terms of drought severity. While longer droughts were experienced at station E15A038, a
longer drought was observed at station E15A035 in February 2005.

4. Conclusion

This study aims to examine the severity and duration of droughts in the Kizilirmak Basin using the run
theory. For this purpose, monthly streamflow data from the observation stations E15A035 and E15A038,
covering the period 1987-2015, were used. The Streamflow Drought Index (SDI) was calculated for 3-,
6-, 9-, and 12- month periods, and drought severity and duration were analyzed using run theory. As a

result of these analyses, the differences between the droughts observed at the two stations were
revealed.
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Station E15A035:
e 3- month period: The longest drought occurred between April 2003 and February 2005, lasting
23 months in total. The most severe drought during this period was calculated as 23.40.
e 6- month period: A drought lasted for 40 months between November 2001 and February 2005,
with the most severe drought value recorded as 36.25.
¢ 9- month period: A drought period lasting 37 months was observed between February 2002
and February 2005, and the drought severity was calculated as 34.50.
e 12- month period: The longest drought occurred between April 2002 and February 2005, lasting
35 months, with the most severe drought value determined to be 34.45.
Station E15A038:
e 3-month period: A drought period lasting 38 months was experienced between December 2006
and January 2010, with the most severe drought value during this time calculated as 51.70.
e 6- month period: A drought lasting a total of 41 months was observed between December 2006
and April 2010, with the most severe drought value recorded as 54.60.
¢ 9- month period: A severe drought was experienced during the 43-month drought period
between January 2007 and July 2010, and the drought severity of this period was determined as
56.95.
e 12- month period: The most severe drought value was measured as 65.61 during the 57-month
drought period between February 2006 and October 2010.

The results obtained indicate that the droughts at the E15A038 station were both longer in duration and
more severe compared to the E1I5A035 station. In particular, it is observed that drought conditions at
the E15A038 station were much more pronounced in longer periods (9 and 12 months). These
differences suggest that the regional topographic, meteorological, and hydrological conditions in the
Kizilirmak Basin show local variability and that these conditions should be considered in water
management strategies. These results are important for drought management and water resource
planning and may provide guidance for future hydrological analyses and water management policies.
Particularly in regions where drought durations are long and severity is high, strategies should be
developed to use water resources more efficiently and reduce drought risk.
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Abstract

Asphalt pavements are the most widely used pavement type in the world. There has been an increase
in the use of artificial intelligence algorithms in the design and modeling processes of asphalt
pavements. This study conducts a bibliometric analysis of the "asphalt pavement" keyword and its use
in artificial intelligence models. Accordingly, 2544 articles in the English language in the Science
Citation Index Expanded (SCI-E), Emerging Sources Citation Index (E-SCI), and Social Sciences Citation
Index (SSCI) indexes were retrieved by searching the Web of Science (WOS) database, covering the
period between 2000 and 2024. For the bibliometric analysis of the articles obtained, the R-Studio
program was used to analyze the number of articles produced on an annual basis, the average number
of citations per year, the most relevant journal analysis, the most cited journal analysis, the most relevant
author analysis, the article production analysis of authors, the most relevant affiliations analysis, the
country distribution analysis of corresponding authors, author-country-keyword triple match analysis,
the most used word analysis, trend topic analysis, and co-occurrence analysis. The research findings
were then evaluated.

Keywords: Bibliometric analysis, asphalt pavement, artificial intelligence, r-studio, web of science

! Department of Civil Engineering, Suleyman Demirel University, Isparta, Turkiye

63


mailto:fatihergezer@sdu.edu.tr

2nd International Symposium on Innovations in Civil Engineering and Technologies (ICIVILTECH 2024)

1. Introduction

Asphalt pavements are the world's most widely used type of pavement, designed using aggregates,
bitumen as a binder, and other additives if necessary (Chang et al., 2020). Asphalt pavements are
temperature-sensitive and are affected by climatic factors such as precipitation, moisture, and vehicle
traffic in the region they serve. These factors cause or accelerate the formation of cracks in asphalt
pavements (Sun et al., 2018), rutting (Zhang et al., 2021), aging (Saleh et al., 2020), and fatigue damage
(Qui et al., 2020).

Today, with the development of technology, artificial intelligence applications are widely used in the
field of transportation as in every field. Especially in road engineering, studies on the use of artificial
intelligence algorithms and methods such as deep learning, machine learning, artificial neural networks,
time series analysis, explainable artificial intelligence, decision support systems, decision trees, long
short-term memory (LSTM), classification, and artificial neural networks have gained momentum.

When examining studies on the use of artificial intelligence in asphalt pavements, several notable
applications emerge: the use of ensemble machine learning to predict the International Roughness Index
(IRI) in asphalt pavements (Baykal et al., 2023), the use of deep learning algorithms to evaluate the
severity of crack formation in pavements (Baduge et al., 2023), the use of deep learning to classify the
severity of cracks (Liu et al., 2022), the use of machine learning for pavement performance modeling in
warm climate regions (Zeiada et al, 2020), the use of machine learning algorithms in recycled asphalt
pavements (Botella et al., 2022), the use of deep learning algorithms to predict the surface condition of
asphalt pavements based on meteorological factors (Baykal et al., 2022), the use of extreme gradient
boosting algorithms to predict the modulus of elasticity of flexible pavements (Benemaran et al., 2023),
and the classification of aggregate angularity (Pei et al., 2020). Additionally, the use of wireless sensors
and machine learning algorithms for compaction prediction of asphalt pavements (Yu and Shen, 2023),
the estimation of Jc parameters of asphalt pavements subjected to long-term aging by SCB test and mid-
temperature samples using the random forest algorithm (Ma et al., 2024), prediction of rut depths of
asphalt pavements using deep learning (Deng and Shi, 2024), use of an automatic decision-making
preventive maintenance system for highway pavements based on deep learning (Li et al., 2022), the use
of ANN modeling to predict indirect tensile test parameters for performance evaluation of asphalt
pavements (Kim et al., 2021), and the use of Fuzzy C-means algorithms to determine the climate zones
of asphalt pavements (Fang et al., 2023) are also notable.

Since the mechanical and physical properties of asphalt pavements vary depending on many factors,
different artificial intelligence applications can be applied for each factor. The main objective of this
study is to perform a bibliometric analysis of Web of Science (WOS) data to highlight the importance of
using artificial intelligence methods and algorithms in asphalt pavements. Bibliometric analysis is a type
of analysis that allows for a systematic literature search (Segundo et al., 2023). Recently, bibliometric
analysis studies have been carried out in the field of transportation (Chang et al., 2020; Jiang et al., 2024;
Rahman et al., 2023; Acebo et al., 2018; Ramirez et al., 2023). Within the scope of the study, articles are
researched with keywords using WOS data between 2000 and 2024, and bibliometric analysis is carried
out using the R Studio program.

2. Method

After giving brief information about bibliometric analysis in the Method section, information about the
data sets to be used in the bibliometric analysis study is given.
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2.1. Bibliometric analysis

Bibliometric analysis is a very important concept in searching academic studies prepared at the national
or international level by searching different databases with keywords and researching trend studies in
the relevant field (Alsharif et al., 2020). Bibliometric analysis has gained great importance recently. Its
popularity has been supported by the developments in scientific journal databases, especially in recent
years. Using large databases such as WOS and Scopus, studies can be analyzed using applications such
as R-studio and Vosviewer (Donthu et al., 2021). With bibliometric analysis, data can be made sense
of, and mapping can be done by listing at the desired level.

2.2. Creating the dataset

In the study, the R-Studio program is used for bibliometric analysis. WOS database is used to create the
dataset. To perform the analyses in the study, keywords are selected in all fields (“*asphalt pavement*”
or “highway pavement” or “flexible pavement”) and (“modeling” or “algorithm” or “deep learning” or
“machine learning” or “artificial neural network” or “time series” or “Shap” or “Explainable Artificial
Intelligence” or ‘decision tree” or ‘fuzzy’ or ‘Ensemble” or ‘random forest” or ‘gradient boosting’ or ‘extra
tree’ or ‘XGBoosting’ or ‘Adaboosting’ or ‘LSTM’ or ‘prediction” or ‘Estimation’ or
‘KNeighborsRegressor’ or ‘CatBoost’ or ‘classification’ or ‘artificial intelligence’). The first keyword is
searched with the connector, while the second keyword was searched with the connector and, linking
it to the types of artificial intelligence in the second part. Between 2000 and 2024, 2544 articles were
found by searching WOS data in the English language in Science Citation Index Expanded (SCI-E),
Emerging Sources Citation Index (E-SCI), and Social Sciences Citation Index (SSCI) indexes, only in
article type. The dataset characteristics of the study are given in Table 1.

Table 1. Dataset

Time interval 2000-2024
Number of articles 2544
Number of authors 5110
International co-authorship rate 26.61%
Author keyword count 6319
Number of references 55050
Average number of citations per article 15.08

3. Results and Discussion

For the bibliometric analysis of WOS data under the research findings, analyses are carried out
separately according to the categorical distribution of the studies. In the study, the number of articles
produced on an annual basis, the average number of citations per year, the most relevant journal
analysis, the most cited journal analysis, the most relevant author analysis, the article production
analysis of authors, the most relevant affiliations analysis, the country distribution analysis of
corresponding authors, author-country-keyword triple match analysis, the most used word analysis,
trend topic analysis, and co-occurrence analysis of the keywords are performed.

Figure 1 shows the number of articles produced on an annual basis covering the period between 2000
and 2024 when the bibliometric study was conducted. According to this, it is seen that the lowest
number of articles was in 2001, while the highest number of articles was in 2023.
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Figure 1. Number of scientific articles produced on an annual basis between 2000 and 2024.

Figure 2 shows the average number of citations per year between 2000 and 2024. Accordingly, it is seen
that the lowest annual average number of citations was in 2000, while the highest annual average
number of citations was in 2020.
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Figure 2. Average number of citations per year between 2000 and 2024

Figure 3 shows the list of the top 25 most relevant journals for the articles scanned in the WOS database
for bibliometric analysis. According to this, it is seen that the highest number of publications in keyword
matching is given in the journal “Construction and Building Materials” with 436 publications, followed
by “International Journal of Pavement Engineering”. It is seen that the least relevant journal among the
top 25 is the KSCE Journal of Civil Engineering.
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CONSTRUCTION AND BUILDING MATERIALS 436
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Figure 3. The most relevant journal list

In Figure 4, the journal citation analysis in the bibliometric analysis study between 2000 and 2024 is
shown over the top 25 most cited journals. According to this, it is seen that the journal “Construction
and Building Materials”, which also ranks first in the most relevant journal list, ranks first with 8414
citations. “Transportation research record” is followed with 4916 citations. It is determined that the

journal “Fuel” has the least number of citations in the top 25.
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Figure 4. Journal citation analysis.
In Figure 5, within the scope of the bibliometric analysis study, according to the bibliometric analysis,

Zhang Y comes in the second place with 55 WOS articles, followed by Zhang ] with 49 WOS articles,
considering the top 25 authors according to the most relevant author analysis based on the number of
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articles according to the relevant keyword distribution between 2000-2024. Dong Q ranks 25th in the
top 25 authors with 23 WOS articles.

ZHANG Y 55
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KIMYR 40
WANG D 38
WANG Y 35
LY 34
ZHANG H 34
LUOX 33
L) 32
ZHANG X 32
WANG X 31
WANG L 30
ZHANG Z 30
CHENX 29
LY 29
LYTTON RL 29
MAT 29
ZHAOQY 28
LIUJ 27
LUP 27
ZHANG 27
LIUL 26
Lz 25
DONG Q 23
o] 10 20 30 40 50 60
Articles

Authors

Figure 5. Most relevant author analysis

Figure 6 shows the article production performance analysis of the authors between 2000 and 2024. The
first 10 authors with the highest production were included in the ranking. When Figure 6 is analyzed,
it is determined that while the author Zhang Y had 1 article in 2013, he produced 6 articles in WOS in
2018 in the relevant keyword matching and reached the maximum number of articles in 2023 with 12
articles. Likewise, the author named Kim YR published his first article on relevant keyword matching
in WOS in 2000 and then reached the highest number of articles in 2017 with 8 articles.
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Figure 6. Authors' article production analysis
Figure 7 shows the ranking of the most relevant universities. In the analysis of the most relevant

universities according to the relevant keyword matching in the WOS database between 2000 and 2024,
Southeast University ranked first with 315 articles, while Changan University ranked second with 274
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articles. According to the analysis of the top 25 universities, the University of Tennessee ranked 25th

with 43 WOS database articles.
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Figure 7. Most relevant affiliations

Figure 8 shows the distribution of the corresponding author's countries. According to the distinction
between single-country publications and multi-country publications, China ranked first. The USA
ranked second. Turkey, on the other hand, ranked 13th in the ranking, predominantly in the category

of authors from other countries.
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Figure 8. Corresponding author’s countries analysis
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Figure 9 shows a triple graph of author, country, and keyword matching. Accordingly, the keyword
“asphalt pavements” appears to have a wide spectrum distribution, while China appears to have a wide
distribution as a country. Among artificial intelligence methods, the keywords “machine learning”,
“deep learning”, “prediction models”, prediction”, “artificial neural
network”, and “modeling” were included respectively. In the author matches, the distribution in the
graph is given according to the country and keyword matches.
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Figure 9. Relationship analysis between author, country, and keyword

Figure 10 shows a word cloud generated from the WOS data covering the period 2000-2024 analyzed in
the bibliometric analysis study. According to this, the keyword “Asphalt pavement” is the most used
word. Asphalt mixture is also among the words that occur predominantly. the distribution of other
words is shown with a magnitude according to their weight. The distribution of terms such as machine
learning, deep learning, finite element method, and neural network from artificial intelligence methods
are also seen.
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Figure 10. Work cloud
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Figure 11 shows the trend topic analysis. According to the keyword results, the asphalt pavement
keyword is seen as the most trending keyword with 229 frequencies in 2021 between 2000-2024. It is
seen that the relationship between machine learning and asphalt pavements is among the trending
studies with 72 frequencies in 2023.

Term

agaregates -

mathematical modelling -
polypropylene fibers -
models -

micromechanics -
viscoplasticity -

rut-

micromechanical modeling -
asphalt mixes -

Trend Topics

machine learning -
climate change -
convolutional neural network -
deep learning -

pavements -

road engineering -

asphalt pavement -

asphalt mixture -

dynamic modulus -
pavement -

asphalt-

rutting -

asphalt mixtures -

flexible pavement -

fatigue -

modelling -

resilient modulus -

eracking -

finite element -

viscoelastic -

complex modulus -
viscoelasticity -

fracture -

mixtures -

asphalt pavements -

modified bitumen -

ageing -

flexible pavements -
accelerated pavement testing -
asphalts -

[ 11 ]

Term frequency
® 50
& 10
® =0
® 0

[ X N ]
[ XX ]
XY ]
*e 0
(XX ]
°00

2004

2006
2008
2010
2012
2014
2016
2018
2020
2022
2024

Year

Figure 11. Trend topic analysis

Figure 12 shows the association analysis of keyword distributions. While the largest match is realized
with the keyword asphalt pavement, the matches of other keywords according to their association sizes

can be seen in Figure 13.

4. Conclusions
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Figure 12. Co-occurrence analysis

In this study, a bibliometric analysis study was carried out for the use of artificial intelligence in asphalt
pavements. For the bibliometric analysis study, 2544 articles covering the period between 2000-2024
were analyzed with the R-Studio program using the WOS database. The research findings are given

below.
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1. Based on the number of scientific articles produced, the highest number of publications was realized
in 2023 with 390 articles. Compared to 2022, this value increased by 9.5%. In addition, the number of
publications increased with the development of artificial intelligence algorithms compared to 2000, the
first year of analysis, and a 38-fold increase in publications was observed in 2023 compared to 2000.
Since 2024 has not yet been completed, it is thought that there will be an increase during the year.

2. When the average number of citations per year is analyzed, it is determined that the highest rate
belongs to 2020. The lowest citation rate per year was determined as belonging to 2024 since 2024 has
not yet been completed. Afterwards, the lowest citation rate belongs to the year 2000.

3. In the analysis of the most relevant journals according to the keyword search covering the years 2000-
2024 among the journals published in the WOS database, it was determined that the journal
“Construction and Building Materials” ranked first with 436 publications, while the “International
Journal of Pavement Engineering” ranked second with 244 publications. According to the analysis study
in which 25 journals were included in the ranking, it is seen that “KSCE Journal of Civil Engineering”
ranks 25th with 17 publications.

4. In the study where the citation analysis of the journals was determined, the journal “Construction
and Building Materials” was ranked first with 8414 citations, and the journal “Transportation Research
Record” was ranked second with 4916 citations. According to the analysis study in which 25 journals
were included in the ranking, the 25th ranked journal was “Fuel” with 277 citations.

5. After the journal analysis study, according to the keyword matching according to the author analysis,
according to the most relevant author analysis, the author named “Zhang Y” ranked first with 55
publications and the author named “Zhang ]” ranked second with 49 publications.

6. The article production performances of the authors from 2000 to 2024 were analyzed in the top 10
author bands. Accordingly, it was determined that while the author named Zhang Y had 1 article in
2013, he produced 6 articles in the relevant keyword match in WOS in 2018 and reached the maximum
number of articles in 2023 with 12 articles. The production performances of all authors can be accessed
in this way.

7. In the most relevant university analysis, “Southeast University” ranked first with 315 publications,
while “Changan University” ranked second with 274 publications.

8. According to the country distribution analysis of related authors, China ranked first with 784
publications in the analysis of single-country and multi-country publications. The USA ranked second
with 702 publications. Turkey ranked 13th with 28 publications and Jordan ranked 25th with 14
publications.

9. In the triple diagram with keyword, author, and country matching, the largest keyword range was
determined as asphalt pavement, while China was the country.

10. According to the word cloud analysis, while the most used words were seen in large fonts, the
keyword asphalt pavement was the most used word. It was determined that keywords such as asphalt
mixture, pavement, deep learning, machine learning, modeling, and prediction are also frequently used
in the cloud network.

11. According to the trend topic analysis study, the keyword asphalt pavement ranked first with a

frequency value of 229. It was determined that other artificial intelligence keywords have also been
among the trending topics recently.
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12. As a final analysis, an association network for keyword matching was given. according to this, the
highest number of associations was in the words asphalt pavement, asphalt mixture, pavement, and
provided connections to other artificial intelligence algorithms.

According to the study, the results of the analysis were evaluated according to the matching of asphalt
pavements with trending artificial intelligence models. In future studies, it is possible to add depth to
the analysis by expanding the types of asphalt pavements and making the artificial intelligence models
more specific.
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Abstract

The use of various oils and their wastes in bitumen modification is quite common. In most of the studies
in literature on bitumen modification, waste oils are used as rejuvenators and to soften hard neat
bitumen or polymer modified bitumen. In this study, bitumen which has 50/70 penetration grade was
modified with waste vegetable margarine at the ratios of 1, 2 and 3%. Physical properties of modified
samples were investigated with the help of penetration, softening point, ductility and rotational
viscometer tests. Penetration index values were calculated using the penetration and softening point
test results to determine the temperature sensitivities of the samples. Moreover, stripping resistances
and adhesion performances of them were investigated. Test results showed that the use of waste
vegetable margarine results in an increase in the penetration and a decrease in the softening point. The
temperature dependent susceptibility of the samples decreased as the additive ratio was increased. The
rotational viscometer tests showed that both the mixing/compaction temperatures and ranges decreased
as the additive ratio increased. In addition, it is possible to say that there will be a slight decrease in the
stripping resistances of mixtures containing waste vegetable margarine modified bitumen. However,
rising of waste vegetable margarine ratio in bitumen increased slightly adhesion performance.
According to the results obtained, it was found that the modification with waste vegetable margarine
can increase the resistance of bitumen to the conditions of cold climates by affecting the consistency.

Keywords: Waste vegetable margarine; bitumen modification; bitumen tests; stripping and adhesion.
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1. Introduction

Sustainable waste management, a concept that aims to protect natural resources, increase energy and
resource efficiency, reduce waste and encourage recycling, by minimizing the environmental impacts
of waste materials, has an increasing importance in many areas (Cucchiella et al., 2017; Rahman et al.,
2020). One of these areas is the construction sector, and it is possible to say that many researches have
been carried out prioritizing the protection of natural resources, especially in the construction of
highway flexible pavements (Rahman et al., 2020; Milad et al., 2022). To serve this purpose, various
waste materials can be added directly to asphalt mixtures as additives or used in the modification of
bitumen, one of the two main materials of asphalt mixtures (Topaloglu, 2019; Rahman et al., 2020;
Duarte & Faxina, 2021; Alakara & Agaoglu, 2022). Thus, it is aimed to both utilize waste materials and
minimize or delay deterioration that may occur in flexible pavements (Rahman et al., 2020; Ma et al,,
2021).

To improve the performance of asphalt mixtures, and bitumen in particular, many different materials
have been incorporated into asphalt pavements through the modification of bitumen (Porto et al., 2019;
Kumandas & Pancar, 2023). However, since some materials used for this purpose (e.g. polymers) offer
very costly solutions (Fernandes et al.,, 2017) and, as mentioned above, ensuring sustainability has
become important, the use of waste forms of most materials has begun to be preferred (Rahman et al.,
2020). One of the materials that has recently become widespread in bitumen modification with an accent
on sustainability is waste oils (Kumandas & Pancar, 2023). Because waste oils are a type of waste that
harms living creatures around it by polluting the environment, and has ecotoxic properties. Owing to
disposal of them through bitumen modification, it is possible to get rid of these environmental damages
and at the same time improve the performance of asphalt mixtures.

Due to their easy accessibility, the use of waste cooking or frying oils and waste engine oils is extremely
common in studies (Kumandas and Pancar, 2023). In most of the studies in literature on bitumen
modification, these waste oils are used as rejuvenators (Zargar et al., 2012; Ji et al., 2017; Xinxin et al.,
2018; El-Shorbagy et al., 2019; Joni et al., 2019; Li et al., 2019; Uz & Gokalp, 2020; Li et al., 2023; Ali et al.,
2024) and to soften hard neat bitumen or polymer modified bitumen (Maharaj et al., 2015; Azahar et al.,
2016; Al-Omari et al., 2018; Rasman et al., 2018; Cavdar et al., 2019; Adesina & Dahunsi 2020; Liu et al.,
2020; Rodrigues et al., 2020; Eltwati et al., 2022). By softening the bitumen, these types of oils can reduce
the mixing and compaction temperatures of asphalt pavements and increase the resistance of bitumen
to aging and low temperature cracking. In fact, some studies have stated that by adding certain amounts
of waste oils, aged bitumen can be returned to its original penetration grades and performances close
to that of neat bitumen can be achieved (Xinxin et al., 2018; Joni et al., 2019; Nordiana et al., 2019; El-
Shorbagy et al., 2019). Considering all these advantages, it is inevitable that waste oils will become a
widely used additive. To obtain positive results regarding performance, it is recommended that the
ratio of waste cooking oils in bitumen modification should not exceed 5% by bitumen weight (Hunter
etal., 2015; Rahman et al., 2020). When it comes to waste engine oil, it is stated that the same ratio should
be 5.5 - 6% (El-Shorbagy et al., 2019; Kumar & Aggarwal, 2023).

Within the scope of this study, bitumen which has 50/70 penetration grade was modified with waste
vegetable margarine (WVM) at the ratios of 1, 2 and 3%. Physical properties of modified samples were
investigated with the help of penetration, softening point, ductility and rotational viscometer tests.
Penetration index (PI) values were evaluated using the penetration and softening point test results to
determine the temperature sensitivities of the samples. Moreover, Nicholson stripping, California
stripping and Vialit tests were carried out to investigate the stripping resistances and adhesion
performances of them.
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2. Material and Method

In this section, physical properties of reference bitumen and information about additive material
(WVM) were given. Additionally, the test methods to be used in the study are also mentioned.

2.1. 50/70 Reference Bitumen

50/70 penetration graded bitumen was used in this study. Table 1 shows the average results of tests
were applied for determining physical properties of reference bituminous binder.

Table 1. Physical properties of reference bitumen

Properties 50/70 Bitumen
Penetration (0,1 mm) 51
Softening Point ("C) 49.3
Ductility (cm) >100
Specific Gravity (g/cm?) 1.017
Viscosity (cP) 135°C /100 rpm 165°C /100 rpm
497.8 132.5

2.2. Waste Vegetable Margarine (WVM)

Margarine is produced by adding skimmed milk, water, vitamins and milk proteins to vegetable oils
such as sunflower oil, soybean oil, cottonseed oil, canola and palm. This food product, which is
generally 60-70% vegetable, is the leading and perhaps the most used type of oils. Therefore, a large
amount of waste of this food product is generated. Proper disposal of these waste oils is of great
importance due to the environmental damage they cause. In this study, the waste of vegetable
margarine (Figure 1), which was used only for frying specific products, was collected from a restaurant
and included in the study after being filtered.

Figure 1. Waste vegetable margarine
2.3. Bitumen Modification
In this study, bitumen was modified to examine the effects of WVM on the 50/70 bitumen. WVM was
added to bitumen at the ratios of 1%, 2% and 3% by weight. Modifications were carried out by the help
of a temperature controlled high shear mixer at 160 °C and 2000 rpm for an hour.

2.4. Bitumen Tests and Penetration Index

Penetration (TS EN 1426), softening point (TS EN 1427), ductility (TS EN 13589) and rotational
viscometer (ASTM D 4402) tests were carried out to determine the properties of reference bitumen and
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modified samples. In addition, the PI values were calculated according to Equation (1) to determine the
effect of WVM on the temperature susceptibility of the modified bitumen samples.

1952-500log(Peny5)—20SP
Pl = g(Penys) (1)
50log(Peny5)—SP-120

2.5. Nicholson Stripping, California Stripping and Vialit Tests

When it comes to stripping performance, while the Nicholson stripping test evaluates the resistance of
loose aggregate — bitumen mixtures against moisture resulting from the simultaneous presence of water
and heat, the California stripping test presents the resistance of loose mixtures against water and traffic
effects. Vialit is a test performed to determine how the adhesion between aggregates and bitumen is
affected by the presence of water.

In this study, the Nicholson and California stripping tests were performed to examine the effect of
modification of bitumen with WVM in terms of moisture — induced damage which can be observed
with the help of loose mixes. In addition, the Vialit test was carried out to evaluate the adhesion between
the reference and WVM modified bitumen samples and the aggregates.

3. Results and Discussion

The results of penetration, softening point and rotational viscometer tests carried out to investigate the
physical properties of WVM modified samples as well as the reference bitumen are discussed in this
section. PI values calculated by using softening point and penetration values were also interpreted. The
results of the tests applied on the reference bitumen and WVM modified bitumen samples to investigate
the adhesion and stripping performances are also included in this title.

3.1. Results of Bitumen Tests and PI Values

The effects of WVM modification on the penetration and softening point of bitumen can be seen in
Figure 2. As can be seen in the graph, it is observed that the penetration values increase as the WVM
ratio in bitumen increases; in parallel with this and as expected, softening point temperatures decrease.
In similar studies in the literature, modification with waste oils showed similar effects on the bitumen
(Azahar et al., 2016; Al-Omari et al., 2018; Rasman et al., 2018; Kumandas & Pancar, 2023). These results
show that modification with WVM softens the bitumen. This leads to the expectation that the rutting
resistance that can be seen on the pavement in hot weathers will increase. However, it is also possible
to say that the consistency change in this direction will increase the resistance to low temperature
cracking, fatigue and ageing (Kumandas & Pancar, 2023). In the ductility test carried out for the
reference bitumen and samples with 1, 2, 3% of WVM additives, all bitumen samples showed elongation
without breaking exceeding the specification limit value of 100 cm at 25 °C.
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Figure 2. Penetration and softening point test results of WVM modified binders

The most commonly used measure of the temperature sensitivity of bitumen is the PI value (Gegkil et
al., 2020). PI values calculated from penetration and softening point test results are shown in Figure 3.
Accordingly, it is seen that the PI values increase with the increase in the proportion of WVM added to
the bitumen. In this case, it can be interpreted that the temperature dependent susceptibility of the
samples decreases as the additive ratio increases.

Ratios of Waste Vegetable Margarine
0% WVM 1% WVM 2% WVM 3% WVM
0.00

-0.50

-1.00

Penetration Index

-1.50
Figure 3. PI values of WVM modified binders

The results obtained from the rotational viscometer test and the specification limit values (0.17+0.02 Pa.s
for mixing and 0.28+0.03 Pa.s for compaction) are given in Figure 4. Accordingly, the mixing/compaction
temperatures of the samples were determined by finding the temperature vales corresponding to the
points where the viscosity — temperature graph intersects. It was observed that the viscosity and
mixing/compaction temperatures decreased with the increase in the additive ratio. In similar studies in
the literature, modification with waste oils showed similar effects on the bitumen (Azahar et al., 2016;
Al-Omari et al., 2018; Rasman et al., 2018). Also, the most significant decrease in mixing/compaction
temperatures was observed at 1% WVM ratio.
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The mixing/compaction temperatures were shown in Figure 5. The maximum decrease in
mixing/compaction temperature occurred at 3% additive ratio. These decreases indicate that the
workability of WVM modified bitumen is higher than the reference bitumen.

Mixing Temperature Compaction Temperature
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Figure 5. Mixing/compaction temperatures of WVM modified binders
3.2. Results of Nicholson Stripping, California Stripping and Vialit Tests
After bitumen modification by the addition of WVM additive to the bitumen at 1, 2 and 3% ratios, the

result of the Nicholson stripping, California stripping and Vialit tests to which the samples had been
subjected were compared with the reference bitumen by the help of Figure 6 and Figure 7.
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Figure 6. Results of Nicholson and California stripping tests

Figure 6 shows a comparison of the results obtained from two different stripping tests. Accordingly, it
is seen that the percentage of aggregates remaining without stripping decreases with the increase in the
amount of WVM additive in both cases, but the specification limit of 60% is provided at all ratios. When
Figure 7 is analyzed, it can be seen that 1 and 2% WVM additives increase the adhesion performance of
50/70 penetration graded bitumen at the same rate. In addition, when 3% WVM was used, the number
of falling aggregates was 0% and therefore the best adhesion performance was achieved. Based on these
results, it can be interpreted that bitumen modification with WVM additive at the ratios specified in the
study is suitable in terms of adhesion and stripping performance.

Number of falling aggregates (%)

0% WVM 1% WVM 2% WVM 3% WVM
Ratios of waste vegetable margarine

Figure 7. Results of Vialit tests

4. Conclusion

This study investigated and compared the physical properties, stripping resistances and adhesion
properties of 50/70 penetration graded reference bitumen and WVM modified bitumen samples. Test
results showed that the use of WVM results in an increase in the penetration and a decrease in the
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softening point. The temperature dependent susceptibility of the samples decreased as the additive ratio
was increased. The rotational viscometer tests showed that both the mixing/compaction temperatures
and ranges decreased as the additive ratio increased. In addition, it is possible to say that there will be
a slight decrease in the stripping resistances of mixtures containing WVM modified bitumen. However,
rising of WVM ratio in bitumen increased slightly adhesion performance. According to the results
obtained, it was found that the modification with WVM can increase the resistance of bitumen to the
conditions of cold climates by affecting the consistency.
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Abstract

Concrete railway sleepers, one of the most common superstructure elements of modern ballasted
railways, require effective Structural Health Monitoring (SHM) benchmarks that can be used during in-
situ testing or remote monitoring. However, current or proposed techniques for detecting damaged
sleepers are often complex, time consuming or unsuitable for field testing. This study investigates a
novel approach that may overcome these challenges. This method uses the fundamental longitudinal
resonance frequency as a benchmark of SHM. To date, researchers have generally focused on vertical,
lateral or torsional mode shapes, which are highly sensitive to changes in ballast conditions and crack
location/orientation. One of the main advantages of the novel approach presented is that the
longitudinal resonance mode shapes are minimally affected by these changes, thereby increasing the
reliability of the results. Damaged sleepers tested were found to have consistently lower longitudinal
resonance frequencies, allowing cracked sleepers to be detected without the need to remove the ballast
layer and carry out mandatory inspections/analyses. High repeatability was also observed on healthy
sleepers, with deviations from the mean frequency not exceeding 0.5%. It was argued that this novel
approach would provide a practical, rapid, and reliable means of in situ testing of concrete sleepers.
Consequently, it is recommended that this approach be subjected to further validation through the
implementation of more extensive in situ testing practices.

Keywords: Railway sleepers; Railroad ties; Structural Health Monitoring; Rail transportation safety;
Experimental modal analysis; Naked eye crack inspection

1 Suleyman Demirel University, Goller Bolgesi Teknokent Coordinatorship, Isparta, Turkiye
2 Erciyes University, Civil Engineering Department, Kayseri, Turkiye

85


mailto:cecenferhat@sdu.edu.tr

2nd International Symposium on Innovations in Civil Engineering and Technologies (ICIVILTECH 2024)

1. Introduction

Concrete sleepers are safety-critical components of ballasted railways (Kaewunruen et. al., 2016), and
the monitoring of their structural health is essential for the assessment of railway safety, risk
management and the reduction of maintenance costs. In most countries, this important task is carried
out by visual inspection by foot patrols (Matsuoka et. al., 2015; Sengsri et. al., 2020). However, the vast
majority of railway sleeper surfaces are obscured by ballast. It is therefore very difficult, if not
impossible, to detect sleeper cracks with the naked eye, especially when they are covered by ballast.
Even in cases where the ballast surrounding the sleepers is removed, it is not always possible to detect
cracks in the sleepers by visual (naked eye) inspection due to the crack re-closing capacity of the
prestressing force (applies to prestressed types) or the clogging of cracks with soil dust. Furthermore,
removal of the ballast layer is not a viable solution given the significant number of sleepers to be
inspected (Barke and Chiu, 2005). On the other hand, track inspection vehicles capable of measuring
rail top deflections are now in use in a number of countries. However, this fast and sophisticated track
inspection method is generally unable to detect damaged sleepers, especially at an early stage. This is
due to the fact that a single damaged sleeper does not typically result in a notable abnormality in the
rolling of the wheels. Consequently, these vehicles are unable to detect damage of this severity (Wakui
and Okuda, 1997). However, these vehicles are able to detect concrete sleeper damage that is both
multiple and sequential, and which could also affect railway safety (Matsuoka et. al., 2015). Therefore,
it can be postulated that the use of existing methods for the detection of sleeper damage is inadequate
for the purpose of early detection of sleeper damage in order to reduce track maintenance costs and
increase railway safety (Sengsri et. al., 2020).

In the context of Structural Health Monitoring (SHM), Experimental Modal Analysis (EMA) is an
increasingly used method today. It allows the desired modal parameters of various structures, systems
and components to be determined in a non-destructive manner, both in the laboratory and in situ (Cegen
et. al., 2023; Cegen et. al., 2022; Aktas et. al., 2022). As expected, the EMA of railway sleepers has been
the focus of numerous studies from the past to the present. In other words, attempts have been made to
use the modal characteristics of railway sleepers as benchmarks for SHM. The earliest studies on this
subject date back to the 1980s. While Grassie & Cox (1985) suggested that the ballast layer significantly
increased the damping ratio of sleepers compared to the free-free mode, Ahlbeck and Hadden (1985)
claimed that the effects of the support condition were insignificant at high frequencies. However, these
results are closely related to the test equipment and analysis methods. In fact, Sadeghi (1997) pointed
out that the determination of modal parameters varies significantly depending on the test and analysis
method. Nevertheless, researchers from around the world, including Kaewunruen and Remennikov
(2009) and Kaewunruen et al. (2018), Kumar & Shekhar (2016), Matsuoka and Watanabe (2019) and
Matsuoka et al. (2018), Aikawa (2013), Sadeghi (2016), Liu et al. (2020), Va-sil'ev & Dvornikov (2000),
have used EMA for SHM analysis of concrete railway sleepers. In these studies, the numerical values
and percentage increases or decreases vary widely depending on several factors other than the level of
damage, such as the condition of the ballast and substructure elements, which are also closely related
to climatic/seasonal effects, or the EMA techniques used, etc. However, it is commonly accepted that
the stiffness and homogeneity of the ballast layer under the sleepers has a significant and variable
influence on the modal characteristics. It is therefore of paramount importance that an effective SHM
benchmark must be able to detect sleeper damage while remaining "insensitive" to the condition of other
track components, such as the ballast.

Another issue that needs to be investigated is the effect of cracks in railway sleepers, for example, on
their resonance frequencies. Salim et al. (2012) conducted a study on this topic and concluded that cracks
resulting from service loads reduce the flexural stiffness of railway sleepers, thereby reducing the
resonance frequencies. This issue was also discussed by Kaewunruen and Remennikov (2008) after
some falling weight impact tests. The uniaxial modal analysis performed by these authors after impact
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loading showed that crack formation resulted in a reduction of both vertical and torsional resonance
frequencies to varying degrees. The researchers subsequently carried out further studies (Janeliukstis
et. al., 2018; Janeliukstis et. al., 2019) in which analyses were performed before and after three-point
bending tests. It was reported that there was no significant effect on resonance frequencies as a result of
low-level loading. However, changes in resonance frequencies were observed at load levels that
resulted in the formation of permanent cracks. In addition, the authors investigated the potential of the
mode shape curvature squares (MSCS) method. They found the results to be useful in differentiating
between different levels of damage. However, it is important to note that the MSCS method requires
the modal data of each sleeper in the undamaged state as well as at different levels of damage and under
different ballast support conditions. Moreover, to obtain the mode shape of a single sleeper under a
single set of conditions, it is necessary to mark several points on the sleeper, apply three to eight
excitations to these points, record the vibrational response of the sleeper using accelerometer(s) and
analyze the resulting FRF (Frequency Response Function) graphs using appropriate EMA software.
Acquiring such a complex database while a large number of sleepers are waiting to be inspected on the
railways requires a considerable amount of time and resources, so it is clear that using the MSCS method
for railway sleeper SHM is a formidable challenge. Matsuoka et al. (2019, 2018) also investigated the
modal properties of damaged sleepers using vibrational and vibroacoustic uniaxial modal analysis
techniques (Matsuoka and Watanabe, 2019; Matsuoka et al., 2018). These studies confirmed that cracks
that remain open (after unloading) lead to a reduction in resonance frequencies. It is important to note
that, in any idealized single-degree-of-freedom (SDOF) system, the stiffness, mass, and resonance
frequency are related by the following Equation 1, where wr=resonance frequency; k=stiffness; and
m=mass:

w? =

k
£ (1)
As can be seen from Equation 1, the cracks that cause a reduction in stiffness will also cause a reduction
in resonance frequencies and vice versa. Therefore, resonance frequencies can provide a non-destructive
and practical SHM benchmark. Another implication of the cited studies is that modal damping ratios
are not useful as damage detection benchmarks due to the lack of certainty and the large variations
observed (Matsuoka and Watanabe, 2019; Matsuoka et al., 2018). It has also been found that cracks
under the rail seat are highly sensitive to some mode shapes, i.e. the third vertical mode. Therefore, it
can be argued that cracks occurring in different regions will reduce different local stiffness values and
affect each resonance frequency at different rates due to the different mode shapes of the different
vertical/lateral resonances.

In conclusion, it is of paramount importance to monitor the condition of railway sleepers in order to
ensure the safe and sustainable operation of railways. In this context, some of the modal parameters of
railway sleepers can be used as benchmarks of their structural health level. Therefore, a number of
studies have been carried out on the modal characteristics of railway sleepers under different levels of
damage and ballast conditions. However, a major shortcoming of these studies is that they have largely
neglected to investigate the longitudinal mode shapes of the sleepers. In contrast, the majority of studies
have focused on vertical, lateral or torsional mode shapes, which are highly sensitive to changes in
ballast conditions and damage/crack locations/orientations. Consequently, the majority of previous
researchers have concluded that there is no reasonable trend in resonance frequency and damping ratio
shifts with increasing damage severity for any particular mode. This study presents a novel approach
to detecting damaged sleepers using their fundamental longitudinal resonance frequencies, which can
be used as an effective SHM benchmark during in-situ testing or remote monitoring practices.
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2. Material and Method

Currently, the most widely used and accepted modal testing and analysis method in the world is EMA
(Kaewunruen et al., 2018). The details of this method have been the subject of several previous studies
in the literature situ (Cegen et. al., 2023; Cegen et. al., 2022; Aktas et. al., 2022). In this study, 3-axis EMA
was applied to various sleepers on a railway line in Sivas, Tiirkiye (Figure 1). This railway is a factory
branch line and has been in service for 10 years. During this time, some of the sleepers have visibly
cracked under service loads.

The sleepers used on the railway section in Fig. 1 are type B58 prestressed concrete sleepers with a
weight of approximately 240 kg/sleeper. The rails used on this line are UIC S-49 (49.46 kg/m) type. The
fastening materials used on this line are Vossloh HM SKL-14 (flexible) and the ballast is crushed basalt
aggregate with a grain size of 32/63 mm. During this study, several healthy and damaged sleepers were
subjected to the EMA and those with no visible cracks (healthy) were coded as (S-1), while those with
transverse cracks in the middle of the sleepers (between the rails) were coded as (S-2). Sleepers with
longitudinal cracks from the ends of the sleeper towards the rail support were coded as (5-3). Figure 1
shows the track section and equipment used for in-situ modal testing. The modal hammer used in the
in-situ tests is a Dytran 5802A (5000 Ibs. capacity) with a hard (black) head to excite a wide frequency
band (as shown in Figure 1). Three IEPE shear-type accelerometers (MMF KS76C.100 model, uniaxial
sensors) combined with a mounting cube (using Loctite LB 8109 grease) and then adhesively bonded
(using beeswax) to the corner points of each of the sleepers, as shown in Figures 1 and 2. The grease and
beeswax provide high frequency transmission situ (Cegen et. al., 2023). The weight of each uniaxial
accelerometer is only 23 g and the measurement range is +60 g (+600 m/S-2). The positioning of the
accelerometers at the corner point made it possible to obtain all the mode shapes in the analyzed
frequency band. This is because this point is not the nodal point of the first three resonance mode shapes
of the sleepers in all three axes.
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Figure 1. The track section and equipment used for in-situ modal testing
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Figure 2. Accelerometer mounting details for three-axis EMA

In parallel with the field tests, a number of B58 sleepers produced in the same year (2012) and in the
same factory using the same production method, but never used in the field, were taken to the
laboratory and tested under free support conditions. The aim was to show the differences between these
unused sleepers and their counterparts (5-1) that had been used in the field for about ten years. As
shown in Figure 3, these EMA tests were carried out on two 60x60x60 cm PU blocks to obtain a free
support mode. In these EMA tests, the modal hammer model was replaced by a lower capacity model
(Dytran 5800 B2), as very high impact intensities are not required in laboratory studies and, on the
contrary, high impacts may cause undesirable oscillations in the 3-axis analysis.
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Figure 3. EMA test set-up in the laboratory and free-free support condition

The EMA laboratory tests were carried out in two stages. In the first stage, the sleepers were tested with
fasteners (rail-sleeper connectors) and coded with (S-4). In the second stage, these fasteners are
disassembled and these sleepers coded with (S-5). The aim of this implementation is to determine the
possible changes caused by the fasteners and to provide more accurate results of the field simulation
comparisons. In addition, a further set of sleepers, not used in the field, were loaded in the laboratory
in a three-point bending test rig to 80 kN in the center section to produce a permanent transverse crack
in the center of the sleepers. The purpose of this additional group was to simulate cracking in the field.
This sleeper type was coded as (S-6) and was specifically compared to the S-2 sleeper in the field.
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3. Results and Discussion

As a result of the EMA tests summarized in the previous section, the FRF graphs and mode shapes in
the 3-axis (Z: vertical, X: lateral, Y: longitudinal) were obtained. An example is shown in Figure 4. In
this way, the resonance frequencies for each sleeper type (S-1-5-6), for each axis (Z, X, Y) and for each
excitation point were determined and presented separately in the following sections.
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Figure 4. FRF examples for type S-4 (from top to bottom: vertical (Z), lateral (X), longitudinal (Y) axes)
3.1. Analysis results of S-1-type concrete railway sleepers

Some examples of healthy (no visible cracks observed) sleepers (S-1) found on the railway section
surveyed (shown in Fig. 1) are presented in Fig. 5. The EMA results for this group of sleepers, including
the measurement deviations, are summarized in Table 1. According to the results, the fundamental
(first) resonance frequency values measured in each 3-axis have high reliability and repeatability, with
deviations from the mean not exceeding 0.4%. However, the deviations of the second and third, vertical
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and lateral resonance frequencies increased significantly, reaching 3.5% for some resonances. This is
due to the fact that in some frequency bands (e.g. around 350-450 Hz) the resonances on the other axes
are close to each other, as can be seen from the FRF graph examples shown in Figure 4, and this causes
the closely spaced other mode shapes (CSOMS) errors explained in detail in the literature situ (Cegen
et. al., 2023).

! ("‘_’.’,-!’m % - e % 2 91 % VN L
Figure 5. No visible cracks observed concrete railway sleeper samples (5-1) in the field

Table 1. Vertical, lateral and longitudinal resonance frequencies (Hz) of S-1-type railway sleepers

Parameters 1st 2nd 3nd 1st 2nd 3nd 1st 2nd
Vertical Vertical Vertical  Lateral Lateral Lateral  Longitudinal Longitudinal
Min. (Hz) 11931  351.30 538.05  158.23  424.38  811.85 850.58 1799.90
Max. (Hz)  120.04  376.43  551.12  158.39  446.05 814.78 855.95 1804.90
Mean (Hz) 119.68  364.02  546.18  158.31  432.39  812.96 853.71 1801.54
S.D. (H2)* 0.52 11.00 5.14 0.11 11.89 1.59 2.28 1.94
S.D. (%)**  0.30% 3.50% 1.50% 0.10% 3.20% 0.20% 0.40% 0.20%

* Standard deviation in Hz (the square root of the average of the squares of the deviations from the mean)
** Standard deviation in % (the maximum difference from the mean)

3.2. Analysis results of S-2-type concrete railway sleepers

This section examines the sleepers that have cracks in the middle sections that are perpendicular to the
longitudinal axis (transverse). Two examples of this group of sleepers (S-2) found on the railway section
surveyed (in Figure 1) are shown in Figure 6. The EMA results for these sleepers, including
measurement errors, are shown in Table 2.

Figure 6. Central transverse cracks observed concrete railway sleeper samples (5-2) in the field
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Table 2. Vertical, lateral and longitudinal resonance frequencies (Hz) of S-2-type railway sleepers

Parameters 1st 2nd 3nd 1st 2nd 3nd 1st 2nd
Vertical  Vertical Vertical  Lateral Lateral Lateral  Longitudinal Longitudinal
Min. (Hz)  118.08  339.25 54518  146.73  411.35  792.93 837.69 1784.40
Max. (Hz) 12043  348.27 562.70  163.21 42411  811.58 840.92 1791.90
Mean (Hz) 118.72 34384 55145  153.89 41642  803.04 839.37 1788.94
S.D. (Hz)* 0.90 4.20 6.97 7.67 6.77 9.08 1.44 3.14
S.D. (%)**  1.40% 1.30% 2.00% 6.10% 1.80% 1.30% 0.20% 0.30%

* Standard deviation in Hz (the square root of the average of the squares of the deviations from the mean)
** Standard deviation in % (the maximum difference from the mean)

As can be seen in Fig. 6, one of the sleepers was marked with red paint for replacement by the railway
maintenance crews during the foot patrols. The other sleeper either cracked recently or was not
identified during the visual inspections. The detection of sleeper cracks during a foot patrol is
challenging, even if they are not covered with ballast, due to the size of the cracks and the necessity of
inspecting a large number of sleepers. According to the results in Table 2, the deviations from the mean
for the longitudinal resonance frequencies (first and second) do not exceed 0.3% and have repeatability.
In contrast, deviations in vertical and lateral axes occurred significantly higher, reaching 6.1% for some
resonances. It is considered that this situation is not due to test and analysis procedures, but to sleeper
materials that lose their homogeneity due to damage. Because the same test and analysis method was
used for S-1 type sleepers, and such a high deviation was not observed. Another possible reason is that
the ballast support of the sleepers is not uniform around the sleeper. Already this heterogeneous
supporting is sometimes the cause, and sometimes as a consequence, in the damage of the sleepers. A
third possible cause is the combined effect of these two possibilities. But the second reason is considered
to outweigh more. This is due to the fact that the longitudinal resonance frequencies (which have the
mode shapes least affected by ballast heterogeneity) do not show such a deviation.

3.3. Analysis results of S-3-type concrete railway sleepers

This section examines sleepers with longitudinal cracks (parallel to the longitudinal axis, i.e. from the
ends to the middle). An example of this group of sleepers (S-3) found on the railway section surveyed
(in Figure 1) is shown in Figure 7. The EMA results are given in Table 3. According to the results, the
longitudinal resonance frequencies again have a high repeatability and deviations from the mean do
not exceed 0.5%. As before, the vertical and lateral deviations increased significantly, reaching 5.8% for
some resonances. The possible reasons for these results are similar to those previously obtained for the
S-2 sleepers (with central cracks). Consequently, the analysis of S-2 and S-3 sleepers shows that
longitudinal resonance frequencies are a more ideal benchmark of SHM than vertical and lateral
resonances, because they have mode shapes that are minimally affected by both central and longitudinal
cracks in the sleepers and various heterogeneities in the ballast.

Figure 7. Longitudinal cracks observed concrete railway sleeper samples (S-3) in the field
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Table 3. Vertical, lateral and longitudinal resonance frequencies (Hz) of S-3-type railway sleepers

Parameters 1st 2nd 3nd 1st 2nd 3nd 1st 2nd
Vertical  Vertical Vertical  Lateral Lateral Lateral  Longitudinal Longitudinal
Min. (Hz)  125.74 34498  648.42  146.43 42059  794.43 835.67 1797.60
Max. (Hz)  129.65  359.02 648,55  162.02  440.82  810.20 841.03 1808.50
Mean (Hz) 126.99  350.71  648.49 15545  428.67 803.41 839.89 1803.42
S.D. (Hz)* 1.57 7.00 0.09 7.43 10.71 6.53 2.36 4.38
S.D. (%)** 2.10% 2.40% 0.00% 5.80% 2.80% 1.10% 0.50% 0.30%

* Standard deviation in Hz (the square root of the average of the squares of the deviations from the mean)
** Standard deviation in % (the maximum difference from the mean)

3.4. Analysis results of S-4-type concrete railway sleepers

The sleepers, produced in the same year (2012) and in the same factory using the same production
method and equivalent concrete as the existing sleepers in the field, were placed on two pieces of
60x60x60 cm PU blocks (Figure 8) and subjected to EMA in the free-free supported mode and with
"fasteners attached". The results show that all three resonance frequency values on all three axes have
high reliability and repeatability, with deviations from the mean not exceeding 0.2%. This low level of
deviation indicates that existing EMA methods are adequate and that high deviations are mostly due to
undesirable ballast conditions and sleeper damage.

Figure 8. EMA test setup prepared for healthy and unused B58 type railway sleepers with fasteners

Table 4. Vertical, lateral and longitudinal resonance frequencies (Hz) of S-4-type railway sleepers

Parameters 1st 2nd 3nd 1st 2nd 3nd st 2nd
Vertical  Vertical  Vertical  Lateral Lateral Lateral  Longitudinal Longitudinal
Min. (Hz) 11277 31489  603.14 13154 38825 717.21 759.80 1667.50
Max. (Hz)  112.90 31520  604.88 131.86 38857  717.56 760.27 1670.20
Mean (Hz) 112.84 31505 603.71 131.67 388.39 71741 760.01 1668.74
S.D. (Hz)* 0.04 0.12 0.57 0.12 0.16 0.18 0.20 0.97
S.D. (%)**  0.10% 0.10% 0.20% 0.10% 0.00% 0.00% 0.00% 0.10%

* Standard deviation in Hz (the square root of the average of the squares of the deviations from the mean)
** Standard deviation in % (the maximum difference from the mean)

3.5. Analysis results of S-5-type concrete railway sleepers

The sleeper fasteners (in Figure 8) were disassembled, as shown in Figure 9, and these sleepers were
then subjected to EMA in a freely supported mode (identical to the test setup in Figure 8).
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Figure 9. EMA test setup prepared for healthy and unused B58 type sleepers without fasteners

Table 5. Vertical, lateral and longitudinal resonance frequencies (Hz) of S-5-type railway sleepers

Parameters 1st 2nd 3nd 1st 2nd 3nd st 2nd
Vertical  Vertical  Vertical  Lateral  Lateral Lateral  Longitudinal Longitudinal
Min. (Hz) 11294  318.08  611.88  131.54  388.69  739.44 767.02 1690.80
Max. (Hz)  113.14  318.79  612.31  131.76  389.11  739.97 767.25 1691.50
Mean (Hz) 113.04  318.38  612.08  131.64  388.90  739.73 767.11 1691.30
S.D. (Hz)* 0.07 0.31 0.16 0.09 0.21 0.25 0.09 0.29
S.D. (%)** 0.10% 0.10% 0.00% 0.10% 0.10% 0.00% 0.00% 0.00%

* Standard deviation in Hz (the square root of the average of the squares of the deviations from the mean)
** Standard deviation in % (the maximum difference from the mean)

As with the S-4 sleeper analysis results, the EMA results in Table 5 show that all three resonance
frequency determinations in all three axes have high reliability and repeatability, with deviations from
the mean not exceeding 0.1%. This low level of deviation indicates that existing EMA methods are
adequate and that high deviations are mostly due to undesirable ballast conditions and sleeper damage.

3.6. Analysis results of S-6-type concrete railway sleepers

The sleepers used in the previous two sections were subjected to a static load of 80 kN in the laboratory
(EN 13230-2 rail center negative moment capacity determination test set-up) to form a permanent
transverse crack in the center of the sleeper, simulating cracking in the field (see Figure 6), and were
coded as S-6. These sleepers were then placed on polyurethane (PU) blocks (see Figure 10) and subjected
to EMA without fasteners.

PU Foam Block

o T ’ :
Figure 10. Test set-up prepared for centrally cracked (in the lab.) and unused (in the field) sleepers
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As with the S-4 and S-5 type sleeper analysis results, the EMA results in Table 6 show that all three
resonance frequency determinations in all three axes have high reliability and repeatability, with
deviations from the mean not exceeding 0.2%. This low level of deviation indicates that existing EMA
methods are adequate and that high deviations are mostly due to undesirable ballast conditions (i.e. air
voids, pockets, contamination, compaction/stiffness heterogeneity, etc.). It also shows that for high in-
situ deviations, sleeper damage has a much smaller effect than ballast irregularities.

Table 6. Vertical, lateral and longitudinal resonance frequencies (Hz) of S5-6-type railway sleepers

Parameters 1st 2nd 3nd 1st 2nd 3nd 1st 2nd
Vertical  Vertical  Vertical  Lateral Lateral Lateral  Longitudinal Longitudinal
Min. (Hz)  110.77  315.87  598.23 12748 38475  727.26 753.57 1683.00
Max. (Hz)  111.08  316.26 598,51 12752  385.03  727.52 753.93 1683.80
Mean (Hz) 11099  316.03  598.38 127.5 38492 72741 753.70 1683.54
S.D. (Hz)* 0.10 0.17 0.11 0.02 0.15 0.11 0.15 0.32
S.D. (%)**  0.20% 0.10% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

* Standard deviation in Hz (the square root of the average of the squares of the deviations from the mean)
** Standard deviation in % (the maximum difference from the mean)

3.7. Collective evaluation of the acquired results

The collective and summarized results of the resonance frequency analysis and associated mode shapes
of all these sleeper types (S-1 to S-6) analyzed in the study are presented in Table 7. As seen from this
table, the frequencies of the sleeper resonances in situ or on ballast (S-1, S-2, 5-3) increase by 1-2%
compared to the same resonances in the free supporting condition or on PU block in the laboratory (S-
4, 5-5, 5-6). On the other hand, the resonance frequencies of the S-4 and S-5 sleepers, which are both in
the free supporting condition but differ depending on whether the fasteners are connected or not, are
higher for type S-5 (in the vertical direction, where the gravitational acceleration is effective). As these
materials, which weigh approximately 2-3 kg, are not connected in S-5 type sleepers, their mass
decreases and the resonance frequency increases according to Eq. 1. For lateral resonances, where
gravity acceleration is not directly effective, this difference is either negligible or relatively small.
Conversely, longitudinal resonances were influenced by the presence or absence of fasteners, although
it is also perpendicular to the acceleration of gravity. It is possible that this is largely due to the other
factor in Eq. 1, stiffness, and is probably dominant rather than mass. However, this needs to be
investigated further. Nevertheless, these results indicate that the presence and absence of fastenings are
important considerations for accurate simulation of in-situ conditions and comparative analysis.

Table 7. Vertical, lateral and longitudinal resonance frequencies and mode shapes of all sleepers

Sleeper 1st 2nd 3nd 1st 2nd 3nd 1st 2nd
codes Vertical ~ Vertical ~ Vertical  Lateral  Lateral Lateral  Longitudinal Longitudinal
S-1 119.68  364.02 546.18 15831 43239  812.96 853.71 1801.54
S-2 118.72  343.84 55145  153.89 41642  803.04 839.37 1788.94
S-3 126.99  350.71 64849 15545 428,67 803.41 839.89 1803.42
S-4 112.84 315.05 603.71 131.67 388.39 717.41 760.01 1668.74
S-5 113.04 31838 612.08 13164 38890  739.73 767.11 1691.30
S-6 110.99  316.03  598.38 12750 384.92 72741 753.70 1683.54

A further finding was that the lowest resonance frequency values in all three axes were mostly observed
for the S-6 sleeper, which was cracked in the middle in the laboratory. This is due to the fact that this
type of sleeper is both in free-free mode and its stiffness decreases due to the crack effect. The fact

95



30 October — 1 November 2024, Isparta - TURKIYE

remains that the resonance frequency values of the sleepers tested, especially those tested in situ, varied
considerably and some of the damaged sleepers had higher values than the undamaged ones. This was
true for almost all resonance modes except for the longitudinal resonances. This is because the others
are closely related to the ballast support conditions or because the reliability of the EMA system
decreases as the frequency values increase. This shows that vertical, lateral and second longitudinal
resonance frequencies can give misleading results for the SHM of railway sleepers. On the other hand,
as shown in Table 1-7, the longitudinal resonance frequencies are more repeatable, less biased and
provide more reliable results. Therefore, it can provide a more practical and reliable benchmark for the
SHM of railway sleepers. In this context, the determination of the first (fundamental) longitudinal
resonance frequency is easier because it has a frequency value almost 1 kHz lower and requires less
specific EMA materials, methods and equipment. These first (fundamental) longitudinal resonance
frequencies for all sleepers tested in situ are shown in Figure 14 for better understanding. As can be
seen, the first longitudinal resonance frequency has the potential to discriminate well between damaged
sleepers (with transverse central cracks or longitudinal cracks) and undamaged sleepers due to its high
repeatability and minimal influence of ballast support conditions.

860

. L e
Healthy concrete tie (sleeper)

850

845

840,92 841,03

840
A T I o
Longitudinal cracks

Central cracks 835,67
835

1st Longitudinal Resonance Frequency (Hz)

BsS1 ms2 S3
830

Figure 14. First (fundamental) longitudinal resonance frequencies of the S-1, S-2 and S-3-type sleepers
4. Conclusions

In this study, a comprehensive triaxial modal testing program was carried out on six groups of healthy
and damaged prestressed concrete railway sleepers under in situ and laboratory conditions. Some of
the main conclusions of the test and analysis results are presented below:

a. The standard deviations in the vertical and lateral axes were significantly higher than those in
the longitudinal axis. While the maximum deviations reach 6.1% for the vertical and lateral
resonances, only up to 0.5% deviations are observed for the longitudinal resonances. This high
difference shows that the modal parameters for the vertical and lateral axes can give misleading
results, whereas the longitudinal resonances are a more appropriate benchmark for the SHM of
railway sleepers. It is considered that the high deviations of the vertical and lateral axes are due
to some reasons such as:
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i.  The ballast support of the sleepers is not uniform in the field due to a number of
variable reasons such as air voids/pockets, compaction/stiffness heterogeneities,
contamination, climatic conditions, material losses, etc. In addition, the vertical &
lateral resonances are closely related to the ballast support conditions due to their
specific mode shapes (vibration directions). As a result, the standard deviations in the
vertical and lateral axes increase significantly depending on the ballast conditions.

ii. =~ The second reason for these high deviations is the damage-related heterogeneities in
the sleepers, but the ballast-related comment mentioned above seems to be the most
effective, since the comparative analysis presented in the study (e.g. between the 5-5 &
S-6-type sleepers) shows that sleeper damage has a much smaller effect than ballast
irregularities.

iii. =~ The other reason, which applies only to some specific resonances, is that in some
frequency bands (e.g. around 350-450 Hz) several resonances are close to each other on
different axes (e.g. second vertical, second lateral and first torsional mode) and due to
this "closely spaced other mode shapes" (CSOMS) error, the resulting deviations are
increased.

b. Among the several longitudinal resonances of railway sleepers, the first (fundamental)
longitudinal resonance frequency is easier to determine because it has a frequency value of
about 750-850 Hz, almost 1 kHz lower than the next one, and therefore requires less specific
EMA materials, methods and equipment. This resonance mode is least affected by ballast
heterogeneity and is sufficiently distant from resonances in other axes. Thus, according to the
results obtained on six groups of healthy and damaged prestressed concrete railway sleepers
under in-situ and laboratory conditions, the standard deviations from the mean for this
resonance did not exceed 0.5%.

c. According to the results, the first longitudinal resonance frequency has the potential to
discriminate well between damaged sleepers (with transverse central cracks or longitudinal
cracks) and undamaged sleepers due to its high repeatability and minimal influence of ballast
support conditions. These results indicate that the first longitudinal resonance frequency is a
more ideal benchmark for SHM than other resonances because it has a mode shape that is
minimally affected by crack location/orientation, various ballast heterogeneities and is easier to
determine.

d. As can be seen from the triaxial EMA results presented in the study, all resonance frequency
determinations are sensitive to even small changes in mass, such as fasteners (rail to sleeper
connection materials) which have a total weight of approximately 2-3 kg. For example, as the
total mass of the sleepers decreases (fasteners removed), the resonance frequencies tend to
increase. This result demonstrates the adequacy of the EMA technique used in the study and
also that the presence or absence of fasteners is an important consideration for accurate
simulation of in-situ conditions and comparative analysis.

Consequently, the fundamental resonance frequency of concrete railway sleepers can provide an easy,
fast, reliable, and non-destructive structural health monitoring (SHM) benchmark for railway sleeper
in-situ testing or remote monitoring practices. Therefore, it is recommended that further investigation
be carried out by implementing more extensive in-situ testing practices.
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Abstract

Nylon bag wastes (NBW) serious environmental threats and is used in large quantities worldwide. This
situation creates serious problems such as environmental pollution, damage to wildlife and micro
plastic problems. Therefore, it is extremely important to reduce the use of nylon bags and to dispose of
existing waste. The use of nylon bag waste in bitumen modification provides solutions to waste
management problems and increases the performance of road pavement materials. In this process,
nylon bags are cut into small pieces and mixed with bitumen. The resulting mixture provides more
durable and long-service life road pavements. This modified bitumen is more resistant to temperature
changes and reduces crack formation. In this paper, different rates of bitumen modification were
performed with NBW, and the test results obtained by performing bitumen specific gravity, penetration,
softening point, viscosity and Nicholson stripping tests on the samples were compared with the results
of the control sample. As a result, it was assessed that the use of plastic bag waste in bitumen
modification offers significant advantages both environmentally and economically, and this innovative
approach is a promising method for the reusing of waste materials and the development of road
construction technologies.
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1. Introduction

The widespread use of plastic bags has led to significant environmental challenges due to their non-
biodegradable nature and persistence in the environment (Thompson et al., 2009). Approximately 1
trillion plastic bags are used worldwide each year. This means approximately 2 million bags using every
minute (Clapp & Swanston, 2009). The majority of plastic bags are disposable and are thrown away
immediately after use. This significantly increases the amount of waste (Hopewell et al., 2009). The
recycling rate of plastic bags is quite low. Many countries cannot effectively recycle these bags. In the
USA, only 1-3% of plastic bags are recycled (Barnes et al., 2009).

These plastic wastes, predominantly composed of polyethylene, cause to extensive pollution in
terrestrial and aquatic ecosystems (Andrady, 2011). Conventional disposal methods, such as landfilling
and incineration, are not sustainable solutions and pose further environmental risks (Hopewell et al.,
2009). Therefore, innovative approaches to recycling and repurposing plastic bag waste are imperative.
Another problem is that recycling such waste requires significant cost and also causes carbon emissions.
For this reason, developed countries have begun to prefer the option of transferring the responsibility
of difficult-to-process waste to lower-income countries. In such countries, this type of waste is often
burned instead of recycled, which causes more carbon emissions (Web1l 2024). The amount of solid
waste exported from member states of the European Union to non-member countries has increased by
77% since 2004, reaching approximately 33 million tons. Among these wastes, plastic waste is seen to
be at the top of the list (Web 2 2024). This situation makes the option of disposing of these wastes by
reusing them in road construction for different purposes, rather than recycling, even more
advantageous. The use of waste plastic as a modifier in bituminous mixtures will not only enhance the
properties of mix, but will also, solve the plastic waste disposal problems that have engulfed nations
thereby improving the sanitation systems and also create employment for the collectors of it.) (Kwame
et al. 2015, Appaih 2017, Gokalp 2021, Victory 2022).

One promising application is the utilization of plastic bag waste in bitumen modification for road
construction (Vasudevan et al., 2007). Bitumen, a byproduct of crude oil distillation, is commonly used
as a binder in asphalt mixtures. However, traditional bitumen has limitations, such as susceptibility to
temperature fluctuations, which can lead to cracking and pothole formation in pavements (Polacco et
al.,, 2006). Incorporating plastic bag waste into bitumen offers a potential solution to address the plastic
problem while improving the performance properties of asphalt. Punith et al. (2003) reported that it is
possible to increase the performance of bituminous mixtures with waste plastics. Field tests have
withstood the applied stresses and it has been concluded that plastic wastes used after being processed
appropriately as additives will extend the life of the roads and also be effective in solving environmental
problems. Similarly, Himishoglu and Agar (2004) reported that waste HDPE modified bituminous
binders provide better resistance to permanent deformations due to their high stability and high
Marshall quotient, and contribute to the recycling of plastic wastes and the protection of the
environment. In recent years, extending the life of the pavement by modifying bitumen with various
polymers such as SBS has become one of the most common applications in Turkey and all over the
world. However, it is known from the literature that the unit prices and carbon footprints of products
such as SBS are quite high (Giirer 2015; Appiah 2017). One way to reduce the cost of pavement
construction and thus make polymer-modified bitumen more usable is to use inexpensive polymers, i.e.
polymers from which waste is recovered (Ahmadinia et.al, 2011).

In this study aims to contribute to sustainable road pavement construction practices by providing a
viable solution for plastic waste management and enhancing the longevity and performance of asphalt
pavements. The findings could pave the way for broader adoption of nylon bag waste-modified
bitumen, promoting both environmental conservation and infrastructure development.
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2. Material and Method

2.1. Material

Within the scope of the study, 50/70 penetration grade bitumen from TUPRAS in Izmir was used.
Bitumen properties are given in Table 1. Black nylon bags used as waste materials. The wastes converted
to sizes suitable for the using as modifier. Figure 1 shows the images of the nylon bag waste (NBW).

The NBW was cut into small 5x5 mm pieces (Figu

re 1).

Table 1. Material properties of 50/70 penetration grade bitumen

Properties 50/70 Standard
Specific Gravity 1.035 (ASTM D70-03 2003)
Penetration Degree (25 °C) 52.13 (ASTM D5-06e1 2006)
Softening Point (°C) 46.65 (ASTM D36-06 2006)
Brookfield Viscosity at 135 °C (cP) 495.00

- —— (ASTM D4402-06 2006)
Brookfield Viscosity at 165 °C (cP) 131.00

Nylon Bag Waste  Nylon Bag Cutting

Nylon Bag Waste Pellets

Figure 1. Steps of cutting the black nylon bag waste in 5*5 mm? dimensions

2.2. Method

The workflow diagram for preparing bitumen for modification is given in Figure 2.

MODIFIED BITUMEN PRODUCTION PROCESS WITH ADDITIVE
MATERIALS

| WEIGHING OF ADDITIVE MATERIAL |

I

| WEIGHING OF BITUMEN |

I

| PRE-MIXING PROCESS |

TEMPERATURE

Figure 2. Bitumen Production Process
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2.2.1 Penetration Test

Penetration Test, a traditional test method widely used worldwide, is applied to determine bitumen
consistency under a certain load and temperature. In the mechanism, a constant load of 100-200 grams
and temperature conditions of 25°C are generally used with the help of a specially shaped needle for 5
seconds. In this study, bitumen samples were subjected to this test according to the EN 1426 standard
(BS EN-1426 2023).

2.2.2 Softening Point Test

Softening Point Test is determined to determine the heating temperature of bitumen and allow the
bitumen to flow without interfering with its chemical structure. The mechanism consists of two rings of
a certain size, a weighted steel ball, a magnetic heater to provide high temperature conditions and a
gradual temperature. In this study, bitumen samples were subjected to this test according to the EN
1427 standard (CEN EN-1427 2015).

2.2.3 Nicholson Stripping Test

In the Nicholson Stripping Test (ASTM D 1664); Approximately 200 grams of the crushed aggregate
sample remaining between 9.5-4.75 mm or 4.75-3.35 mm sieves are taken. After washing the test sample
thoroughly and shaking it several times with pure water, it is dried in an oven at 110°C. 30+0.5 g of
washed dry aggregate is taken and kept in an oven at 110 °C for 1 hour. On the other hand, 1.5+0.1 g of
bituminous material (this ratio corresponds to 5% of the aggregate weight used in the experiment) is
heated in a 250 cm® beaker in an oven at 110°C. After the bituminous material is prepared, it is
immediately poured into the beaker and kept in an oven at 60°C for 24 hours, using a glass baguette,
until all the crushed stones are covered with a homogeneous bitumen film. At the end of this period,
the beaker is removed from the oven and transferred to a 10 cm diameter petri dish. Then, the covered
gravel is smoothed with very light blows with a baguette and left at laboratory temperature for 10
minutes. Then the petri dish is filled with water. After the glass lid is closed on the Petri dish, it is placed
in the oven at 60°C to wait for 24 hours. At the end of this period, the petri dish is taken outside, the
water is changed, and the upper surface of the mixture is visually examined under a side light. At the
end of the experiment, the ratio of the unstripped surface to the entire surface is given as resistance to

stripping.

2.2.4 Rotational Viscometer Test

Rotational Viscometer Test is used to determine the fluidity properties of bitumen within the
temperature ranges where it is heated during application. The experimental setup includes a rotational
viscometer, measurement geometry called spindle, temperature-controlled thermal heater, special
sample mold and temperature control device. When this test is performed on original binders, the
viscosity value at 135°C must not exceed 3000 cP (Yiiknii et al. 2021).

3. Results and Discussion

3.1 Specific Gravity Test Results

Specific gravity test results for three different sample types are shown in Figure 3. In general, in both
graphs, the specific gravity results of modified bitumen tend to increase compared to pure bitumen.
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Specific Gravity Values Test Results
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=@=— Modified Bitumen with Nylon Bag Waste Specific Gravity Value

Figure 3. Specific Gravity Test Results of Bitumen Modified with 5 Different Rates of WGP

3.2 Penetration Test Results

Penetration test results for are given in Figure 4. In general, the penetration test results of modified
bitumen in all series samples tend to decrease compared to pure bitumen. As a result of the penetration
test, it was determined that the HM created with 1.5% NBW gave the lowest penetration value,
according to the graph given in Figure 3. Penetration test results show that the temperature sensitivity
of all modified bitumen samples tends to decrease.

Penetration Test Results

60.00
5257
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=
E 40.00
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3 20,00 teeeeondl 1620
i ®oeo ...... 1310
S 10.00
o
g 0.00
S 0.00 0.50 1.00 150 3.00 5.00

Nylon Bag Waste Content (%)

m Modified Bitumen with Nylon Bag Waste Penetration Values

Figure 4. Penetration test results of bitumen modified with 5 different rates of NBW
3.3 Softening Point Test Results

Softening point test results are given in Figure 5. In general, the softening point values of bitumen
modified with NBW tend to increase. This is an indication that the temperature sensitivity of NBW
modified bitumen samples has decreased. The increasing trend in samples continues as the amount of
NBW increases.
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Softening Point Test Results
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Figure 5. Softening point test results of bitumen modified with 5 different rates of NBW

3.4 Rotational Viscosity Test Results

In Figure 6, in general, a tendency to increase in viscosity is observed with the increase in the amount
of NBW in the modification made with the nylon bag additive. This increasing trend is quite evident up
to 3% additive amount at 135°C. While the change in viscosity is quite limited for additives higher than
3%, the increasing trend continues at 165°C.

Rotational Viscosity Test Results

3000.00

2500.00 2420.00 2440.00

2000.00
1642.00

1500.00 1242.00 1285.00

Viscosity (cP)

1000.00

472.00 453 80 556.70

500.00 270.00 285.00 340.00
1

0.00
0.00% 0.50% 1.00% 1.50% 3.00% 5.00%
Nylon Bag Waste Content (%0)

Viscosity Value at 135°C for Modified Bitumen with Nylon Bag Powder
Viscosity Value at 165°C for Modified Bitumen with Nylon Bag Powder

e \aximum Mixing Temperature

e Minimum Mixing Temperature

e \inimum Compaction Temperature

e Maximum Compaction Temperature

Figure 6. Rotational viscosity test results of bitumen modified with 5 different rates of NBW at 135°C
and 165°C
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3.5 Nicholson Stripping Test Results

To determine the stripping effect, the Nicholson stripping test was carried out and the largest aggregate
surface remaining without stripping was observed in bitumen modified with 1.5% NBW additive,
according to the graph given in Figure 7.

Nicholson Stripping Test Results Value (%)

Nicholson Stripping Test Result
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m Modified Bitumen with Nylon Bag Waste Nicholson Stripping Test Values

Figure 7. Nicholson test results of bitumen modified with 5 different rates of NBW

4. Conclusion

Physical and rheological bitumen tests were carried out on bitumen samples modified by using NBW 5
different amounts, and the results obtained were compared with the control bitumen results. The
following results were obtained from the experimental studies.

It was observed that both rheological and physical properties improved significantly in bitumen
samples modified with NBW.

According to the results of both penetration and softening point tests, it is understood that the
temperature sensitivity of all modified samples decreases.

According to the results of the rotational viscosity test, it was determined that all series samples
had an increasing trend in viscosity values at 135 and 165 °C temperatures, and the highest
increasing trends compared to the control sample were in NBW.

In future studies, the behavior of these modified bitumen as bituminous mixtures should be
examined.

The study has shown that the use of waste nylon bag modifier will contribute to the
improvement of the properties of bituminous binders, thus eliminating significant amounts of
waste material and protecting the environment.
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Abstract

Rail Thermal Buckling (RTB) is one of the most significant and growing risks to railway safety
worldwide, driven by factors such as welded rail joints, high speed/heavy duty operations, 24-hour
service, and climate change. To manage this risk, railway engineers rely on a key parameter known as
Stress-Free Temperature (SFT). However, different railway organizations around the world use
different approaches to determine SFT values. This study addresses this critical issue by examining the
possible outcomes of practices in two different countries. The research uses data collected over the past
three years at Wilmington Station, one of the rail and air temperature monitoring stations on rail lines
operated by Amtrak (USA). Based on this data, SFT values were calculated according to the AREMA
manual. In addition, a contrasting SFT value was calculated from the same data, based on the procedure
used by TCDD (Turkish State Railways). Statistical analyses were then performed on the three years of
rail and air temperature data using these two SFT values. The analysis showed that the SFT value of
41°C determined by the AREMA approach significantly reduces the RTB risk, with only 4.64% of all rail
temperature data analyzed exceeding this SFT value. However, outside the summer months, this
scenario is likely to result in higher tensile forces than the 24°C SFT value calculated using the second
method, thereby increasing the risk of rail/weld failure.

Keywords: Railways; thermal buckling; heat related rail failure; data management; global warming
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1. Introduction

Conventional ballasted track superstructure consists of two parallel steel rails framed by equally spaced
sleepers. This framework is then positioned floating on the ballast bed. A number of different methods
have been developed over the years to join these frameworks together. Old-style bolted rail joints (as
shown in Figure 1l.a-b), while providing flexibility against thermal effects (Esveld, 2014), are
increasingly being abandoned due to their numerous disadvantages. These include discontinuities in
the rolling surface (Chao, 2022), rapid deterioration of track geometry, and dangerous damage to rails,
sleepers and fasteners (Esveld, 2014), which worsens with increasing operating speed (Chapman et. al.,
2007). Today, especially on high-speed lines, the most common type is the Long-Welded Rail (LWR) or
Continuous-Welded Rail (CWR). This modernization with welded rail joints (as shown in Figure 1.c)
offers a significant reduction in total life cycle costs (Esveld, 2014), improved passenger comfort (Kjell,
2014), and higher operating speeds (Sanchis et. al., 2020). However, rails expand in heat and contract in
cold weather, and welded joints do not provide flexibility against these thermal changes (Baker et. al.,
2009). With the added adverse effects of climate change, this innovation is forcing railway engineers to
develop additional complex solutions (Esveld, 2014).

b) The same bolted rail joint example demonstrating its ability to allow thermal expansion,
¢) A welded rail joint example that does not allow thermal contraction or expansion.

As detailed in the literature (Chao, 2022; Cegen and Aktas, 2023), below a certain level known as the
Stress-Free Temperature (SFT), also referred to as the Rail Neutral Temperature (RNT), railways can
experience rail or weld failures at these low temperatures due to tensile stresses caused by thermal
contraction of the rails. Conversely, at high temperatures, above SFT, compressive stresses due to
thermal expansion progressively increase and at a certain level, known as the Critical Rail Temperature
(CRT), rail thermal buckling (RTB) can occur. RTB incidents are usually due to inadequate ballast
shoulder, the use of lightweight wooden sleepers or poor welds resulting in C-shaped bending or S-
shaped buckling (Sanchis, 2020), as shown in Figure 2 (CNNTurk, 2010). Consequently, if the design
temperature values (SFT and CRT) are underestimated, the compressive stresses in the rail will increase
in hot weather conditions, leading to a higher number of RTB incidents. Conversely, if the design
temperature values are overestimated, the tensile stresses in the rail will increase in cold weather
conditions, leading to a higher number of rail or weld failures (Esveld, 2014; Ferranti et. al., 2016;
Sanchis, 2020). Railway engineers use historical air and rail temperature data to determine the optimal
SFT for the rails. During welding, maintenance, and construction, they carefully ensure that the rails are
within the Desired Rail Temperature (DRT) range, which is set around the SFT value. Alternatively,
they apply prestress to the rails to achieve the length that corresponds to the DRT rail length (AREMA,
2005; MEB, 2013).
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Figure 2. A typical example of S—saped RTB, Pazard, Kahramanmarag, Tiirkiye (CNNTurk, 2010)

In this study, approximately 1050 days of rail and air temperature records obtained from the
Wilmington (USA) monitoring station have been used to make a preliminary comparison of the
procedures applied on the TCDD (Turkish State Railways) lines with those implemented according to
the American Railway Engineering and Maintenance-of-Way Association (AREMA), e.g. Amtrak. The
aim of this study is to raise awareness among railway managers and to provide a case study from which
railway practitioners and engineers can benefit.

2. Method

In this study, rail and air temperature data were obtained from Amtrak, the national rail passenger
service provider in the USA. As shown in Figure 3, Amtrak provides real-time rail temperature and
meteorological data through an open-access website that includes data from several monitoring stations
(Amtrak Engineering, 2024). The website is updated every 15 minutes, covering the past 24 hours, and
also provides access to historical records dating back to 2007. This study used data from Wilmington
Station, which is located on Amtrak's Northeast Corridor (AP Line). The station's GPS coordinates are
39.74914° latitude and -75.51888° longitude. According to the Google Earth images shown in Figure 4,
there are no nearby structures that could cause artificial shading, and the rail lines are constructed of
both concrete and wooden ties, so this site was considered suitable for the objectives of this study.
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Figure 3. Screenshots taken from the AMTRAK website (Amtrak Engineering, 2024)

B . N ¥ 7%

Figure 4. Satellite images (Google Earth, 2024) showing the location of sensors at Wilmington Station

This study uses data from the beginning of July 2021 to the end of July 2024, a period of 1,128 days.
However, some data is missing, often in the winter months (e.g. January 2024), probably due to
maintenance or equipment breakdowns. As a result, the dataset comprises 1,050 days, including 99,835
air temperature readings and 99,835 rail temperature readings. Figures 5 and 6 show monthly graphs
of “air temperature” data recorded over the period mentioned. In these graphs, data for the same month
from different years are juxtaposed for easy comparison. Additionally, the highest air temperature, the
lowest air temperature, and the absolute difference between these two values are noted in the top right-
hand corner of each graph. According to the data, the highest recorded air temperature within the
analyzed period is 37.33°C, observed in July 2024. The lowest air temperature is -13.78°C, recorded in
December 2022. The largest difference (delta) of 31.33°C was recorded in November 2022. This air
temperature data can be considered similar to the climatic conditions of Istanbul, Tiirkiye (MEB, 2013).
Both regions exhibit a temperate climate, characterized by the absence of extreme heat during the
summer months and the lack of very low negative temperatures in the winter.
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Figure 5. Hourly changes in air temperature for the first six months of the year (2021-2024)
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Figure 6. Hourly changes in air temperature for the second half of the year (2021-2024)

Figures 7 and 8 show monthly graphs of “rail temperature” data recorded over the same period. In these
graphs, data for the same month from different years are placed side by side for easy comparison. In
addition, the highest rail temperature, the lowest rail temperature and the absolute difference between
these two values (delta) are noted in the top right-hand corner of each graph. According to the data, the
highest rail temperature (T}, or H;) recorded within the analyzed period is 50.97°C, observed in

Ailmax
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August 2021 and July 2023. The lowest rail temperature (T

Rail Temperature (°C) Rail Temperature (°C) Rail Temperature (°C) Rail Temperature (°C) Rail Temperature (°C)

Rail Temperature (°C)

ailymin

veya L;) is -14.58°C, recorded in
December 2022. The largest difference (delta) is 44.72°C, recorded in March 2024. There are also the
absolute differences between the SFT, calculated according to the AREMA, and the L, and H, values.
These values are then categorized according to whether they represent tension (SFT_Diff_Min) or
compression (SFT_Diff_Max) stresses.
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Figure 7. Hourly changes in rail temperature for the first six months of the year (2021-2024)
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Figure 8. Hourly changes in rail temperature for the second half of the year (2021-2024)

According to AREMA manual (AREMA, 2005), rail joints should be welded within a temperature range
called the Desired Rail Temperature (DRT). The maximum (Maximum DRT) and minimum (Minimum
DRT) values of this range are calculated using Equations 1 and 2, based on the highest rail temperature
(H;) and the lowest rail temperature (L;) recorded during the analyzed period. It is important to note
that these equations are developed using Fahrenheit temperature units. For instance, with H, = 123.75°F
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and L, = 5.76°F, the DRT range is calculated to be 94.42°F to 114.42°F, which converts to 34.7°C to 45.8°C
in Celsius. A single SFT value of 41°C was selected from this range for comparative analysis. This SFT
value was used to calculate the SFT_Diff Max and SFT_Diff Min values shown in Figures 7 and 8.
Accordingly if the highest rail temperature for the month is above the SFT, the absolute difference is
calculated as SFT_Diff Max and a note is added in parentheses to indicate potential compressive
stresses. Similarly, if the lowest rail temperature for the month is below the SFT, the absolute difference
is calculated as SFT_Diff Min and a note is added in parentheses to indicate potential tensile stresses.

2H¢+ Ly

Minimum DRT = + 10 (1)

Maximum DRT = [ 4 25| 5 (2)

The SFT value calculated according to AREMA is applicable within the USA. However, due to
differences in railway infrastructure, climatic conditions and, in particular, thermal buckling risk
management practices, the same data set may yield significantly different SFT values for other countries.
For comparison purposes, this study further analyses the SFT calculation method used by TCDD in
Tiirkiye (Equation 3) (MEB, 2013). Based on the same three-year data set, the temperature range for rail
temperature in rail welding processes was calculated to be 20.2°C to 26.2°C. A single SFT value of 24°C
was selected from this range for comparative analysis.

Traily, i, Trail
DRT = [-tmin” “réfmax 1. 5) 4 3 3)
It can be seen that, for the same set of data, a calculation result of 41°C is possible according to the
AREMA manual, whereas this value corresponds to 24°C according to the TCDD practice. The
difference could be even greater (45.8°C to 20.2°C) if the acceptable ranges are used. However, as an
example analysis, it is considered that the values chosen provide sufficient insight and are therefore
considered appropriate. In essence, the different SFT calculation methods used by different countries
result in different DRT ranges despite the same rail temperature and air temperature data set. The
advantages and disadvantages of these different SFT values are discussed in the following section.

3. Results and Discussion

As a result, Figure 9 shows bar graphs illustrating the number of data points (rail temperature values
measured at 15-minute intervals) exceeding the SFT value of 41°C, calculated using Equations 1 and 2
according to the AREMA manual, at the top, and the number of data points exceeding the SFT_2 value
of 24°C, calculated using Equation 3 according to the TCDD practice, at the bottom, at different times
of the day. In the first case, data exceeding the SFT value were only recorded between 10:00 and 19:00,
with a peak of about 800 data points between 13:00 and 14:00. The total number of data points exceeding
the SFT value was only 4.64% of the total rail temperature data analyzed. In the second application of
the SFT value, data exceeding the SFT_2 value was observed at all times of the day, accounting for a
significant 29.89% of the total data analyzed, with a peak of approximately 2,500 data points between
12:00 and 13:00. Based on this initial analysis, it can be said that the RTB risk due to compressive forces
in the AREMA application is significantly limited in terms of both the number of data points and the
time window, whereas in the TCDD application, compressive forces are present at all times of the day,
with a significantly higher number of excessive data points.
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Number of Data Points with Rail Temperature Above SFT (41°C) by Hour
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Figure 9. Distribution of data points exceeding SFT values over time (hours)

Similar analyses, this time on a monthly rather than hourly basis, were carried out as shown in Figure
10. In the first case, data exceeding the SFT (calculated according to the AREMA manual) are only
recorded in April-October, with a peak of almost 80 days in July. The percentage of days exceeding the
SFT within all analyzed days is limited to 24.19%. In the second SFT application (calculated according
to TCDD practices), days exceeding the SFT_2 value are observed throughout the year, representing a
significant 65.05% of all analyzed data, with approximately 90 days each in the summer months (June,
July, August). This initial analysis shows that in the AREMA application the risk of RTB due to
compressive forces is considerably limited in terms of days and months, whereas in the TCDD
application compressive stresses are present throughout the year with a much higher number of
excessive days. However, both methods of analysis are rather superficial and detailed analyses are
needed to predict how successful the management of the RTB risk can be. In this context, the analyses
in Figures 11 and 12 have been added.
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Number of Days with Rail Temperature Above SFT (41°C) by Month
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Figure 10. Distribution of days exceeding SFT values by month (total)

In Figure 11 the distribution of SFT_Diff_Max values is shown at the top, showing the levels of deviation
from the SFT value of 41°C calculated using Equations 1 and 2 according to the AREMA manual. These
deviations from the SFT_2 value of 24°C, calculated using Equation 3 according to TCDD practice, are
shown at the bottom. These deviations are presented as bar graphs, segmented by different months and
years. For the AREMA application, data exceeding the SFT value are only recorded between April and
October, with particularly high exceedances of 10°C in July and August. In contrast, the TCDD
application shows that days exceeding SFT_2 are present throughout the year, with exceedances
reaching about 27°C in July and August. According to these last analyses, the AREMA application
results in a significantly limited RTB risk due to compressive forces, both in terms of the number of days
and months and the level of exceedance (in °C). However, the TCDD application shows compressive
stresses throughout the year with a significantly higher number of exceedance days and much higher
exceedance levels, indicating a greater RTB risk under similar infrastructure conditions. These analyses
are not sufficient to give a complete picture, so additional analyses are shown in Figure 12.
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Figure 11. Monthly and annual distribution of the differences between maximum rail temperatures
and SFT values

In Figure 12, similar to the previous graphs, the distribution of SFT_Diff_Min values is shown at the
top, showing the levels of negative deviation from the SFT value of 41°C (the amount by which it
remains below the SFT value of 41°C) calculated using Equations 1 and 2 according to the AREMA
manual. These deviations from the SFT_2 value of 24°C, calculated using Equation 3 according to TCDD
practice, are shown at the bottom. These are shown as bar graphs, segmented by different months and
years. Both conditions show that rail temperature values below the SFT value are recorded in all months
of the year, with these differences peaking in December and January. In the first case, the difference is
more than 50°C, while in the second case it is closer to 35°C. This indicates that the AREMA application
results in a much higher risk of rail/weld failure due to tensile forces. Specifically, the rail temperature
differences (lows) with the SFT value outside the summer months (June, July, August) are equal to or
greater than those observed during the harshest winter months in the second application. In other
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words, rail tensile forces occurring in May or September during the first application are greater than
those occurring in December or January during the second application.
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Figure 12. Monthly and annual distribution of the differences between minimum rail temperatures
and SFT values

4. Conclusions

This study aims to raise awareness of the risk of Rail Thermal Buckling (RTB), which is expected to
become an increasing threat to rail safety in the near future due to climate change. In this context,
approximately 1,050 days of rail and air temperature records from the Wilmington (USA) monitoring
station were used to compare the calculation methods of the Stress-Free Temperature (SFT) values and
associated Desired Rail Temperature (DRT) ranges used by the Turkish State Railways (TCDD) and
Amtrak (following the AREMA manuals). This comparison shows how different approaches to
calculating SFT and DRT can lead to different levels of risk associated with RTB incidents and rail/weld
failures. Some of the key conclusions of this analysis are presented below:
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a. Different methods of calculating the SFT result in significantly different values. For the same
rail and air temperature dataset, this case study shows an SFT calculation result of 41°C
according to the AREMA manual and an SFT of 24°C according to TCDD practices.

b. Rail temperature data exceeding the 41°C SFT were only recorded between 10:00 and 19:00,
accounting for 4.64% of the total. Data exceeding the 24°C SFT were recorded in each of the 24
hours, accounting for 29.89%. Compressive forces are therefore more frequent and prolonged
in the TCDD application than in the AREMA application.

c. Data exceeding the 41°C SFT are only recorded from April to October, peaking in July and
covering 24.19% of the days. In contrast, data exceeding the 24°C SFT occur throughout the
year, representing 65.05% of the data and almost all summer days. Thus, AREMA limits the
RTB risk to fewer days, whereas TCDD experiences higher compressive stresses throughout the
year.

d. For the 41 °C SFT, the highest exceedances are 10 °C in July and August. In contrast, the 24 °C
SFT shows exceedances up to 27 °C in the same months. AREMA limits the RTB risk with fewer
exceedance days and lower levels, whereas TCDD shows higher risks with more exceedance
days and higher levels.

e. The last but not least, rail temperatures below both SFT values are recorded throughout the
year, peaking in December and January. The difference is over 50°C for the 41°C SFT and
around 35°C for the 24°C SFT, indicating a higher risk of rail/weld failure with AREMA. It is
noteworthy that, the tensile forces in May or September for the 41°C SFT exceed those in
December or January for the 24°C SFT.

This study reveals notable differences between the AREMA and TCDD methods for calculating SFT
values and DRT ranges. AREMA typically results in higher SFT values with fewer exceedances,
potentially reducing the risk of RTB from compressive forces. Conversely, TCDD shows lower SFT
values with more frequent exceedances, indicating a higher risk of compressive stresses throughout the
year, however it reduces tensile stresses at colder temperatures. Although the statistical analyses in this
study do not establish the superiority of any method, they do emphasize the need for accurate SFT
calculations in railway design and maintenance. Correct SFT values are essential for managing both
compressive and tensile stresses, as incorrect values can increase the risk of derailment in changing
weather conditions.
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Abstract

This study examines the spatial-temporal analysis of pedestrian-involved crashes in Izmir, Tiirkiye
using Geographic Information System based analysis. As one of the most developed and densely
populated cities, Izmir experiences a high rate of pedestrian accidents, making it a critical case for traffic
safety analysis. Data from the Izmir Police Department reveal that between 2017 and 2019, a total of
6,794 pedestrian-involved crashes occurred, accounting for 15.7% of the total accidents in these years.
After data cleaning and processing, the Kernel Density Estimation tool in ArcGIS Pro was employed to
perform spatial density analysis and identify areas with high and low concentrations of these accidents.
The study analyzed patterns of pedestrian-involved accidents by year and month to identify high-
density crash areas within the core city. The results showed that while the number of pedestrians
involved in accidents decreased over the years, the Kernel density estimation results indicated that the
hot spot locations of the pedestrian crashes were not changed. April month was found as the highest
number of accidents with 541 crashes, while January month was the lowest with 351 crashes. The lower
number of accidents in winter can be attributed to people socializing less and being more cautious in
bad weather conditions.

Keywords: Geographic information systems; kernel density estimation; pedestrian involved crashes;
sustainable transportation
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1. Introduction

Pedestrian safety is a critical concern in urban areas, where high population density, heavy traffic, and
proximity to public bus stops often increase the risk of pedestrian-involved crashes (PICs) (Craig et al.,
2019). Globally, pedestrian accidents represent a significant portion of traffic-related fatalities and
injuries, particularly in large cities where pedestrian and vehicular interactions are frequent (World
Health Organization, 2018). LeBeau (2019) found that pedestrian crashes reached their highest level in
2018, based on an analysis of 28 years of crash data for U.S. cities. According to the Vision Zero (2019)
report, the primary reason for this rise in pedestrian crashes is the lack of a comprehensive safety
manual for pedestrians. As a result, pedestrian safety improvements vary between countries and even
between specific locations, with one of the most widely implemented measures being the reduction of
vehicular traffic speed (Ulak et al., 2021). Hence, it is important to develop common efficient strategies
to reduce pedestrian crashes (Sze et al., 2007). The effectiveness of strategies developed to mitigate
pedestrian-involved accidents relies on the accurate identification of hotspot locations. A thorough
understanding of these hotspots is crucial to ensure that interventions are strategically targeted and
effectively address the underlying causes of accidents (Ozen, 2021).

In Tiirkiye, the rapid urbanization, increased private car ownership, private car-based transportation
master plans have led to a significant raise in accident rates, especially in densely populated cities like
[zmir. With a population exceeding of 4.3 million, Izmir ranks among the most developed cities in the
country, making it a critical case for examining urban traffic safety challenges, particularly pedestrian-
involved crashes. Understanding the spatial and temporal distribution of pedestrian accidents is vital
for identifying high-risk areas and proposing effective interventions, which is the main focus of this
research. Geographic Information System (GIS) software offers valuable tools for analyzing and
visualizing traffic accident distributions. In this study, the Kernel Density Estimation (KDE) method
was employed to identify accident hotspots using three years of traffic accident data obtained from the
[zmir Police Department. By analyzing crash data across various years and months, this research seeks
to uncover trends that can inform targeted traffic safety measures. The KDE analysis not only identifies
accident hotspots but also reveals changes in these critical areas over time. The findings are expected to
provide essential insights into the spatial patterns of pedestrian-involved crashes in Izmir, laying the
groundwork for the development of urban safety interventions aimed at enhancing pedestrian safety.

2. Material and Method

The methodological framework of this research is presented in Figure 1. The analysis began with data
collection, focusing on the locations and times of pedestrian-involved crashes that occurred between
2017 and 2019 within the city boundaries of Izmir, Tiirkiye. The traffic accident data were obtained from
the Izmir Police Department. Table 1 provides an example dataset detailing the year, time, date, accident
type, and the X and Y coordinates of each pedestrian accident. Using these coordinates, the spatio-
temporal distribution of pedestrian crashes across the city was analyzed. The dataset was imported into
the GIS environment and prepared for hotspot analyses. The study utilized GIS-based spatial data
analysis methods to visualize the temporal and spatial distribution of pedestrian accidents. ArcGIS Pro
software was employed to visualize and assess these distributions. To identify accident-prone areas, the
Kernel Density Estimation (KDE) clustering algorithm was applied, pinpointing hot spot locations of
pedestrian accidents across the various districts of Izmir. Ultimately, the hot spots of pedestrian accident
locations were identified separately for each year, month, and day of the week to examine variations in
critical hot spot areas over time. In total, 6,794 pedestrian-involved crashes were recorded, representing
15.7% of all traffic accidents in the city during the analysis period. Of these, 6,612 incidents resulted in
injuries, while 213 led to fatalities. The spatial distribution of these accidents within the border of the
[zmir is illustrated in Figure 2.
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Figure 1. Methodological framework.

Table 1. Example dataset for traffic accident data

Year Time X Y Date Accident Type Fatal Injury Vehicle Type
2017 09:30 27.73052  38.08971 20170609 Pedestrian collision 0 1 Car

2017 09:30 27.73052  38.08971 20170609 Pedestrian collision 0 1 Bus

2017 09:45 27.13487 38.37309 20170823 Pedestrian collision 1 0 Truck

2017 11:20 28.20566  38.21743 20171015 Pedestrian collision 0 1 Car
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Flgure 2. Spatial dlstr1but1on of pedestrlan acc1dents in Izmir for the year of 2017-2019.
3. Results and Discussion

3.1. Yearly Trends in Accident Density

Table 2 presents the descriptive evaluation results of total crashes, as well as pedestrian-involved
crashes (PICs), over the analysis period. From 2017 to 2019, the population of Izmir increased by
approximately 2.05%, while the number of total crashes decreased from 14,536 to 13,960, representing a

nearly 4% decline. Regarding PICs, the number slightly decreased, as shown in Table 2. While the
number of injuries remained almost the same in 2017 and 2019, fatalities dropped from 87 to 50,
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reflecting a 42.5% reduction. The kernel density estimation enabled to analyze the spatial distribution
of pedestrian involved accidents that occurred in Izmir between the years 2017, 2018, and 2019, provided
in Figure 3. The color intensity on the maps represented the density of accidents in each region. While
darker colors indicated a higher number of accidents, light colors indicated locations with lower
accident density. When comparing the kernel density estimation results across the years, it can be
concluded that accident density in certain regions has remained constant. These areas typically include
central business districts with high pedestrian acitivities, such as Konak and Alsancak, as well as
intersections of major roads and areas with high pedestrian activity that conflict with heavy traffic flow.

Table 2. Descriptive evaluation of the crashes for the analysis period.

Year Population Total To.tal' Total. ' #P'IC‘ #PIC. .
Crashes Injuries Fatalities Injuries  Fatalities

2017 4,279,677 14,536 14,328 346 2,336 2,260 87

2018 4,230,519 14,730 14,562 290 2,241 2,178 76

2019 4,367,251 13,960 13,815 242 2,217 2,174 50

Total 12,877,447 43,226 42,705 878 6,794 6,612 213

Figure 3. Kernel density estimation results for the years of 2017, 2018 and 2019.
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3.2 Monthly Trends in Accident Density

Table 3 shows the monthly distribution of PICs across different districts of Izmir. The table includes the
area of each district (in km?) and the number of PICs for each month. Additionally, the percentage of
monthly PICs relative to the total number of PICs is also provided. It can be inferred from the Table 3
that the districts of Karabaglar and Konak consistently rank among those with the highest PIC counts
throughout the year. This suggests that these areas may have higher population densities or experience
more frequent occurrences of specific activities. Cigli and Gaziemir were the regions with very few PICs
occurred. Furthermore, significant fluctuations in the number of PICs are observed monthly. Certain
districts exhibit increases or decreases in PIC counts during specific months, indicating that seasonal
factors, special events, or other variables may influence the frequency of PICs. The months of March,
April, and May were identified as the most critical periods for the occurrence of PICs, collectively
accounting for 30.1% of the total. Additionally, the fall season emerged as significant, with PICs during
this period constituting 25.7% of the overall total. As for the relationship between land area and PIC
counts, there is no linear relationship between the land area of the districts and the number of PICs.
Districts with larger land areas do not necessarily record higher PIC counts. This indicates that PIC
numbers are not solely dependent on geographic size but are influenced by a range of other factors.
Kernel density estimation algorithm was also employed to monthly PIC data to examine the most
critical locations and hotspots of the accidents. Figure 4 shows the spatial distribution and hotspots of
the PICs within Izmir for four different months. In January, it is observed that pedestrian accidents are
relatively few, with limited areas exhibiting high concentrations of such incidents. In contrast, April
reveals a significant clustering of pedestrian accidents, particularly in regions adjacent to Ege University
in Bornova, as well as in the central business districts of Konak and Alsancak, and around the Karsiyaka
Cars1. Analysis of the July data indicates a decrease in the number of accident hotspots relative to April;
however, accidents continue to be concentrated in the Konak Alsancak region. For October, accident
hotspots emerge in locations that are similar to those identified in April. For both months, it can be also
concluded that PICs were mostly clustered around the Izmir Gulf because of the existence of social and
recreational areas which resulted in higher pedestrian activity and, consequently, a higher incidence of
accidents. These findings suggest that serious precautions must be taken to enhance pedestrian safety
in these areas.

Table 3. Monthly distribution of PICs across different districts of Izmir.

A
District (kl;::) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Gaziemir 7053 10 15 25 20 22 16 16 11 23 16 13 4

Karabaglar  89.11 63 47 64 61 87 66 70 61 63 66 57 67

Buca 178.00 55 70 92 108 96 83 56 68 86 86 72 60
Balcova 1621 11 10 17 17 18 15 10 9 8 14 16 14
Konak 2401 76 77 120 133 101 102 88 62 96 126 88 90
Bayrakli 2992 35 28 39 52 26 33 48 26 38 30 38 28

Karsiyaka 5211 37 34 43 40 23 23 23 22 29 35 36 34

Cigli 13820 10 11 13 17 14 10 11 9 16 17 9 10
Bornova 220.10 43 59 54 66 73 48 58 57 57 60 63 67
Total 351 368 489 541 482 411 407 346 429 465 420 388
Percent (%) 69 72 96 11.0 9.5 81 80 6.8 84 91 82 7.6
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Figure 4. Kernel density estimation results showing the pedestrian accident density for selected
months.

4. Conclusions

This study conducted a spatial-temporal analysis of pedestrian-involved crashes (PICs) using
Geographic Information System (GIS) tools to identify accident hot spots and temporal trends between
2017 and 2019. The analysis revealed that despite a slight overall reduction in the number of pedestrian
crashes and fatalities over the study period, certain regions remained consistent hot spots for accidents,
particularly the central business districts of Konak and Alsancak, as well as other areas with high
pedestrian and vehicle interaction, such as near Ege University and Karsiyaka Carsi. Seasonal
fluctuations in crash counts were also observed, with the months of April, March, and May accounting
for the highest number of incidents, while winter months saw fewer accidents. This suggests that
weather conditions, pedestrian activity levels, and possibly special events significantly affect crash
frequency. Importantly, the spatial analysis revealed that accident hotspots are not uniformly
distributed across the city's districts, and the size of a district is not a determinant of higher PIC counts.
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