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CHAPTER |

Stability consideration in the safety aspects of urban
underground spaces

Mehmet Kemal GOKAY'!

1. Introduction

Undergroundvoids and spacegnaturalor manmade)have
beenconsideredn differentapplicationsn avariety of mannersin
naturalgas,oil, and groundwaterrelatedresearchmicro-voids in
rock massesand their inter-connectionshave directedthe natural
reservoir capacities. Dimensions and stabilities of macrascale
undergroundspacedike; cavesgalleries,machinerooms,shelters,
underground cities, urban underground spaces, etc. are also
important considerationsin human societies. Thus, parameters
influencing undergroundspace stability and safety in general
concernsshould be main governingissuesin the designof their
excavationsand utilisations. Urban undergroundspacescould
especially be facilitated as parts of museums (underground
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showrooms,depots,etc.) and transportationnetwork of cities &
countries(tunnels,galleries,metrostationsetc.) which aregoingto
be usedby moreandmorepeople,commutersneedto be designed
accordinglyto preventany kind of accidentscausinginjuries or
fatalities. Theseundergroungpaceshouldalsobekeptunderclose
monitoringmaintenanceservice controls for their stability and
safety precautionsUrban undergroundspace,(UUS), brings new
understandingn urban transportationsand urban living-working
spacesn themodernworld. Creativedesignsandnewtechnological
applicationglead this conceptinto futuristic spaceagestagesThe
decision parameterswvhich are requiredto be handledfor UUS
stabilities are evaluatedhere to understandthe work context of
engineering.

Undergroundurban spaceshave been used in different
countriesfor different purposesCivilisation history hasincluded
numerousnanmadeundergrouncexcavationsogethemith natural
cavesas well. Excavatedurbanundergroundspaceshave usually
developedor protectionpurposesgainstlimatic effectsandother
outsideinfluencesNaturalcaveshavealsobeenexploredmainly for
their openundergroundrolumes,accessibilitiesprotectionfeatures
suppliedsincetheearlytimesof history.Whentheexising historical
urban settlementsare analysed, similar possessionscould be
observed.For instance,locations of historical castlesand main
historical cities have their own particularreasonsfor their safety
precautions.Caves and rock cliff spaces,(niches, which have
cantileverroof & openonesidefaces),hadlong beenunderground
living spacegor humansn prehistoricdimes.In moderntimes,caves
which supplyconvenienteightsandstablevolumetricunderground

spaceshave still beenin use for different purposes.in addition,
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archaeologicalvorks pointedout thatwherevertherock massesire
suitable, manmade underground spaces opened in them for

permanent or temporary (seasonal) shelters for their urban
necessitiesNatural caves and cave systemshave different 3D

undergroundspacesin diverse networks. They have open and

collapsed(probably)undergroundspacesSomeof thesecollapsed
spacesrewide enoughto form deeprift passagewhentheir roofs

collapsein karsticenvironmentsSometypesof undergroundpace
conduits might causesinkhole type surfacefailures. In order to

analyse the stability conditions of ¢ a v edssibleopenings,
collapsedartsof thecavesystemshouldbeexploredandtheymust
beevaluatedor theirinstability conditions Actually, thereasongor

having undergroundspacegin micro or macroscale)in different

rock masses, their dimensions, 3D locations, shapes,
interconnectionsandstability conditionsarerequiredto beexplored
for further engineeringoperationsrelated to them. Moreover,
increasingheir dimensionssizes,dueto thevariousnaturalcauses,
requires extra engineering considerationsfor their postfailure

conditions on surroundingrock masses.These causecould be;

induced stressstrain distributions, shape& dimensionfactorsin

their instabilities, strengthbehavioursof massive& fracturedrock

massedyactureinitiation & propagatiorfeatureof therockmasses,
like creep long-time loading outcomes, bioactivities, chemical
reactionsgroundwatedissolutionandweatheing effects,etc.

Natural canyons,sinkholes, karstic areasincluding cave
systemsare then best examplesof collapsedundergroundspaces
throughtime due to natural processesStablec a v dimedisions,
shapesndtheirsurroundingockmasse$i q u a (inidiffeyentrock

massclassificatiorsystemshavevaluablehintsfor manmadeUUS
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designs.Thus, caveshave casesof evaluations;i) for instability
circumstancesiji) for the factors influencing long-lasting stable
undergroundopenings.Analysing deteriorationand reinforcement
effects of natural processesn the rock massessurroundingthe
undergroundspaceshave suppliedlong-time stability concernson
cavesand manmade undergroundexcavations.Solubility of the
limestonerock masseshroughgroundwatecirculationssometimes
providesgood chemicalconditionsfor their precipitations These
slow chemicalprocessegrovided new surfacecoveringlayerson
somepartsof cavewalls (like fine sizedshotcrete)Theseprocedures
canpossiblyhavesuitableconditionsto developstalactitesat cave
roofs and stalagmiteat cavefloors. As the precipitationof calcium
carbonatdiadcontinuedn time, stalactitesandstalagmitesouldbe
connectedo eachotherin the caveto form roof supportlike mine
pillars. Besidestheserare cave features,most commonly gradual
precipitationsof calciumcabonateor any othermineralcompound
as filling matrixes for the aperturesof the rock discontinuities
surroundingthe undergroundspacesprovide upright rehabilitation
meansto them. Thesechemical reaction circumstancesaturally
occurring in time deliver clues for rock engineersto perform
cementingapplicationsfor the fracturedrock massessurrounding
UUS. Cementslurry pumping (charging)into the fracturedrock
masseswas alreadya common procedure(in certain casesiit is
obvious ground engineeringmeasures)for some types of rock
foundationdor dams bridges buildings,etc.

Timeitself is oneof thevariablesor mechanica& chemical
interactionaleventsin rock weatheringorocessesrhe otherfactors
influencing the rock ma s sweatl@ering procedure;weathering

characteristicsof rock masses,dissolution rates of rock types,
--8--



formation of sedimentaryrocks especially precipitated from
surface/undergrounalaterbodies fractureinitiations& propagation
propertiesof rocks, rock toughness& creep behavioursof rock
massesinderlong-time loadingconditions,etc.

Surfacestructuresandundergroundgspacesn differentparts
of the world have been overlapped.These were predominately
modelled in some casesof historical settlements.However, in
moderntimes, theseoverlappingare mostly unrequireddueto the
complexitiesformed for the surfaces/undergrounstructures.City
plansandtheir opportunitieshavebeenembarrassinglyecognised
after experiencingpopulation pressuresand their requirements
(infrastructures).In the modern world, city plans must include
centes for sociatculturatsportive activities beside the business
orientedoffices, workshopsstudios factories(industrialparks)etc.
It is alreadywell knownthattheir interconnectionshroughsurface
and undergroundroads & rails are prime important for regional
mastelplans.Populatiorpressureandcertaineconomidenefitsare
beingfactorsto providehigh-risesurfacestructuresClimatic factors
and othereconomicenforcementsn moderncities force engineers
in recenttimesto designUUS for differentpurposesut mainly for
undergrounanetrolinesandfacilities. Extendingthecity limits with
high-rise apartmentgon the e a r ttrasf) and UUS (in the earth
crust) have required new understandingin engineering and
governingprocedures.

Societieshavethe capabilitiesto keeptheir welfareaslong
as the governing rules have supplied acceptableeconomic and
personaldevelopmentonditionsfor their membersRules& acts
defining surfaceland ownershipstheir responsibilities taxations,
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and protections (against natural impacts and outsiders) etc.
proceduredifferencesare partsof n a t i identigy differences.In
moderntimes,theintroductionof increasinghumbersof UUSforces
national governmentgo define land-ownershipdefinitionsin a 3
dimensionabpositioningsystem Actually, classicalland ownership
definition supplied by Romans (the Maxim rules) defined an
ownershipof the particularsurfaceland area(parcel)includedthe
ownershiprights for thisp a r cbeldbwdwdergroundynd above
(sky) parts.However, countrieswhich are acceptingRomanland
ownershipconceptasa basisfor their legislativeactshavediverse
implications for the casesof undergroundmineral and energy
sources.Developmentin aviation since introducing balloon force
governorsto put limitations on the Maxim rules as well. The
dilemmaswhichhavebeenobservedamonghelandownershigpight
holders(including responsibilitiesyand UUS projectdevelopers&
aviation sectorswere reviewedby Gokay, (2023a)to presentthe
complexity of current situations. Currently, countrieshave their
diverseapplicationsfor land ownershipcertification for separate,
apart,living volumesat high-rise buildings. Similar considerations
might have tried to be defined for separate apart, underground
spacesaswell. However,thereare someextrastability and safety
issueqobstructswhich mustbe consideredor apartmenbuildings
andUUS casesFoundation®f surfacestructuresareinfluencedby
neighbouring surface/undergroundstructures. Becauseof these
facts, foundation areasof surface structuresare kept a certain
distanceapartamongthem.

Stability casesof any UUS influencesthe rock masses
surroundingthem. Instability conditionsarosefor a single UUS is

not anindividual problem.Failure of rock massesarounda single
--10--



UUS or collapsef its roof stratais nota problemfor thatparticular
UUS. UndergroundnstabilitiesaroundUUS aredirectlyinfluencing
stabilities of neighbouring undergroundand surface structures.
Therefore, new engineering projects including excavation and
construction activities (impacts of machine/blast vibrations,
introductionsof inducedstress&stairconditions long-termloading
changedueto surface& undergroundyeometrydifferentiationin

positive/negativenannersgtc.) shouldneedto be engineeredand
regulated accordingly. Actually, subsidenceresearchersn the
mining engineerindield havetheir explanationsalsofor any UUS

causedollapsesGroundmovementsiueto theshallowdepthmetro
tunnels& their stationslike the other UUS excavationscan have
their instrumentaimonitoringproceduresTherearealsonumerical
inducedstress& strain analysismethodsto visualisemicro/macro
displacementsat progressivephasesof USS excavationsand
operations.

In additionto thesefacts, projectengineersof a new UUS
(including metrotunnels,carparks)iving&working apartvolumes,
depotsworkshopsshoppingcentrespassageway®tc.)excavation
should be readyto have decisioncomplexitiescontradictingwith
already available surface/undergroundstructures (engineered
volumes).There may be additional dilemmaswhen the projected
USShavestability concerngdueto deepseatednineralandenergy
reserveoperationslf therearelegislativerulesandactsconcening
all possible technical & ownership related conditions of UUS
excavations & operations, that means there are legislative
proceduresalsoto describe;sharesyrights, duties,responsibilities,
etc.Othercasesalwayshavetheirgapsbetwee UUs&Sp p | i cat i o

and i a v ai legeslativeeA ¢ t SThiis. situation seemsto be
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i ¢ o mmio luman activities, however, if an accidentoccurs
causing further stability problems for projected UUS and
surroundingstructuresgngineersarethenaskedto explainthe full

situationin theselegislatively unclassifiedcases.The conceptin

thesekinds of problematiccircumstancesoversdecisionson; what
could be the reasonableengineering& legislative decisionsif

valuablesurface/undergrounstructuresand naturalreserveshave
impacted negatively (may also include accidentswith fatality
results).

Explorationof undergroundesource$or theUUS otherthan
the resourcesof groundwater,oil, gases,coals and mineralshas
definednewunderstandingn urbanisationTherearemanydecision
parameteran UUS designand plans, (including; regional urban
plans,architecturahctivities,artisticfeaturesengineereditilities &
machines,etc.) which should be consideredaltogetherthrough
professionalgroup works. Most of the parameterselatedto UUS
designprocedureare coincidedwith otherundergrouncdbperations
like in mining and tunnelling. Likewise, there are numerous
uncertaintiesn rock mass& materialcharacteristicsogetherwith
their mechanical behaviours under short/longtime loading &
unloading conditionsin UUS design stages.Recently, classical
designstepsforwarding certain straight decisionshave gradually
been dropped to include decisions taken through uncertain
characteristicef input data.This newunderstandingn engineering
design has started to lead related legislative acts (enginering
decisionsinclude their uncertaincharacteristicsdue to uncertain
propertiesof input datashouldbe mentionedn legislativeactswith
logical reasoningoutputsresponsibilities).Eurocode 7 steps for

instance introduce descriptionsto rock & ground engineering
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designdy mentioningi u n ¢ e r casadomhesylarengineered
applications.

Admiral & Suri, (2015) explained, in their work, why
engineers should think about UUS to couple with future
requirementsof urban societies.However, the first step to be
consideredn engineeredtructuress alwaysthesafetyof thepeople
whoareusingUUS for theirdaily life requirementsWhenthesafety
of UUS is under considerationsstabilities of urbanunderground
spacesare primary important consideration before the other
governingdesignparametersontrolling the dangerousconditions
like; fires, floods, explosions,gas discharges,radioactive light
emissions, electric current shocks, machine malfunctions,
ventilation problems, transportationproblems, explosions,social
unrestetc. Whenthereis anundergroundpacewhich is plannedto
befacilitatedfor publicusag&metroline openingcarpark shopping
centre,museumhotel, sportsociatcultural centre shelter.etc.)the
stability andsafetyrulesshouldbedefinedaccordinglytogethemwith
ownerships definitions and responsibilities. Permision and
responsibilitiessuppliedthrough governmentoffices, (by holding
full responsibilitiesfonstructioractivitiesof UUS andtheir surface
structureshouldbewell definedin legislativeactsto suittheiru s e r s 6
andc 0 mmu baéetyissdes.

2. Accident types occurred at UUS

Accidentswhich would have occurredduring construction
and operationperiodsof tunnelshave their reasoningseparately
important.Undergrounceventshappenediueto instability casef
undergroundspaceshave provided certain preliminary parameters
(if theyhavebeenmonitored)beforetheaccidentsThesgparameters
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arevaluableonesto performbackanalyseso understandhe phases
of differentiationin rock massedeforethe events.The questions
might be askedhere;If theseparametersre measurableWhy has
thestability of theUUS havebeenmpaired?Theforwardingreasons
of similargqueriesarebasednmainly uncertaintiesn theearthcrust
(rock& soil massesinechanicabehavioursin thecase®f dynamic
3D loading&unloadingcircumstance®f the rock massesaround
UUS andtheir mechanicapropertyfluctuations& deteriorationsn
time might be the mainfactorsin theseinstability casesTheremay
alsobehumanfactorslike; improperuuUS-designsandunsuccessful
applications& implementation®f the revisedengineeringlesigns,
(dueto unqualifiedemployers/employeegnpropermachinepark,
unmatchedinstallation materials, etc.). Engineersshould supply
careful approachto laboratory/field tests which are mentioning
mechanicalstrength values (or any other mechanical property
valuesin i av e r my ek eim thedhandout reports without
supplyingfi n u m bfdest samplesand their standarddeviation
values; how & where the sampleswere taken; who collected &
transportedhe samplegromfieldsto thelaboratories;whowasthe
responsibleengineersdecidingthe tests;who performedthe tests;
which laboratory and whatkind of testequipmenivereusedin the
testing procedures;Which engineeringstandardswere followed
during the tests, etc.). There are also uncountableuncertainties
influencing the strengthof rock massesBack-analysingof each
instability eventsof UUS by different professionsarethenvaluable
assetdor the postfailure evaluationof theseaccidentsLikewise,
Sousa& Einstein(2021)suppliedinformation aboutaccidentghat
happenedluringtunnelconstructiongo evaluateheir reasoning.

-14--



Similarly, Zhu etal., (2022) presentedstatisticalanalysisof
48 majortunnelconstructionaccidents(MTCA), thathappenedn
China in 10 yearsfrom 2010 to 2020, (Fig. 1). Their analyses
includedcasecharacteristic®f accidentsncluding;ic | assi f i c a
time, region,location,constructionrmethod,andrisk s o u r They 0 .
discussedafeconstructionssuesf undergroundunnelscovering;

[J25%-715%

T Non-outlier range

20p
Median

Mean
@ Number of deaths

Fatalitics

Figure 1. Typesof major tunnelconstructionaccidentyMTCA)
andthefatality numbers( i M T Wasdefinedasan accidentthat
resultedin morethanthreedeathsn Chinafrom2010to2 0 2 0 0
andf t heedotsrepresenthedifferenttypesof accidentsandthe
correspondinglistributionofd e a t (et @al),2022).
i) i H otevaccuratelyevaluataheresilientnetworkofh a z a and s 0 ,
i) A H oteuild anefficientmonitoringmitigationrescues y st € mo .
Theseauthorswrotethatthemostfrequentlyoccurringaccidentype
reportedin their researchwas relatedto collapsing(31 accidents
resultingin 172 death3. In undergroundoperationscollapsingof
roof and wall rocks of undergroundspacesare usually basedon
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stability failures that originated through progressive events
(developingatfast/slowrates) Zhuetal.,(2022)pointedoutthatfi t h e
explosiorrelateda ¢ ¢ i dverathesnethatcausednorefatalities.
Their evaluationfor the icommonfactorsleadingto accidentscan

be classified into geological factors, human factors, and other
factors, such as heavyrainfall or snowfalb According to these

a ut hreseasclnearly40% of MTCA wereil i n d byh@erédn
dominatedactord Theyaddedalsothattheremaningratio partof
MTCA (60%)wasfidirectly relatedto the insufficientprospecting,
poor monitoring,andimproperrescu® activities.

Analysing and evaluationsof safety concernsrelated to
undergroundpacesncludingdifferenttypesof tunnelshavepointed
to the vitality of the legislation acts and regulations with
comprehensivecontents to follow in UUS constructionsand
operationgime periods.Thenumberf commutersisingtunnelsin
theworld haveregularlyincreasedlueto their particularadvantages
in certainbusinessareas.Thesenumbershaveforced engineers&
UUS managementt countthe total numberof commutersusing
their UUS facilities (tunnels, passagewaysetc.) by different
methodologiedike image processingtechniques Actually, (with
regulartime intervals), monitoring thesenumbersand commuter
distributions(densities)at different partsof the UUS for 24 hr time
basissupply information to re-evaluateand plan rescueoperation
alternativedor possibleaccidentsLi, etal.,(2024)wrote aboutthe
conditionsandrisk of rescueefforts of metrotunnelevacuatiorfor
the caseof urbanflooding disastersTruly, tunneldesignprocedures
should definitely include different UUS related accident case
analysedo provide alternativeemergencyexit points andreadyto

userescueapparatusBettelini (2020) outlined iCommonaspects
--16--



and differencesbetweenthe varioustypesof i c on v e nand o n a |
A e me r gundergraundinfrastructure and he discussedtheir
consequences.Basicaly, when the underground spaces are
categorisedaccordingto their usagetypes,the following list could
betheoneusuallyreachedi) Naturalcavesji) Rockporosityrelated
reservoirsijii) Mine galleries& openingsiv) Tunnels(for road,rail,
and metro networks), station spaces,and machine rooms, v)
Passageways,shopping facilities, and carparks, vi) Urban
undergroundspaces,vii) Other emergingusageof underground
spacedncluding deepstoragereservoir& depots.Safetyconcepts
related to these underground spaces have their individual
requirementsbut thereis alwaysa commonapproachin the UUS
conceptto keepthe stability and accesof the undergroundspaces
as long as possible. This fact is also important for the rescue
operationcase®f possibledisastrougventsn UUS.

In general, UUS projects have mainly 3 phases,(an
engineeringointof view). Theseare;i) Exploration& designphase,
i) Excavationphase,and iii) Operation phase.The first phase
predominantly influences the other successivephases,so all
professionalemployedfor a new UUS projectshouldbe readyto
use their full creative design capacitiesthrough collected and
officially documented field data. Sub-decisions supplied by
engineersaandall the otherprofessionalsn these3-phasesnustbe
documentedwith their reasoning.lt is always betterto keepthe
official secondcopiesof thesedocumentst notarysafesaswell. In
case of any argument among the government offices, main
contractors,subcontractorsemployeesand employers,etc., those
documentsncluding input dataand suppliedsub-decisionswill be

valuabletracesof eventsat differentworksitesof UUS projects.
-17--



Bettelini (2020)statedthatmajorsafetystepshavestartedo
be appliedandtheyhavegraduallybeenupgradedfterlargetunnel
fires fincluding the Mont Blanc tunnel (1999), the Tauerntunnel
(1999) and the St. Gotthard tunnel (2001 He summarisednain
regulationprogressiveefforts to increasethe safetyof roadtunnels
while statingil r o trthel safetyis characterizedby a thorough
understandingf theinfrastructure(tunnelstructureandequipment)
and improving operation but only an indirect and rather weak
control on usersandv e h i cSimdas siatementsould then be
applicablefor otherUUS aswell. Accidenttypesprovidedin Fig.1
and other safety issuesof UUS can then be relatedto; a) UUS
stability concerns,b) UUS 6 facilities (equipment,machineries,
instruments supportsrefurbishmentsetc.), c) Operationalfailures
& accidentsd) Humanfactors(asworkers,employeescommuters
etc.),e) Implementednachinevehiclesequipmeninstrumentypes
andtheir propertiesetc.

Man-made undergroundspaceswhich can be abandoned
undergroundninesor new excavatiorspaceiavetheir excavation
proceduresAbandonedmine spaceshaveto be evaluatedthrough
their earlier usagesas partsof mining operations Available mine
recordscanbe usedin this type of applicationso understandhese
S p a cenechamicabehavioursAbandonednines p a dorggedm
stability featuresarevaluableassetsiuringtheirevaluationgor their
secondaryusageas UUS. After getting official permissionfor the
operationsof tunnelsaccordingto their projectedtargets,UU S 6 s
operationatime periodis startedvhich shouldalsobemonitoredfor
their stabilitiesand safetynecessitiesOperationalperiodsof UUS
(metrotunnels& stations,shelters,undergroundcities etc.) cover
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situationsin which numerouscommutershavetheir daily activities
(travelling, living, working, etc.)in them.

Modern time living activities cover undergroundurban
activitieswhich needegal Actsto enforce (engineeredprecautions
and rescueproceduresin order to visualisethe vitality of these
rescuereadinessthe numberof commutersan undergroundmetro
tunnelsatcertaintimeintervalsshouldbeconsideredleeply.If there
is a tunnelstability problemin one of the metrolinesin a city for
examplelf thelengthof the problematicmetrotunnelinfluences2
metrotrain which has 10 cars (wagons)each,then around2000
3000 commutersin each metrotrain might be in dangerous
situationsunderground Authorities chargedto operatethe metro
systemin that city shouldbe readyto handleall kinds of accident
typestogethemwith alternativeemergencexit pathsandwell-trained
rescueteams.Iln eachaccidentthereis alwaysa certainlevel of a
rescueoperation,but readinessprganisationsand effectivenesof
these operationsand number of rescuedcommuterswill be the
decidingfactorshereto speakaboutthe quality of thesuppliedUUS
servicesandits rescueunderstanding.

3. Parameter influencing stabilities of UUS

Bobylev (2009) pointed out someother considerationgor
urbanplanningin caseof UUS utilisations.He wrotethati hi st or i
top-downdevelopmentf UrbanUndergroundnfrastructureg(UUI)
andshortcomingsn its planninghaveresultedn alack of available
UUSfor newd e v e | o pSuracelarsl parcelsdefinedthrough
urban master plans have their categorised land ownership
registrations.Surfaceland owner rights definedthrough countries
legislations, and requirementsof undergroundvolumes (metro
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tunnels & metro stationsetc.) for generalpublic benefits have
potentialgo produceanownershipdilemma(Gokay,2023a,2023b).
Bobylev (2009)categorizedJUS typesaccordingto their functions
(like in ParisFrance StockholmSwedenandTokyo-JapanFig. 2).

He pointedout similar complexityfor land ownershipcases
betweersurfacdandsandundergrounégpacesHe thenemphasized
urbanplanningthatincludedthepossibilitiesof UUI andUUS based
on productive use. He wrote that; i Asectoralapproachto UUS
developmenandUUS availability on afirst-comefirst-servedbasis
doesnot allow the full benefitsthat UUI can provide for urban
s ust ai rSmdeihdrequirgnientgo the UUS is in increasing
phaseplanningexcavationgor surfaceandundergroundtructures

Urban Underground Space Use by Function, %
60 55

50

55
41 44
40 &
30
20 43 15
10 5
0

Utilities Transport Other
BOParis B@Stockholm OTokyo

37

Figure 2. Typesof urbanundergroundspaceusages,(Bobylev,2009).

haveto bein controlledmannerdor practicingvaluablenatural non
renewable, resources. Projects related with any surface and
undergroundstructureshouldthenbe evaluatedhroughgroupsof
professional (qualified) engineers& city-planners to provide
efficient regional/local urban plans. Underground facilities
excavatedn earthcrusthaveincludeddisruptionsof therock masses
at the project locations. It is impossibleto eliminate impactson

naturalresourcegdifferentiationof: void dimensionsgracks joints,
--20--



groundwaterconditions, stressestains distributions, etc.) due to
UUI andUUS excavationsTheir influencesaremostly greaterthan
the surfaceexcavationsintroducingnew UUS into certainurban
locationssupplementsew complexitiesnto legalland ownerships.
Thus, volumesin earth crust as UUS should definitely have 3D
coordinatepositionsto recognisecoinciding (stay under) surface
land p a r c pobit®ris. Additionally, explorations of already
existing undergroundcavities underthe city limits might provide
new discoveries of caves, forgotten/undocumenteghelters &
infrastructuresarchaeologicalindergroungassages/tunnelghich
havebroughtcomplexstability concerndor themselvesndsurface
urbanstructures.

Similar studiesperformedfor Singaporewere discussedy
Schrotter& Son, (2019) andthey mentionedthe requiremenif a
digital map of subsurfaceutilities. They reported the works
(includinggeoradameasurementsd obtaindigital 3D mapsfor the
measuredareasof city land parcels.Actually extendingthesekind
of 3D mappingprojectsto cover; more depthsfor instance(depth
startingfrom official ground zerodatumlevel) aregoingto be near
future considerationgn mostof the urbanareasvhereundeground
spaces (natural/marmade) are creating stability problems for
surfacestructuregqbuildings, bridges,dams,etc.) and underground
structuregmetrotunnels utilities, UUS, etc.).

Defining deepmineral, gas, oil, and groundwaterreserves
andtheirgainingmethodologietiavebroughtlegalcomplexitiedor
thesurface/undergrounspaceownerships responsibilityconcerns.
When the ownershipof undergroundcaves,metro stations,metro
tunnels,road & rail tunnels, undergroundshopping centresand
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passagewaysindergroundvorkshop& depotorganisationgtc.are
underconsiderationgdueto additionalgainsin taxationissuesmany
sharesretriedto bedefinedin legal& businessctivities.However,
anysharesr rightsdefinedfor undergroundgpace$avelimitations
accordingto their undergroundpositions. They might have other
undergroundneighbouring spaces.They have certainly situated
underparticularsurfacdandparcelgwhich havesurfacdandparcel
registration, land ownership rights) acording to urban plans.
Complexityin disputedownershiprightsamongthemhavepotential
to form deepdilemmaswhich should be dissolvedby governing
bodiesof statescollaboratingthroughsocial acceptanceAdmiraal
& Cornaro(2016)wrotethatlegalland ownershiprights, liabilities,
andbuilding codeswereparameterso beevaluatectarefully.Legal
consideration®f surfaceparcelandundergroundgpaceownerships
are important for defining legal rights, taxation, and legal
responsibilitiesadjoined However therearemoreimportantaspects
relatedto themunderstability considerations.

Rock mechanics covering mechanical behaviours and
strengthpropertiesof rock massesgroundengineering(including
mining engineeringlesignfeatures)plananddesignactivitiespush
the companiesndstateofficesto requirewell documentedtability
analyse®f surface% undergroundgtructuredpeforetheirutilisations
andoperationsSupplementargonsiderationselatedto theUUS &
surface structures should be controlled before starting any
engineeringprojects. It can be pointed out here that due to the
significantinfluenceof theUUS, newfeaturesof urbanplansshould
be developed(introduced) to produce acceptablesolutions for
catastrophiownershiprights and structuralstability problemsdue

to the UUS inclusions. Actually, undergroundspaceshave taken
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placein humanlife sincethebeginningof history.But, influencesof
surfacestructuresand certainundergrounds p a disasivantages,
theyhavenotbeenfacilitatedwidely enoughin modernurbanisation
besideausingthemasdepotsandshelteringpurposesBut, modern
life in crowdedcitiesforcessocietiego getinvolvedwith moreUUS
projects,(Fig. 3), wherevermossiblewith their apparenadvantages.
Collectingdatarelatedto U U S dateusagepurposesnclude

Time, (urbanisation & >
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Figure 3. Urban city developmenand city limit extensionsLiving
& workingspacest thesurface& undergroundstructures.

parameter®btainedat constructionsandoperationphasef them.
Rockma s spmpefiychangesdimensionf undergroundgpaces,
(micro&macro scales), cracks initiations and propagations
monitoring at the main rock massesand applied supports,all
applicant related U U S 6operational parametershave to be
monitoredto predict any signs of negativeinfluenceson UU S 6 s
stability. Rastogi, (2008) was mentionedan instrumentationfor

instanceto monitoring undergroundstructuresand metrorailway
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tunnels. Kushwaha, etal., (2019) worked on abandonedmine
stabilities and mentioned their influences on surface urban
structuresTheywrotethatii r a i linesaopds,buildings,villages,
residentialcolonies,pipelines,e t @ould be overabandonednine
fields. These authors stressedon stabilities of these mi ne s 0
abandonedpeningsand they wrote; fithe workingsare generally
old, abandonedand presently unapproachableln some places,
importantdelicatesurfacestructuresare installedabovea portion
of old abandonedundergroundworking® .Their works included
numericalanalysesoncerningstabilitiesof undergroundpenings.
Subsidencecaused instabilities at the foundations of surface
structurescould be explained(to some extent) accordingto the
positionsof undergroundgspacesand surfacefoundations.The size
of the surfaceandundergroundstructuresyeightof the plannedor
existing surfacestructuresdisturbedzonearoundalreadyexisting
undergrounaninespacedepthof themine,groundwateconditions,
rock masstypes betweenand their mechanicalproperties,time
dependedmnechanicalbehavioursof the rock massesetc. are the
factorsto be evaluatedin subsidencestudies.Actually, Longoni,
etal.,(2016) also mentionedthe difficulties arosedueto input data
collection from abandonedmine sites (accordingto abandoned
mi n stabifity conditions)for their further stability analysesThey
wrote aboutenvironmentaland stability conditionsformed due to
theseminesby mentioninga censusvhich hasidentified morethan
2400abandonedninesin Italy (Berry, etal.,2011).

In orderto point out the impactsof old mining works on
urban areas,the words of Longoni, etal., (2016); i g daxzards
relatedto the long-term stability of abandonednineslocatedin

urbanizedareasare a challengefor all countrieswith a mining
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hi s tikustrpt®the problems.Current mining companieshave
their engineered documentationsdescribing mine oper at i on
environmentak stability influenceson the surroundingsWhenthe
similarimpactsfor abandonedninesareunderconsiderationup to
date data documentationsare generally unavailable.In addition,
official documentsobtained through abandonedmine files are
usually not comprehensivéut they supply information aboutthe
extentof mine working sides.In orderto collect currentinput data
from abandonedmines to perform stability and environmental
impact analysis, entering these mines may be thought of after
obtainingofficial permissionsSafetyconcernshouldbeputonhigh
alert levelsin thesetypesof researchBecauseye-enteringthese
mi n eopedingsto collect inputdata for further engineering
analysess adangerousictof researchegdangersof rock failure &
collapsearoundabandonedindergroundnine spacesndcavesfor
instance,have been continuousphenomena).Therefey Longoni,
etal., (2016) statedthat A n e i duidedimes nor proceduresare
currently availablefor assessindnow to approachthis problem.In
keepingwith theseenvironmentalproblems,long-term analysisof
thesesitesshouldbep | annedo.

Stability & environmental effects caused by new
underground metro tunnels might probably cause similar
deformationcaseslt shouldbe bornein mind thattherearealways
urbanstructureverthe metrotunnels Furthermoretheremightbe
existingmetrotunnelsor UUS nearthe projectedtunnels.In these
kinds of complexdecisionenvironmentsstressstraininteractions,
stability features,existing subsidencedrajectories,and influenced
groundwaterflow patternsshould primarily be engineeredor the

new projectedtunnels(by usingthe latestmethodologieoffered).
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Analysesfollowed by researcherégn mine engineeringto define
downward deformationsduring subsidencemight lead the other
professionalso evaluatesimilar conditionsfor newandold projects
in tunnelsandothertypesof UUS works.Lu & Han,(2023)studied
the stability conditionsof old metrotunnels.They wrote thatfi iist
becomingmoreimportantto monitor andevaluatethe performance
and enhancehe resilienceof theses t r u ¢ Acaordmgtamthem
structuralproblemshavebeenexperiencediuring their servicelife.
Theyalsomentionedi e x ¢ edefsrinatiansseverecrackingand
dislocationof | o i ffiot strocturally deformedexisting tunnels.
Supplyinginformation only aboutthe advantage®f UUS, (metro
tunnels,undergroundgpassagewayand otherundergroundspaces),
in urban areascould be shortlistedif the long-term complexities
about them are not mentioned.Progressivedeteriorationof rock
masses around underground spaces lead further operational
problemswhich graduallyinfluenceshe efficiencyandsafetyof the
UUS. Thus, long-term performanceof the UUS especiallymetro
tunnelsshould be carefully monitoredfor the sakeof operational
safetyconcerns.

Dynamic featuresof the earth crust shapee a r tsunféce
morphologyby differentiatingsteadilyrock massedypesandtheir
strengthrelatedconditions.Natural cavitiesand micro voids in the
earthcrustareexpectedo beformedanddemolishedn continuous
manneralongthe geologicaleras.Urbanisationn humanhistoryis
a very shorttime periodwhenit is comparedo earliergeological
eras.Stablecavesand micro voids exploredin currenttimes have
providedinformationabouttheir hostrock conditions which might
be formed in earlier eras. Thus, natural spaceswhich have been

exploredthat arestill openin currenttime might supplylong-time
--26--



stability preferenceso the researchersSimilarly, if collapsedparts
of cavesystemsaredistinguishedandthe cause®f defectsin these
collapsed parts of ancient cave networks are analysed,logical
outputscanbe obtainedfor engineersWhatcould bethereasorfor
thecollapseof naturalundergrounaavitiesHow manyyearscould
theseundergroundspacegemainopenwithout any rock supports?
The answersto thesequestionswill containvaluableinformation
thatwill be usedto evaluatethe instability conditionsthat existing
martmade undergroundcavities may encounterin the long term.
Beside mineengineerslsoknowthat, collapsesoccurredat certain
partsof a mine openings(roof andwall rocks might havecracked
andcollapsed)rigger successiomavingactionsabovethat partsof
theopeningsThus,failure of roof & wall rocksat mine openingss
oneof the majoraccidenttypesin minesandunintentionallycauses
further complex stability situations in mines. Consequently,
facilitating abandoné undergroundnine openingsfor their second
usagessdepotsor asUUS havebroughtconsiderationsbouttheir
stabilities.Somecountrieshavetheir long periodsof mining history
which might cover accidentsas well. Mine disasters,coal mine
methanend/orcoaldustexplosionsandcollapsesat minegalleries
haveinfluencedthosenationsdeeply.Sotheymight be hesitatingo
useabandonednine openingdor their secondaryJUS usages.

Similar undergroundgpacecollapsingdangershouldalsobe
under considerationfor manmade UUS projectsincluding metro
tunnels.lt wasdeterminedhatcollapsingtype of accidentgFig. 1)
atundergroundunnelswasthemosteffectiveaccidentypein China
in the 20162020time period,(Zhu, etal.,2022).For metrotunnels;
fast transportationactivities in them require some engineering

controls which should be realised continuously. These controls
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include; healthy of the rail-tracks,t u n nwvertilation conditions,
stiff connectionsof all the tunnel applicants, vibration related
aspects,groundwater conditions, fume & fire related dangers,
explosioncircumstancesflood & groundwaterinflow cases,and
additionally micro-scaledisplacementsiue to inducedstresslevel

surrounding the tunnels. Engineering projects related to new
undergroundmetrolines are currentlyintroducedto urbanareasin

different ways, (with celebrations).Officials might mertion the
advantagesf themetrotransportationsTheymayalsospendwvords
aboutsavingshandledby metro tunnels,(minimising surfaceland

compensatiorcostswhen it is comparedthe costsof mandatory
surfaceland ownershipright transferringfor the casesof surface
roadsor surfacerail-line projects)without mentioninginstability

concernsformed due to metro tunnels. Actually, officials and
engineersshould supply information about the advantagesand
disadvantageof the metro tunnels & UUS together. Because
following facts; Surfacesubsidencexpectedevenin minorlevels)
during UUS excavation & operation periods; Sudden collapse
occurredat different partsof UUS dueto surroundingrock mass
instabilities; Fires & explosionsoccurreddue to equipment.their
installations, and related human factors problems; Groundwater
levelsandrelatedflow differentiationsetc.shouldall be considered
to evaluateadvantages& disadvantage®f the projected metro
tunnelsandUUS. Theseevaluationsieedengineemg groupstudies
suppliedby city plannersarchitectsarchaeologistengineergcivil,

mining, rock, soil, foundation, geotechnics,geophysics,survey,
computer, etc,), and officials from municipalities & central
governments. Experiences gained in underground mining

engineeringhavedefinitely positiveimpactson theseexcavation&
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monitoring subjects. Because underground mine openings
with/without supportsstayingopenin severaldecadespr collapsing
in certain days/weekshad provided definitely valuable data &
experiencesf theywerecollected/recordedrderly.

Long-term stability concernsand performanceof UUS
structures,road & rail tunnels, and metro tunnels are under
consideratiorthroughseveralresearchesoveringtheir; operations,
controlling facts, maintenance serviceactivities, safety related
procedures,stability analyses,etc. After construction of UUS
includingmetrotunnelswhatcouldbethemonitoringstepsanddata
collection actions related to the fi h e a of tthiese underground
facilities? Answering this question requires engineering group
efforts. For instance Schubert(2015)definedwhy tunneli h e al t h 0
monitoringis essentiaby pointingto thefactsrelatedto; Successful
applications of observational approaches; Requirements of
measurements(data collections); and Types of parameters
monitored(i.e; displacemeninonitoring,methodologydifferences).
Deformationsrealiseddue to induced3D stressconditionsaround
theUUS, for examplecouldbemonitoredby extensometergptical
sensorsstraingaugeattachmentsetc. A methodsuppliedby Dinis
da Gama, (2004) combined electrical & electronic engineering
knowledgewith mining & rock engineeringanalysesto monitor
straingaugeresistivity differentiation. Thesegaugeswvere attached
to steelsupportsof undergroundexcavationgo monitor their strain
differentiations.Most of the UUS, metro tunnels& stations,and
undergroundpublic passageshave their concrete supportsand
concretdinings. Controlling & monitoring micro structuralevents
on these linings, (fracture detections, concrete mateial

deteriorations tunnel dimensiondeviations,micro-displacements,
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groundwateseepage<stc.) haveprovidedinput datato be usedfor
undergrounds p a cstlslifies togetherwith rock mechanictest
resultsof surroundingock masses.

Stability monitoring of the UUS including metrotunnels&
stations are crucially important for societies.Any inconvenient
accidentsrelatedwith tunnel supportsor overstressedunnel parts
will producepartial collapsef UUS whichincludealargenumber
of commutersto be rescuedin a shortperiod of time. Therefore,
continuousmonitoringthe UUS areimportantasthe casefor their
excavationtime-periods.Lu, etal., (2012) are the researchersvho
have focusedon submarinetunnel stability casesfor instanceto
supply a long-term monitoring softwareto help engineersduring
their i | oterrg monitoring data acquisitionsin real time, data
analysis, and structure safety decision and pre-warning for
submarinet u n n &le,s étal., (2013) also pointed out the
importanceof thet u n ncerdtirmud@ushealth monitoring systems.
They wrote that Micro ElectroMechanical Systems,(MEMS),
which could be mergedwhereverrequiredandthentheirda wi r el e s s
sensorn e t w are tkeh usedto collect input datafrom tunnels
(UUS). Another researchemgroup, Li, etal., (2014) forwarded a
tunnel structure safety monitoring system based on BOTDA
technology. According to theseresearchersconventionaltunnel
monitoring systems including strain gauges, deformation
measurementgtc.arenot effectivein continuousmeasurementsf
At prepertyd i f f e linestructweradindegrity of the surrounding
rock masseof USS. Basedon fiber optic propertychangesunder
theinfluencesof temperatur& axial staindifferentiationsBOTDA
tecmologiesfeaturedhisfiber optic propertyfluctuationsfor tunnel

healthmonitoring system.The authorswrote thatii o p tfibecia |
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the backwardBrillouin scatteringfrequencywill d r idugtodit h e
optical fiber strainandthetemperatures a r i aSincethar@is a
linear relationshipii b measuringthe frequencydrift of Brillouin
scatteringbackin the opticalf i b i pravidesinformation about
thechangeof i t e mp eandsttaindis&ibutedinformationalong
the optical f i b @hisdtechnology has further opportunitiesin
monitoring stability conditions encounteredin all types of
undergroundbpenings.Di Murro, (2019) perfomed a thesisstudy
for the long-term performanceof concretesupportlinings of the
tunnels at The European Organization for Nuclear Research,
(CERN,ConseilE u r o poRréaRecherché u c | ®ados.Im thas)
studyit wasaimedto i d e v a doadpnderstandingf the long-
termtunnellining deformationrmechanisnwhenits tunneldrainage
conditionchangesnanyyearsafterc o n s t r The thasisstudy .
includedworks to point out tunnellining deformationmechanisms
by meanf observationgcrackdevelopnentsinnerperipheryof the
tunnel). The authorusedfit d i f fr@mit@&ingttechnologiesand
interpretedthe data to assessthe mechanismof tunnel lining
d e f or marenelus&h Beng,(2023)werealsofocusedon long-
termmonitoringof the structuralhealthof deeprock tunnels.

In rock engineering concept, comparing field (in-situ)
measurementwith the outputsof numericalanalysess a common
methodology in studies. Similarly, Yertutanol, etal., (2020)
mentionedtheir displacementmeasurementsiata in twin road
tunnelsin Izmir, Turkey. Monitoring the tunnelsthroughvertical
deformationsat the tunnel peripheriesat selectedocationshavea
common methodology to start understanding deformation
characteristic®f the rock massesandtunnel supportssurrounding

thetunnels.Thedatacollectedthenusedto evaluatdurtherstability
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problemsdescribedthrough the rock engineeringconcept.These
authorscomparedtheir field measurementata with the tunnel

displacementdata obtained through their digital displacement
analysesonductedhroughfinite elementanalysis.They reported
that 70% of the calculateddisplacemenvaluesobtainedfrom their

numerical analyseswere matched with the displacementdata
obtainedfrom thefield measurements.

Damagesand deteriorationswvhich have occurredon UUS
supportsprovide visible or invisible signsfor humaneyes.Micro
crackstracedon the surfaceof the concretesupportrings of circular
tunnelsmightbethevisible partsof manyotherbranche®f invisible
crackspropagatinghroughthe tunnelsupports Concretesupports,
concretecolumns& beamssteelarchtype supportsusedfor UUS
aresensitive3D stresdlistributionsoverthem.Therearefluctuations
in thesestressesn time andtheir continuoudong-termimpactson
UUS supportsare vital to be monitored.If it can be presentedn
categorisednanners;Long-lasting unchangedate of overburden
loads;Fluctuationsof 3D vertical stresseslueto developedstress
conditions; Vibrations loads formed due to heavyweighted
machineries(metro trains, traffic loads, electrical supply related
power transformersgetc.); Vibration due to earth seismicevents,
have their negative influences on U U S &sgpports and their
surroundingrock masses.They might be the reasonsfor crack
initiations or crack propagationsin these supports and rocks.
Thereforemonitoringcracksat UUS supportsandsurroundingock
masseshave their significant signs to predict further fracture
behavioursand their resultantdisplacementsit was testedthat
appliedlow levelsof electricalpotentialson asolid volumeproduce

electrically conductive potential layers over the solid v ol ume 6 s
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surfacesWhenthe electricalconductivity distributionsformeddue
to theseconductivepotentialsaremeasuredavith suppliednetwork
frames(which haveequaldistanceamongits notes),differencesin
measurecelectricalpotentiallevelsarethencoincidedwith thelocal
disturbance®n thesesolid volume materialslike; fissures,cracks
(visible/invisible) etc. (Gokay, 2016). Undergroundspacesafety
parametersinfluencing their operationsincluding their stability
casesare tendedto be monitored through organised,automatic
sensingnethodologieszhang,(2020),supplieda studywhich could
be categorisedn this technologytrend, and their study presented
monitoringfield activitiesby usingBuilding InformationModelling,
BIM. Similarly, in orderto monitorthevisible crackformationsand
their propagationghroughdigital high definition imagesat tunnel
supportsLi, etal., (2021) provided an automatic,i me ttunrel
surfaceinspections y s t @MMRIS). The authorsreportedthat,
MTSIS included several componentsto capture high definition
imagesfrom the selectedsurfaceareasof tunnel supports.The
systemshad computersystemgaogetherwith softwareto realisethe
monitoring works with suited data collection & processing
proceduresThey wrote that,theyfi p r o @ aseaconvolutional
neural network for metro tunnel surfacedefectd e t e ¢ Gongy n 0 .
etal.,(2021) also proposedan imageprocessingstepfor automatic
visualinspectionof crackson concretesurfacesof tunnelsupports.
Actually image andysis usagein this field of engineeringhasan
increasingrendspeciallyfor imagescapturedn a certainspecified
period of time. Documentationsvhich are filed (high definition
images)longthetunnelsor otherUUS supportsurfacegespecially
concretesupports)providetime-basisdocumentationsvhich could
be analysedfor further tunnel stability problems.In this common
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basis of study, Gong, etal., (2021) worked fi o-lmoard image
acquisitionsystemusing multiple line scancamerago capturethe
full-sectionimagesof tunnels u r f far cr&ckdetectionpurposes.

Ye, etal., (2021) worked to determinedefectsat tunnelsin
China. They wrote that they collecteddefectrelateddatafrom 90
highway tunnels. They analysedthese data then to define their
characteristic outcomes in the following groups; ist ruct ur
deformation, structural damage, material deterioration, water
leakage frost damage constructiondefects,and others(accessory
facility d e f e cAmenp the defects; lining cracks and water
leakagewere determinedhe mostcommononesin thesedatasets.
Theauthorsalsowrotethatoneor moredefectscould beobservable
in asingletunnel.Accordingto their studies,72 defectcausesvere
relatedto humanfactorsin 79 tunnelswhere the data had been
collectedfor inspections.Actually, on the basisof their studies,
humanfactorsarethe primary causeof defectsin highwaytunnels
in China.The secondcauseof defectswasnon-humanfactors, (55
defectsrelatedin this categoryin 79 inspectedhighway tunnels).
Thesestudieson tunnelmonitoring contentrevealthat, stability of
tunnels and undergroundspaceshave their own excavationand
operationakonditionswhich influencesthe defectsobservedlong
their lengths.At his point categorisinghe generalcauseof defects
atUUS in 3 main classess meaningful.They could berelatedto i)
Physical& chemicalpropertiesand mechanicabehavioursof rock
massesji) Operationalfactors (influence of designs,excavation
steps, support types, ventilation, water discharges,operational
conditionsin tunnel servicelife etc.), andiii) Primary & induced
stresse<onditions. The works mentionedabove mainly provided
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reasoningor one of these3 factorsimpactingimmediateor long-
termstability casef UUS includingtunnels.

For the tunnelstability caseexamplesjncluding the effects
of rockmasspropertiesL.iu, etal.,(2022)work canbecountedThey
worked on A | oterrg safety and in-service d ur a b iofl
highway/railwaytunnelsin squeezingock conditionsby analysing
thefield datacollectedfrom theLianchengshaiunnel,China.Data
relatedto this tunnelwascollectedby monitoringactivitiesin real
time due to severelarge deformationconditionsin construction
periods.Theauthorswrotethat,i t $tracturalstres of thetunnelis
not stabilizedduringthe operationperiodbut fluctuatesperiodically
with an annualc y c ITkep concludedmechanicalpropertiesof
squeezingrock massinfluencing the stressesaroundthe tunnels
which anymodellingapproacheshouldincludetheir influences.

Continuousdatameasurementare organisedor long-term
stability monitoring systemsof undergroundspaces.In order to
comparadisplacementdlifferentiationsalonga metrotunnelor any
othertypesof UUS input datacollection and their transferring&
storing at the specified centresshould be handled accordingly.
Displacemenineasurementand their further analysismight force
engineerdo collect more input-dataaboutthe rock massesat the
backof the concretesupportlinings aswell. Basically,typesof rock
masses their mechanicalpropertiesand behaviourshave to be
workedoutfor theunderground p a stabditgconcernsActually,
if thereis a UUS project, stability concernsare one of the design
considerationgo compareplannedUUS options. Then, stability
related input-data collections and their analysisare continuously
performedat all manshifts of the project including (excavation,
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constructionandoperationphases)Monitoring UUS throughthese
phasedhelpsengineerdo understangostconstructionbehaviours

of the projectedUUS. Straussetal.,(2020) mentionedthe typesof
undergroundunnelsandtheir stability, (health),concernsn terms

of theiroperatiorphasesTheyforwardedthatii mo n i feunneln g
infrastructureis a very complextask, involving vital assetsf the

¢ 0 mmu nTheayalsostressedntheresponsibilitie®f monitoring
proceduredy referringto thestudyperformedoy Bien, etal.,(2019)

for bridges.

Whenthe designconceptregardingo UUS underevaluation
through proper planning stages,following parametersshould be
controlledfor betterengineeringa) New settlemeniandswith or
withoutanysurfacestructures(which haveinvolvedminimumlevel
of excavationdepthfor their foundationsthey haveto be analysed
through their land surfacemorphology),b) Earthc r u surface
shapesat urbanareasc) Rock andsoil typesencounterect urban
areaqtheirinfluencesaccordingo theirdepth),d) Climaticfeatures
throughseasonse) Biological activities,f) Waterrelatedfeatures,
(groundwate& surfacewaterinfluences).City plannershavetheir
professionso collectpreliminarydatafor theirregional& city plans.
In somecasestheseplansare developedor the rehabilitationsof
alreadyexistingregionalandurbansettlementsluetherequirements
developed in time for the efficient usagesof surface and
undergroundspaces.Due to the economic factors initiated by
populationandsocial & culturd featuresof countries,somecities
haveto extendtheir urbanlimits in/on the earthsurface Planningof
new settlementsrehabilitationof earlierurbanareashaveactually
beenthe signsof thesecontinuouslyrequired;newliving & working

spaces, connection roads, rail systems, metro tunnels, etc.
--36--



Delmastro, etal., (2016) for instanceforwarded their study and

mentionedaboutsurfaceland useconstraintsand optionssupplied
by city plannersabove (high rise buildings) and below (usageof

undergroundspaces)the ground surface. In their study they
presentedi ma jtrendsin MasterPlans:integratingunderground
planninginto the whole city MasterPlanand producingdedicated
UndergroundVviasterP | a dteidwork included;bestpracticesn

these applications, sectoral approaches (commerce, leisure,
transportation,technical etc.), design guidelines and supporting
technicalapproachegGIS, georadar).At this point theseauthors
exemplifiedHelsinki (Finland) undergroundspaceusages(Fig. 4).

Helsinki hasanUndergroundViasterPlanto managehe

.Reserved routes for new tunnels,
amm|.Reserved for future UG spaces

amm|.Existing tunnels and UG spaces,
.Reserved for future use (not designated),

. Rock surface less than 10 metres

a) from ground level

Figure 4. a) Part of Hel sinki un
Helsinki City Planning Department),vea h2 ahob) 2014a) .
Temppeliaukio Church (Helsinki, Finland) constructed through
rock excavation and opened in 1969 (Photo:J&tekka
Jarvenwh@gho, 2014a).
organisationsof city utilities, spacesresourcesfor underground
structureshroughtheguidelines( V 2 h 22@1la& 2014b).When

the subjectis Helsinki undergroundfacilities, it meanscomplex
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undergroundspacesystemscovering 10,000,000m® underground
volumesfifor parking,sports,oil andcoal storage themetroandso

ono Undergroundpacesn Helsinkiwerereportedo includei mo r e

than400 premises220kmof technicaltunnels,24km of raw water
tunnelsand60km of 6 aih-d n atifity tunnelsfor district heating

and cooling, electricaland telecommunicationsablesandwa t er 0,

( V2 h22a14a). ,
4. Official registration data-documents related to UUS

Sinceundergroundspaceactivitieshavegraduallyoccupied
more volumetric spacesbelow certain land surfaces,they are
requiredto be recordedin an official mannerto differentiatetheir
rights and responsibilities At this point, it is vital to clarify legal
Acts & legislativeprocedurego identify (characteriseall typesof
operationsfor undergroundspaces.If there are mismatchesin
backgroundActs, thesefactsshouldbe re-regulatethroughnational
assembliedy social agreementsOtherwise,problems that arise
among surface/undergroundpaceownerswill turn into endless
dilemmas. Rock massessuitable for micro&macro underground
spacesare nationalassetdor countries.Thus, their usagemustbe
regulatedo maximiseadvantagesf UUS andsurfaceconstructions
for suitablerock reservesin addition, dueto their interconnected
stability conditionsprofessionalsncluding engineersareforcedto
regulate their designs & plans. Combined efforts are then
documentedo providelong-term stability monitoring caseslf the
concepts defining fundergroundspaceghroughtechnicaldata &
records(geologicaldocumentsmining activities, caveexploration
data, e t ¢ thgr®are available data managemeniand graphic
software. But, defining urban spaces(as underground/surface
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structures)in 3D models for their official records,there is no
commonpracticeyet. Becausdand ownershipdilemmas(Gokay,
2023a)betweersurfacdandownersandundergroungpacesrenot
settledtotally yet throughnational Acts (in mostof the countries).
Actually, thereare uncertaintiesaboutwho hasthe right to handle
undergroundunderthe registeredand ownershipparcelsfor UUS
caseslt is certainthatexcavatingundergroundgpacegincludingall
typesof subterraneanpeningsncluding metrotunnels& stations)
have gradually causedsubsidenceeffects on the ground surface.
Thereforesurfacdanddistractionglueto newundergroungbrojects
(shallow depth UUS developments,deep seated hydro-carbon
extractions,groundwaterextractions,or pumping out of natural
gasseghermalhotwaterextractionsetc.)havetheirinducedstress
strain conditions on the existing surface/undergroundpaces.
Therefore,there should be legislative Acts, rules, (cover the full
scaleof the conceptwithout leavingany fi g r z2oy n ferdurther
dilemmas}o protecttheright of investors& contractorof UUSand
shareholdersf surfacdand owners(togethemwith the underground
spaceownersif thereis any surroundinghe newprojectedone).

Actually, national land ownership rules have to be re-
arrangedto handle the UUS. Countries generally have mining
regulationssomehaveregulationdor touristcaves but mostof the
countriesdo not haveregulationgor the UUS. Theoretically all the
spacegvolumetricencapsulate)herehumansor animalsareliving
in/on earthsurfaceshouldhaveregistrationnumber.Whoeverhas
therightto usethesespacesvith ownershipconceptgprivateor state
ownedspaces)theyhavetheirresponsibilitiesaswell. Therecanbe
no shareholderright which influences neighbourings paces 0

stabilities. For example,surfaceland owners might have access
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passageto their privateundergroundiepots caves etc. (spaces)n
certainpartsof the countrieg(like in NevsehirTurkey, Nottingham
England,ltaly, etc.),thesesurfaceandundergroundspacesarethen
re-definedandre-numberedor theirlegislativerights (if thereis no
covering regulation) according to proposed Acts near future.
Countrieswhich do not haverulesto define undergroundspaces
underthe surfacelands(or constructions)n official manner,they
cannotsupply pre-defined procedureto handle any problemarose
dueto theseundergroundspacesLollino, etal.,(2012)for instance
stressethestabilitiesof existingnaturalandmanmadeunderground
spacedo performfurther engineeringvorks in/on the rock masses
aroundthem. They pointedout that new projectsrelatedto urban
developmentgésurfacestructuresandinfrastructuresfometimesre
ficarried out without taking into account the possibility of
encounteringsubsurfacecavities, and the correspondingdanger
thesemightpose.In addition, lossof memoryof manmadecavities
underthe historic part of manytownsaddsfurtherpr o b | Emms o .
orderto analysestability interactionslueto surfaceandunderground
structures, documentation which has been kept by official
governmentbranches,local organisations& societies, religious
centresandlocal peopleshouldbe searchedAt this point,anytype
of land ownershipdocumentationsnotes on thesefiles, reports
covering land morphology & geology, files including scientific
papers testresluts, academiclocumentation@hesisreportsetc.),
private c 0 mp a opereascéssfiles-reports, orakhistory related
documentationstc.shouldbescreenedarefullyto reachadecision
i i there is any evidencesrelatedto earlier undergroundspace
excavationsbelow the specifiedland p a r ¢ @Herge 8 always
possibility to haveexisting former undergroundspaceswvhich had
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their historicrecordsor theyweretotally forgottendueto their pre-
historicexcavatiortimes,(or they might havetotally elapsediueto
their documentsdisappearances)These spacescould also be
excavatedor shelteringpurposesn wartime. Thus,it is logical to
haveno (or lessamountof) documentatioraboutthem.Someother
undergroundspacedad beenexcavatedo widen the underground
networkof official minerelatedopeningsgxistingcavesdepotsor
UUS systemslf someof the mine stopetries or drift entrance$ad
their 3D positionchangesafter a few metersof excavationglueto
rock massqualities, thesetries and new positionsof underground
spaceshouldhavemappedaccordingly,anymismatcheserebring
unrecorded underground spacesto be consideredin modern
surface/undergrounstructureconstructions.

At this point, visualisationof undergroundthrough; earth
resistivity, georadaiseismiemagneticdifferentiationmethods etc.
have supplied valuable manners to detect those suspected
undergroundspaces.These remote mineral & energy resources
explorationmeasurementsavealsobeenusedto localisecavesand
martmadeundergroundgpaces(including;abandonedninespaces,
archaeologicalndergroungpacesetc.),In thisfield of application;
El-Qady,etal.,2005;Pepeetal.,2015;Kasprzak& Traczyk,2014;
Metwaly & Al Fouzan,2013;Abidi, etal.,2017;Ungureanugtal.,
2017, etc. havetheir studiesto be mentioned Any methodto have
3D documentationsf surfaceland parcelsandundergroundgpaces
togethemwith their 3D coordinatenteractionsarevery importantto
understandwvhole living & working volume conceptsin/on earth
crust. If these3D documentationsare in the form of digital 3D
models,(which havesubroutinego handleanykind of information

for defined3D locationsin/on earthcrust), the usagesof such3D
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modelling software programmesare very valuable. Information

which could be suppliedfor certain earth crustlocationsthrough

defined 3D locations,shouldbe savedaccordingto recordeddate
andincludeinputvaluesfor; rock massypesn depthsdrilling logs,

their mechanicalproperties,formationknowledgeof rock and soll
massesat those localities, geological activities through the
geologicaleras,rock massrelated faults, folds, thrusts, sinkholes,
weakneszones,discontinuities,etc. Softwareprogrammeswhich
havebeensupplieddatahandlingopportunitieslike thefi Bui | di ng
InformationM o d eBIMy might beequippedvith their 3D

History of Underground Master Pla

* Since the 1980s the City has maintaimec * At the start of 2007 representatives were
underground space allocation plan. consulted from the water and energy

* In the early 2000s there emergetead to utilities, police, defence forces and
draw up an underground master plan for Helsinki City Rescue Department.

Helsinki. *In May 2007, draft plan made available, ¢
*On 9 Dec. 2004, the Citylanning was to submit for City Council decision
Committee approved the planning end of 2007.
principles. * 11 Dec. 2008 decision: revised draft to be
*On 4-22 Apr. 2005, a participation and resubmitted to Committee.
assessment plan was presented. *On 17 Dec. 2009, proposed plan and the
* In 2005 an open discussion event was statements, objections, views and respor
arranged for anyone interested, and on it were submitted for approval by City
many detailed discussions were held Council.
with different interests. *0On 22 and 29 Nov. 2010, the City Board

*0On 19 Jan. 2006, discussions were held  discussed the proposed plan.
with the relevant public authorities bas' * On 8 Dec. 2010, the City Council approvec
on the participation and assessment pl  the Underground Master Plan of Helsinki
(except for the repervation of
water treatment plant, against which an
appeal was made to the Administrative
ol | Court, but was rejected on 18 Nov. 2011)

a) b)
Figure 5. Managing, controlling, and engineering the urban
underground spaces in Helsinki cityy2 haaho, 2012) .

modelling alternativesas well. Thesesoftware will enhancethe
efforts of professionalgengineerscity planners,etc.) who have
dutiesin regionalurbanplansincluding UUS and metro tunnels.
Coordinatingsurfaceandundergroundgtructuresvith availablerock
massreservepropertiess animportantgoverningduty to maximise
the outputsof official regionaland city plans.For similar focused

achievementsEuropeanCooperationin Scienceand Technology,
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COST, proposed fiEuropean networld system. COST have
organisedmembers t a efferts o form collaborationon fASub
Ur b apmgrammedo fimproveunderstandingand the useof the
ground beneatld (Schokker,etal., 2017). When the metro tunnel
excavation& constructionworks areunderconsiderationthereare
works (relatedto urbanplans,Fig. 5a) which shouldbe performed
by municipality officials before the projectis put out to tender.
Va2 ha g201®2) suppliedfor instance,a summaryfor Helsinki
(Finlang undergroundmasterplan historic steps(Fig. 5b) which
presentedhatHelsinki hadUUS allocationplanssincethe 1980s.

5. Considerations of engineering risk related to UUS
construction & operations

Undergroundvorksrelatedto UUS havetheir differentiation
dueto theirexcavatiorandoperationcasesWhentherisk relatedto
work&workplace safety is consideredfor the handling stagesof
UUS including their longterm operational periods, all the
professionalincludingengineershouldbecarefulabouttheirgiven
decisions.Supplyinginformation relatedwith metro systemsLin,
etal. (2024)visualisedcontentof the engineeringvork covers.The
researcheperformedfor therisk assessmemtf undergraindspaces
are valuable information resourcedor engineeringactivities and
decisions At this point the study of Zou, etal.,(2021) needsto be
mentionedAfter gettinglegalagreementsnthelandownershipof
surfaceparcelsand undergroundassetsstability considerationsre
then analysedby taking all induced stressstrain interactionsto
coordinateoverall subsidenceeffectsin allowablelimits. Induced
stressdifferentiationcausedmainly dueto overburdenoadscould
be the resultsof the following engineeringactions;a) Subtracting

earthsurfaceload by surfaceexcavation(excavatiorperformedor
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surfaces t r u cfdundatiensgpenpit mining operationshillside

excavationsfor highways, railways, and constructionsetc.); b)

Subtractingoadsby excavatingundergroundspacesn earthcrust;

¢) Adding extraloadsby constructingsurfacestructures(buildings,

bridgesdams highriseapartmentsandustrialplantsetc.),d) Adding

extraloadsdueto largewaterbodiescollectedatthed a makés; e)

Adding extraloads (dynamic)due to short periodsof earthquake
waves;f) Stressesnducedin rock masseslueto the moongravity

(sequentialoading& unloading) Engineerglealingwith earthcrust
mechanicabehaviours(rock engineersgroundengineersmining

engineers,geomechanicakengineerscivil engineers,geophysical
engineersetc.) havetheir experienceshat 3D stresdifferentiation
at the foundationsof surfacestructureshave developedgradually
duringtheir constructiorandthenoperationperiods.

Similar influenceshave beenrealisedaroundunderground
spacesvhich hadbeenopeneddueto naturalreasonspr excavated
in engineering works (mining, sheltering, passages,tunnels,
living&working spaces, small&large scale repositories, etc.
purposes)Ercelebi,etal.,(2005)for instancesupplieddeformations
(settlement, subsidence)analysis results obtained through 3D
numericalfinite elementanalysedor the selectedpart of a metro
tunnel (Istanbul, Turkey). Similarly, Ercelebi, etal., (2011),
Mahmutoglu, (2011),Chakerietal.,(2014) Sojoudi etal.,(2021),
providedtheir studiesconcerningthe settlemenbriginateddue
to twin metro tunnels at Istanbul and Ankara (Turkey).
Settlement analysed for masonry buildings (residential
complexeduilt in 1929)dueto tunnellinganalysedalsothrough
field observationsand numerical methods exemplified by

Andreu,(2015).Settlementandstability problemsoccurreddueto
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tunnelsand otherundergroundspacesaveusually beenevaluated
throughin-situ measurementand numericalanalysesmethodsby
researchers{ C a n & Kzalla, 2009; Wu, etal., 2015; Dai, etal.,
2016; Liu & Ding, 2020; Aygar & Gokceoglu,2021;Lu & Han,
2023;Yun, etal.,2024,etc.)to understandhe risks of instabilities
aroundthetunnels.

Living spacesn differenttypesof houses(in differenturban
settlements)andthe land ownershipsare historical issuesthrough
thes t a taxgpslidies.In somestatesmodernlife is supportedoy
requiredlegislativeActs andgoverningbodiesof urbansettlements
havetheir responsibilitiesalso to supply public-sectordutieslike;
supplying drinking water, collecting solid household wastes,
planningconstructingoperatingwastewatersystems etc. In some
communitiesheatingsystemsrealsoincludedinto theotherpublic
services. Realisationsof these public service duties have their
positiveimpactson public healthandwelfare.Whatabouttheworks
which shouldbe performedo havestablesurfacestructuresn urban
settlements?Who is going to take responsibilities to direct
communitiesin their selectionof urban settlementlocations. In
general, connectionroads availability, safety issues, population
pressureandpositiveopportunitieof land ownershipshaveled the
construction®of housedn citiesthroughtime. In lateryears,urban
plans(regionalplans,city plans,industrialareaplanning,etc.)were
facilitatedto organisaurbanisationOtherwisefor thecase®f urban
life without any plans,all the activities of humanrequirementsare
mixedupin settlement#n chaoticmannersCity plannerdhavebeen
educatedto eliminate negativeimpacts of modernurban life by
introducingplannedifestyle in well-organisedplannedgities.Next

guestionfor the plannedurban settlementss; fi | the earth crust
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under the particular urban area is stable enoughin acceptable
I i mi.Ib sty instabilitiesatthefoundationof settlementdiad
experiencedhroughfatal accidentsin moderntimes,who is going
to direct settlersif the land parcelshave;slopestability problems,
earthmovingdangersand subsidencareasdueto naturalor man

madeundergroundgpaces.

For the public safety,local groundmovementgwide area,
micro level deformationswhichwill influencelocal peoplethrough
their instable houses& apartmentscannotbe monitoredthrough
| a nd o wiiaions. Actually, groundmovemenin micro-scale
cannottotally be evaluatedthrough analysingdeformationsat a
single surfaceland parcel. Influences of subsidencesand slope
failures(groundmovementsn thewholeareaof theinterest)should
bemonitoredfor the potentialsurfacearea®f thecities(wherethese
locationscouldpossiblycovermanynumberof surfacdandparcels
including houses, apartments, caves, and UUS). Therefore,
susceptibility of ground movementsshould be performed by
municipality officers (in somecountriesthis work might berealised
by governmenbfficers), with adjoining responsibilitiesThis kind
of dutiescanbe handledonly by governingbodieswhich havetheir
socialresponsibilitiego their societies.

6. Conclusions

Undergroundpacesavedifferenttypesandtheyhavebeen
usedin human history since the beginning of human activities.
Actually, naturalundergroungpacesgaveswereearliershelterdor
human societies. Undergroundpassagesand undergroundcities
which are excavatedfor sheltering purposesfrom the climatic
influences and other dangerouscircumstances.In the earlier
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centuriesroadandrail tunnelshavebeenexcavatedor theirpositive
advantagesn transportationconditionswhereverrequired.Metro
tunnels, underground depots, shopping centres, underground
warehousesndcarparksaresomeof the currentusage®f UUS. In
crowded cities, membersof societieshave their experiencesof
undergroundspacesy usingoneof these(available)opportunities
in their daily life. Whenthe safetyconcernsareunderconsideration
for thesespacesaccidenfprecautiongdueto their usagesjakenfor
UUS operationsshouldbe enough(as the regulationsare ordered)
like it is the casefor surfacestructureusages.

It is also very importantto considerthe stability of the
undergroundspacesLike high-rise building, undergroundspaces
haveto bemonitoredfor theirearlysignsof induced3D stressstrain
levelsbeforetheyarecausingmicro-cracksattheir surroundingock
masses.Researcheperformed for UUS stability casesinclude
following subareas of studies like; regional&city plan
considerationsinteractionsof UUS with alreadyavailablesurface
structures; monitoring the induced stressstrain conditions;
monitoring groundwaterconditions;measurementsf naturalgasses
recharges from the rock masses to understand 2-phase
(water&gases¥lowing throughrock permeabilities;estimationof
flood dangersat the regionsaroundthe UUS; etc. It is importantto
pointoutthatmentioningonly theadvantagesf UUS, or thedangers
of accidentgddueto UUS arenot an objectiveworking environment
for engineersUUS design constructiorandoperatiorphaseshould
be analysedn engineeringnannerdor their inducedconditionsin
stressstrain and micro-subsidencecircumstancesThus, engineers
havetheirresponsibilitieanddutiesto estimateoptimumconditions

for the projectsincluding UUS andsurfacestructures.
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CHAPTER 11

Strucural Damage Detection in HighRise Buildings
Using Wavelet and Hilbert Huang Transforms

¥mer Fatli h S
Kemal BEYEN?
Fuad OKAY3

1. Introduction

Highrise buildings must be able to meetthe performance
levelsrequiredby the earthquakendwind forcesandsupervisehe
manufacturingstagesafter they are manufacturedFor this reason,
thereis a needfor monitoringstructuresof highimportance heavy
useof peopleand certain heightsat the manufacturingstageand
afterward,and regularly monitoring their structuralperformances.
Thebasicprincipleusedo detectdamagen suchmonitoredsystems
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is changingparameterssuch as the frequency,mode, etc. in the
structureby thedamagehatoccursin the structuralelements.

As is known, Fourier transforms give a resolution in the frequency
domain and are based on a specific mathematical background. With
this transformation, modal frequencies can be determined. The tools
used in the time and frequency environment are waveteiHédbert
Huang transformations. Wavelet is limited duration; its mean is
called waveforms whose start and end valaes zero. Since the
wavelets are irregular, limited in duration, and asymmetric, they well
describe the anomaly, vibration, and evemtsthe signal. The
Hilbert-Huang transformation (HHT) is used as an adaptive method
that adapts to the analyzed data without using anysgials and
produces different subfunctions in each dataset. Since it can not be
expressed by any mathematical equatthe theoretical background
has not yet been completed. HHT may become the most widely used
intelligent signal processing system for-siiu monitoring of
structures over the next few years.

Huangproposed new methodfor analyzingnon-stationary
and nortlinear data. This methodconsistsof combiningempirical
mode decompositionwith Hilbert spectralanalysis(Huanget al.,
1999).Zhangreviewedthe Hilbert-Huangtransformation'sationale
for analyzingdynamicand earthquakeecordsin seismologyand
engineeringstudies.This work hasshownthat HHD-basedHilbert
spectracan accuratelyand temporally demonstratehe temporal
frequencyenergydistributionfor motionrecordingsin addition,in
this study, peak ground speed (PGV) is a better measureof
earthquakeerformanceahanstructuralgroundmotion (PGA). This
is becausdhe speedis moredirectly relatedto the low-frequency
motionandenergythatis proportionalto the squareof speedZhang

etal., 2003).
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Hilbert-HuangtransformationHHT) hasshownthatit can
be usedto definestructuralparametersn a comparisorbuilding. It
is alsotheresultthat HHT consistentlydetermineghe positionand
level of structuraldamage(Lin et al., 2005). Salvino and Pines
demonstratedhe ability to extractphaseinformation of empirical
modedecompositiorirom discontinuousignalsandusedtheresults
to detectdamagef the structure(SalvinoandPines,2006).Kareem
studiedthe Hilbert transformby nonlinearsignal characterization
with continuous wavelet transform and empirical mode
decomposition(Kareemet al., 2007a).In anotherstudy, Kareem
evaluatedthe performanceof instantaneoudrequency estimates
under noise by Hilbert Huang transformationwith continuous
wavelettransform.As a result, it hasbeenpointedout that asthe
noiselevelincreasesHHT's signalingandreconstructiorprocesses
from empirical basesare problematic,and that wavelettransform
providesamorereliablealternativefor suchanalysegKareemetal.,
2007b).

Bao usedautomaticcorrelationfunctionsasinputsto EMD
for time-varying systemidentification and proposedan advanced
HHT algorithm. This improved methodis very sensitiveto small
vibrationparametechangesppliedto the modalidentificationof a
compositebeamscaledby various damagescenarios(Bao et al.,
2009). Li investigatedthe relative displacementmeasurementsf
newly developedelativedisplacemensensorgo detectthedamage
of the cutting connector®on compositebridges.Continuousvavdet
and Hilbert-Huang transformsare usedto analyzethe measured
dynamicresponsandto detecthedamagef the cuttingconnectors
in the compoundoridgemodelundermovingloads.Numericaland

experimentalstudies have shown that relative displacementand
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acceleratiormeasurementsan determinethe time and location of
damageat the cutting connectorsinderloadson the bridgemotion.
The results show that relative displacementis a better response
guantificationfor structuralbridges(Li etal., 2015).

Ghaziproposed newdamagaletectiomalgorithmusingthe
damagendexandHHT. An importantaspecbf this algorithmis to
usean energybasedmethodto combineseveraldamageandicesto
revealthe linear and nonlineareffects of damageand reducethe
probability of detectingdamage.The raw signalsof the structural
responsarethe only inputsto the algorithm,andno informationis
neededboutthegeometryconfiguration andconstructiommaterial.
Experimentson the laboratory model structure have shovn that
nonlinear qualities due to damagein the structuralresponseare
effectively capturedby the energybased method. The Hilbert-
Huangtransformationis more efficient in extractingnonlinearities
thanthe Fourieranalysisbut is seenasa computationallyintensive
procesgGhazietal., 2015).

Beyenconducteddamagediagnosiswork in threedifferent
ways, namelyfrequencydefinition field, time definition field, and
time-frequencydefinitionfield, obtainedrom a six-storyreinforced
concretestructuredamagedn the Kocaeliearthquakef 17 August
1999. In this study, wavelet power spectrumfeatures,statistical
consistencyandcrosscorrelationapplicationswhich constitutethe
movemenpoint, havebeenshownto enhanceheresultsobtainedn
structuralhealthstudies(Beyen,2015). Guo andKareemshowthat
time-varying system properties such as temperature,aging, or
extremeloadseffect canbe identified in outputonly nonstationary
systemidentification (SI) framework basedon instantaneousor
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marginal spectraderived from the time-frequencyrepresentations
(Guo and Kareem, 2016). Beyen evaluated analytical and
experimentalesultsin a oneto-onerelationwith transferfunctions
in the frequency domain and compared the observed error
distributionswith theinterim or thedataif possibleto determindghe
bearingwall, wall loads,simplified arealspreadioads,and plastic
hinge couplings used for damagedelementrigidity it can be
corrected (Beyen, 2017). Kareem offered a waveletbased
represetation for a numerical example that demonstratesthe
estimationof nonstationaryesponseausing a generalizedchain for
understandinghe wind effectson structuregKareemet al., 2019).
In this study, it is emphasizedhat the algorithmsin monitoring,
storage,and data processingin the light of recenttechnological
developmentsare increasingly applicable to computersat high
processingspeed but also appliedin experimentaimodal analysis
for civil engineeringstructuresappliedas standardn aircrat and
spacecraft.

2. Theoretical Background of Time and Frequency
Transformations

Frequency domain analysis can be done by Fourier
transformation Any function with this transformationis converted
to thesineof thesumof thebasicfunctions.Constructesignalsx(t)
aretransformedrom the time domainto the frequencydomainby
consideringthatthey areinfluencedwithin aninfinite period,from
which the structuralfrequencyinformationcanbe accessed.

0y &0 ©wOQ Qo P
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In orderto detectdamageanomalieswavelettransformsare
widely usedin time-frequencyresolution.Waveletshavea limited
duration;themeanof waveformss zeroandthey startandendfrom
zero. Since the wavelets are irregular, limited in duration, and
asymmetrictheywell describeheanomaly vibration,andeventsn
the signal. Damagedetectiontechniqueasedon waveletanalysis
arebasedon two differentapproachesThefirst is discretewavelet
transforms.They detectsuddenchangesn the approachanddetail
levels in the signal. Rapid splashesin detail can be relatedto
structuraldamage As a secondapproximationcontinuouswavelet
transformsdetectchangesn the naturalfrequencyof the structure
by creating the time-frequency map of the responsesignal. In
generalcontinuousvavelettransformsarebetterfor time-frequency
analysiswhile discretewaveletsarebettersuitedfor decomposing,
compressing,and feature extraction. In this study, continuous
wavelettransformsareusedfor time-frequencyanalysis.

s ot & wo 0o ¢
1w W

Wavelet transformations have several differences and
advantagesvershorttime FouriertransformgSTFT).As is known,
shorttime Fourier transformsgive time-frequencyresolution,but
thereis no constantshapen the resolutionsobtainedfrom wavelet
transforms. Wavelets have better frequency resolution at low
frequenciesand bettertime resolutionat higher frequenciesThis
variableresolutiongivesanadvantagevhencombinedwith low and
high frequenciesat certainfrequenciesn the sametime-frequerty
domain.
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Another methodusedin the time-frequencydomainis the
Hilbert-Huang transformation. After Huang's proposed
decompositionnonstationarysignalsare separatednto empirical
mode decompositiond EMD) and intrinsic mode functions (IMF)
which are different from the initial signal. The Hilbert Huang
Transform(HHT) is specificallydesignedo analyzenonlinearand
nonstationarydata. Accordingto Fourierand wavelettransforms,
HHT is preferredto identify the instantaneoudrequenciesand
amplitudesmorelocally. The HHT techniqueusedfor the analysis
of data consistsof two componentsa decompositionalgorithm
calledempiricalmodedecompositiofEMD) andaspectrabnalysis
tool calledHilbert spectralanalysis.The HHT canlocally identify
the componentf a signal that are either non-stationaryor non
linear. First, the EMD signal is transformedinto intrinsic mode
functions(IMF) andadvanceshe scalecharacteristicgontainedn
the signal.In the secondpart, the Hilbert transformations applied
to the IMF anda time-frequencyrepresentatioifHilbert spectrum)
is obtainedfor eachIMF.

Having obtained the | MFOs compo
Hilbert Transform (HT) to each component, to get instantaneous
frequency. The HT of a real signal x(t) is defined as

Owo W—, W o
o]
or usingthe convolutiondefinition
P, wf

wo -0 —Q0 T
o ft
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where P indicates the Cauchy principal value. Fy@nt is possible
to define the analytical signaft)=x(t)+iy(t) or, in polar formz(t) =

a()e ‘intwhichdo ® 0 & ,—0 O &o-6e.

Where a(t) is the instantaneousamplitudeand d ( is )he
instantaneousphase function. Instantaneousfrequency ¥(t) is
definedusingtheinstantaneouderivationof phase

Q-6

Q0o

With bothamplitudeandfrequencybeingafunctionof time,
we canexpresgheamplitude(or energy thesquareof amplitude)in
terms of a function of time and frequency,H(¥,t). The marginal
spectruncanthenbedefinedas

U

Q 0] QO ®

where[0, T] is thetemporaldomainwithin which the datais
defined. The marginal spectrum representsthe accumulated
amplitude(energy)overthe entiredataspanin a probabilisticsense
andoffersa measuref thetotal amplitude(or energy)contribution
from each frequency value, serving as an alternative spectrum
expressiorof thedatato thetraditionalFourierspectrumThesignal
canbewrittenin theform

©O YQ @ oQ X
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Table2.1: Comparisorof Transforms

Transform | Fourier Wavelet Hilbert -Huang
Basis a priori a priori adaptive
convolution: | convolution:

differentiation:

Frequency global,_ reglona!, local, certainty
uncertainty | uncertainty
Presentatiol M€Y energytime- energytime-
frequency frequency frequency
Nonlinear ' no no yes
] no es es
stationary y y
Feature discrete: no,
; no . : yes
Extraction continuous: yes
Theoretical | theory -
theory complete empirical
Base complete

http://www.scholarpedia.org/article/Hilbet#tluang_transform

3. Findings and Discussion

Twenty-threestory  analytical reinforced concrete
frameworkmodeledaccordingto Eurocode8. Columnsareselected
as 80x80 cnm? and beamsselected25x50 cnm?. The X and Y
directionalaxesare8,5m3m-8,5min lengthandthefloors are3,5m
high. No moving load is exertedon the structureother than the
naturalloads.lt wasanalyzedunderearthquakenddeadoads.The
recordsof the CentralMeteorologyStation Directorateof Kocaeli
earthquakeveretakenon 17 August 1999 as an earthquakedorce.
Modal parametrs were determined by certain floor stiffness
reduction methods for comparing damaged and undamaged
structuralchanges.
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Figure 1. 3D Modelof Structure

--65--



Earthquakeanalysismadeby nonlineartime history case.
Modal parametersof the structureare determinedby the finite
elementmethod.
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Figure 2. Performancd_evelof Undamagedleft) and Damaged
(right) Structures
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Table2.2: Undamageduilding Period Determineday Finite

ElementMethod

- TABLE: Modal Participating Mass Ratios (Undamaged Structure)
StepType StepNum Period Frequency UX uy
Text Unitless Sec Hertz Unitless Unitless

[VMGDATY Mode 1 4,423 0,226 0,000 0,812
Mode 2 3,515 0,284 0,699 0,000
Mode 3 2,847 0,351 0,000 0,000
Mode 4 1,407 0,711 0,000 0,110
Mode 5 0,930 1,075 0,142 0,000

Table2.3: DamagedBuilding Period Determinedby Finite
ElementMethod

StepType StepNum Period Frequency UX uy
Text Unitless Sec Hertz Unitless Unitless
Mode 1 4,608 0,217 0,000 0,821
Mode 2 3,639 0,275 0,704 0,000
Mode 3 2,923 0,342 0,000 0,000
Mode 4 1,446 0,692 0,000 0,101
Mode 5 0,935 1,070 0,136 0,000

Thedominantmodefrequencyfor the X directionis 0.284s
in the undamagednodeland0.275s in the damagednodel. The
parameter®f undamage@nd damagedstatesof thesepointswere
investigatedy Fourier,waveletandHilbert Huangtransformations
and the differences between the two caseswere tried to be
determinedin addition,thetransferfunctionsof thesignalsobtained
from the floors were usedto determinewhich layer of damage
occurred.Among the obtainedsignals,accelerationyelocity, and
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displacementecordsarediscussedvhich aremoresuitabledatafor
damagedetection.

Acceleration values of the 1st, 5th, 10th, 15th and 20th damaged floors
4 T T T T T T T T T
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Figure 3. AccelerationTimeGraphicsof DamagedStoreys

The acceleratiortime graphsof the damagedelementsare
shownin Figure 3. In addition,the Fouriertransformis performed
onthe acceleratiorvaluesof the 1stand20thfloors, andthe modal
frequenciesn the x direction,0.275Hzand 1,070Hzare found as
seenn thefirst two graphsn Figure4. It hasbeendiscussedhatthe
first two modalfregswill cometo a certainstateby applyinglow
pass high passandbandpassfilters andtheresultis thatthe band
pasdilter is suitableasseenn Figureb.
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Figure4.
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High Pass Filtered Fourier Amplitude Spectrum of Data
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Figure 5. Low Pass(left), High Pass(middle)and BandPass
(right) Fourier Transformation®f Filtered Data
Whenthe spectralratiosbetweenthe accelerationdetween
floors aretakeninto considerationthereis an openingbetweerthe
graphsat the damagedfloor and the floor below and it can be
determinedwhich layer of the damagas formedby this method.In
addition, speed and displacementrecords have been used to
accomplishsimilar tasksand as a result, displacemengraphsare
moresuccessfuin the detectionof damagedloors.
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Figure 6. SpectralRatio ChartsBetweerloors
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Db4 was used for the wavelet transform and no visible
difference was observedin the first-order frequency range for
damagedndundamagedtatesascanbe seenin Fig. 7. However,
when covariance, correlation, and correlationlike statistical
operations are performed between the transformations, the
differencesasshownin Figures?, 8, and9 appear.
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Figure 7. WavelefTransformsof 1stFloor Damagedand
UndamagedCases
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In addition,whenwaveletpackettransformatiorappliedin
damagedand undamagedaccelerationvaluesare compared,it is
observedhatlow-frequencymodalparameterareobtained andthe
frequencyorderchangesat 3% levelin Fig. 10.
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Figure 10. WaveletPacketTransformatiorof Damagedand
Undamagedataon 1stFloor

When the signals obtained from the speedwith Hilbert
Huang transformationare examined,the frequencyin which the
frequencyorderis changeds observedn Figuresl1landl12.
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Figure 12. Hilbert HuangTransformatiornof Undamagedata of
1stFloor

When the Hilbert Huangtransformationis performedafter
thelow pasdilter operationthefrequencychangecanbeseermore
clearlyasin Fig. 13.
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4. Conclusions

As shownin thisstudy theFouriertransformswith thefilters
succeedn catchingmodalparameters thefrequencydomain . Still,
dependingnthetime, it is not possibleto obtaininformationabout
the frequency change. In the wavelet and Hilbert Huang
transformationgime-dependenthange®f thebuildingfrequencies
can be observed,andi t sh@wnthat there are somedifferences
betweendamagedand undamagedstructures.The spectralratios
betweerthefloors candeterminghe damagedtory.

To ensureearthquakesafetyin our cities wheremulti-story
buildingsgrowrapidly, it is possibleo monitortheir healthinstantly
by controllingthesimilarity of themodalparameterpredictedn the
projectsof theseconstructionswith the modal parametersn the
constructedstructure.
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As aresult,it is possibleto detectthe frequencylossesand
theelementhatis damagedttheadvancedevel from acceleration,
speed,displacementand energyvalues.Using the spectralratios
obtainedfrom the speedthe damageon the layerbasisis givenat a
betterlevel. Hilbert transformsand wavelettransformsgive close
andconsistentesultsto thefrequencydomainobtainedoy thefinite
elementmethodin the speeddomain.For this reasonmoreefficient
resultscanbeobtainedoy takingspeedandenergyparameterasthe
basisfor damagediagnosis.

5. Data Availability Statement

Someor all data,models,or codesthat supportthe findings
of this study are available from the correspondingauthor upon
reasonableequest.
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CHAPTER I I

A View of Soil-Structure Interaction

Yusuf GUZEL!?
Fidan GuzeP

Introduction

The seismicresponseof a structureis mainly governedby
the characteristics of the earthquake input motions. The
characteristicof the input motionsreachingto the structuresare
controlled by the fault mechanism,travel path and local site
conditions, as seenin Figure 1. It is generally acceptedthat
earthquakewaves propagatewithin the horizontally layered soil
layersin vertical direction. Without the structureon top of the soil
or rock surface,the motion recordedon the soil depositis called
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A f ffigdeinput mo t i amahtlte motion recordedon the rock is
namedi o u t inputep t i on o .

Ground
seismograph response \\\ liquefaction

B e e W}DW" \ | Tandslide

—l

Bedrock
fault earthquake

N
\ Deep wave
\ propagation
Seismic

source

Figure 1: lllustration of the fault mechanismtravel pathandlocal
site conditionsimpactingthe characteristicof the earthquake
input motions.

As the structuresarebuilt ontop of soil depositsthe soil and
structureare inevitably interactin static or dynamicconditions.In
thestaticcondition,thebearingcapacityandsettlemenpotentialare
two main parametersof the soil layers underneaththe building,
which needto be satisfied. Therefore the interactionbetweensoll
and structuremattersonly with respectto the aforementionedoil
characteristicsHowever,in the dynamiccondition, the interaction
becomesespeciallycritical. Sincethe movementsof the soil and
building, thereforetheir interaction,changeconstantlyduring the
seismicexcitation. Theinteractionis mainly theconcerrof two civil
engineeringdisciplines: structural engineeringand geotechnical
engineering.This book sectionaimsto give a brief view of soil-

structureinteraction.
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Soil-structure interaction

Soil-structure interaction (SSI) can be interpretedas the
processvherethemotionof thestructuress affectedby theresponse
of the soil andthe soil motionis influencedby the responsef the
structureqS. H. R. Tabatabaiefarf-atahi,& Samali,2013) When
the base of the structuresis modelled as fixed in which the
foundationand soil supportare consideredas un-deformable, SSI
effectsare neglected Conversely|f the structuresare analyzedas
flexible basan whichdeformation®f foundationandsupportedoil
are allowed, the modelling take SSI effects into consideration
(NEHRP,2012). An exemplarymodelthat includesboth soil and
structureis demonstrateth Figure2.

Beam Structural
Elements

Plane-Strain SoilElements | Interface Elements

AN

Quiet Boundary Coupled QuietBoundary Coupled
with Free-Field Boundary with Free-Field Boundary

— e

Rigid Boundary

Figure 2: Exampleof a modellingsystentonsistingof soil and
structure togethermwith requiredboundaryconditions(fromH. R.
Tabatabaiefaland Fatahi (2014).

Sincetheperformancebasedseismicdesignof thestructures
in theseismiczoneshasgainedpopularity ,theimportanceof the SSI
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effectson the seismicbehaviorof the structureshasrecognizedas
well. The leading result of the SSI considerationin the seismic
analysigs thattheexcitationatthefoundationlevel of thestructures
is notidenticalto the excitationexperiencedy the soil in the same
levelof thefreefield. Thefirst reasorfor thisdistinctionis, partially,
becaus®f therefractingof seismicwavesby the foundationwhose
stiffnessand geometrydifferentiateits deformationfrom the one
occurredrelativelyatthesoft soil. Secondlyjt is dueto thefactthat
inertia forces of the structures during excitation result in
deformationsand displacement®ccurredin the soil by meansof
foundation. The first and secondreasonsreferto i ki nemat i
i nt er andftii roanratti earl aespedtivelyRoesset2013)

There are generallytwo methodsto analyzethe seismic
performanceof the structuresby considering SSI. (1) Direct
Approachin which the soil and structuresystemare modelledand
solvedtogethelin asinglestep.Thestructures formedby the unity
of linearmembersandfinite elementsandthesoil is dividedinto the
parts.(2) Substructur@r ThreeStepApproachwherethreestepsare
consideredo analyzesoil-structuresystem.Theseareassigninghe
seismic excitationsof the foundationin the freefield condition,
computingthe dynamic stiffnessof foundationand attachingthe
stiffnessof foundationto the structureand inputting the motions
obtainedin the first stepto analyzeseismic performanceof the
structure(Roesset2013)

Thedirectapproachcalledthe"completesolution"by Seed,
WhitmanandLysmer(1977),canbeidealif nonlineartime-domain
analyseswvere performedon detailedthreedimensionalmodelsof
both the soil andthe structure.This approachwill incorporatewith
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appropriatenonlinearmaterialbehaviorfor the soil andaccounting
for all typesof waves.However,in practice,suchanalyseswere
typically carriedout usingtwo-dimensionalplanestrain modelsor

pseudothreedimensionalmodels.Theseanalysesvere performed
in thefrequencydomain,utilizing equivalentsoil propertiederived
from iterativelinearanalyseswhich adjustedhe shearmodulusand
dampingbasedon the characteristishearstrainsfrom the previous
cycle. The analysesalsoassumediniform motion acrossall points
along the model's bottom boundary, simulating vertically

propagatingsheamwaves.Structuralmodelsweregenerallysimpler,
sometimesonsistingonly of blocksof finite elements.

Performance evaluation

In order to analyze soil-structure system under seismic
motion, there are two prevailing approachesthat soil can be
simulated, namely equivalent linear and complete nonlinear
methods.The equivalentlinear methodis not enoughto consider
nonlinearityof dynamicsoil-structureinteraction,directly, sinceit
presumeshatthe soil andstructuralelementsareregardedaslinear
duringsolutionstagesn frequencydomain.H. R. Tabatabaiefaand
Fatahi (2014) describe processof equivalentlinear method as
follows.

1 Itisbasednlinearanalysisjn whichinitial damping
andsheamodulusvaluesareincluded.

1 Then, maximum shearstrain is recordedfor each
elementandutilized to determinecorrespondingnew
damping ratio and shear modulus values in the
backbonecurves where damping ratio and secant

modulus(G/Gmay) arerelatedto shearstrain.(Inthis
--84--



stage someempiricalscalingfactorsarefollowed to
relatethesestrainsto the modelstrains.)

Following that, new values of dampingratio and
shearmodulus are used in the next stageof the
analysis.

This processis retreateduntil the strain dependent
valuesandstructuralresponsereunchanged.

At the end, values of damping ratio and shear
modulushaveto be compatiblewith the strainvalue
atthe elementRayleighdampingcanbeincludedin
orderto considettheenergydissipatedy theseismic
actions of soil-structure interaction system. To
presumesomeinfluencesof nonlinearity,the secant
modulus and damping values are taken into
consideratiorwith theirmeanvalues.

Fully nonlinearanalysisis acceptedsthe mostsuitableone
to model and capture soil-structure interaction under seismic
excitation becauseof its listed functions (H. R. Tabatabaiefa&
Fatahi,2014;S.H. R. Tabatabaiefaetal., 2013)

T

Following any prescribed constitutive model
includingnonlinearity.

Irrecoverable displacementand other permanent
actionsareautomaticallyconsidered.

Shearmodulusin small strain rangewith damping
valuecanbeaccuratelycomputedn themodel.
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In the dynamic analysis, the amount of energy
dissipatedy thesoil depositcanbereproducedn the
samemagnitudeand form by the dampingof the
systemin thenumericalmodelling.

In thesoil androck, the naturaldampingis hysteretic
where secantmodulus and damping functions are
accountedor in the numericalmodelling.

P and S waves (primary and secondary or

compressiveand shear waves, respectively) are

consideredn onesimulationsothattherealresponse
of the soil-structure interaction system can be

captured.

Structural elementsare assumedas isotropic and
linear elastic including no failure limit for linear
elastic analysis or elastoplastic with moment
plasticitylimit for inelasticanalysisof thestructures.

As highlightedby Hashashand Park (2002) for equivalent
linear analysis,viscousdampingis usedto computedampingat
smallstrainlevelby employingRayleighdampingwhichis massand
stiffnessmatrixdependentonsiderindirst naturalmode.Theyalso
concludethat hystereticdampingin fully nonlinearanalysisin time
domainis ableto representlampinglargerthan10# (%) ~102 (%),
varying with material properties.Hence, nonlinear dynamic SSI
analysisat smallstrainscannotcapturedampingaccuratelyandmay
leadto underestimatéhe responsest that strainlevel. To prevent
this, in the early stageof the cyclic loadings,viscousdampingcan
be introduced.Hardin model (Hardin & Drnevich,1972)which is
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one of severaltangentmodulusfunctionshasbeenusedby many
researcher¢Fatahi& Tabatabaiefar2014;H. R. Tabatabaiefa&

Fatahi, 2014; S. H. R. Tabatabaiefaret al., 2013) to describe
hystereticdampingin which sheamodulusratio, dampingratio and
cyclic shear strain with numerical fitting parameterscan be
representedDependingon the soil type (sand,clay etc.),numerical
fitting parameterscan generatebackbonecurvesduring dynamic
analysis of soil-structure interaction systems. The formula for

Hardinmodelis:

=
" HY
- is the secantmodulus (G/Gmax), r is the cyclic shear
strainandr  is Hardin/Drnevichconstantasthe numericalfitting
constantwhich is consideredas0.006for sandysoils (SeedWong,
Idriss, & Tokimatsu, 1986) and 0.234 for clayey soils (Sun,
Golesorkhi,& Seed1988)

Another study hasdoneby Amorosiet al. (2010)to reveal
thedifferencesbetweertheresultsof siteresponsén the equivalent
visco-elasticanalysis,which is onedimensionalfrequencydomain
approach,and those of site responsein time domain 2D Finite
Element(FE) analysis.For equivalentvisco-elasticanalysisEERA
and for finite element analysis SWANDYNE are used. It is
importantto saythatin the study,the siteresponseesultsof EERA
havebeenregardedasthe targetfor the FE analysesTo makethe
results of these two approaches(EERA and SWANDYNE)
comparable new calibration method has beendevelopedfor the
linear elasticand viscousparametersvhich gives good matching
betweerresultsof EERAandSWANDYNE in termsof peakground
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accelerationversusdepth and versusfy/f1 (fp is the predominant
frequencyof theinputmotionandf; is thefundamentafrequencyof

the soil deposit)andthe useof advanceconstitutivemodellinghas
beenavoidedin FE analyses.Theseparametersalso enablethe

practitionerto introducesameconstitutivemodelfor two different
site responseanalysis methods. They investigate the effect of

nonlinearitywith regardto hysteretiadampingandviscousdamping,
boundary conditions, spatial discretizationand time integration
parameters.

For the influence of soil plasticity, nonassociatedvisco-
elastoplastic constitutivemodel hasbeenadaptedn SWANDYE
thedampingvaluesarevariedbasedon EERA dampingvalueswith
eachlayer. It is foundthatnoneof the responsespectraof thethree
attemptshasnot beenableto havea goodmatchwith EERA results
at upperlayerstheir peakvaluesare lessthan EERA onesevenif
their forms areidentical. This can be attributableto the hysteretic
dampingandthe high value of strainsat the uppermos part of the
soil deposit.Becauseof thesereasonsEERA resultscannotbe the
right targetto achievein FE analysesinderstronginput motion as
visco-elasticconstitutivemodelscannotcaptureirreversiblestrains
in relationto evolutionof effectivestressdueto built-up excesgpore
pressuresHence, using time-domain FE model to analyzethe
seismicbehaviorof the site canattainnon-linearity of the soil more
realistically.

Mohr-Coulomb model has generally be adapted as a
constitutivemodelto the soil-structuresystenmto simulatenonlinear
behaviorof thesoil depositunderdynamicloading.This constitutive
modelis elastieperfectly plasticmethodusedby manyresearchers
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(asConniff andKiousis (2007); Rayhaniand El Naggar(2008) in
the soil-structurenteractionmodels.

Simplification of SSI

Thedetailedmodelingof thefoundationandthe surrounding
soil, which includesall materialnonlinearitiegsuchasirreversible
soil behavior and sliding along the interface) and geometric
complexities (like foundation uplift), is both intricate and
computationallyjdemandingAs a result,engineeringpracticeoften
favors the developmentof simplified models to describe the
foundationsoil system.Thesesimplified modelscan be integrated
into globalmodelsfor thesuperstructurandaredesignedo capure
the nonlinear effectsat the foundationlevel thatarecrucialfor the
overall design. This discussionfocuseson shallow foundations,
which cantypically be treatedasrigid relativeto the soil beneath
them. Thereis extensiveliterature on simplified modelsfor these
cases,which can generally be divided into two categories:(a)
"macroelement’{or forceresultant)models,and (b) modelsbased
onthe Winkler decouplinghypothesisasdemonstrateth Figure3.

--89--



Off-shore structures Seismic design

(S
sl

Uplift Sliding  Uplift Sliding

Soil: Plastlctty Z;M . Sail Plastlclty %

Radlation .. Radiation

(a)

Winkler
; springs

%%%%%%%

Figure 3: (a) Soilstructureinteractionscenarioudor shallow
foundationsystemgb) simplificationsof suchcaseqtakenfrom
ChatzigogosFigini, PeckerandS a | e (01d)n

In thefirst category the footing andthe soil aretreatedasa
single"macroelement,andamodelwith six degree®f freedom(for
3D cases)r threedegreeof freedom(for 2D cases)s createdto
describethe force-displacemenbehaviorof a specificpoint on the
footing, usually its center,in vertical, horizontal, and rotational
directions.In thesecondcategorythesoil is representetdy a series
of decoupled horizontal and vertical springs, each with an
appropriate constitutive law (such as elastglastic or contact
breaking). The decouplinghypothesisis advantageou®ecausdt
simplifies the processof integratingthe local spring responseso
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obtain the overall footing response However, it has limitations,
including challengesin calibrating the model parametersand
difficulties in describingthe interactionsbetweervertical/rotational
andhorizontaldegree®f freedomof thefooting.

Studies considering SSI

H. R. Tabatabaiefaand Fatahi (2014) have studied soil-
structureinteration.They considered, 10 and 15 storeybuildings.
Theresultsindicatedthatthe seismicresponsesf structuregesting
onfirm soil havingsheamwavevelocity greatethan600 m/sarenot
affectedby SSI. More clearly, consideringthe building with fixed
baseor flexible basen the modeldoesnotinfluencethe behaviorof
the structuresunderdynamicconditionsincethe soil mediumhave
shearwave velocity morethan600 m/s. In contrastto this, having
soil with shea wave velocity less than 600 m/s supportingthe
structuresmay necessitatéaking SSI effectsinto considerationn
themodellingof soil-structuresystemwith theview to assessinthe
seismicbehaviorof the structuresrationally.

It hasbeenprovedby the studyof S.H. R. Tabatabaiefaet
al. (2013) carryingout nonlineardynamicanalysisof the structure
restingon soil classe<C, D andE by consideringSSlin FLAC 2D
(finite differencemethod) thatthelessthe soil propertieqe.g.shear
wavevelocity, stiffness),the more SSl effectsare pronouncedsoil
classesccordingo sheawavevelocity aregivenin Tablel). They
provedthatthe decreasem the dynamicfeaturesof the soil leadto
decreas@ theshearforces,andincreasean the naturalperiodof the
structuresThey concludethatthe seismicperformancdevel of the
structureonthesoil classC doesnotchangdistinctivelywhile there
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hasbeencrucial changean the seismicperformanceof the structure
restingon soil classe®d andE.

Table: Soil classesaccordingto shearwavevelocitygivenby
NEHRP

Soilclass | A B C D E
Vs 30(m/s) | >1500 | 760-1500 | 360-760 | 180-360 | <180

As the height of the building increasesso thusthe natural
periodof thebuilding,inter-storeydrift ratiosarealsorisen,too. This
caseis particularlytrue whenthe building is supporteddy soft soils
(especiallyin soil class E). Becausethe soft soils owns higher
spectralvaluesat the longerperiodswherethe building periodfits.
It can be said that neglectingSSI in the modelling of structures
restingon firm soil can be beneficial,whereasgnoring SSlin the
modelling of the structuresrestingon soft soil canbe detrimental.
Additionally, it is generallyintroducedoy modernseismiccodeghat
SSl is beneficial in relation to reducing force demandof the
structures.

In addition,the studyby ElI Ganainyand El Naggar(2009)
foundthat, by consideringSSI, shearforceandmomentdemand®f
the structureon thefirm soil decreaseyhile both of themincrease
in theconditionwherethestructuresarerestedon thesoftsoil. They
alsoinvestigateSSleffectsin relationto thenumberof underground
stories.The resultsshow that SSI effects hasinverserelationship
with numberof undergroundtoriessinceSSl effectsdecreaseasa
result,shearforcesandinter-storeydrift ratiosgetcloserto thoseof
fixed ones,with incressingnumberof undergroundtories.Thiscan
bedueto thefactthatrigidity of basementvalls andlateralresisting
systemof the undergroundstoreyslabsare comprisedof rigid box

embeddedh the soil and,consequentlyfix thestructures.
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Conclugon

The continuousfunctionality of the buildingsthroughoutits
designperiodis essentiafor socialandeconomiaeasonsndfor the
safety of dwellers.Suchdesignpurposeshould be met underthe
staticanddynamicconditions.In orderto deliverthis, the buildings
shouldbe designedn accordanceavith the modernseismicdesing
codesIn addition,the soils supportingthe buildingsshouldbe well
featured so that they can safely carry the building loads with
acceptablesettlementMoreover,the interactionof the soil with the
buildings should be clearly identified, especiallyin the dynamic
condition.

This sectionof the book highlightsthe severalaspect®f the
soil-structure interaction. In particular, following points are
underlined:

1 Therearegenerallytwo mainapproacheso consider
soil-structureinteraction:(i) directapproachand (ii)
substructur@pproach,

1 Thesoil canbe simulatedby consideringequivalent
linearor nonlinearmethods,

1 Boundaryconditionsshouldbe applied properly to
replicatethereal conditionsaspossible,

1 Simplification of the soil-structureproblemis very
practicalandreasonable

1 Thesoil classseemdo havecritical role in the soil-
structureproblems whereasthe soil getssofter,the
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considerationof soil-structure interaction in the
dynamicanalysishecomesnorecritical.
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CHAPTER IV

Exploring the Potential of Apricot Kernel Shell
Powderin Gypsum-BasedMixtures

Ahmet Hayrullah SEV KN ¢
Muhammed Yasin DURGUN?

Introduction

Apricot (Prunusarmeniacal.) is a fruit belongingto the
Prunusggenusandthe Armeniacasubsectiorof the Rosaceaéamily.
The nativeregionsof apricotare CentralAsia, WesternChina,and
the Iran-Caucasusegion. It is an importantfruit grown in many
countriesjncludingthosein the Mediterraneamegion( K 02023)
T ¢ r krankseamongthe top countriesin the world in terms of
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apricot sapling planting area and production. Due to its high
nutritional value, apricot has become an increasingly popular
productfor consumption( T a kK 20Z&4nApricots can be usedfor
canning, fresh consumption, drying, freezing, and industrial
purposesAlthoughalargeportionof apricotproductionworldwide
is consumedfresh,in T ¢ r kit ig primarily processeds dried
apricot.Dried apricotscanbe storedeasilyandfor long periodsdue
to theirlow moisturecontent( K 02023) In the springmonths the
occurrenceof frost dueto a dropin temperatureduring the apricot
flowering periodsignificantly affectsapricotproductionleadingto
fluctuationsin yield from yearto year( T a k20Z)nAccordingto
2021data,T ¢ r kisthg@untrywith thelargestapricotcultivation
areain theworld, covering135,000hectaresilt is alsothe leaderin
apricot production with 824,000 tons and apricot exports with
97,000tons.T ¢ r khblgs22.4%of the global apricotproduction,
27.5%o0f freshapricotexports,and53.3%of dried apricotexports.
The majority of productionis concentratedn the provinces of
Malatya, Mersin, E | a ZKeéjh,r a ma ramndd 1 a(i@asdemir,
2023)

Apricots are widely recommendedor humanconsumption
dueto their numeroushealthbenefits,which include beingrich in
fiber, minerals,andvariousvitaminssuchasVitamin A, Vitamin C,
Vitamin K, thiamine, riboflavin, niacin, and pantothenicacid. In
addition,theyarepackedwith antioxidantsprimarily from phenolic
and carotenoidcompounds(Aljoumaa et al., 2017) Apricots are
reportedto havepositiveeffectsin the treatmenif conditionssuch
asheartfailure, kidney diseasedhepatitis,andcirrhosisdueto their
low sodiumandhigh potassiuncontent.Oneof the mostimportant
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compoundsn dried apricotsfor nutrition andhealthis dietaryfiber.
Driedapricotsarerich in dietaryfiber, which consistsof compounds
such as polysaccharidesnd lignin that cannotbe hydrolyzedby
enzymesecretedn thedigestivesystemDietaryfiber helpsreduce
the risk of diseasedike constipation,irritable bowel syndrome,
appendicitis, hemorrhoids, dental diseases, obesity, diabetes,
coronaryheartdiseaseand colon cancer,while promotingregular
bowelfunction(Alan etal., 2013)

After the fleshy part of the apricot fruit is separatedthe
remainingpartis the seed.This seedconstitutesapproximatelyl0%
of the total weight of the apricot fruit (Soleimani& Kaghazchi,
2008) The flesh-to-seedratio of apricotvarietiesin T ¢ r kcary e
rangefrom 11/1to 15/1( G ¢ etal.r1999) Thekernelsareutilized
in cosmeticproductionbecausehey containdietaryproteins fiber,
oils, and benzaldehydeall of which demonstrateantioxidantand
antimicrobial properties( Y i t al.t 2009) In order for apricot
kernelsto bereadyfor use,theymustbe crackedopento extractthe
inner parts (the almonds)( G ¢ reeal., 1999) Unlike apricot
almondsthebrokenshellsremainaswaste.Theseareoftenutilized
asfuelin variousplacegAljoumaaetal.,2017) Additionally, it has
beenobservedn theliteraturethatcompositeconstructiommaterials
areproducedby incorporatingtheminto cementbasedproductsor
mixing themwith polymers( ¢ e étal.K021;Yildiz etal.,2012)
Many studieshave focusedon the productionof activatedcarbon
from wasteapricotkernelshells(Fadhil,2017;J a n k etal.,i2019;
Shaikhievetal., 2022;Vashchynskyetal., 2023)

Groundapricotkernelshellsaresuccessfullytilized in tank
factories and industrial facilities requiring metal cleaning. This
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productis alsoemployedn themaintenancandcleaningof aircraft
enginesaswell asmetalssuchascopperandaluminumin theUnited
Statesand many Europeancountries.Currently, surfacecleaning
processesre carried out using silica sand,steelgrit, and mineral
slags Groundapricotkernelshellsoffer asignificantadvantagever
previously used chemicalbasedabrasiveproducts,being entirely
natural ( ¢ e mr2@1k), However, the high volume of apricot
productionin T ¢, r kreésyltg&in substantiabmountsof shell waste,
eventhoughthe shellconstitutesonly about10% of the apricotfruit

by weight. Developing new applications for utilizing this
agricultural waste is of significant economic and ecological
importance.

In this study, apricot kernel shells (AKS) were processed
throughgrindingto obtainapowderedorm. Theresultingpowdered
material was utilized in varying proportions in gypsumbased
mixtures, a widely used constructionmaterial. To examinethe
impact of this wastematerialon gypsumbasedmixtures, several
physicalandmechanicatestswereconducted.

Materials

Thegypsumusedin this studywasobtainedasacommercial
productconformingto the TSEN 132791 standardThe AKS used
in the study were procuredin pre-ground form, with a fineness
passing through a 60-mesh sieve (<250 O m) The technical
propertiesof the gypsumusedare providedin Table 1, while its
chemicalandphysicalanalysisis detailedin Table2. The chemical
andelementabnalyseof the AKS powderarepresentedn Tables
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3 and 4, respectively.Imagesof the materialsusedare shownin
Figurel.

Tablel: Technicalpropertiesof gypsum

Property Value
Initial settingtime (min) >8
Final settingtime (min) a3o0
Minimum compressivestrength (40x40 10
mm) (MPa)
Minimum flexural strength (40x40x160 45
mm) (MPa)
Grainsunder2000 m(min) %99.5
Grainsunder1000 nm(min) %95.0
. . 0.757
Looseunit weight(g/cn?) 0.80
. , 1.051
Dry unit weight(g/cnt) 110

~-102-



Table2: Chemicaland physicalanalysisof gypsum

Property Value
SiOz 3.16%
Al203 0.44%
FeOs 0.37%
CaO 40.71%
MgO 0.61%
SG; 51.79%
NaO+K20 0.26%
Lossonignition 18.84%
Density 2.29
glenm?
Fineness 500
m?/kg
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Table3: Chemicalanalysisof apricot kernelshellpowder

Chemical analysis Quantity
(%)
Extractivesubstance 5.074
Hemicellulose 30.16
Cellulose 33.87
Lignin 30.15
Ash 0.750
Holocellulose 64.03

Reference(Ceylanetal., 2020)

Table4: Elementalanalysisof apricot kernelshellpowder

Elemental analysis Quantity
(%)

C 47.50

H 5.414

N 0.200

@] 46.49

S -

H/C 0.11

H/N 0.00

Reference(Ceylanetal., 2020)
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Figure 1: Imagesof a) Gypsunb) Apricot kernelshellpowder
Methods

The mixture proportionsusedin the study are presentedn
Table5.

Table5: Mixture proportions(g)

Code Gypsum Water Apricot
kernel shell
powder

R 1200 780.0 -

K3 1175.8 764.3 15.6

K6 1151.6 748.6 31.2

K9 1127.5 732.8 46.8

K12 1103.3 717.1 62.4

K15 1079.1 701.4 78.0

K20 1038.8 675.2 104.0

GroundAKSs wereutilized asa replacementor gypsumat

volumetric proportions of 3%, 6%, 9%, 12%, 15%, and 20%.
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Initially, gypsumandAKS powderweremixedin alaboratorytype
cemenmixerfor 30 seconds$o achievehomogeneitySubsequently,
waterwasgraduallyadded andthe mixture wasstirredat low speed
for 30 secondsollowed by high speedor 60 secondsTheprepared
mixtureswerethenpromptly pouredinto moldswith dimensionsof
40x40x160mm andsubjectedo vibrationfor compaction.

After 24 hours,the samplesveredemoldedandcuredunder
laboratory conditions. Following a 7-day curing period, the
specimensvereplacedin anovenat 65 A Gor 48 hoursto remove
moisture.At the end of this processthe testsoutlinedin Table 6
wereconductednthesamplesVisual representationsf thesetests
areshownin Figure2.

Table6: Thetestsconductedn the studyandtheir corresponding

standards

Test Standard
Unit weight ASTM C 138
Ultrasonicpulsevelocity (UPV) ASTM C 597
Waterabsorption ASTM C 20
Apparentporosity ASTM C 20
Capillarywaterabsorption TSEN 4805
Flexuralstrength TSEN 1961
Compressivestrength TSEN 1961
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Figure 2: Visualsof experimentaktudies

Resultsand Discussion

Graphicl presentgheresultsof the unit weighttest.
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Graphic1: Unit weightresults

Theunit weightvaluesrangebetweeril200and1216k g / mj
As seerfrom theresults theadditionof AKS powderto the mixture
did not exhibit a significanteffect on the unit weight. However, it
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canbestatedthattheuseof AKS powdercaused slightdecreas@n
the results. The total variation betweenR and K20 is only about
1.3%.A downwardtrendin the resultscanbe observedn Graphic
1. This is attributed to the lower unit weight of AKS powder
comparedo gypsum.
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Graphic2: UPVresults

Graph 2 illustratesthe UPV results,which rangebetween
2227and2469m/s. Thereferencesamplerecordeda UPV valueof
2460m/s.Uponexaminingtheresults,it is observedhatthe useof
3% AKS powderslightly increasedhe UPV value,whereashigher
percentagesed to a decreasein thesevalues. Specifically, the
incorporationof 3% AKS powderresultedin a marginalincreaseof
0.3%in the UPV value,while increasingthe usageto 6% causec
1.6% decreaseFor the K20 sample,the UPV value droppedby
9.5%.

Themagnitudeof theUPV valueis generallyassociateavith
the material's internal structure being dense and void-free.

Converselya lower UPV valueindicatesa more porousandloose
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internal structure.Thesefindings can also be correlatedwith the
material'snechanicapropertiegBenaicheetal.,2015) However,it
is essentiato notethatthe observedthangesn UPV valuesin this
studyareminimal.
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Graphic3: Flexural strength

Graphic 3 shows the flexural strength test results. The
flexural strengthvaluesrange between4.66 and 5.59 MPa. The
referencesample exhibits a flexural strengthof 5.03 MPa. The
incorporationof 3% AKS powderincreasedhis valueto 5.59MPa,
representingan approximatelyl11.1% improvement.At the same
time, higherresultswereobtainedcomparedo thereferencesample
at the 6% and 9% usagerates. The increasecausedby these
proportionss 6.5%and3%, respectivelyHowever theuseof AKS
powder at proportions higher than 9% resultedin a decreasean
flexural strengthThelowestvaluewasrecordedor theK20 sample,
which wasapproximately7.4%lower thanthe referencesample.
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Graphic4: Compressivatrength

Graphic4 showstheresultsof the compressivetrengthtest.
The compressivestrengthvaluesrange between12.09 and 15.17
MPa. The referencesamplehas a compressivestrengthof 15.11
MPa. As seenthe useof 3% AKS powderhascauseda very slight
increasein compressivestrength,similar to the flexural strength
values(only 0.4%). After this proportion,a decreaseas observed
again.The K20 sampleexhibitedthe lowest compressivestrength
value, with a reduction of approximately20% comparedto the
reference sample.As seenfrom both mechanicalproperties,the
changesesultingfrom theuseof smallamountsof AKS powderare
notsignificant.
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Graphic5: Waterabsorptionand apparentporosityresults

Graphic5 illustratesthe resultsof the waterabsorptionand
apparenporositytests.The waterabsorptionvaluesof the samples
rangebetween29.05%and32.77%,while the porosityvaluesvary
from 33.71%to 37.13%. The highestvaluesfor both testswere
obtained from the referencesample. It was observedthat the
inclusionof AKS powderandtheincreasen its usageproportionled
to agradualdecreasén thesevalues.

Gypsumisinherentlyaporousmaterial It is believedthatthe
AKS powder,which doesnot participatein chemicalreactionsacts
as a filler within the voids of the material. Additionally, the low
waterabsorptioncapacityof AKS particlesis thoughtto contribute
to the observedreductionin water absorptionvalues(lshaget al.,
2024)
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Graphic6: Capillary waterabsorptionresults

Graphic 6 shows the amount of water absorbedby the
sampleghroughcapillary actionafter 24 hours.The capillarywater
absorptionvaluesrangebetween88.8g and 103 g at the endof 24
hours.The highestcapillary waterabsorptionwas recordedfor the
referencesample.An increasein the proportionof AKS powder
resultedin areductionin capillary waterabsorptiorvalues.This is
believedto be dueto the low waterabsorptioncapacityof the AKS
powderandits role in occupyingvoidswithin the material.

Conclusions

This study investigatedthe effectsof incorporatingapricot
kernelshell(AKS) powderinto gypsumbasedompositesBasedon
the experimentatesults thefollowing conclusioncanbedrawn:

1. The additionof AKS powdercauseda slight decreasen
unit weight,with valuesrangingbetweenl200and1216k g / g .
total variationwasminimal (approximatelyl.3%),andthereduction
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is attributedto the lower density of AKS powder comparedto
gypsum.

2. The UPV valuesdecreaseas the AKS powdercontent
increasedgxceptfor the 3% mixture, which showeda negligible
improvemen{0.3%).Higherproportionsof AKS powderresultedn
a reductionof up to 9.5%. The UPV resultsindicate that AKS
powdercontributesto a more porousinternal structure thoughthe
changesreminor.

3. 3%additionof AKS powderimprovedflexural strengthby
approximatelyl1.1%,with moderatamprovementsat 6% and 9%
usagerates.However,higher proportionscauseda reduction,with
the K20 sample exhibiting the lowest value, 7.4% below the
referenceSimilar to flexural strength a slightincreasg0.4%)was
observedvith 3% AKS powder.However,higheradditionsledto a
decline,with the K20 sampleshowinga 20%reductioncomparedo
thereference.

4. Both water absorption and apparentporosity values
decreasedvith the inclusionof AKS powder.This is likely dueto
thefiller effectof AKS particleswhich occupyvoidsandreducethe
ma t e rovemllpd@rasityandwaterabsorptiorcapacity.

5. A reductionin capillarywaterabsorptionrwasobserveds
AKS powdercontenincreasedT his canalsobeattributedto thelow
waterabsorptiorcapacityof AKS powderandits rolein filling void
spacesvithin thecomposite.

In summary,the use of AKS powder as an additive in
gypsumbasecompositegxhibitedsomebeneficialeffectsatlower

proportions,particularly in improving (or not changing)flexural
-113-



strength and reducing water absorptionand porosity. However,
higher proportionsof AKS powder generallyled to a declinein
mechanicaproperties.Thesefindings suggesthat small additions
of AKS powder could be effectively utilized in gypsumbased
compositescontributing to waste valorization while maintaining
acceptable performance characteristics. Further research is
recommendedo optimize the usageproportionsand investigate
long-termdurability.
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CHAPTER V

Transformation and Designof Village Structures on
Site Postthe K a h r a ma nHarghquake

B a kK 2ENGIN?

INTRODUCTION

The 2023 earthquakeshat struckK a h r a ma andither a K
surrounding rural areas have led to significant destructionin
residentialareas As in manyregionsof Turkey, therehasbeenan
urgent need for rapid reconstructionand on-site transformation
projectsin rural settlement$ollowing theearthquakeThestructures
in rural areasare often built with old, nonearthquakeesistant
materials. This situation posesseriousthreatsboth to safety and
economically.

Naturaldisastersespeciallyearthquakedhaveanimpacton
the transformatiorand developmenbf our cities. Theseeffectson

Asist Pr of . Dr ., Kahramanmar al kstikl al Uni ver si
Kahr amanmar al/ T-Q00387198423 basak.zenpirm@istik@@qudr
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cities also indirectly affect the country as a whole. Especiallyin
developingcountries Jossescausedoy naturaldisastersaregreater
comparedto developedcountries. Therefore, studies are being
conductedon disastermanagemenstrategiesAs a resultof these
studiesatthe currentstage measureso betakenandpoliciesto be
implementedbeforethe occurrenceof disastersare beingaimedat
minimizing the damagescausedby the disaster( D¢ z qngln
Y ¢ ¢ e rA@ORA).Thesepeoplewhosuddenljosttheir homeshave
expresse@ desireto moveto normalhousingwith betterconditions
thantemporaryshelterdike tentsor containersHowever,the lack
of sufficienthousingstockto meetthis demanchascausedentsand
house prices to rise rapidly ( ¥ z ahdpArslan, 2020). Urban
transformationencompassea holistic approachthat includesthe
necessargnvironmentahndphysicalimprovementgo solveurban
problems,as well as the integrationof the economicand social
structureinto theseimprovements(Thomas,2003). According to
the United Nations'2009 definition, urbanresilienceto disasterss
the ability of settlementsand communitiesto protectthemselves
against hazards, maintain the functioning of systems, quickly
rebuild,andadaptto changeandto usetheseresourcegffectively.
( Te¢r kanl4).Whjle E|1 © andifs surroundingscarry a high
earthquakerisk, past destructiveearthquakesn the region and
academicstudieshavepredictedthe potentialdamagesHowever,a
largescale transformatn has not been carried out beforehand.
Thousandof houseswvere demolishedand transformedn a short
periodaftertheearthquakegemonstratinghaturbantransformation
can be implemented quickly before a disaster. This situation
emphasizesthat transformationsshould be carried out before
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earthquakesccur( ¥ k dnelEkinci, (2022)).In thecaseof E| ©z €]
city centertherearediffering opinionsamongthe public regarding
thenewT O Khusingbuilt aftertheE | ©eaghiguaken January
24,2020.Therearediffering opinionsin the public regardinghow
theseearthquakeesistanthousegespondo the city's lifestyle and
daily needs Especiallythe issueof how large families will live in

the earthquakeéhousingdesignedas 2+1 is beingdiscussecamong

the public and the community ( S a r aack &kn- 2022,). The
earthquakeisk in Turkey,especiallyafterthe1999IzmitandD ¢, z ¢ e
earthquakeshas led to significant loss of life and property. The
urbandevelopmenbf G° | dgskeenshapedoy postearthquake
replanning;due to the unsoundsoil structureof the coastalareas,
newresidentiabreadhavebeenshiftedto the southerrcity outskirts.
The aim of this study is to analyzethe pre- and postearthquake
processesn G° | ciry, tkrms of urban spreadand construction
issues, both physically and sociceconomically. The research
examinesistoricalchangesdemographistructure sociallife, and
changesn economicvalues(UzunerandA k € n ¢ 2020)Im tkis
study, the formation of cities after an earthquakeand how urban
culture is affectedhave beenexamined.ln Ka hr a ma mewa r a K ,
settlementareasand previously earthquakeaffected cities were
observedandthe public'sopinionsweregatheredThe studyshows
that new residentialareascan have negativecultural and physical
impacts,andthat peoplewantimprovementdn transportatiorand
living standards.However, while some people support new
residentialareasto live in safebuildings,it hasbeenobservedhat
urbancultureis weakeningandneighborhoodelationshipsarebeing
lost. Additionally, it hasbeenemphasizedhatnewsettlementreas
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shouldbebuilt onsolid ground,andtheimpactof theearthquakéas
increaseddue to the weaknessof old buildings and illegal

constructionsAs a result,therehasbeena concernthat moving to

differentresidentialareascould affect urbanculture.(Speak2024).
It is observedhatChile hasmaderegulationson landstructuresand
takenmoremeasureagainstsunamidollowing majordisastersike

the 2010 Maule EarthquakeAfter the buildings were damagedy

the earthquakeand tsunami, expert teamswere assignedfor the
reconstructiorplans. Theseplanning efforts aimedto createmore
livable cities. With the budgetsupportpackageprovided by the

governmentfor permanentiousing,it is plannedto build a 40 m|

housefor eachfamily. Thedesignteamdecidedo build half agood

house instead of a bad housewith this budget. Therefore,the

residencegalled"Villa Verde"havebeendesignedn two phases.
In the first phase the foundation,infrastructure roof, groundfloor

kitchenandbathroomandanupperfloor bedroomof eachresidence
wereconstructedThe secondstagewill be carriedout accordingto

theusersbudget preferencesanddesiregKalkanetal., 2020).

Insitetransformatiormeansstrengtheningld structureon
siteor completelyrebuildingthem.lt is expectedhatsuchprojects,
especiallyin rural areaswill servethe purposeof creatingsafeand
sustainablesettlementareas by preservingthe social structure,
cultural heritage, and economic activities. However, onsite
transformation projects have both advantagesand various
challengesilt is of greatimportancethatthe settlementduilt after
the earthquakeare designedwith consideratiorfor environmental
sustainability the quality of life of the local people,andthe social
structure.
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In this context,the studywill discussthe impactof on-site
transformationin rural settlements,taking into account social,
cultural, and structural elements. While cities are constantly
evolving throughchangeand developmentprojectsthat guideand
implement these changes are utilized. The projects being
implementedffer manyadvantagewhile enhancindoththeurban
landscape and the quality of communities. The onsite
transformatiorprojectis amongthe projectscarriedout within this
scope.The advantagegrovidedby theseprojectscan be listed as
follows:

It providesearthquakesafetyandresilience.

Energyefficient and environmentally friendly
designsaremade.

Alt boosts economicvitality by increasingemployment
opportunities.

A Spaces that encourage socialization between
communitiesarebuilt.

Alt createsa beautiful image in terms of aestheticsand
architecture.

Onsite transformationin housingis a processcarried out
with the aim of strengtheningor renewing existing structures,
especiallyafter natural disasterssuch as earthquakesThere are
successfuexamplesof thisin theworld. Herearesomeof them:

In Turkey, on-site transformationpracticesin rural areas
after earthquakegainedimportance gspeciallyfollowing the 1999
Izmit and 2020 E | © eaétjquakesln rural areas,it is aimedto
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protect the social structure and create sustainableliving spaces
through on-site strengtheningand renovation projects for risky
buildings.Hereareexampleof on-sitetransformationn rural areas
of Turkeyafterthe earthquake:

E | © SigriceRural TransformationProjects

Following the 2020 EI| © z eajthquake, on-site
transformationprojects were initiated, especiallyin the villages
locatedin the Sivrice district, aimedat repairingand strengthening
thedamagedousesin this context,variousfinancialsupportdhave
beenprovidedto preservehe local structureand meetthe needsof
thepeople.

Malatya Do ] amandB Lt ¢ r ge

After the 2020 earthquake,on-site transformationworks
werecarriedoutin thedistrictsof Do | a mndB ¢ t ¢ Thepenis
to strengtheror renewdamagedandrisky structuresAdditionally,
cooperatiorhasbeenestablishedvith local administrationdor the
restructuringof socialandliving spacesn thevillages.

D ¢ z- Kwral AreaProjects

Post1999D ¢, z eaghquakeopn-site transformatiorefforts
in ruralareasencompasgherenovationandstrengtheningrocesses
for old structuresLocal governmentsin cooperationwith village
headshaveensuredhe constructiorof saferhousesn thevillages.

B i n-dr@rdl TransformatiorProjects

InB i1 n getdnstructiorprocesses ruralareadeganafter
the earthquakeshat occurredin 2010 and 2011. Various projects
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have been carried out for the on-site transformationof risky
structuresandthe strengtheningf socialinfrastructure.

Theseprojectsareimportantfor reducingthedamagecaused
by earthquakesn Turkey'srural areas,ensuringthat peoplehave
safe living spaces, and protecting social structures. In-situ
transformatiorstandsout asa critical strategyfor thereconstruction
andsustainabilityof rural areas.

1. Ka hr a ma nHarghquake

On February6, 2023, two major earthquakesenteredin
K a h r a ma andttbistaneccurred Thereweretwo earthquakes
centeredn K a h r a ma-R ana awatlx &nkagnitudeof Mw=7.7
at 04:17 local time (01:17UTC) andin Ka h r a ma-Blbstan a K
with amagnitudeof Mw=7.5at13:24localtime (11:24UTC) onthe
sameday. Additionally, a foreshockwith a magnitudeof Mw = 6.7
occurredin Gaziantep N u r dat §4:28local time (01:28 UTC),
close to the first earthquake(AFAD, 2023Figure 1). Frequent
aftershockdavecontinuedin the region. After the earthquakeon-
site transformatiorhasbeeninitiated in boththe cities andvillages
affeded by the earthquake. After the earthquake, rural
transformationprojectsare being implementedto strengtherocal
structuresand reorganizesocial areas.Theseprojectsalso include
effortsto addresshe psychologicabndsocialdifficulties the public
facesafteradisaster.
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Figure 1. Earthquakedocations
2. Buildings in the Area Outside the City

When rural structuresare examined, they have varied
accordingo the periodin which theywerebuilt. The materialsused
alsovary by region.In the old structuresthereareadobebuildings,
while in the newerones,thereare buildings designedwith stone,
brick, andtile. Thesestructuresaaregenerallybuilt without adhering
to designprinciples.Structuresaregenerallydesigneceitherwithout
plasteror without anyinsulation(Figure?2).
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Figure 2. Old damagedillage housemodels

In village buildings,thepantryareaandkitchenareimportant
units,while the hallsaredesignedo be spaciousUnderthe houses,
thereareusuallyeitherstablesor storageareaqFigure3).
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Figure 3 Sampldloor plan
3. On-Site Transformed Village Houses

New housesaremorespaciousandopenplan.Living spaces
havebeenintegratedwith functionalareassuchasthe kitchenand
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bathroom. They are designedas reinforced concrete or steel.
Different types have beenidentified in the constructedbuildings.
Thosein needof awarehous®r barnhavebeenoffereda two-story
project. The architecturaland static projectsof the buildings have
ensuredhattheyaremorereliable(Figure4). Energyefficiencyhas
beensupportedhroughthe facadecladdingof thesebuildings.To
ensurethe longevity of the structures high-quality materialsand
aesthetigrincipleshavebeenemphasized.

Figure 4: Typesof village housesn thetransformationarea

Different typesof projectshavebeenofferedby the ministry
and TOKI for eachregion.In someregions,the villagers built the
construction®ntheirownlandaccordingo thetypeof projectthey
chose, while in other regions, new villages were established
(Figureb).
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Figure 5 On-sitetransformationvillage housetypefloor plans

4. BasicElementsof On-Site Transformation Projects

For on-site transformatiorprojectsto be successfulyarious
elementsnustbetakeninto account:

1. EarthquakdresistanceDuringthereconstructiomprocess,
making village housesearthquakeesistantshould be a priority.
Structuresbuilt with materialssuch as reinforcedconcrete,steel,
wood, or stonerequirevariousreinforcementechniquedo ensure
earthquakesafety.

2. Social Structureand Participation:In-situ transformation
projects,the participationof the local populationis very important.
Projectsshapedaccordingto the needsf the peopleenhancesocial
cohesionand strengtherthe local community'scommitmentto the
project. In this process,it is necessaryto respectthe villagers'
traditionalwaysof life andto considertheir wishes.

3. Infrastructure Improvements: In rural settlements,
strengtheningnfrastructuresystemsafter an earthquakes a major
necessityTheimprovemenbf basicinfrastructureservicessuchas
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watersupply,electricity, sewageandtransportatiordirectly affects
thequality of life of thepeople.

4. Economic Sustainability: It is important that the
reconstructiorprojectscarriedout afterthe earthquakeontributeto
thelocaleconomyTheuseof thelocal workforce,supportfor trade,
andstrengtheninggriculturalactivitiesensurethe sustainabilityof
onsitetransformatiorprojects.

5. Advantagesand Challengesof on-Site Transformation

On-sitetransformatiorprojectsprovidemanyenvironmental
andsocialbenefitsin rural areasHowever theseprojectsalsobring
somechallenges.

Advantages

Earthquake Safety: By strengtheningor rebuilding old
structuressaferliving spacexanbecreated.

Social Cohesion: On-site transformation helps preserve
social bondsand contributesto the psychologicalhealing of the
people.

EnvironmentalSustainability:Newly constructedouildings
can be built with energyefficient materialsand environmentally
consciouglesignscanbe created.

EconomicRevival: Onsite transformationcan createnew
opportunitiedor thelocaleconomy.Jobopportunitiecanbeoffered
in sectorssuchasconstructionfrade,andagriculture.

Challenges
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Cost: Restructuringprojectsinitially require a significant
investment.

Social ResistanceSomevillagers may be attachedo their
old settlementandway of life, which could createresistancéo the
procesf change.

Infrastructure Deficiencies: The existing infrastructurein
rural areasmay not be sufficient for reconstruction,leading to
additionalinvestmentequirements.

5. Conclusions

The reconstructiorof village buildingsin Ka hr a man mar
andits surroundingsshouldnot be limited to creatingearthquake
resistant structures. Successfulurban transformationshould be
supportedby projectsthat meetthe needsof the local population,
preservethe social structure,ensureenvironmentalsustainability,
and promote economic revitalization. The successof on-site
transformation projects should be based on projects and
infrastructuramprovementshapedy the participationof thelocal
community. The examplesexaminedin the study and the public's
opinions reveal how important and sensitive the process of
reconstructioraftertheearthquakés. In orderto createresilientand
sustainablesettlementsagainstfuture disasters,jt is necessaryo
furtherpromoteandimproveon-site transformatiorprojects.

In future housing projects, it is recommendedhat both
approachesbe balanced and integrated. This can enable the
preservatiorof cultural heritageandmeetthe needsof modernlife.
For example,in new housingprojects,the useof traditional stone
craftsmanshipndwoodenembellishmentsnthefacade®f modern
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reinforced concretestructurescan preserveaestheticand cultural
valueswhile ensuringmodernsafetystandards.
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CHAPTER VI

The Impact of Primavera Risk Analysis Tool on
Construction Project Duration and Cost

Enver Can NALBANT *
G¢ r kkEmme G| RCANLI

1. INTRODUCTION

The construction sector plays an important role in the
economic growth of developed countries like Turkey. The
advancementf technologyin the constructiorsector,coupledwith
the utilization of novel materialsand the growing significanceof
verticalarchitecturandf a - @designshasgivenriseto amultitude
of novelrisks.Thecontrolor reductionof existingandpotentialrisks
in theconstructiorsector coupledwith thedevelopmenof newrisk
managementstrategies,can prevent the potential for financial,
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temporal and qualitative losses,as well as mitigate the risk of
occupationabccidents( K° m&rG¢ ¢z e 20alyin the present
researchananalysiss conductedo investigateheinfluenceof risk
managementa critical componentof project managementpn a
tangibleprojectthroughoulits lifecycle from thebiddingstageo the
postconstructiorperiod.

The objective of this paperis to provide a comprehensive
guide that elucidatesand streamlinesthe processof cost and
schedulerisk assessmerin the constructionindustry. To achieve
this, the paperemploysthe risk managemenprocedureand the
PrimaveraRisk Analysis (PRA) tool. The PRA tool offers project
managersa detailed understandingof potential risks through
simulationsandanalysesincludingMonte CarlosimulationsThese
facilitate more accurate forecasting of probable outcomesand
provide a practicalframeworkfor project stakeholderdo develop
andconductscheduleisk analysistherebyreducingthe probability
andimpactof adverseaisk eventsn the project.

1.1Project Management

According to the ((PMI), 2021) project managemenis
definedastheapplicationof knowledgeskills, tools,andtechniques
to projectactivitiesto meetprojectrequirements.

Projectmanagements a structuredapproachto planning,
executing,and overseeingorojectswith the objectiveof achieving
specificgoalswithin definedconstraintssuchastime, budget,and
resourceslt encompasses variety of methodologiesandpractices
that assist organisationsin effectively managingtheir projects,
particularly in the constructionindustry. The implementationof
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project managementtechniques enables the identification of

potentialrisks at an early stageof the projectlifecycle. This allows
projectteamsto developstrategiego mitigate theserisks, thereby
increasinghereliability of projectoutcomes.

1.2Risk Management

Risk managemenis a project managementechniquethat
employsa systematicapproachto identifying risks at the proposal
stageof aproject.This entailsdeterminingheimpactof risksonthe
projectby takinguncertaintiesnto accountandtakingthenecessary
precautionsn accordancewith theseimpacts.When determining
projectrisks, it is essentialto considervarious factors, including
project size, complexity, location, type, and techniquesused.
Furthermoreyisks shouldbe evaluatedn a systeméc mannerto
ensurecomprehensivandeffectiveriskmanagemenf. BKRG¥ N| L
& D K K M E1B96) The mostfundamentateasorfor theincreasing
importanceof risk managemenis that unanticipatedncreasesn
costs and timescaleshave resulted in the failure of numerous
construction companiesin their projects. The failure of many
constructiorcompanieso completetheir projectswithin theplanned
budgetandtime is often the result of insufficient examinationof
potentialrisksduringthe planningphaseThis projectconsideredhe
risks that could arise during budget preparationand aimed to
minimise the impact of unforeseerrisks through the use of the
contract.

1.3Primavera Risk Analysis

PrimaveraRisk Analysis (PRA) is a sophisticatedool that
providesprojectmanagersvith substantiabenefitsin the mitigation
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of risksandtheenhancemenif scheduleeliability. Integrationwith
PrimaveraP6 enablesPRA to facilitate seamlesschedulemports
andfacilitatethe developmenof risk-adjustedolansthroughMonte
Carlo simulations and scenario analysis. This results in more
informed decisionmaking and realistic project forecasts. The
capacityof PRA to model complexrisks and perform sensitivity
analysis, as exemplified by tornado diagrams, facilitates the
identificationof critical risk factors.Furthermorethetool enhances
confidencelevelsin projecttimelines,frequentlyachievinga 90%
probability of successlts comprehensiverisualisationsjncluding
distributiongraphs facilitate the clear communicatiorof risks and
potentialoutcomedo stakeholdergDuncan,2016)

Theinitial stageof risk analysigs thepreparatiorof thework
schedulewhich mustbe conductedwith the utmostaccuracy.The
initial stageof the processntailsthe identificationof activitiesand
the subsequenentry of the relationshipsand durationsassociated
with theseactivitiesinto theprogrammeThework programmenmay
be preparedusingthe PrimaveraRisk Analysis (PRA) programme
or with theassistancef PrimaveraP6andMicrosoft Project(MSP).
(Mhetre,2017)In the subsequenphasefisks aredefined.In order
to determingherisks,anumberof differentmethodsareemployed.
Theseinclude an examinationof similar projectsthat have been
completedpreviously,abrainstormingsessiomwith theprojectteam,
which is comprisedof expertsin this field, andthe experience®f
the front consultant.Once the risks have been identified, the
probabilitiesof eachrisk andtheir potentialimpacton time andcost
aredeterminedOncetherisk analysishasbeencarriedout, thetime
andcostof the projectaremonitoredin the best,plannedandworst
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casescenariosDependingontheresults,adecisionwill bemadeon
the managemenof the risk in accordancewith the risk response
planning.

2.LITERATURE REVIEW

Risk managemenin the constructionindustry is a very
comprehensiveand meticulous process. Risk managementin
constructionprojectsinvolvesidentifying, assessingnd mitigating
potential risks to improve project performance and success.
Effective risk managementis critical due to the inherent
vulnerabilitiesin constructiorthatcanleadto delays,costoverruns
andquality issues.

2.1Plan Risk Management

Risks associatedvith constructionprojects may exhibit a
high degreeof unpredictability. The managemenof risks within
construction projects is acknowledgedas a critical process,
particularlywhenexecutedn a methodicalfashionthroughoutthe
entirelifecycle of aconstructiorendeavourConsequentlyfrom the
initial planningphaseto the final completionstage,this approach
facilitatestheattainmenof projectobjectivesconcerningime, cost,
guality, safety,and environmentakustainability.The management
of risk eventsand overall projectrisks requiresthe formulation of
strategiesttwo differentlevels. Theimplicit risk managemerlan
deals with the overall project risk, which involves a thorough
analysisof the project'sframework, content, context and scope,
while the explicit risk managemenplan dealswith individual risk
events and includes the processesfor identifying, analysing,
respondingo andregulatingindividual risks. (Appiah,2020).
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2.2 Risk Identification

Theinitial stageof risk managemergntailstheidentification
of potentialrisks thatcouldimpactthe project. This necessitatean
understandingof the various factors involved, including human
resources,materials, equipment, and environmental conditions.
(Rani,etal.,2024)

In this article, | will elucidatethethreemethodd employed
in definingrisk.

Personal interview: In this method, information about
possiblerisks is gatheredoby expertsvia telephoneor faceto-face
meetings.This investigationis conductedwith professionalsor
contributordgnvolvedin the project,stakeholdersandsubjectmatter
experts.The primary objectiveis to ascertairpotentialrisks andto
acknowledgeheir existence.

Checklist Analysis: Risks are identified basedon the
information and historical understandinghat have beenobtained
from previousanalogousprojects,additionalsourcesandrelevant
data.Risksareidentifiedonthebasisof availabledataandhistorical
evidence andwhile this approachs usefuland straightforward,it
may not provide a fully comprehensiveehecklist. As the project
progressesnewly identified risk elementsthat arise needto be
incorporated into this checklist and improved for subsegent
applications.

Brainstorming: The processntailsthe generatiorof ideas
andsolutionsthrougha collectivedebatewith all partiesinvolvedin
the project,with a focuson activitiesrelatedto building works and

engineering constructions of various kinds. Additionally, it
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encompassesan examination of the risks that building and
constructiorprojectsarefacing,andtheimpactof theserisksonthe
project'stime, cost,andquality (al-Mukahal,2020)

2.3 Qualitative Risk Analysis

Qualitativerisk analysisis a methodicalapproachin project
managemenisedto assesthepotentialimpactsandprobabilitiesof
identified risks. This approachis inherently subjective,relying on
the expertise and insights of the project team and relevant
stakeholders.Risk identification can be accomplishedthrough
various techniques, including brainstorming sessions, expert
interviews, and historical data analysis. Each identified risk is
evaluatedn termsof its likelihood of occurrenceandits potential
consequencefor the project. This evaluationis often carried out
using tools such as risk matricesor risk probability and impact
assessmeritameworks. The primary advantagef qualitativerisk
analysisis its ability to help projectmanagergrioritize andaddress
risksthatposethegreatessignificancetherebyreducinguncertainty
and improving risk management(Akhtar, Shabbir, & Cheema,
2023)

2.4 Quantitative Risk Analysis

Quantitativerisk analysisn constructiorinvolvesthe
systematic evaluation of risk likelihood and impact through
numerical data to facilitate informed decisionmaking. This
approachenhanceshe identification,analysis,and managemenof
potentialrisks, therebyimproving projectoutcomesBy employing
guantitativetechniques project managersare able to refine risk
managemergtrategieandoptimizeprojectperformancevithin the
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constructionindustry. (Rajesh & Keshav, 2022) In any case,
gualitative analysisestablisheghe core framework for operation,
while quantitativeanalysisrevealsthe specific benefits of these
evaluations through numerical data that underpin subsequent
researclefforts. Unfortunately,in practicalapplicationsit is often
the casethat evaluationsare conductedutilizing exclusivelyone of
thesemethodologiesthusyielding anincompleteunderstandingf
thesubjectmatter.

2.4Risk ResponsePlanning

Risk respons@lanningconstitutesan essentiatlimensionof
project managementencompassinghe identification of potential
threats,opportunities,and obstaclesalongsidethe formulation of
strategiesaimed at mitigating or leveragingthese factors. Such
strategiesmay include the avoidance, mitigation, transfer, or
acceptanceof risk. The resilience and frequency of the risk
managemerprocesoughtto becommensurateith the complexity
andsignificanceof the projectathand(Mutula, Engairo,& Kimathi,
(2023)

2.5Monitoring and Controlling Risks

Risk managemenin constructionprojectsin developing
countriess essentiato effectivelymonitoringandcontrollingrisks.
By carefullymonitoringandcontrollingrisks, projectmanagergan
ensurethat projectsare completedon time, within budgetandto
guality standardsThis approachelpsto achieveprojectobjectives
by reducingpotentialproblems pptimizingthe useof resourcesnd
ensuringsuccessfuprojectdelivery. (RashmiJayminrSanchaniya,
2024.)
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2.6 Monte Carlo

Theutilization of Monte Carlo simulationsin theanalysisof
project timelines has emergedas a fundamentalcomponentof
guantitativemethodologiegor assessingrojectrelatedrisks.

Monte Carlo Simulationis aninvaluabletool for estimating
time, startandfinish times, succesgate and costin projects.This
methodis particularlyusefulfor addressingomplexproblemsthat
cannotbe preciselysolved using analyticaltechniquesinsteadof
oversimplifyingadifficult problemto achieveananalyticalsolution,
Monte Carlo Simulationprovidesan approximatesolutionthrough
simulation. It is particularly efficacious for comprehendingand
guantifyingtheimpactof projectuncertaintiesBy employingMonte
Carlo Simulation, project managerscan evaluateand justify the
necessityfor projectreservedo managerisk eventsthroughoutthe
project'sduration.( ¢ OL & K J U R023)

One of the fundamentalprinciplesemployedin the Monte
Carlomethodologyis a statisticaldistribution.Althoughthereexists
anextensivearrayof variouscontinuoudistributions thetriangular
distribution is applied in this particular investigation. Since the
minimum, maximumandmostaccuratesstimategor a variablecan
usuallybereadilydeterminedthetriangulardistribution,whichonly
requiresheaggregatiorof thesedata,is oftenfavouredasoneof the
mostappropriatedistributionsfor usein the constructiorsector.
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3.METHODOLOGY

3.1 Identification of Risks:
Risk IdentificationIn thisinvestigation,
a systematic literature review was
initially performed, followed by the
establishmentand validation of the
constructionrisk factor divided groups
through personalinterviews, checklist
analysis, and brainstorming sessions.
Document Analysis to begin with, a
comprehensive examination of the BVERENeEINENES
pertinent literature regarding by using PRA
construction risk  factors was
undertaken,employing the keywords
Afconstnskinf aopde,]
fi r i mdnagementin construction Figure4: Methodology
projed sfipr ofmamr & g e niier n bsaRkagementp | a and
fi ¢ o n s trriuswithin bothdomesticandinternationalacademic
databasesrThe risks identified by the projectteam,drawing upon
their experiencesfrom old projects as well as their personal
expertiseyvereevaluatedvithin this study.Postidentificationof the
risk factors,expertisefrom af a - apdcalistwas sought,which
assistedin the formulation of the conclusiveversion of the risk
factorsshapedy theseexpertinsights.

Literature Review

Identification of Risks

Schedule Preparatio

Risk Management Pla

I(I(I(I(I

3.2SchedulePreparation

Theactualschedulgreparatiorprocescommencesvith the
collation of data, including the project commencementlate, the
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activitiesinvolved in the constructionof any structuralsequences,
thedurationof eachactivity, theresourcesequiredfor eachactivity
andtheassociatedost. The dataarethenenterednto the software,
with the relationshipsbetweenthe activities given in accordance
with the sequenceof activities collected. It is essentialthat the
relevant parties be consultedand that the most realistic work
schedulébe preparediuringthis process.

3.3Risk Assignment

The assessmenof risks within a constructionproject is
contingentupon the evaluationof two pivotal dimensions:risk
probability or event frequency, and risk impact. The term
‘probability'is usedto describeheinherentchanceor opportunityof
arisk eventcomingto fruition. (Rani, etal., 2024) The assessment
of risk impact on the projectis defined in accordancewith the
potential negativeconsequencefor the target scheduleand cost.
Informationhasbeensolicitedfrom the stakeholder®f the project
whendeterminingthe probabilitiesandimpactsof risks.

3.4 Monte Carlo Analysis by Using Primavera Risk
Analysis Tool

As previouslydiscussedthe projectteamidentifiedthe most
critical risks associatedwith the project. Following this, the
likelihood of theserisksandtheir effectsfor bothtime andcostwere
allocatedto the chosenactivities using the triangular distribution
function.Subsequentlyga Monte Carloanalysisvasconductedising
the Primaverarisk analysistool. Following this, the impactof risk
factorson projectdurationandcostwasexamined.

4. CASE STUDY
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This article presentsa casestudy of a constructionf a - a d e

projectbuilt in a coastalareawith highwindsin Mu ] [Theproject
encompassesn area of approximately800 square meters and
incorporatesfixed, sliding and motorized aluminium joinery. In

thesejoinery componentsspecialcombinationglasseswith large
dimensionsand a thicknessof 38 mm are utilized. The specific
glassesandjoinery were selectedn accordancavith the particular
requirementsetforth by thef a - eodseltantsandthe custoner.
The surfacesto which the joinery is affixed comprisereinforced
concretewalls in certainareasand steelsubstructuresn others.In

evaluating the potential risks associatedwith this project, it is

importantto considerthe uniquearchitecturabspectsincludingthe
high aestheticstandardsand the preciselocation sensitivity of the
joinery, which is within a narrow rangeof plus or minus5 mm.

Additionally, environmentafactorsrelatedto the project'slocation,
work safetyrisks associatedvith the positioningof thejoinery, and
the potentialimpact of weatherconditionsandthe timing of work

permits, which may be influenced by the project's proximity to

touristareasmustbe takeninto account.Oncethe risk factorshad
beenidentified,acomprehensivevork schedulevasinitiated.In the
preparatiorof thework schedule31 activitiesweredefinedandthe
minimum, mostprobableandmaximumdurationsof theseactivities
were determined using the triangular distribution method.
Furthermore the resourcemecessaryor the completionof these
activitiesandotherall costweredefinedin thework scheduleThe
potentialrisks associateavith this project,from theinitial proposal
stageto the postconstructionphase,were evaluatedusing Monte
Carlosimulationwithin the PrimaveraRisk Analyzersoftware.This
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analysisaimedto assesshe impactof theserisks on the project's
time andcostconstraints.As aresultof theanalysisjt waspossible
to evaluatethe project'scompletiontime and costsas minimum,
probableandmaximum.

The risks for this project were examinedunder four main
headingsandatotal of 47 riskswereidentifiedfor evaluation.

Tablel: RiskFactorin ConstructionF a - @bject

Risk R Risk Factor
Category isk ID
B Lack of clear detail
1 about project
B Errors in material
2 pricing, labour estimates
overheadtalculations
B submitabid thatis lower
3 than the required amount in
orderto beawardedhetender.
B The preparation of an
4 offer is undertakenwithout the
benefit of an inspectionof the
site.
Bid and B Preparationof the offer
antractual 5 without proper researchof the
Risks regulationsandspecifications
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A lack of comprehensior

6 of thecustomer'sequirements
Unclear description of
7 thework at contract
Undefined brand and
8 certificates for materials at
contact
Undefined design
9 standards
Unrealistic construction
10 timelinesfor f a - @mgstadlation
in thecontract.
Undefined the payment
11 schedulesindapprovalgimeline
Undefinedforce majeure
12 situationge.g.,extremeweather,
strikes, pandemics) in the
contract.
Unprotectedthe budget
13 and timeline in the event of
unfrozensite conditions.
Undefineddeliveringthe
14 productionstandards
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Undefined warranty

15 terms
Undefined well
16 maintenanc@eriods
Lack of coordination
1 between design team, f a - :
consultants, other specialists,
and the contractor
Last-minute changesor
2 revisions requested by the
client or other stakeholders
Late approvals
3
Insufficient design
4 details,miscalculations
Using different software
5 betweerstakeholders
Design _ _
Risks I_n_ade_quate:on&deratlon
6 of specifications
Aestheticconcerns
7
Failure to consider the
8 appropriate  glass  types,
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thicknesses, and coatings in
relation to the aluminium
framingsystem
D Misalignment between
9 the client's vision, the design's
practicality, and the available
budget
T Shipping Delays
1
T Changes in Custom
2 Regulations
T Product standards and
3 certifications
T Customl nspect ¢
4
Transport T ImportLicences
ation and | °
Custom Risks T Tradepolicies
6
T Political stability
7
T Choosing insufficient
8 transportatiorcompany
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Documentatiorissues

9
Damage During
10 Transport
CargoTheft
11
Weather conditions
1
Inappropriate  design
2 for installation
Inconvenient rough
3 construction
Insufficient survey
4 support
Subcontractoselection
5
. . Construct SafetyRisks
ion Risk
6
Working at heights
7
Unsuitable site
8 conditions
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C Falling objects
9

C Damagednaterials
10

C Structuralintegrity
11

Fromtheidentified risks, tenrisk factorswereidentified as
beingthemostlikely to affecttheprojectdurationandtime themost.
Theprobabilityof theserisks,aswell astheirimpactondurationand
cost,weredeterminedThefollowing tableillustratesthecriteriathat
wereemployedn thedeterminatiorof therisk matrix.In accordance
with the specified criteria, the degreesof risk were determined,
leadingto the generatiorof risk scores Subsequenththeidentified
risk factorswere assignedo the activitiesthat they affect, andthe
subsequerdnalysiswasconducted.
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Figure 4: RiskScoreMatrix

To check the scheduling, initially the schedule was
calculatedwithout consideringhe risks with probabilistictime and
triangulardistributionfunction.

Fig. 5 representsthe completion of the whole works
cumulativedistribution histogramfor original plan. The minimum
probable project completion time was 472 days (Fig. 5). The
maximumprobableorojectcompletiontimewas565days However,
the most probably project completiontime was 524 days at 50%
probabilitythe projectcompletionof wholeworks could befinished
at 09/02/24(523 days),At 80% probability the projectcompletion
of whole works could be finished at 21/02/24 (535 days).
Concerninghe possible projectcosts,the calculatedtemsin Fig. 5
wereasfollows (Fig. 6). Themaximumestimateaostfor theproject
wasu 7 4 1 , The3nBnimum estimatedcost for the project was
U710, T Most likely estimatedcost for the project was
a7 2 7 (FB.&)3Thedeterministiccostwasu 7 2 6 , AtBO% O .
probability the project completioncost of whole works could be
ua731,835. 0.
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Figure 5: Original Plan Finish Duration Histogram

Entire Plan : Cost Data
- 100% €741,5%.0 Cost of

200 4
[ 9% €@58730 Entire Plan
| 90% €7342050
180
I 85% €7325280 Analysis
o - 80% €7318350 Iterations. 1000
| 75% €@303410
F AT
ol 0% €730,178.0 Statistics
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| | eo% €7285150 E Maximum €741536.0
E
5% €1279730 § | Mean €727.383 4
s
i ol 0% €272420 ‘g | Bar Width €2,500.0
b 4s% e6820
3

[ % €255340 E | Highlighters

| 3% @2s2se0 © Deterministic (€726,179.0)  42%
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Figure 6: Original Plan Finish CostHistogram

After selectingthe precedingrisks, the probability of risks
andthe effect of time-costwith the triangulardistributionfunction
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wereassignedo theselectedctivities,andPrimaveraRisk Analysis

recalculatedhe time and cost. Fig. 7 representshe completionof

thewholeworkscumulativedistributionhistogranfor original plan.

This histogramis the resultof pre-mitigation scenario.This means
that the mitigation responseactionsare not yet implemented.The

minimum probableprojectcompletiontime was515 days(Figs. 7).

The maximum probable project completiontime was 675 days.

However,the mostprobablyprojectcompletiontime was584 days.

At 50% probability the projectcompletionof wholeworks couldbe

finished at 08/04/24 (582 days), At 80% probability the project

completionof wholeworkscouldbefinishedat29/04/24(603days).

The calculation of the project cost was verified by taking into

accountherisk (Fig. 8). Themaximumestimatecatostfor theproject

was U 9 3 1, TheZ2n8nimum estimatedcost for the project was

U7 35, Th@rBost likely estimatedcost for the project was

0 8 2 9 ,inGriguse8 Thedeterministiccostwasu 7 2 6 ,Atl80% .
probability the project completioncost of whole works could be

u8s57, 381.
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Figure 7: Pre-mitigation Finish Duration Histogram
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Figure 8: Pre-mitigation Finish CostHistogram

The impact of the Primavera Risk Analysis tool on
constructionproject duration and cost is significant. It offers a
comprehensiveolutionto the managementf uncertaintieandthe

mitigation of risks. As positedby (Aderbag,Elmabrouk,& Sherif,
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2018) thePrimaveraRisk Analysistool integrategisk management
processeseamlesslywith projectschedulingand costing,thereby
enablingprojectmanagerso identify potentialrisksatanearlystage
and plan accordingly.This proactiveapproachservesto minimise
the possibility of delaysandcostoverrunswhile alsoenhancinghe
accuracyof project timelines and budgets. The documentation
producedy Oracleelucidatesrowthistool'ssophisticate@nalytics
and simulation capabilitiesfacilitate the gereration of a realistic
forecastof potential project outcomes,thereby enabling project
teamsto makewell-informed decisionsand adjustmentsat various
stageghroughouthe projectlifecycle (Oracle,n.d).

Moreover, the capacity of PrimaveraRisk Analysis to
provide comprehensiverisk reporting and analysisis vital for
maintaining project control and stakeholderconfidence.As the
(Mhetre,Wagh,Bhujbal, Patil, & Ranaware2019)elucidatesthis
tool facilitates a structuredand systematicevaluation of risks,
thereby facilitating a more comprehensivevisualisationof their
impacts on project schedulesand budgets. Furthermore, the
utilisation of datafrom previousprojectsandthe incorporationof
reattime risk assessmentgnablesPrimaveraRisk Analysis to
facilitate the developmentof more resilient project plans. As
(PrimaveraConsultantsn.d) posit,suchcomprehensivask analysis
not only streamlinegproject executionbut alsoimprovesresource
allocation and contingencyplanning, ultimately leading to more
predictableandmanageablerojectoutcomes.

In addition to the numerousadvantagesoffered by the
Primavera risk analysis program in interpreting results, the
program'saccessibilitywasalsoa significantfactorin its selection.
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This studypresents frameworkfor projectmanagerso observehe
impactof risk factorson projectdurationandcost,asa consequence
of both qualitativeand quantitativerisk analysis,andto effectively
manageheserisks.

5.CONCLUSION

This case study illustrates the implementationof a risk
managemenprocessn the contextof f a - eodstuctiorprojects.
By employing a systematicapproachto information gathering,a
total of forty-seven risk events, encompassingvarious risk
categories, were identified by the conclusion of the risk
identification process.Subsequentlythe project team proposed
probability scalesandimpactscalesfor the prioritized risk factors.
Consequentlytherisk categorieencompasshe following: (1) Bid
and ContractualRisks, (2) Design Risks, (3) Transportationand
CustomsRisks,and(4) ConstructionRisks.A quantitativeanalysis
wasconductedor themostsignificantrisk eventausingMonteCarlo
analysissimulationwith the PrimaveraRisk Analyzersoftware.The
PrimaveraRisk Analysis software is designedto assistproject
managersin the assessmentf risks associatedwith residential
building construction projects, utilizing the Probabilitylmpact
Matrix method. The software facilitates risk identification,
classification, analysis, responseplanning, and monitoring. It
enablegprojectteamdo evaluateaheimpactof riskson specifictasks
and activities, guiding them in determiningappropriateactionsto
mitigate theserisks effectively. In this study, the schedulewas
calculatedwith risk andwithoutrisk. Subsequentlytheeffectof risk
factors on project time and cost was observed.Basedon these
findings, the project managerwas able to determinethe most
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appropriateresponseo the identified risks, therebyincreasingthe
likelihood of projectsuccess.

It shouldbe noted,however thatthis researchs notwithout
limitations. Theseincludetherelianceon probabilisticassumptions,
the focuson a specificcasestudy, high aestheticconcernsandthe
fact thatthe projectis locatedin a touristarea.In addition,certain
externafactors,suchasforcemajeurehavebeenexcludedIt would
be beneficialfor future studiesto expandon this work by applying
PRA and Monte Carlo methodsacrossa broaderrangeof project
typesand incorporatingdynamicrisk factorsthat evolve over the
projectlifecycle.

In practicalterms,the findings of this study emphasizeéhe
importanceof integrating advancedrisk managementools into
everydayprojectmanagemenpractices Constructionprofessionals
areencouragetb adopttoolslike PRAto enhanceredictabilityand
reduceuncertaintyin their projects,ultimately achievingbettercost
and time managementAs the constructionindustry continuesto
evolve with new challengesand complexities, the value of
systematicrisk managemenwill only grow, making it a vital
componenfor projectsuccessn thefuture.
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CHAPTER VII

Dynamic Analysis of Tapered Marine Outfall Pipe
Restingon SeaBottom Due to Wave Motion

Muhammet EnsarY KJ K T
Bekir SOLMAZ 2
' mia¥ KK Uk

1. Introduction

Generally, submergedpipes located on the seabedare

affectedby waveandsoil propertiessuchasthe depthof waterto be
submergedyvave height and period at this specific depth,bottom
roughnesslongthe pipe andseabedsoil properties.They arealso
affected by pipe propertiessuch as diameter, pipe span length,
distancebetweerthe pipe andthe soil, supporttypesandadditional
weights, geometricand bending stiffness, and pipe material and
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structuralpropertiesEspeciallyconsideringheinternalandexternal
forcesthatdeterminethe pipe size,the pipe systemis designecasa
pipe laid freely on the seabeda suspendegipe and a partially or
completelyburied pipe. Steelpipeslaid freely on the seabedare
usually coveredwith a concretejacketor supportedntermittently
usingartificial concreteblocksagainstloating. Suspendegipesare
fixed to thegroundfrom supportsBuriedpipesremainfixed in place
by thegroundweightonthem

In seadischargesystems treatedor raw sewagewater is
carriedto the diffuser locatedin the seaby a fixed diameterpipe.
Wastewatelis dischargednto the seafrom the outletslocatedon
thesdiffusers(Figurel). As thewastewatecomingoutof theholes
onthediffuserprogresses the pipe,its flow ratedecreaseandits
speeddecreasesl his causesedimentationn the diffuser.In order
to keepthe flow rate constantdiffusersare generallymodeledas
gradually narrowing or gradually narrowing and their hydraulic
calculationsaremade( ¥ z t 1996 ,

|_| Wastewater
treatment plant

{ v Mean sea level

Plume

Upwards sloping tunnel Diffuser

Figure 1. Schematicef a wastewatetreatmentplant outfall
(Peteretal. 2016).
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In this study, the situation of a suspendedand conical
sectionedpipeline in the seadischargesystemline or a simply
supportedyraduallychangingdiameterdiffuserlocatedat the endof
theseadischargesystemis takeninto consideratior{Fig. 2).

Chifis

Figure 2. Graduallyvaried-sectionpipe
( Yi 3010y. ,

Fluid is transmittedthroughthe pipeindicatedin Fig.1. The
controlvolume of pipe flow betweensection(1) andsection(2) is
selectechndsubjectechsimpermeableonesurroundingpipewalls.
The the law of conservationof mass(Eq.1) and conservationof
energy (Eq.2) can be written for mentioned volume. The
fundamentalaws of onedimensionaisteadyflow for constantand
uniform density, and incompressiblefluid can be derived by
simplification of NavierStokesequationfor conservatiorof mass,
linear momentumand energy fitted to the streamlineof flow;
(Eqg.1,a,b.)Beattieetal. 1971;Yamamotcetal. 1974;Layton,1976;
Grace,1978)

2 @B -y EE WD (1a)
@B -l Qn 7. oo (1b)
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whereas is the constantkinematicviscosity, ® is the body

force per unit massand assumeds the gravitationalacceleration
vector'f

For steady,viscid, and incompressibldluid flow along a
streamlineNavier Stokesequationin Eq.1labccanbe transformed
to the Bernoulli equationin Eq.2.a,bfor variedsectionpipe resting

on horizontalseabed.
60— UL— — "0 ' —t—) (2a)
60— U— — "0 —t—) (2b)

For variedsection pipe, the basic design parametersare

imposedon continuity, the Bernoulli and momentumequationsas
seenn EqQ.3.a,b,c.

ww O 10 (3a)
dw O | — — B BT (3b)
0w 006 "0 ODwdw "0 & (30

Here, the parametersaare symbolizedas fluid density;} _ f ,

pipeareayelocity, pressur@ndaxial reactionforcesrespectivelyin
variedsection:d he R 0
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2. Wave ForcesActing on submergedpipe

Among the differentwavetheories the suitableone, Linear
wavetheory,is selectedor determininghydrodynamiovaveforces
in accordancavith thewaterdepth(Q) in pipelocation,designwave
period ("Y and height ("O) at the considereddepth. Linear wave
theory gives water particle velocity and acceleration ( 6hD )
componentsn thedepthof mid-point of pipein Eqg.4.a,b.

6t ——0 Ki — — (4.3)

bt —— OF— — (4.b)

Drag forcesactingperpendicularhto pipe axis (") (Eq.5),
inertia force ("0) (EQ.6) in horizontal plane and lifting force ("0)
(Eq.7)in vertical planeto be ableto causethe periodicaloscillation
inducednstability of pipecanbecalculatedy theMorisonequation
dependingon mentionedparticlepropertiesof waveasbelow.

o -6" Owo ao (5)
0w 26T Om U (6)
e -6” Owo o (7)
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Here,hydrodynamiccoefficientson lifting, inertiaanddrag
forces are respectivelydenotedas¢ , 6 , and6 (Karal, 1977;
Machemehl1978).

3. Stability Analysis of SubmergedPipe

Vertical forces are composedof buoyancyforce "0, pipe
materialandfluid weights'® and™(™ andlifting hydrodynamidorce
"0. Besidesdragandinertiaforces®, "Oandfriction force™on
soil bed under artificial supportscan be describedas horizontal
forces(Lambe& Whitman,1969)(Figure3).

Soil bearing capacity"® (Eq.8) and soil-structurefriction
force 0 (Eqg.9)arecalculatedasfollows;

O 0T a pct'jréé (8)

0 0o a® pcrqoouaTL c 9)

Here, the designparametersare takenass &) i 7; soil
bearingcapacityparameters%g internal friction angle,d; depthof
structurebase] ; specific weight of soil, 6 ; width of base®
%IC.
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(a) (b) Fy (c)
Figure 3. (a) ForcesActingon Diffuser, (b) Free Sitting Pipe, (c)
BuriedPipe.
( Yi 32010y. ,

The basic stability principles are required preventingthe
movemenbf pipe andsavingits balanceagainstmentioneddesign
loads.To providetheverticalandhorizontalstability, thementioned
constraintsn Eq.10shouldbe satisfied:

B O 0 0 0w (10a)
™00 00 (10b)
0 00 0 (10c)
BO O™ O O 1 (10d)
T 00 0 (10e)

Here, "0 is recommendedas p® especiallyin designing
marinestructuregKaral, 1977)
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4. Governing Generalized SingleDegree of Freedom
System

The basicprinciple is to obtain coordinatesof all pointson
gradually variedsection pipe displacedand their displacements
0 afd (Eq.11)with varying time and position againstits external
movingforces;(Clough& Penzien1993)(Figure4.)

Dald [ WMo (11)

In this formula, shapefunction of beamlike pipe andtime-
varying vibration are respectively denotedas| @ and @ 08
Thereforethe generalizeaingledegreeof freedomsystem(Eq.12)
canbewrittenin nonlinearform asbelow;

~

vz

00 who oo Cakt (12)

Here, 0 h 0o h &0 and(“ it are respectively
indicatedas displacedposition of time-varying vibration, rate and
accelerationof motion of pipe, and external forcing. Mass
& * ,dampingds, andrigidity ‘Gtermsgivenin Eq.1315 areas;

a° . a ol ®Qw (13)
W . O®WI ® Q® (14)
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G 0@l @ Qw (15a)
0 0Dl 0 Qe (15b)

€ (15c)

Here, the mentioned parametersare mass of pipe and
transmittingfluid [&@ @] and inertia momentfunctions of varied
sectionof pipe"Cw andgeneralizeclasticandgeometricrigidities
(2 and™C: |, length of pipe (0 1), modulusof elasticity (‘O), axial
compressivdorce (0 ) anddampingcoefficient(¢® ). Externalforce
acting on the systemcan be adoptedto the governingequationof
motion as follows (Clough & Penzien,1993; Celep& Kumbasar,
2001).For crossflowmotionin Eq. 16, for in-line motionin Eq.17;

Cad 0 0o 0ol Qb (16)

Cad 0w 0w Qe 17)
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.
Figure 4. GeneralizedingleDegreeof FreedomSysten{G-SDoF)
Cad 0w 0w OOl Qo (16)

Cad 0w 0w Qe (17)
5. Numerical Analysis

In this study, design pipe parametersvhich is located at
¢ ux deptharesortedpipe spanlengthu8t mm, inlet pipe diameter
p8t Tim, outlet diameter of pipe 1@ 1M in addition to simply
supportecbeamlike pipewhichis manufacturedsvarying-section

tapered(conical) steel material (Figure 5). Besides,pipe, seaand
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fluid propertiesareadditionallypresentedsin Table1-4( ¥ | rate z
al.,2011;Y i jJeialt,2017;G¢ c ¢ gtal.2020;Y i j&iG&E° k k u K
2024).

7;7;77;6 g v L )
bt

Figure 5. Marine outfall systemendpoint: tapereddiffuserpipe.
Tablel. Material sectionanddimensiorof pipe.

L(m) D1 (m) D2 (m) s (m) E (kN/m2)

9.0 1.00 0.60 0.01 2.1x108
Table2. Pipematerialandfluid properties.

r (kN/m3) (t/m3) r (kN/m3) (t/m3)

78.34 7.98 10.00 1.019
Table3. WaveParameters.

[ (KN/m3) (t'm3) H (m) T (sn) d (m)

10.09 1.029 2,5 8 25
Table4. Soil Properties.

[ kKN/m3) | %o 0 0 Bm | C (kN/cm2)

20 300 |37.1 22.4 19.1 | 0.15 | 20

By analysingtheseparameterghe pipe motionis generated

by GeneralizedingleDegreeof FreedonSystem(G-SDOF).
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5.1.Vertical and Horizontal Stability of Pipe

Hydrodynamiclifting, inertiaanddragforce coefficientsof
suspendegipecanbeassumedsd ° T{for e/D>1/4} while taking
0 ¢& and6 p in all cases(Yamamoto et al., 1974).
Hydrodynamidifting force,buoyancyforce,weightperunit length
of pipe volumefilled with fluid, weight perunit lengthof pipe and
weight of artificial concrete pipe jacket per unit length are
respectivelycalculatecasix@o ¢ Iy® whe&@ o gndgdt v QUG .

By applying vertical balanceEq.35, the required stability
conditionis satisfiedto Eq. 10.a,b,cFortotal beamlike pipelength
0  u8ta, total vertical net force and bearing capacity of soil
under each supportwill be o & ¢ Q0and¢ n8p m RV, Safety
factorfor vertical stability of pipe shouldsatisfyto Eq.10.b,csothat
thebearingcapacityof soil is calculatedas™®  ¢8& .

For horizontal stability of pipe mentionedin Eq.10.d,e,
hydrodynamiadragforce 8t x ‘®@(¥a , hydrodynamidnertiaforce
0.335 kN/m, total horizontal wave force T8 v R({T& and soil
friction force o @ ¢ (TG4 for partially buried (about 0.20m
depth)artificial supportsin cohesionlessoil can be calculatedas
expressedrhisis acceptedishighly reliable.

5.2.Determination of Longitudinal ReactionForces

Internalfluid pressurés aboute ® CQUT& . By computer
aided hydraulic design of pipe system,fluid velocities, internal
pressureandreactionforcesdependingon x distancearecomputed
asshownin Tableb.
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Table5. Longitudinalparametersof graduallyvaried sectionpipe

X D (m) V (m/sn) P (kN/m2) N (kN)
0 1,00 1.3257 61.2 0
1 0.9556 1.4547 61.1577 4.1081
2 0.9111 1.6034 61.0865 3.9288
3 0.8667 1.7762 60.9848 3.7452
4 0.8222 1.9784 60.8501 3.5576
5 0.7778 2.2173 60.679 3.3664
6 0.7333 2.5022 60.4665 3.1719
7 0.6889 2.8458 60.2048 2.9743
8 0.6444 3.2653 59.8821 2.7741
9 0.60 3.7849 59.4794 2.5711
Total (N) 30.197

Total longitudinal reactionforce due to impulsmomentum
effectof taperedpipeis abouto Q0

5.3.Dynamical Analysis of the Time History in SAP2000
Software

Firstof all, thementionechydrodynamidorcesareloadedto
the beamlike and gradually varied pipe system. Time History
Analysis (THA) which take placein the scopeof the Structural
Analysis Program (SAP2000, 2011) software is performed for
solvingthe staticsystemundertheseoads.During this analysisthe

weight of pipe includessteeland coatingmaterialweights. Time
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history solutionsare usefulfor both linear and nonlinearstructural
responsandsinusoidalandnonsinusoidaloading.In ordergetthe
exactsolution of the THA andincreaseaccuracy successivaime
intervalspreferredshouldbe shortened.

Coordinate®f laterally displacedsystemwith respecto the
unloaded pipe axis coordinates before loading are analysed
numericallyby usingCurveFitting TechnicdCFT).Fromthisstudy,
the function of lateral displacementpn the other hand,the elastic
curvefunctionof systemis foundfor initial conditionof the THA.

5.4.Dynamic Analysiswith G-SDoF System
5.4.1.For crossflowmotion

By assumingbasedon the new function obtained from
normalizationof this function,theshapgunctionis derivedin terms
of solutionof the G-SDoFsystemAs afunctionof wvariable shape
functionf ® mp canbedefinedasin Eq.18;

r @ phwi "o ey mino 1
mp Ti, e g chb X @ (18)

Therefore, the generalizedmass and rigidity of system
[Eg.19]canbenumericallyfoundfrom Eq.13andEq.14;

4° omo,eC ¢ oolopx (19)
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Total vertical force mentionedin Eq.17 with changingx
coordinateandtime (in kN) canbewritten asin Eq.20;

& Ypw HrgAT ™Y O (20)

Governingequationof motionasin Eq.12canbederivedin
Eq.21by takingas® 0 mr 6 Trfor initial conditionatd Tt
as;

ome&do ¢ @olo @O dhp w (21)

From this equation displacementgshangingwith time, Z(t)
can be drawn as presentedn Figure.6.in which the maximum

displacementis found as approximately® ofo xap 1 & .
(Figure4).

Displacement Zit) (m)

-178-



Figure 6. Displacemenin time-varying crossflow motion.
5.4.2.For in-line motion

At the equatoriallevel of pipe, the wave speed(m/s) and
acceleratior{d 7i) in functionalformsasseenin Eq.4aandEq.4b
arethefollowing;

Y mox Qé mix Yw (22a)
Yoomt wi, v iy g (22b)

In orderto obtainethe generalizediragandinertiaforcings
(kN) mentionedn Eq.6andEq.7,they arefound by utilising from
Eq.23andEq.24;

"o Tmoomé mix Yo (23)
"G 0 plg i "1* iy e (24)

Governingequationof motion (Eq.12)is finally developed
asbelow.

ofmoédo ¢ oolopgho mooné mx Yo
plt oi "t mix wa (25)
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The governingequationof pipe motion canbe solvedboth
by analyticallyfrom the MATLAB andSAP2000software(Matlab,
2024; SAP2000,2024). Thesethreesolutionshavecomparedeach
otherasindicatedin Table6-7.

Almost 10s later, the resultsdealt with in Figure 7, have
entirely fitted eachother. In accordancewith those of G-SDOF
systemeventhougheither resultsfrom analytical solutionsor the
SAP 2000 outputscan be takenas a basis,the CFT in Figure 8
producesthe time-varying displacementfunction defined as in
Eq.26.

B E, T T 0 T
w10 [ SAPI000
) G-5DOF |----1
y oy . 2,
E L Rl ik SECEEDY EE EEEEEET SEL SEEEEEE EEUEEERERE 05
S I R WO 8 O O VY A VY
=
[ak]
1) T U (R SN MU SU: R SRS R S
[
L
i R e S G ARRnRt: BEY SRCEERL Y SERERE
&
_4 LN JRSRDRDR [ S I S SN - N PR
-
_E | | 1
0 10 20 30 Time t{sn}

Figure 7. Comparisorof resultsfrom G-SOFand SAP200Gor in-
line motion
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If comparedscillationson crossflowmotionwith thoseon
in-line motion, it is seenthatthe prevailingoscillationsis generated
from in-line motion.

For prevailingconditiononthebeamlike pipesystemtime-
varyingdisplacementanbedescribedn theform asseenn Eq.26;

©wo tThoy pn & iy o ofp (26)

In order to get both coordinate and time-varying
displacementunctiond aft in Eq.28,this functionhasto multiply
with shapdunctionmentioned.

0 ad  phtwi o @
Mo mpti, "t W clux o Th W
prt & "ty & ofp T (27)
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G-SDOF
o L Simulated Curve

__________________________________________

Displacement Zit) (m)
]

|
0 10 20 30 Time t(sn)

Figure 8. Thetime-varyingdisplacementunctionfor in-line
motionbecausef the prevailing condition
Finally, this derived function representghe distancetime

varyingin-line oscillationsof systemwhich aregreaterthanthoseof
crossflowoscillations.

6. Conclusion

The G-SDoF resultsgeneratedrom horizontaland vertical
forcingtermsandthoseof the THA technicdhasednthe SAP2000
software are fittingly derived. Both figures obtainedfrom itself

resultscanbe comparedo regardthesesuitability asin Table6 and
Table7.
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Table6. Maximumdisplacemenin vertical plane(crossflow
motion)(for x=L/2)

G-SDoF SAP2000 Difference (%)

Displacement (m)| 3,379x1064 | 3,732x104 9,65

Table7. Maximumdisplacemenin horizontalplane(in-line
motion)(for x=L/2)

G-SDoF SAP2000 Difference (%)

4,68( 10-
5

9,94

Displacement (m) 5,07( 105

Thedifferencedetweerbothof two displacementareclose
eachother. The basic causeof this accuracycan be said that the
elastic curve of simply supportedbeamlike pipe systemas the
assumptionof shape function is chosen at the beginning of
calculation.

Besides, the SAP 2000 software gives the accurate
displacementalue changingwith time at the certainpoint on the
pipe axis. It does not produce the required function. Intervals
betweerpointsto be consideredhouldbe shortenedn orderto get
more reliable results. Time-varying displacemenfunction of each
point can be derivedfrom SAP2000but this cannotbe definedas
both distancevarying and time varying function. To get
displacementfunction with both x and t variables,the relation
between their functions of all points considered should be
established.

In this study, the softwareprovidedby the projectnumber
2024047 supportedby Manisa Celal Bayar University Scientific

ResearcliProjectsCoordinationUnit wasused.
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CHAPTER VIII

Arch Theory in the Historical Process Of Structural
Analysis

Abdul | ah® ¢CET
kahnaz T®KJRE

1. Introduction

Remains of Old Stone Age (Palaeolithic) cultures are found
in various parts of Anatolia, especially in Southern Anatolia.
Archeologists report that around 7000 BC, the new stone (Neolithic)
age, along with agriculture and animal husbandry activities dtarte
(Kuban, 1978) The richness of the mines, which are the natural
building blocks of Anatolian geography, has also enabled the
development of stone art.

Migrations have taken place to discover new homelands and
new geographies since the creation of human beings and throughout
their life cycle in the world, and wars have become inevitable as a

1Lecturer Mardin Artuklu UniversityMidyat Vocational School, Natural Building Stones
Technology Mar di 0000DQOR58998 26) abdullahcetin@artuklu.edu.tr.

2 Prof.Dr,Iskenderun Technical Universityaval Architecture and Marine Engineering
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result of migrations. They built palaces, city walls, castles, and
bridges out of masonry structures to secure their permanence in their
homelands. They have found and developed new methods with the
help of environmental conditions to gain superiority oyegir
opponentsinwar6 ¢ ul pan, 2002)

In Greek architecture, which is also frequently encountered
in Anatolia, there is a design based on geometry, measure, and
proportion, and perfection has been achieved by repeating these
three criteria over the years. Another important building heritagie ha
been left by the Romans. They created a style that greatly improved
the construction technique of the arched, vaulted, and domed
buildings, added importance to the interior spaces of the buildings,
and built the monumental building order on these coaistm
techniquegKuban, 1978)

The arch application dates back several thousand years.
There are some suggestions in the literature about the origin of the
arches (Heinrich, 1983)Kurrer, 2002) According to one
suggestion, arches were formed as a result of the fall of the false
vaults, and according to the other, it was assumed that the arches
were formed as a result of the disintegration of the lower parts of the
supporting stone elements dose beams into individual pieces as
showninFigurel.{ ¥zkaya, 2019)

Figure 11. Schematic representation of the formation of arch from
stone rocks

The medieval masons developed their skills through practice
and passed on their experience to the next generation through
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apprenticeship rather than written documgnis o ur e n - As, 19¢
a result of the study of the available structures, some knowledge was
gained about the mastery of the assembly and use of the arches.

The most important of these is the necessity of a keystone
when making the arches, a total number of stones forming an arch
would be an odd number, and, the arches were formed by masoning
the stones with the help of molds. Today, these molds can be made
from two different materials, wood or steel, with the development of
technology Further information on molds can be found somewhere
else(Heyman, 1995)

The fiveminute theorem for masonry: If the wood center of
an arch is removed after the masonry work has been completed and
the work remains stable (not demolished) for five minutes, then it
will stand for 500 years. The boundaries of the wall contaithtiust
line and are satisfied by the safe theorem. It can be deduced that the
upper limit of 500 years is the decay life of the material. Thus the
stability of the masonry structure will be ensured primarily by the
shape of the structure and not by thesrsgth of the component
material morta(Heyman, 1995)

The statement ofHeyman, 1995ran be updated with the
rule of ten minutes and 1000 years of stability. Because there are
masonry structures in our country and the world, they are older than
1000 years.

The masonry arch cannot support its weight until all the
arches are in place. In the phase of application, the weight of the arch
is carried by the centering with wood or steel material. When the
centering is removed, the arch will begin to work struchardlhe
first few stones which are can sustain themselves. As the arch moves
inwards, a newly placed stone will be in danger of slipping and a
need for centering will arise. Any stone in the completed arch loop
can be considered a keystone that ensurestdéibdity of the whole.
However, the center stone is called the keystone. Because it is the
last stone that enables the arch structure to be fo(iegman,
1995)
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Using mathematics in the design of the structures emerged
with the Renaissandéleyman, 2006)

2. Material and Method

This study aims to better understand the arch theory by
drawing solid models by transforming twdimensional drawings
into threedimensional drawings, important studies of arch theory,
which started in the seventeenth century and shaped until today.
Mathematical formulas and equations are not included in the present
study.

It is assumed that structural analysis began with Galileo, who
first introduced the concept of stress. Although Villard and Vitruvius
had architectural studies on arch theory, there is no information
about the calculations related to arch theory in th&temisources
that have survived in terms of structural analysisyman, 2006)

On the other hand, it was Robert Hook who first introduced the arch
theory.The main researchers who contributed to the development of

the arch system by making important theoretical studies on arches;
The findings of Robert Hooke (1675), Blondel (1683), David
Gregory (1697), Gautier (1717), La Hire (1695), Couplet (1729)
were exanined in detail by Heyman (1982, 1995, 1998, 2006). A
summary of these studies will be given in this section. Hooke; In
1675, analyzed mathematically the chain curve (catenad/pave

the solution i n t hflexible chaimwillddok an a
|l i ke a solid arch when suspende
statics of a stretched hanging rope is the same as that of an inverted
arch. Hooke was concerned with the actual mathematical and
mechanical form of all kinds of arel for construction. Thus a
possible inverted chain represents one of the infinite number of ways

in which the arch located within the boundaries of the semicircular

arch in Figure 2.1 can carry its weidhteyman, 2006)

190



Figure 21. Robert Hooke's hanging chahreedimensional solid
model

In 1683, Blondel stated (in Figure 2.2) that shallow arches
provide more thrust, require thicker abutments, and a round arch can
push abutments less than a pointed arch (see FiguréHaynan,
1995) Davut ¢ E Tnkadbnry faréman livirsy today and
has no theoretical knowledge about the mechanics of masonry
structures, states that the pointed arch can carry more load.

Figure 22. Threedimensional solid model of Blondel's rule
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According to Gregory (1697), the horizontal component of
an arch's bearing force has the same value as the horizontal pull
exerted by the equivalent hanging chain. The reverse hanging chain
is called the thrust line of an arch and represents how pressces f
are transmitted from the wall to the supports. Once this thrust line is
placed for a particular arch, simple static equations allow the
magnitude of the arch's thrust force to be calculated and the design
can be complete(Heyman, 2006)

The first known work on bridge piers was published by
Gautier in 1717. According to Gautier; The five challenges for
bridge arches are; the thickness of the abutment, the dimensions of
the inner buttresses as a ratio to the arch span, the thickness of the
arch ring, the shape of the arches, and the dimensions of the retaining
walls to hold the soillHeyman, 2006) La Hire in 1695 when
examining the statics of a sewircular arch made of joined stones
assumed that the connections between the stones were frictionless
(Figure 2.3.). He presented the problem of finding the weight of the
semicircular geometric arch ot maintain static balance and
concluded that for an arch with straight arches, the thrust line must
be perpendicular to the joints. He then showed that by working
backwards, a polygon of forces could be formed and finally the
weights of the stones making whe arch could be found. Later in
1712, La Hire abandoned the assumption of smoothness and
considered the friction to be a magnitude that would not allow it to
slip. As a result, the direction of the thrust line inside the arch is no
longer perpendiculato the joints, and there is no simple starting
point for the static analysis. The purpose of the analysis was to
determine the value of the arch pressure so that the abutments could
be designed, and he stated that the arch would break somewhere
between tk spring and the keystoideyman, 1998)
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Figure 23. Static of La Hire's thredimensional solid model arch

Couplet published two important papers on arch published in
1729 and 1730. The first study was a replication of La Hire's
frictionless state analysis. In the second study, he made three basic
assumptions about the behavior of the wall; the wall has ndetens
strength, the wall has infinite compressive strength, and the shear
failure cannot occufCouplet, 1729)

Couplet's first theorem states that if the beam remains within
the thickness of the arch and does not intersect the inner curve, the
arch will not collapse, regardless of the magnitude of the load
applied to the arch. Figure 2.4 shows the supporting foaoes
straight thrust lines (ANC and APC). ANB and APC can be
generated directly from abutments B and C following straight thrust
lines. For the arch to collapse, the angle BAC needs to be widened
and this can only be achieved by spreading the abutr{teotslet,

1729)

193



b

=

=

Figure 24. Solid model of Couplet's arch

The next problem tackled by Couplet was to find the
minimum thickness of a semicircular arch bearing only its weight.

Figure 2.5 is a sol i-dimemsodatdrch.of t
An arch that is divided by hinges DI, AH, and EK shows the hinges.
Hinges | K and EK are placed at

relation between the thickness, t, and the radius was proposed by
(Couplet, 1729)

t/r = 0.101. 2.1)

Figure 25. Solid model of Couplet's threifmensional arch
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Castigliano formulated energy principles to find solutions in
elastic structures in 1879. He stated that if a structure is hyperstatic
and there are an infinite number of solutions to support a given
applied load, then the true elastic state of the strectuthe state
where the stored strain energy will be minimal. Among other
practical examples, he applied elastic energy theorems to a masonry
bridge, by taking advantage of the elastic properties of stone and
mortar by allowing cracking if the thrust éns outside the middle
third of the crossection(Heyman, 2006)

In 1948, Pippard observed that the abutments of a stone arch
would spread very slightly, thus he analyzed with hinges on the
abutments. Figure 2.6 shows a tihvaged parabola with loading on
the centerline of the ardPippard, 1948)

i
- LX\ ﬂ
L !

P2 P2

‘ T

=

Figure 26. Two-hinged arch system

The theory of structures deals with the mechanics of slightly
deformable bodies. If a structure is to be of practical use, its
displacement must be very small. The structure as a whole and its
components are not completely rigid, and therefore very small
deformations generate large internal forces. Internal forces must
satisfy equilibrium equations that combine their values with those of
the external loads. However, for a hyperstatic structure, the
equilibrium equations have an infinite number of solutions
(Truesdell & Truesdell, 1984)
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Structural theory is based on static equations and external
forces must balance internal forces. The structural theory deals with
the principles and methods by which the direct stress, shear and
bending moment, and deflection can be calculated at anpsexdti
each structure memb@Nang & Eckel, 1957)

The geometric boundary conditions must satisfy the
equilibrium condition along with deformations and the material
responds to the applied load.

In Figure 2.14(Villarceau, 1853)threedimensional solid
model of the yield surface formed between the stone fragments in
the arch with a finite crushing strength is shown. Yield surB&€
is at the boundary of th®fDFEA curve formed by the two parabolic
arcs.The yield surface between the two pieces of stone forms 10%
of the ADFEA parabola and the yield in this region is the safety limit
of the archHowever, only a small part of this real yield surface is
valid for practical masonry structures. A typical value of stress used
in the deign of large bridges in the nineteenth century is 10 percent
of the crushing strengtfvillarceau, 1853)

Figure 27. Solid model of yield surface on the wall
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The safe plasticity theorem states that, whether or not straight
or slightly curved boundaries are used, if all stress resultant yield
surfaces ar®AE triangles,then the structure will be safe and will
not collapse. In terms of arch construction, if it can be shown that
any of the infinite number of shear lines that balance the applied
loads are within the arch profile, then this is proof that the arch
cannot cdapse under these loafldeyman, 1995)

Analysis of arches using plastic theory shows that their safety
does not depend on the conditions in the abutments or whether the
arches were originally constructed to exactly match tfféeyman,
1982)

(Heyman, 1982jried to construct a stone arch theory based
on geometry. According to this theory, an arch made of any
reasonable stone, with or without mortar, can comfortably accept the
applied loads. Therefore, there is no problem of crushing the material
in the arcles. What is the best arch shape to carry the given loads?
How thick should the arch loop be? What loads can a particular
medieval bridge carry? He developed the limit analysis method
based on plastic theory introduced (Rippard, 1948)to find
answers to questions such as:

Limit analysis

The first step is to define the elements of a masonry bridge.
In Figure 2.8 arch parts (segment), keystone, fill, the wall at the top
of the arch (spandrel), the lower surface of the arch (intrados), the
upper surface of the arch (extrados) and the arehing are given
according tdHeyman, 1982)

197



Figure 28. Elements of a thredimensional masonry bridge

With limit analysis, analysis can be made by knowing the
unit volume weight of the material and the geometry of the structure,
based on the plastic theory.

In a small bridge, the fill may consist of rubble or gravel built
to the desired height to support the road surface. The embankment is
protected by angular walls built on the arch rings on both sides of the
bridge. Fill structurally cannot move, but in ptiae, a load applied
to the road surface can spread across the embankment before it is
applied to the upper surface of the arch. The idea that an arch must
have a minimum thickness to contain a thrust line for certain loads
is key to establishing a safefigctor for practical desigiHeyman,
1982)

The safety theorerfHeyman, 1995%tates that the arch can
carry a point load of any intensity at the apExe counterpart to this
theorem is that a hinge is at the top and no hinge arrangement would
result in a fowbar chain mechanism of the type shown in Figure 2.9.
The fourbar chain is the basic mechanism for an arch to collapse.
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Figure 29. Threedimensional solid model of arch forming four
hinges

The plastic structure theory underlying the limit analysis
takes into account thressumptions;

a) Balance equations must be strictly met and internal forces
in the arch must balance external loads andveeidht.

b) Any statement regarding the behavior of the material
should be compatible with three simplifying assumptions: The
material is infinitely strong in compression, cannot take up tension
and slip will not occur.

By the principles of plastic theorems, these assumptions are
on the safe side.

c) The movements of the abutment are accepted as unknown.

The position of the thrust line depends on the pivot thrust.
Thus, its value will change from the minimum when the arch
expands to the maximum when the arch shrinks as shown in Figure
2.10.

Each position of the thrust line corresponds to a different
abutment thrust value. If the arch is spread, the thrust decreases to a
minimum value and if the arch is forced to decrease in span, the
thrust increases to a maximum. If the abutment movedeaditser
together instead of slightly apart as shown in Figure 2.10 (a) then
once again hinges will form. Some crushing of the stone may occur,
or blistering and splitting may occur. Such spalling can sometimes
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be seen under the crown (keystone) of a bridge, as shown in Figure
2.10 (b)(Heyman, 1982)

Figure 210. Threedimensional solid model ofiaximum and
minimum thrust forces in a full round arch

It is possible to translate the basic ideas from the theory of
plasticity in idealized material into terms applicable to masonry.
First, one can think of how the simple arch could collapse. In Figure
2.18(a), the semicircular archmoves with its weight and an
additional point loadP. Thus, Hooke's hanging chain will deform as
shown in Figure 2.11 (b). AB increases, the inverted chain (push
line) will fit less comfortably on the arch, and at a gi¥evalug the
push line can only be brought under contiidiis limiting step is
shown in Figure 2.11 (c). The thrust line reaches its upper and lower
surface from four locations. A hinge will form in each of these
locations and the four hinges will transform the fixed arch structure
into a collapse mechanism. éarding to the theory of limit analysis,
the arch must be in equilibrium, and the mathematics of equilibrium
is represented by Hooke's inverted chain, the thrust line. The material
requirement was that the line of the compression had to be inside the
wall. If such a position can be found for the thrust line, the structure
will be stable and it is suggested that the arches will never collapse
under load. Therefore, it can be assumed that the arches are strong.
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Arches only fail when the loads they carry increase to the point of
crushing or one of the stones slip from the strudtdesyman, 1995)

[

Figure 2.11. Threedimensionabkolid modelof a circular arch
collapsingundera pointload

(Frunzio et al., 2001performed a thredimensional (3D)
analysis of a masonry arch bridge using the nonlinear finite element
method. The stress levels in the arch provided information about the
fracture mechanism and suggested that there was no failure of the
material and thiathe arch may have a sinnge failure mechanism
similar to the limit analysis.

(OrdufYfa & L opresented aonew n2athématjcal
model for an arch made of rigid blocks (kinematic theorem).

(De Luca et al., 2004proposed a simplified method for
assessing the seismic capacity of masonry arches. The algorithm
they developed combines linear finite element analysis and strategy
limit analysis including Heyman's hypotheses.

(Gilbert, 2007) made a statef-theart study on the
application of limit analysis to masonry structures and stated that it
has been an effective method for the safety of structures.
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Handbased limit analysis techniques have left their place for
computerbased methods. Various specialized analysis programs
have been developed over the years based on limit analysis
theorems. Currently available tools include ArchieM (Obvis 2007)
and rirg2.0 (LimitState 2007b). In Figure 2.12, thrust lines and
hinges formed as a result of limit analysis in a masonry wall and
masonry arch under point loading are shown by drawing a-three
dimensional solid model. Limit analysis is a conceptually simple and
robust model for analyzing the eventual collapse of masonry arch
bridges. To date, most researchers have focused on establishing the
stability of the wall arches, buttresses, and buttresses that make up
an arch bridge. Studies in this area are generallyedaout using
push line (static method) or discrete rigid block type (kinematic
method) analysis procedures.

Figure 212. (a) The masonry wall and (b) The thrust line and
hinge formation in the thredimensional solid model of the
masonry arch

(Brencich et al., 20073howed that masonry arches often
carry much higher boundary loads than expected. In arches; analyses
were carried out using the linear elastic analysis method for the
estimation of the stress state and the most commonly used limit
analysis methods for trestimation of the boundary load.

Af ter comparing three met hod
recommendations: Choose simplicity over complexity, use an
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analysis tool that can be validated and evaluated by the user, model
parts of the structure rather than the whole structure, do not use fully
structured threelimensional models unless necessary, and do not

perform linear elastic analysis on historic bings ( Lour en- o
2021)

Inthe study of ¢ e t i nthe niBeBedtBry historical stone
arch bridge was compared by making structural analysis with two
different methods. These analyses are limit analysis and nonlinear
finite element macro analysis methods. According to the findings, it
was seen that limitrealysis gave a quick and practical result in
estimating the ultimate collapse strength of the structure compared
to nonlinear finite element analysis.

3. Conclusion

In the present study, a brief review of the development stage
of the arch theory has been introduced with the aid of solid model
drawings.

After Hooke, in the seventeenth century, some more study
was done work on arch theory in the sense of structural analysis. In
the eighteenth and nineteenth centuries, arch theory focused on
experimental proof as well as theoretical studies.

Theoretical work in the first half of the twentieth century was
devoted to both improving and simplifying approximate methods.
With the development of computers and numerical modeling
techniques, these theoretical studies came to an end and the
mathematich equations of elastic structural analysis were
formulated in compact terms. In the nineteenth century, equations in
the form of large arrays were processed by computers.

In the twentieth century, the limit analysis method, of Pipard
was developed by Heyman. In the twefitgt century, the hand
based calculation procedure of the limit analysis method was further
developed, by transferring it to the computer environment.
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According to(Pippard, 1948yvhen there are three hinges, the
arch collapses. According {#leyman, 1982)when there are four
hinges, the arch collapses. According (@ilbert, 2007)when six
hinges are formed, the arch collapses.

As a result, the limit analysis method, which emerged
depending on the arch theory, is the best analysis method when there
is a lack of data, and it can be accepted as an indispensable fast
application method in the estimation of the collapse load ofrtie a
system.
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CHAPTER IX

Evaluation of the Critical Moment Capacity of Non-
symmetric Z-Sections: Analytical and Numerical
Analyses

Me hmet Fet hj ER"

1. Introduction

The flexural behavior of unsymmetrical beamsni®re
complex than that of symmetrical beams, especially due to
asymmetrical section properties and loading conditions. In such
beams, additional effects arise due to the-symmetry of the
section axes.

If the section of a beam is not symmetrical about the bending
plane or the load does not pass through the center of the beam in the
bending plane, it causes unsymmetrical bending. This above effect
may not only induce bending but buckling of the beam. Wahlead
does not pass through the shear center, it also produces a torsion
effect on the beam In addition to the combined bending. The flexural
behavior of such beams relates directly to stability associated with
lateral torsional buckling (LTB) as well &scal buckling. Behavior

1 Asst. Prof. Dr., Karabuk University, Faculty of Engineering, Department of Civil Engineering,
Karabuk/TurkeyOrcid: 000@00273168720m.fethiertenli@karabuk.edu.tr
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of unsymmetrical steel sections in load application differs
considerably from symmetrical sections because of geometric
irregularities. This chapter reviews the existing literature on the
flexural behavior of these unsymmetrical steel sections, thezatriti
design parameters, and experimental/theoretical methods of
analysis.

2. Non-Symmetric Bending Behavior

Bending behavior of unsymmetrical steel sections is one of
the engineering problems that have attracted innumerable analysis
efforts employing the finite element method (FEM). The FEM has
actually stood in good stead as a very effective means to solve
difficult detailed structural problems and handle information
regarding the mechanical behavior of steel sections. Basically,
flexural behavior of unsymmetrical profiles is affected by local
buckling, general buckling, and material characteristics, etc. (Demir
2020; Raswitaningrum et al., 2023; Pham & Hancock, 2010).
Another consideration in using finite element method analysis is that
many parameters will influence the flexural strength of profiles. The
stresses in the section will vary based on absorbed ejeom
characters, eccentric loading conditions, and elastic/plastic behavior
of the material; these parameters directly affect the flexural behavior
of the beam (Fieber et al., 2020; Chen et al., 2019).

Stress distribution of beams under bending can be analyzed
in two categories as elastic and inelastic. Elastic stress distribution
occurs under loads within the elastic limits of the material and shows
a linear distribution in the cross section. Inelastress distribution
is a stress distribution that occurs when the material reaches the yield
stress with the increase in the load on the element and plastic load
sharing is activated, which increases the load carrying capacity of
the section.

Biaxial bending is when a member is subjected to
simultaneous bending along both principal axesXis and) axis)
In this case, the bending moments) ( ve 0 ) occurring
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simultaneously along both axes cause a complex stress distribution
on the element. Such effects are often encountered in bridges under
wind loading, or in unsymmetrical columns, or in bending elements
with crosssections without symmetry axis. As an engimeg
approach, the total stress in the section is determined as the
superposition of the bending moment induced stresses along both
axes as follows.

C
C
C:
o

. s ®

Here;"OandOare the moments of inertia with respect to the
principal axes of the section; u and v are the distances of the point
where the stress is calculated to the neutral axis according to the
section geometry.

Biaxial bending becomes more pronounced, especially in
sections with no axis of symmetry (e.g. Z profiles). It has been
reported in the literature that the absence of axes of symmetry leads
to a more complex distribution of stresses and deformations in the
section. Unsymmetrical steel sections, suchlasaims with unequal
flanges, are more prone to lateral torsional buckling (LTB) than
symmetrical sections. In particular, the buckling behavior of
unsymmetrical sections plays a critical role in the desigsuch
sections. Several studies have investigated different design
approaches and material combinations to improve the flexural
strength of unsymmetrical sections (Abambres et al., 2014; Huang
& Young, 2013). In this context, the effect of lateral bradsigne
of the main considerations when analyzing the flexural behavior of
steel beams. Studies in the literature have generally focused on the
behavior of beams constructed using double symmetry axis sections.
A comparative study conducted by Zewudie (Zewe, 2022)
indicates that laterally supported beams exhibit significantly higher
strength than their fully unsupported counterparts. This is more true
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with unsymmetrical profiles, which have a higher tendency for LTB
with absent or poorly spaced lateral bracing. The study emphasizes
that the design of lateral bracing must be adequately considered to
ensure the stability and strength of such beams. Thiegnear finite
element analzy sis presented by Zewudie highlighted yet another
interaction between local buckling and LTB in cellular steel beams.
Their findings indicated that if local buckling of the of the body and
LTB fail modes are occurring concurtsn then surely the design
flexural strength of those beams could be reduced, and such failure
modes should be considered more cautiously in design practice
(Zewudie, 2022). In another study led by Ertenli et al. (2021), lateral
torsional buckling was egtenced by determining the limit lengths of
elastic and inelastic lateral torsional buckling in steel beams with
double symmetry axes under the influence of web distortion using
the finite element method. As the slenderness of the section body
increases, lcal buckling dominates the body section. In this case,
combined local buckling of the body works along with LTB and the
element collapses under loads smaller than the expected critical load
under LTB.

In the investigation of the flexural behavior of unsymmetrical
steel profiles, it is important to compare the results obtained by FEM
with experimental data. These comparisons increase the accuracy
and reliability of FEM and allow for better results in thesign

process (Mol ko & Brodecki , 2018

example, studies on the behavior of efildned steel members
under bending and shear show that the results obtained with FEM
are consistent with experimental findings (Pham & Hancock, ;2010
Huang & Young, 2013). The finite element method stands out as an
important tool in such analyses and increases the reliability of steel
structures (Shames & Dym, 2017; Wald, 2023).

Galishnikova & Gebre (2019) emphasize the importance of
steel structure design specifications in establishing design curves
that account for the unique characteristics of -epmmetrical
sections. Their comparative study emphasizes that lateral torsional
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buckling is the primary limit state to be controlled for steel beams
and underlines the necessity of accurate critical stress calculations.

The critical stress for LTB is also affected by the presence of
voids in the body section of ste
conducted an analysis of the case of lateral torsional buckling in thin
walled coldformed steel beams and showed that salchnges
significantly affect the effective bending and torsional stiffness of
the beams. This finding is especially true for +symmetrical
sections, since the presence of body voids further increases the risk
of buckling in the member.

Experimental studies, such as those conducted by Zhang et
al. (Zzhang et al.,, 2017), further elucidate the behavior of
unsymmetrical beams under point loads. Their findings on the lateral
torsional buckling strength of welded single symmetric beams
contribue valuable empirical data that can be used to refine
theoretical models and improve design practices.

3. Finite Element Method

The swift advancement of computer technologies within civil
engineering has resulted in transformative alterations in design,
analysis, and application methodologies. The implementation of
these technologies enables scholars and engineers to examine
intricate structural systems more efficiently and with greater
precision, concurrently yielding substantial improvements in safety
and cost efficiency. In contemporary research, a significant number
of studies are conducted utilizing computer assistance. Upon
reviewing various studies within the realm of civil engineering
l'iterature (Erte&mlli e& . RBé&Hd e alj210al;
Cubuk, 2022; Olabi et al., 2021), it becomes evident that the
incorporation of computer technologies into civil engineering has
unveiled new opportunities in both theoretical and practical aspects
of the field.

The Finite Element Method, extensively employed in
addressing civil engineering challenges, represents a robust
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numerical analysis technigue designed to address the constraints
faced in the analytical resolution of intricate engineering issues.
Finite Element Analysis (FEA) is employed across various domains,
including structural analysis, thermal behavior, and dyodoad
effects. It offers thorough solutions by decomposing complex
engineering challenges into smaller, more manageable components.
This has emerged as an essential instrument for evaluating structural
integrity and functionality with remarkable preaisj particularly
within the field of civil engineering. In the present investigation, the
critical buckling moment and critical stress of eettion profile
lacking an axis of symmetry were determined utilizing the Abaqus
finite element software.

When creating a finite element model, it is of great
importance to define the geometry correctly, to determine the
material properties to reflect the actual behavior and to select the
appropriate element type for the type of problem. The mesh structure
shauld be adjusted to optimize solution accuracy and computation
time, and finer mesh structures should be used, especially in regions
where high stresses or deformations are expected. It is critical for the
reliability of the analysis results that the bourydeonditions and
loadings accurately represent the real situation, and it is important to
validate the model with analytical solutions or literature results.
Appropriate selection of solution parameters and methods and
evaluation of the results in accord@ with engineering principles
ensure that the finite element analysis is valid and reliable.

The yield strength of the steel material used in the study was
defined as 235 MPa, modulus of elasticity as 200 GPa and Poisson's
ratio as 0.3. In order to observe the plastic behavior, the ultimate
strength of the material was defined as 360 MPa and tite u
deformation at rupture was defined as 0.19. A 3 m long beam was
modeled in Abaqus proram using ZNP100 ciesstion beam
geometry. Simple support conditions were defined at the ends of the
beam and it was loaded vertically from the shear center s&ttimn
at the midspan level. The section geometry generated in the program
is given in Figure 1.
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Figure 1: Z-sectionabaqusmodel;(a) sectionalview, (b) 3D view

After defining the element and material model, the analysis
steps were created. In order to determine the critical loatieof
beam, buckling analysis, which does not consider material
nonlinearity, was initially performed. Mode 1 of the eigenvalues
obtained from the buckling analysis corresponds to low critical load
values and this mode shape shows how the beam is suscéptible
buckling. The 1st mode shape and the result obtained from the
buckling analysis are shown in Figure 2. As a result of the analysis,
it was determined that the beam would buckle under a load of 31917
N. According to the obtained buckling analysis resthie critical
moment (Mcr) of the beam was calculated as 23.94mkNrhe
buckling analysis of Abaqus is performed as a linear stability
analysis and does not consider material or geometric nonlinearities.
This analysis method assumes that the system memaéihin elastic
limits and exhibits linear behavior.
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Step: buckle

Mode 1: EigenValue = 31917.

Primary Var: U, Magnitude

Deformed Var: U Deformation Scale Factor: +3.000e+02

Figure 2: Z sectionbucklinganalysisresult

In order to take into account the material and geometric
nonlinearity, a nonlinear static analysis was also performed and the
load/lateraldisplacement graph of the beam was obtained as a result
of the analysis (Figure 3).

As a result of the nonlinear static analysis, the maximum load
value of the beam was determined as 13481 N. In this context, the
critical buckling moment (Mcr) of the beam was calculated as 10.11
kN-m.
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Figure 3: Load/lateraldisplacemengraph of the beamafter
nonlinearstaticanalysis

When yielding in the material behavior and nonlinear effects
in the element geometry are included in the analysis process, a
significant reduction in the lateral buckling capacity of the beam is
observed. According to the results of the nonlinear analysis, the
critical moment value decreased by 57.77% compared to the case
where these effects were ignored. This shows that nanleféects,
especially the plastic behavior of the material, geometric large
deformations and loss of stability, have a significant effect on the
element performance. Consideration of these effects in the design
process will lead to more realistic and safesigns. The results of
the analysis emphasize the effect of nonlinear effects on the lateral
torsional buckling capacity of the beam and show once again the
importance of the differences between the idealized analysis based
on the regulations and thetaal engineering conditions. The stress
distribution in the beam at the end of the nonlinear static analysis is
shown in Figure 4.
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S, Mises

(Avg: 75%)
+2.353e+02
+2.158=+02
+1.963=402
+1.7682+02
+1.573e+02
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+7.920e+01
+5.968e+01
+4.01Ge+01
+2.064e+01
+1.127e400

5, Mises

(Avg: 75%)
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(Awvg: 75%)
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5, Mises

(Avg: 75%)
+2.504e+02
+2.301e+02
+2.098e+02
+1.895e+02
+1.693e+02
+1.490e+02
+1.287e+02
+1.084e+02
+3.80%+01
+6.730e+01
+4.751e+01
+2.722e+01
+6.932e+00

(d)

Figure 4: Stresdistributionasa resultof nonlinearstatic
analysis;(a) first yield, (b) websectionreachesyield stress(c)
websectioncompletelyplasticizes(d) final stepof analysis

4. Solution to the Code AISC-360-22

There are no specific provisions in AISC 3BD to evaluate
the lateral torsional buckling and local buckling of asymmetric
sections (e.g. Bection members). In this context, engineers are
advised to design such sections using appropriate literature and
advanced analysis methods.

Regarding the lateral buckling behavior of-sHaped
sections, the relevant User Note of AISC 3&recommends that
the critical stress to be used in the calculation of the buckling
capacity of these sections should be taken as half of the critical stress
of channel (U) sections with the same flange and body properties.
This approach seems to be aimed at a more conservative
consideration of the torsion and stability problems caused by the
geometrical asymmetry of the Z sections and the distance between
theshear center and the loading axis.

In this context, the critical stress of thesdction profile
with the same flange and body section length and thickness values
will be calculated according to equation (2).
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(2)

o 870 . 06D
o P X8 i

The Lateral torsional buckling (LTB) modification factor
will be calculated from equation (3) for a simply supported beam
under concentrated force as shown in Figure 5.

PO

c® 0 o0 10 o0

3)

L/4 L/4 L/4 L/4

Ma Mc
Mmax MB

Figure 5: Momentdiagramof a simplysupportecbeamunder
singularload at mid-span

The moment diagram of the beam shown in Figure 4 exhibits
a linear distribution. This shows that the loading and boundary
conditions on the beam are regularly reflected in the moment
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variation. According to AISC 36Q@2, the moment valuas , O

andb used in the calculation of the moment modification factor
(6 ) were determined in accordance with this linear moment
diagram. Due to the linearity in the moment diagram, the moments
0 andd are equal to half of the maximum moment valie ( ).

The momenbd is equal td) . As a result of the calculations
made by considering the effect of the linear relationship on the
moment modification coefficien§ =1,315.

This value indicates that the regularity of the moment
distribution and the constant moment gradient on the beam increase
the capacity of the beam to resist lateral buckling. In this context,
this definition ofd is in full compliance with the theoretical
framework provided by the code and reliably models the effects due
to the nature of the moment diagram.

According to the user note in the regulation regarding
Equation 2, where the critical stress will be calculated, the
expression in the square root can be taken as 1 in order to stay on the
safe side. In this context, Equation 5 can be used to calculate the
critical stress of the equivalent channel section.

0 (5)

AISC36022 regulation can be consulted for the definition of
the notations included here, in addition, the equations recommended
in the regulation for some parameters to be used in the calculations
are as follows.

Yo,

Effective radius of inertiai" ";
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i = (6)

The strength parameters of the U crsastion considered for
the calculation of the critical stress were calculated using a section
designesoftware as follows:

Torsional constanty = 25023.5 mrh

Warping constant( ) = 3.36884E+09 mfn

Elastic section modulus taken about thaxis (Y) =43756 mm

When the regulation equations and the section strength
parameters obtained from the section designer program are
substituted in Equation 5, the critical buckling stress of the
equivalent channel section's is obtained as follows.

P pUC MMM

OTITUTT
C@vo

0

'O 248.495 MPa was calculated as. This result belongs to
the critical buckling stress equivalent channel (U) section, i.e.
"O j =248.495 MPa.

For the ZNP100 profile considered within the scope of the
study, the critical stress of the U profile with equivalent flange and
body crosssectional properties was calculated @s, =248.496
MPa using the method recommended in the regulation, and by
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reducing it by 50% as recommended by the regulation, the critical
stress for the ZNP100 profile is obtained & ) 124.248 MPa.

Based on the critical stress, when we consider the critical
moment according to Equation 7,

0 YO T1ToxOpg&tPpm v8 oy (7)

The critical moment for the ZNP100 section is calculated as
5.437 KNm.

5. Evaluation of the Results

In this study, the lateral torsional buckling (LTB) behavior of
a beam with ZNP100 section is analyzed by three different methods
and the results are compared. These methods are linear buckle
analysis by finite element method, nonlinear static analysis and
analytical calculation approach recommended by AISCZE0he
results obtained reveal the differences between the methods as well
as the important criteria to be considered in the design of lateral
buckling behavior of Zection profiles.

5.1. Buckle analysisl{near stability analysis):

The linear buckle analysis performed by the finite element
method obtained the critical moment as 23.94rkNThis analysis
reveals the stability limits of the section under idealized conditions
(under linear material behavior and geometrical linear astsomsy.

The obtained result shows that the geometric and torsional
stiffnesses of asymmetric section profiles such as ZNP100 provide
significant resistance to lateral buckling. However, since this method
does not take into account material and geometmdimearities, it
gives a higher result than the critical moment capacity valid in real
engineering conditions.
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5.2.The nonlinear static analysis:

According to the results of the nonlinear static analysis, the
critical moment capacity was determined as 10.1tnkNThis
method is a more realistic approach that includes the effects of
material yielding, geometric large deformations and loading pattern.
The analysis results show that the critical moment capacity obtained
from buckle analysis is reduced by about 58%. This highlights the
significant influence of nonlinear effects on the lateral buckling
behavior and the importance of material and geonattiioitations
in sections such as ZNP100.

5.3. The AISC36022 code approach:

AISC 36022 recommends the use of half the critical
buckling stress"QOy 1O ) of a channel (U) section profile
with equivalent flange and body properties for Z section profiles. As
a result of the analytical calculation using this conservative
approach, the critical moment capacity of the ZNP100 section was
calculated as 5.437 k. The Regulation requires a lower capacity
for safe design based on this approach due to the more pronounced
torsional and lateral buckling effects in asymmetriesection
profiles.

6. Conclusion

This study highlights the overly conservative nature of the
design approach recommended by AISC-380or asymmetric Z
shaped sections. The suggestion to use half the cstieals of an
equivalent Ushaped section substantially underestimates the actual
capacity of these profiles. This finding is supported by the significant
discrepancies observed among analytical calculations, buckle
analysis, and nonlinear static analygisuits.

The buckle analysis, which does not account for material or
geometric nonlinearities, is inherently limited to elastic behavior. As
such, the critical moment values derived from this method represent
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an idealized stability threshold rather than the actual structural
performance of the section. In contrast, the nonlinear static analysis
incorporates material yielding and large deformation effects,
providing a more realistic assessment of the beam'itapader
practical conditions. For asymmetric sections likgrdfiles, the
interaction of torsional and laterarsional buckling effects,
combined with material yielding, contributes to a notable reduction
in critical moment capacity. This distinctiexplains why nonlinear
analysis predicts significantly lower values than buckle analysis,
which is confined to elastic assumptions.

Nonlinear analysis provides a sound basis for assessing the
effect of material and geometric nonlinearities on critical moment
capacity, while buckling analysis is mainly an elastic stability limit
determination tool. In this respect, AISC 3B2's recommedation
to endorse Design by Inelastic Analysis tallies more with the realistic
behavior of asymmetric sections. In this section of the Code, Users'
Note does state that it is conservative to bapedfile design only
on equivalent channel section propestand encourages engineers
to explore advanced design methodologies.

In conclusion, the limitations of the current design approach
emphasize the importance of Design by Inelastic Analysis for
asymmetric sections. This approach provides a more accurate
representation of actual engineering behavior by capturing material
and gometric nonlinearities. For-ghaped profiles, such methods
are essential for achieving designs that are both safe and efficient,
avoiding unnecessary conservatism.
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CHAPTER X

Advancing Carbon Neutrality in Construction
Through Carbon Capture, Storage, Utilization and
Building Information Modeling

Aneéel 'KUL

1. Introduction

Global greenhouse gas emissions contribute to rising average
atmospheric temperatures and climate instability, exerting
multifaceted pressures on the biosphere, economy, and society
(MassonDelmotte etal.,2019) Among t hese emissi
out as a major greenhouse gasnprily originating from industrial
processes and energy use. International initiatives such as the Paris
Agreement and the European Green Deal have established binding
targets to reduce carbon emissions, encouraging nations and
industries to adopt lowgarbon technologies (Fetting, 2020).

The construction sector accounts for approximateii @
of global carbon emissions (Figure 1), both directly and indirectly,
due to carbointensive processes such as cement and steel
production, energy consumption, transportation, and construction

iDr. AnEl KUL, Hacettepe !niversitesi, Mchendisli
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activities (Xue et al., 2022) Ordinary Portland Cement (OPC)
production alone contributes&% o f gl obal ant hr
emissions (Sousa & Bogas, 2021)Within this context, the
development of technologies that enhance the carbon capture
capacity of construction materials plays a criticdé in advancing

the sectoro6s sustainability goal

Global CO, Emissions by Sector

Building
Operations
28%

Industry
30%

. Building
Transportation Materials and
22% Construction
11%

Source: @ 2018 2030, Inc. / Architecture 2030. All Rights Reserved. Data Sources:
UM Environment Global Status Report 2017 EIA International Energy Outlook 2017

Figure 1. Contribution of the <c
emissions (Mead, 2017)

In recent years, carbon capture and storage (CCS)
technologies have emerged as a promising solution to reduce carbon
emissions. However, the feasibility of CCS remains a subject of
debate due to its energy intensity, costs, and infrastructure
requirements. Integrating carbon capture innovations into
construction materials presents a eefféctive approach that can
simultaneously hel p reduce t he
footprint. Various strategies have been proposed to integrate carbon
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capture technolgies into construction materials. For instance,
carbon mineralization processes enable the chemical stabilization of
waste CO i n materials such as ¢
newgeneration cement types with enhanced carbon absorption
capacity ad low-carbon binders aims to increase carbon storage
potential(Habert et al., 20205imilarly, biocbased materials such as

wood are considered sustainable options due to their ability to
sequester atmospheric .0 t hroug

While CCS technologies promise significant environmental
benefits, their integration with construction materials also introduces
notable economic and technical advantages. For instance, by
products from carbon capture pr
durability and reduce lifecycle costs through extended service life.
Such dual benefits align with broader sustainability objectives,
combining environmental stewardship with cefficiency.
Nonetheless, the realization of these benefits is hindered by several
challenges. The energy demands and costs associated with carbon
capture, the variability in carbon absorption efficiencies across
material types, and the lack of universally accepted standards for
assessing carbon sequestration capacity in construction nsaterial
highlight the need for further i
Martos et al., 2021).

One potential approach to overcoming these challenges
involves leveraging digital tools such as Building Information
Modeling (BIM). By integrating detailed modeling of material
properties, lifecycle assessments, and emissions tracking, BIM
provides a pldorm to enhance decisiamaking in sustainable
construction. For instance, BIM can simulate construction scenarios
to optimize material selection and processes that improve carbon
absorption while reducing overall emissions. Moreover, BIM
facilitates impreed collaboration among stakeholders, ensuring
sustainable practices are consistently implemented across project
phases (Santos et al., 2019).
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Beyond the technical aspects, the role of policy frameworks
and international collaboration cannot be overstated. Successful
implementation requires not only advancements in material science
but also harmonized standards, incentives for adoption, andtrobus
monitoring systems. For example, policies promoting the use ef low
carbon materials in public infrastructure projects can accelerate the
transition toward a more sustainable construction industry (Allwood
et al., 2012). Additionally, lifecycle assessmen(LCAS) of carbon
captureenabled materials must be standardized to evaluate their
long-term benefits comprehensively.

Despite these hurdles, recent progress has been encouraging.
Innovations in carbon curing processes, the utilization of industrial
by-products like fly ash and slag, and the exploration of advanced
materials such as magnesiloased binders are reshapinge th
possibilities for carbon sequestration in construction (Andrew,
2018). Furthermore, the development ofb@nent and seliealing
concretes offers exciting prospects for enhancing the sustainability
of built environments (De Belie et al., 2021). Suckatements
underscore the critical importance of integrating interdisciplinary
research and stakeholder engagement to overcome barriers and scale
up adoption.

This study aims to provide a comprehensive review of the
carbon capture potential of construction materials, examining
current technologies, material innovations, and implementation
challenges. Specifically, it seeks to identify knowledge gaps,
propose actionable solutions for reducing carbon emissions in the
construction sector, and discuss the necessary steps toward
achieving a carboneutral future. By bridging research findings
with practical applications, this work aspires to contributeht® t
global effort to mitigate climate change and foster sustainable
development in the built environment.
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2. Capturing the Carbon at Source

The utilization of carbon capture strategies at the scale of
building materials has gained momentum as a response to the
construction industryods signific
concrete production are particu
emissons, stemming both from the calcination of limestone and the
energyintensive thermal processes required for clinker formation
(Andrew, 2018). In light of the continuous expansion of the built
environment, developing approaches that reduce embodied carbon
in foundational materials has become a pressing environmental and
industrial objective (Scrivener et al., 2018).

Integrating carbon capture methods directly into building
materi al producti on processes,
carbonation curing, and the development of novel-¢awbon
binders, enables manufacturers to significantly reduce net
greenhouse gas emi@ss while enhancing product characteristics.
|l ncorporating CO i nto the micro
results in denser, more durable matrices, thereby extending the
service life of constructed elements. Aligned with circular economy
principles t his approach transf or ms
environmental liability into a valuable resource, promoting more
sustainable raw material usage and improved resource efficiency.

CO mi neralization entails t
dioxide into stable carbonates, effectively reversing the clinker
production process (Fige 2). This exothermic reaction can be
strategically implemented at various stages of the cement and
concrete life cycle, offering both environmental and economic
advant ages. By sequestering CO
only reduces greenhouse gasigsions but also enhances the
durability and longevity of concrete structu{@sjac et al., 2022)
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Figure 2. Carbonation mechanism (Czarnecki & Woyciechowski,
2015)

Carbonation curing, particularly when applied to
magnesiurrbased cements, significantly improves concrete
durability. Magnesium cements are characterized asclrbon due
to their lower embodied energy and inherent carbon storage capacity
during their serice life. The carbonation process in these cements
leads to the formation of magnesium carbonates, which refine the
pore structure and increase overall strength, thereby contributing to
more resilient construction materials (Haque et al., 2024).

The development of lowarbon binders, such as Limestone
Calcined Clay Cement (LC3), aims to reduce the clinker content in
cement, thereby decreasing its carbon footprint (Fig. 3). LC3 can
reduce CO emi ssions by up to 30
cement. This reduction is achieved by substituting a portion of the
clinker with a combination of calcined clay and limestone, which not
only lowers emissions but also maintains the mechanical
performance and durability required for construction applioatio
(llaz et al., 2024).
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Figure 3. Limestone Calcined Clay Cement (Scrivener & Shell,
2023)

Implementing these advanced methodologieseiment and
concrete production is pivotal for the construction industry's
transition towards sustainabild:@
carbonation curing with magnesidonased cements, and adopting
low-carbon binders like LC3, the industry can acki substantial
reductions in carbon emissions while enhancing the performance and
resilience of building materials. In tandem with these technical
advancements, evolving policy frameworks and market dynamics
increasingly favor lowcarbon construction sdions. As
governments introduce more stringent emission targets, enforce
carbon pricing, and adjust building codes, adopting carbon capture
practices can help producers preempt regulatory constraints and
meet stakeholder expectations for green construatnaberials
(European Commission, 2020). Beyond compliance, such steps
enable firms to enhance their reputations and strengthen
competitiveness in a market progressively oriented toward
sustainable innovations (Zhang et al., 2014).

In essence, applying carbon capture within the context of
building materials is not only about cutting emissions but also about
enhancing material performance, optimizing resource use, and
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ensuring resilience against future policy changes. These converging
factors highlight the strategic importance of carbon capture

technologies and indicate that their ongoing refinement and
commercial scaling may profoundly influence the trajectory of

future lowcarbon construction practices.

2.1 Passive Atmospheric Interaction and C@Uptake

Carbonation processes in cembased materials constitute
a fundamental phenomenon that impacts both the chemical stability
and the mechanical integrity of constructed environments, as it
involves the penetration ofeat mo
net wor k, converting calcium hyc
cacumbearing phases into calcium
1995). This reaction not only modifies pore structure and material
durability but also has implications for the lehge r m C Ce sto
potential of cementitious matrices (Mehta & Monteiro, 2014).

Recent work has highlighted the potential of carbonation
processes as a strategy for enhancing mechanical properties,
increasing density, and reducing net greenhouse gas emissions
(Papadakis, 2000). In contrast, traditional perspectives primarily
focused a its deleterious effedsparticularly the lowering of pH
that may promote steel reinforcement corrosion (Basheer et al.,
2001). As global construction practices strive for lower carbon
footprints, understanding and controlling carbonation processes
become integral to optimizing both the performance and
environmental profile of concrete structures (Thomas, 2013).

Under natural service conditions, concrete is continuously
exposed to atmospheric CO |, | e ac
passive carbonation process. This phenomenon establishes the
context for understanding the chemical and mechanical impacts of
carbon#éion, framing both its potential benefits and challenges
(Richardson, 2002) . Often refer:t
carbonation, this phenomenon occurs at relatively slow rates and is
influenced by a complex interplay of factors. External parameters,
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such as ambi ent CO concentrat
temperature, jointly shape the kinetics, while internal material
characteristics like permeability, pore connectivity, microstructure,

and alkalinity determine the extent and depth of carbonatmnsr

(Dyer, 2017). Over extended periods, even marginal concentrations
of CO in the surrounding enviro
concrete networ k, reacting with
other hydration products to form stable calcium carboea ( Ca CO |
phases. This gradual accumulation of carbonate minerals subtly
modifies the matrix composition and the overall durability profile of

the concrete (Castro et al., 2011).

Natural carbonation (Figure 4), while contributing to the
densification of the matrix and potentially improving mechanical
properties, has historically been viewed with apprehension due to its
potential to reduce the internal pH of concrete and underrhae t
passive oxide layer protecting steel reinforcement (Page &
Treadaway, 1982). As carbonation advances inward, the alkalinity
of the pore solution declines, risking the depassivation and
subsequent corrosion of embedded steel bars (Bertolini et al., 2013)
This scenario can compromise the laegm structural integrity and
service life of concrete elements. Consequently, considerable
research has focused on mitigating the adverse effects through
various strategies, including increasing concrete cover nags
utilizing corrosion inhibitors, and incorporating supplementary
cementitious materials (SCMs) to modify pore structures or buffer
pH decline (Glass & Buenfeld, 2000). These approaches not only
address durability concerns but also align with broagstamability
goals by enhancing resource efficiency and reducing the carbon
footprint of construction practices (Scrivener & Kirkpatrick, 2008).

--236--



Small pores filled
with pore water

Solid phases

VYA
75574507
/7 Y

carbonati on me¢
, 2016)

Nonetheless, recent perspectives recognize that natural
carbonation does not operate solely as a risk factor. The precipitation
of CacCO within pore voids can |
permeability and potentiallsy ent
durability. This densification effect narrows the pathways available
for aggressive agents, such as chloride ions or sulfate solutions, to
penetrate, potentially mitigating other durability concerns. The
challenge lies in balancing the benefits of ndtwarbonation
induced densification against the risks of depassivating
reinforcement (TeplT et al ., 201
influenced by the specific exposure conditions, structural
requirements, and performance targets set forth in caaes
standards.

Figure 4. Natur a

|
Lukovil

Ongoing research efforts seek to leverage natural
carbonationdés positive attribute
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structural reliability. Strategies include the deliberate selection of
raw materials and SCMs that slothe pH decline while still
permitting beneficial carbonatienduced densification.
Additionally, controlling the microclimate, by managing humidity,
applying surface treatments that
ventilation conditions, can help optire the rates and depth of
carbonation. Advanced mix design optimization, which tailors the
mineralogical composition and pore structure of concrete, is also
being explored to create a more controllable carbonation
environment (Wang, 2019). Such endeavogfiect a nuanced
understanding that natural carbonation, once primarily regarded as a
detrimental factor, can be reinterpreted as a phenomenon with both
constructive and adverse implications. By managing these dual
aspects, it is possible to extend coterdongevity, reduce
maintenance demands, and enhance overall sustainability within the
built environment.

2.2 Mineralization of Carbon Dioxide in Cementitious Systems

The integration of coO mi ner
systems has emerged as a promising strategy to reduce carbon
emissions in the construction industry. This approach involves the
del i berate incorporation of CO
lifecycle, from mixing to curing, to promote the formation of stable
carbonate minerals. These carbonates serve dual functions: they
enhance the structural integrity of the material and act as permanent
carbon sinks, thereby improving material performance ewnhil
mitigating greenhouse gas emissions (Huntzinger et al., 2009).

Recent studi es have demonstr
mineralization in concrete production. For instance, sequestering
CO during the mixing phase <can
of concrete by up to 10%, allowing for a reduction in cement content
without compromising performance. This not only decreases the
carbon footprint but also contributes to resource effici€deyac et
al.,,2022) Another study explored the
concrete production. The findings suggest that introducinC O
during the mixing process leads to the formation of calcium
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carbonate within the cement matrix, enhancing durability and
reducing permeability. This method offers a practical means of
utilizing captured CO , transfor
of the concrete(Kazmi & Prasad, 2023) Furthermore, the
development of carbonation curing techniques has shown significant
potenti al. By exposing fricke s hl vy
environments, rapid carbonation occurs, resulting in the formation

of stable carbonates. This process notontysee st er s CO k
enhances the mechanical properties of the concrete, such as
increased compressive strength and reduced porosity. Carbonation
curing could reduce the embodied carbon of concrete by up to 30%
compared to traditional curing methofddeesaraganda & Kazmi,

2024) In addition to laboratory research, several companies have
begun to i mplement CO mi neral iz
exampl e, CarbonCure Technol ogi es
concrete during mixing, where it becomes permanently minecal

This technique has been adopted in humerous raaxlyconcrete

plants, demonstrating its feasibility and effectiveness in reducing
carbon emissions in realorld applications. The incorporation of
supplementary cementitious materials (SCMs)mrtenhances the
potenti al of CO mi neralizati on.
silica fume not only reduce the reliance on Portland cement but also
exhibit higher reactivity toward
stable carbonates. This synergyetween SCMsa n d coO
mineralization contributes to both improved material properties and
reduced environmental impadflake, 2019)

| n summary, t he del i berate

mineralization in cementitious systems represents a multifaceted
approach to enhancing the sustainability of concrete. By forming
stable carbonate minerals within the concrete matrix, this method
improves stuctural performance and serves as a permanent carbon
sequestration mechanism. Ongoing research and industrial
applications continue to refine these techniques, offering promising
pathways for reducing the carbon footprint of the construction
industry.
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2.3 Engineered Conditions for Enhanced Carbonation

To enhance the carbonation process actlieve faster
reaction rates, researchers have developed techniques that increase
the availability of co i n the
carbonation," this method involves exposing fresh or partially
hardened cemeiitased materials to environmentsi W h coO
concentrations far above those found in the atmosphere (Figure 5).
By carefully controlling paramet
levels, and exposure duration, this approach significantly speeds up
the conversion of calciumich hydration compunds, such as
calcium hydroxide (Ca(OH)-SH), and
into calcium carbonate (CaCO ) (

F]ow meter
Pressure
regula!or

Mixed gas

]

Temperature and
humility meter

valve

494 rcas

b e ¥ e e e e

Flow-through
carbonation chamber

Figure 5. Accelerated carbonation mechanism (Pu et al., 2021a)

The resulting precipitation of calcium carbonate not only
accelerates mineralization but also produces a more compact and
durable cement matrix compared to natural carbonation processes.
Research indicates that accelerated carbonation can boost
compressivestrength, improve microstructural density, and reduce
material permeability, enhancing overall performance. For example,
studies have demonstrated that h{g)i© curing conditi
to rapid microstructural changes, achieving improvements in
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physical properties within hours instead of the weeks or months
required under natural conditions (Ren et al., 2025).

A notable application of accelerated carbonation is in the
production of precast concrete components such as masonry units,
panels, and blocks. Under controlled conditions, these elements can
be treated with CO concentrati
which is significantly higher than typical atmospheric levels. This
process results in consistent enhancements in strength, durability,
and water resistance. For instance, research has shown that precast
el ement s t r-dch teavitonments exbiit super
compressive strength and lower water absorption rates compared to
those cured conventionally (Kua & Tan, 2023). Moreover,
accelerated carbonation effectively reduces the permeability of
concrete, which is critical for lonaterm durability. Lower
permedility limits the ingress of aggressive agents, such as
chlorides, that can cause reinforcement corrosion. Experimental data
suggest that chloride ion diffusion in acceleratadoonated
concrete can be reduced by more than 50%, providing better
performane in harsh environmental conditions (von Gr@®ierfeld
et al., 2020).

In addition to its technical benefits, accelerated carbonation
of fers significant environment al
emissions as a resource, capturing and embedding them within
concretebs microstructure. By co
form, the process not only mitigates emissions but also supports
circular economy principles by turning waste into a useful material.
Estimates suggest that employing accelerated carbonation in precast
concrete production could sequester substantial ameun o f CO
ton of cementitious material, thus contributing to carbon reduction
goals (Pu et al., 2021b). Economically, the integration of accelerated
carbonation into existing manufacturing setups is promising.
Retrofitting traditional curing facilitesvi t h CO i njecti
has been found to be caxffective, with potential financial benefits
arising from material savings and reduced emissielsed
penalties (Pan et al., 2012).
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As the construction industry adopts more sustainable
practices, accelerated carbonation is likely to play a critical role.
However, challenges such as the scalability of {Ggh cur i ng
systems and the consistent supp
addressedFurther research on optimizing operational parameters
and assessing the life cycle impacts of this process will be vital to its
broader adoption. In summary, accelerated carbonation represents an
innovative solution that improves the mechanical and diyab
characteristics of cementitious materials while addressing
environmental concerns. Its potential to combine enhanced
performance with sustainable practices positions it as a key
technology for the future of concrete production.

3. BIM as a Catalyst for Carbon-Neutral Construction Practices

The constructionindustry's substantial carbon footprint
necessitates innovative strategies to mitigate environmental impacts.
Building Information Modeling (BIM) has emerged as a
transformative tool, offering a digital framework to enhance the
integration of carbon capteirtechnologies within construction
processes. Through its various functionalities, BIM is driving
significant progress toward carboeutral construction (Liu et al.,
2023).

BIM facilitates precise modeling of building components,
enabling the simulation of diverse design scenarios to optimize
material selection and placement. This capability is particularly
beneficial for incorporating carbeasbsorbing materials, such as
carlon-sequestering concrete, into building designs (Gan et al.,
2023). By utilizing BIM, designers can strategically position these
materials to maximize carbon capture efficiency, thus contributing
to the reduction of greenhouse gas emissions in the built

evironment . Mor eover, Bl M6 s r ol
optimization by providing a framework for evaluating and enhancing
a buildingbdbs overall sustainabil

construction, maintenance, and eventual decommissioning.
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When integrated with Lifecycle Assessment (LCA) tools,
BIM enables a comprehensive evaluation of a building's
environmental impact across its entire lifespan. For instance, during
the construction phase, BIM can pinpoint processes like cement
production orsteel manufacturing that have high carbon outputs,
allowing for targeted mitigation strategies such as the use of
alternative materials or renewable energy sources (Petri et al., 2017).
Similarly, in the operational phase, BIM can help optimize energy
corsumption by analyzing the lifecycle performance of HVAC
systems or lighting solutions (Jung et al., 2013). This integration
allows stakeholders to identify carboriensive stages and
implement carbon capture solutions at optimal points in construction
and maintenance processes. Recent studies, such as those
demonstrating BIM's utility in creating carboeducing designs for
large infrastructure projects, underscore its potential to decarbonize
the construction sector by providing actionable lifecycle daz
evidencebased strategies (Yang et al., 2022).

In addition to its technical advantages, BIM fosters enhanced
collaboration among architects, engineers, and sustainability

consul tants. The platformbs shar
seamless communication and ensures that carbon capture
consideratons are integrated from th

interdisciplinary approach enables informed decisiaking
aligned with sustainability objectives and ensures effective
coordination in implementing carbon capture technologies (Ali et al.,
2022).

Despite its transformative potential, the integration of BIM
with carbon capture technologies is not without challenges. One
significant hurdle is the lack of standardized data protocols, which
hampers the seamless sharing and analysis of caelaied
information across platforms (Lima et al.,, 2024). For instance,
discrepancies in material databases often lead to inconsistencies in
carbon footprint calculations, affecting the reliability of BIM
generated insights. Additionally, developing robust carbon
aacounting methodologies remains a pressing need. Current
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approaches are limited in their ability to comprehensively account
for dynamic variables such as changing material properties over time
or regional variations in carbon sequestration potential.

Ongoing research is addressing these gaps by focusing on the
creation of interoperable data systems that facilitate uniform carbon
assessments across projects. For example, projects leveraging open
BIM standards, such as the Industry Foundation Class€s, (#fe
showing promise in harmonizing data exchange (Liu et al., 2021b).
Furthermore, advanced modeling techniques, including the
integration of machine learning algorithms, are being explored to
enhance the predictive accuracy of carbon sequestratiemtjabt
within BIM environments.

Practical applications of BIM are increasingly demonstrating
its transformative potential. For instance, pilot studies in urban
infrastructure projects have shown how integrating -ties
monitoring systems within BIM environments can dynamically
adjust arbon capture strategies during both construction and
operational phases. These systems utilize sensor data to track
emissions in redime, enabling immediate corrective actions, such
as optimizing machinery usage or adjusting material applications to
enhance carbon sequestration (Abanda et al., 2021).

Moreover, BIM has been applied to largeale building
projects to integrate renewable energy systems like solar panels and
wind turbines, ensuring their placement maximizes energy
efficiency while contributing to overall carbon reduction goals. For
exampe, in a recent case study of a-meto building, BIM was used
to simulate various design scenarios, identifying optimal orientations
for solar panels and airflow patterns to reduce heating and cooling
demands (Garde et al., 2012).

Addressing these challenges comprehensively requires
fostering industrywide collaboration to standardize practices,
investing in cuttingedge technological solutions, and establishing
clear regulatory frameworks. For instance, partnerships between
softwae developers and construction firms are driving innovations
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in interoperable BIM tools, while governments are increasingly
mandating BIM adoption in public projects to align with
sustainability targets (Chong et al., 2017). These efforts collectively
underscor e Bl M6 s critic-adutralr ol e
constuction practices through targeted, ddtaven, and scalable
solutions.

In summary, BIM stands as a cornerstone of sustainability in
the construction sector. Its multifaceted capabilities, including
design optimization, lifecycle assessment, and fostering
interdisciplinary collaboration, highlight its critical role in
integratng carbon capture technologies seamlessly into construction
processes. By enabling precise modeling, comprehensive impact
evaluations, and enhanced stakeholder coordination, BIM drives
efforts toward decarbonizing the industry. As advancements in
methodobgies and standards continue to emerge, BIM's influence in
achieving carbomeutral objectives will undoubtedly become even
more pronounced, offering a scalable and effective solution to the
industry's environmental challenges.

4. Conclusion

In light of the extensive review presented, it is evident that
integrating carbon capture technologies into construction materials
provides a multfaceted approach to addressing the environmental
challenges posed by the construction industry. These tleghes
not only reduce carbon emissions but also enhance material
performance and promote sustainability. Below are the key
conclusions derived from this study:

A Carbon capture technologies,
carbonation curing, and the use of loarbon binders,
significantly reduce greenhouse gas emissions associated with
cement and concrete production. These methods align with
global sustainabilitgoals and contribute to a circular economy.

A Techniques such as carbonation curing and accelerated
carbonation improve the mechanical properties and durability of

concrete by refining its microstructure and reducing
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permeability. This enhances the lifespan and reduces the
maintenance needs of constructed elements.

Integrating carbon capture methods can lead to cost savings
through improved resource efficiency and reduced energy
consumption. Technol ogies [|ike
and the development of lewarbon binders offer viable
pathways for balancingcenomic and environmental objectives.

Despite their potential, these technologies face challenges such
as the need for specialized equipment, high initial costs, and
limited applicability in castn-situ scenarios. Scaling up and
optimizing these methods require significant advancements in
technology and infrastructure.

As governments impose stricter regulations on emissions, the
construction industry must adopt carbon capture technologies to
remain competitive and meet sustainability targets.

BIM's comprehensive capabilities make it an indispensable tool
for achieving sustainability in construction, offering
transformative solutions that address environmental challenges
through datadriven methodologies and interdisciplinary
collaboration.

-246--



References

Abanda/F., Sibilla, M., GarsteckiP.,& AntenehB. (2021).
A literaturereview on BIM for cities Distributed Renewableand
Interactive Energy Systems. International Journal of Urban
Sustainable Development, 13, 214 - 232.
https://doi.org/10.1080/19463138.2020.1865971.

Ali, K., Alhajlah, H., & KassemM. (2022).Collaboration
andRisk in Building Information Modelling (BIM): A Systematic
Literature Review. Buildings.
https://doi.org/10.3390/buildings12050571.

Allwood, J.M., Cullen,J.M., Carruth,M. A., CooperD. R.,
McBrien, M., Milford, R. L., ... & Patel,A. C. (2012).Sustainable
materials:with both eyesopen(Vol. 2012). Cambridge UK: UIT
CambridgeLimited.

Andrew, R. M. (2018).Global CO2 emissiondrom cement
production EarthSystemScienceData,10 (1), 195217.

BasheerL., Kropp, J.,& Cleland,D. J.(2001).Assessment
of thedurability of concretdromits permeatiorpropertiesareview.
Constructiorandbuilding materials 15(2-3), 93-103.

Bertolini, L., Elsener,B., Pedeferri,P., Redaelli, E., &
Polder,R. B. (2013). Corrosionof steelin concrete:prevention,
diagnosisyepair.JohnWiley & Sons.

Bertos,M. F., Simons,S. J.R., Hills, C. D., & Carey,P. J.
(2004). A review of acceleratedcarbonationtechnologyin the
treatmentof cementbasedmaterials and sequestratiorof CO2.
Journalof hazardousnaterials,112(3),193-205.

--247--



Castro,J., Bentz,D., & Weiss,J. (2011). Effect of sample
conditioning on the water absorptionof concrete.Cementand
ConcreteComposites33(8),805813.

Chong,H., Lee,C., & Wang,X. (2017).A mixedreview of
the adoption of Building Information Modelling (BIM) for
sustainability. Journal of Cleaner Production, 142, 41144126.
https://doi.org/10.1016/J.JCLEPRO.2016.09.222.

Czarnecki,L., & Woyciechowski,P. (2015). Modelling of
concretecarbonationjs it a procesaunlimitedin time andrestricted
in space?Bulletin of the Polish Academyof SciencesTechnical
Sciences(l).

De Belie, N., Van Belleghem,B., & Van den Heede,P.
(2021). Durability and sustainabilityof selfhealing concrete.In
InternationalConferenceon" Cementbasedmaterialstailoredfor a
sustainabléuture"(CBMT) (pp.55-67).

Dyer, T. (2017).Biodeterioratiorof concrete CRCPress.

EuropeanCommission(2020). A new Circular Economy
Action Plan.BrusselsEuropearCommission.

Fetting,C. (2020).The Europeargreendeal. ESDN Report,
December2(9).

G 8§ | Wartos, J., Chaliulina, R., MedinaMartos, E.,
Elhoweris,A., Hakki, A., Mwanda,J., & Alhorr, Y. (2021).Eco
efficiency of a novel constructionmaterial producedby carbon
capture and utilization. Journal of CO2 Utilization.
https://doi.org/10.1016/J.JCOU.2021.101545.

-248-



Gan,J., Li, K., Li, X., Mok, E., Ho, P., Law, J., Lau, J.,
Kwok, R., & Yau, R. (2023). ParametricBIM-Based Lifecycle
Performancéredictionand Optimisationfor ResidentiaBuildings
Using Alternative Materials and Designs. Buildings.
https://doi.org/10.3390/buildings13040904.

Garde,F., Ottenwelter,E., Bornarel,A., & Tardif, P. M.
(2012). Integratedbuilding designin tropical climates: Lessons
learnedfrom the ENERPOSnet zero energybuilding. ASHRAE
Transactions]118(1),alainbastide.

Glass,G. K., & Buenfeld,N. R. (2000). The influence of
chloridebindingonthechlorideinducedcorrosiorrisk in reinforced
concreteCorrosionScience4?2(2),329-344.

Habert,G., Miller, S. A., John,V. M., Provis,J. L., Favier,
A., Horvath,A., & ScrivenerK. L. (2020).Environmentaimpacts
anddecarbonizatiostrategiesn thecementandconcretandustries.
NatureReviewsEarth& Environment1(11),559-573.

HaqueM. A., Dai, J.G., & Zhao,X. L. (2024).Magnesium
cement@ndtheircarbonatiorcuring:astateof-the-artreview.Low-
carbonMaterialsandGreenConstruction2(1), 2.

Huntzinger,D., Gierke,J., Sutter,L., Kawatra,S., & Eisele,
T. (2009).Mineral carbonatiorfor carbonsequestratiomn cement
kiln dustfrom wastepiles..Journalof hazardousnaterials,168 1,
31-7. https://doi.org/10.1016/j.jhazmat.2009.01.122.

ljlaz, N., Ye, W. M., ur RehmanZ., ljaz, Z., & Junaid M. F.
(2024). Global insights into micro-macro mechanisms and
environmentaimplicationsof limestonecalcinedclay cemen{LC3)

-249-



for sustainableconstruction applications. Science of the Total
Environment907,167794.

Jung,D., Lee, D., Shin, J., Song,B., & Park, S. (2013).
Optimizationof Energy ConsumptionUsing BIM-BasedBuilding
Energy PerformanceAnalysis. Applied Mechanicsand Materials,
281, 649 - 652.
https://doi.org/10.4028/www.scientific.net/AMM.281.649.

Kazmi, M. A., & PrasadM. L. V. (2023). Experimental
study on the potential use of CO2 as an admixturein concrete.
InnovativelnfrastructureSolutions,8(3), 95.

Kua, H. W., & Tan, S. M. H. (2023). Novel typology of
acceleratedarbonatiorcuring: usingdry andpre-soakediocharto
tune carbon capture and mechanicalpropertiesof cementitious
mortar.Biochar,5(1), 36.

Lima, M., Duarte,S.,ExenbergerH., F r ° @.J&,Flora,M.
(2024). Integrating BIM-LCA to Enhance Sustainability
Assessments of Constructions. Sustainability.
https://doi.org/10.3390/su16031172.

Liu, H., Chen,Y., Hu, Y., Wang, Z., & Liu, C. (2023).
Current Status and Future Directions of Building Information
Modeling for Low-Carbon Buildings. Energies.
https://doi.org/10.3390/en17010143.

Liu, L., Li, B., Zlatanova,S., & van OosterompP. (2021b).
Indoor navigation supportedby the Industry FoundationClasses
(IFC): A survey.Automationin Construction,121,103436.

--250--



Make, W. (2019). CO2 mineralisation for sustainable
constructiormaterials.

MassonDelmotte,V., Zhai, P., Prtner,H. O., Roberts,D.,
Skea, J., Shukla, P., ... & Waterfield, T. (2019). UN
IntergovernmentaPanelon Climate Change(IPCC), 2018: global
warmingof 1 . 6. UnitedNations.

Mead, I. (2017). International energy outlook 2017. US
EnergyInformationAdministration.

Meesaraganda,lL. V. P., & Kazmi, M. A. (2024).
PerformanceEnhancemenbf ConcreteProducedwith two-step
CO2 Mineralization. Iranian Journalof Scienceand Technology,
Transaction®f Civil Engineering1-13.

Mehta, P. K., & Monteiro, P. J. M. (2014). Concrete:
Microstructure PropertiesandMaterials.McGraw-Hill Education.

Neville, A. M. (1995). Propertiesof Concrete.Pearson
Education.

PageC. L., & TreadawayK. W. J. (1982).Aspectsof the
electrochemistrpf steelin concrete Nature,297(5862),109-115.

Papadakisy. G. (2000).Effect of supplementargementing
materialson concreteresistanceagainstcarbonationand chloride
ingress Cementandconcreteesearch30(2),291-299.

Petri, I., Kubicki, S., Rezgui,Y., Guerriero,A., & Li, H.
(2017). Optimizing Energy Efficiency in Operating Built
Environment Assets through Building Information Modeling: A
Case Study. Energies, 10, 1167.
https://doi.org/10.3390/EN10081167.

--251--



Pu,Y., Li, L., Wang,Q., Shi, X., Fu, L., Zhang,G., ... &
Abomohra,A. E. F. (2021a).Acceleratedcarbonatiortreatmentof
recycledconcreteaggregatesising flue gas: A comparativestudy
towardsperformancemprovementJournalof CO2 Utilization, 43,
101362.

Pu,Y., Li, L., Wang,Q., Shi, X., Luan,C.,Zhang,G., Fu,L.,
& Abomohra,A. (2021b).Acceleratedcarbonatiortechnologyfor
enhancedreatmenbf recycledconcreteaggregatesA stateof-the-
art review. Constructionand Building Materials, 282, 122671.
https://doi.org/10.1016/J.CONBUILDMAT.2021.122671.

Ren,F., Zhou, C., Zhang,Z., Dreimol, C. H., & Angst, U.
(2025). Effect of acceleratedcarbonationon long-term water
absorption behavior of cementbased materials. Materials and
Structures58(1),1-16.

Richardson, M. G. (2002). Fundamentalsof durable
reinforcedconcrete.

Santos, R., Costa, A., Silvestre, J., & Pyl, L. (2019).
Informetric analysisandreview of literatureon the role of BIM in
sustainable construction. Automation in  Construction.
https://doi.org/10.1016/J.AUTCON.2019.02.022.

Gav iBj &L uk o M.i(2016).Carbonationof cement
paste:Understandingchallengesand opportunities.Construction
andBuilding Materials,117,285301.

Scrivener,K. L. & Shell S. How low-carboncementcan
benefit emerging economiesand the planet. March 30, 2023
https://lwww.climateworks.org/blog/helew-carboncemenican

-252--



benefitemergingeconomiesandthe-planet/ ( Er i K tanhi:
20.12.2024)

ScrivenerK. L., & Kirkpatrick, R. J. (2008).Innovationin
use and researchon cementitiousmaterial. Cementand concrete
research38(2),128-136.

ScrivenerK. L., John,V. M., & GartnerE. M. (2018).Eco
efficientcementsPotentialeconomicallyiablesolutionsfor alow-
CO2 cementbased materials industry. Cement and concrete
Researchl14,2-26.

Sousa,V., & Bogas,J. A. (2021). Comparisonof energy
consumptionand carbon emissionsfrom clinker and recycled
cementproduction.Journalof cleanemproduction,306,127277.

TepB.JChr oM8& Ro v n aP(2040). Durability
assessmerdf concretestructuresreinforcementepassivatiomue
to carbonation.Structureand InfrastructureEngineering,6, 317 -
327.https://doi.org/10.1080/15732470701511550.

Thomas,M. (2013). Supplementargementingmaterialsin
concreteCRCpress.

von GreveDierfeld, S.,LothenbachB., Vollpracht,A., Wu,
B., Huet,B., AndradeC., ... & De Belie, N. (2020).Understanding
the carbonation of concrete with supplementarycementitious
materials:a critical reviewby RILEM TC 281-CCC. Materialsand
Structures53(6),136.

Wang, X. (2019). Simulationfor optimal mixture designof
low-CO2 high-volumefly ashconcreteconsideringclimatechange

--253-



and CO2 uptake. Cement and Concrete Composites.
https://doi.org/10.1016/j.cemconcomp.2019.103408.

Xue, Q., Wang, Z., & Chen, Q. (2022, January).Multi-
objectiveoptimizationof building designfor life cyclecostandCO2
emissionsA casestudy of a low-energyresidentialbuilding in a
severecold climate.In Building simulation(Vol. 15, No. 1, pp. 83
98). Beijing: Tsinghualniversity Press.

Yang, Z., Shi, D., Leung,C., Cui, Y., Dai, J., & Wu, V.
(2022). Building information modellingbasedintegrated design
processfor green building applied in O A P A Raha potential
contribution to carbon neutral construction. Special Issue with
Awardedand ShortlistedPaperdrom the HKIE Outstanding?aper
Award for Young Engineers/Researchers 2022.
https://doi.org/10.33430/v29n4thH220030.

Zajac,M., SkocekJ.,BenHahaM., & Deja,J.(2022).CO2
mineralizationmethodsin cementand concreteindustry. Energies,
15(10),3597.

Zhang,Z., Provis,J. L., Reid, A., & Wang,H. (2014).Fly
ash basedgeopolymers:The relationship betweencomposition,
porestructureandefflorescenceCementandConcreteResearch4,
30i 41.

--254-



CHAPTER XI

Building Beyond Conventions: 3D Concrete
Fabrication

Aneéel 'KUL

1. Introduction

In the past decade, 3D concrete printing technology has
gained significant momentum in bothdustrial applications and
academic research as an innovative method poised to revolutionize
the construction industry. This technology draws attention by
offering sustainable solutions to the major problems faced by
traditional construction methods (Sd¢tew et al., 2018). In particular,
it plays a critical role in the goal of reducing resource consumption
and environment al i mpact, one of
challenges. 3D concrete printing aims to significantly increase
efficiency in thesector by minimizing the amount of concrete used
in construction projects and providing automated, fast, and high
precision production processes.
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With the advancement of technology, research in 3D
concrete printing has focused on sustainability and productivity.
These studies offer advantages both economically and
environmentally, bringing a fresh breath to the construction industry.
For example, thnks to this technology, waste material production is
reduced, energy consumption is optimized, and the carbon footprint
is minimized (Favier et al., 2018). Additionally, structural elements
with complex geometries can be produced with less labor and in a
shorter time. This not only reduces labor costs but also minimizes
health and safety risks.

Academic research has shown that 3D concrete printing not
only improves the technical aspects but also reveals the potential of
this technology in terms of architectural design freedom and
functionality. Specifically, the use of innovative materials and
advanced software integration allows for the development of unique
solutions in building design. This situation opens new horizons in
modern architecture while encouraging the construction industry to
evolve toward a more environmentally friendly and effitieiture.

Given the increasing interest in this technology in recent
years and the significant tingaving advantages offered by 3DCP,
the question arises whether the full potential of this technology has
been reached. However, achieving these advantages is noutwith
cost, as it often requires introducing new challenges into concrete
construction projects. This article aims to provide a comprehensive
answer to this question by brief]|
and current state, highlighting the key (sames contradictory)
challenges in manufacturability and sustainability, and offering
development suggestions for a more efficient, environmentally
reduced future.

2. History of 3D Printing Technology

Although 3D concrete printing technology originated at
Rensselaer Polytechnic Institute in the United States, its integration
into the construction industry gained attention when Pegna et al.
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demonstrated its applicability and potential in construction in 1997.
Later, at the University of Southern California (Khoshnevis et al.,
1998) , a technology <called Cont
automated casting of complex shapes and smooth surfBicess.
marked the first largscale applications of 3D concrete printing.
However, for some time, the progress of these technologies in
construction remained limited while their effectiveness continued in
other manufacturing sectors. In 2009, Buswell ansl teiam at
Loughborough University develope
which worked with simpler equipment and software. This innovative
technology marked a significant step in the digital production of
concrete structures. In 2012, ETH Zurich launchexiMesh Mold

project, enabling the production of concrete structures with high
geometric complexity. This project revolutionized traditional
formwork systems. In 2014, Lloret and his team from ETH Zurich
devel oped the Smart Dynaymwhich Cast
allowed the creation of sliding formwork around steel reinforcement.
This interest accelerated research and development efforts focused
on mass production. Specifically, the integration of robotic
manufacturing systems and automation technologéiewed
concrete structures to be produced more quickly, economically, and
precisely.

In recent years, sustainability and the use of environmentally
friendly materials have also been integrated into these technologies.
For example, there has been a focus on 3D concrete printing with
recycled materials and mix designs that provide a low orarb
footprint. All these developments have promoted not only
digitalization in concrete production but also greener and more
efficient manufacturing processes. These innovative steps are
reshaping the future of the construction industry and offering more
flexible, creative, and sustainable solutions.

However, the difficulty of quality control and thus the
challenges of compliance with regulations have caused 3DCP
applications to focus mostly on natructural areas. This has been a
significant shortcoming that slows the industry's maturation.

--257--



Additionally, while much of the research has focused on printable
material development and characterization, critical topics such as
process control, reinforcement strategies, or structural design have
not been sufficiently addressed, representing andbaerer to
progress in the sector. In order for 3DCP to establish a permanent
place in the construction industry and fulfill its promises of
sustainable and environmentally friendly production, academic and
international research platforms have aimed teat common
scientific foundations, such as classification and testing procedures,
by publishing the first national standards in the U.S. (ISO, 2023) and
China (T/CECS, 2020) for both fresh and hardened mechanical and
durability properties.

This process, although shaped by international cooperation
and scientific efforts, has progressed relatively slowly. While some
countries have made progress in the creation and implementation of
standards, there are doubts as to whether this proceswiltbly
and effectively adopted on a global scale. These doubts raise
important considerations about the sustainability and global
positioning of 3DP in production.

3. Sustainability in Production

The adoption of digital printing in construction industry has
provided transformative benefits, such as eliminating the need for
formwork, creating more complex shapes, accelerating construction
times, and reducing costs. However, this transformationroasg) bt
new engineering challenges. Tasks that were previously performed
by formworks, such as supporting fresh concrete, now rely entirely
on the material itself (Faludi et al., 2015). As a result, many 3DCP
applications are still done through trial androer leading to
additional material waste (Kunnari et al., 2009). Furthermore, the
formulation of materials for 3D concrete printing is crucial. The
rheological properties and other frestate characteristics directly
affect the final shape and structumategrity of printed elements,
making it essential to obtain the correct material composition
(Marchon et al., 2018). This is because, after mixing, the material
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should initially have a fluid structure to facilitate pumping and
extrusion. However, once a layer is extruded, the material's hardness
and strength must be high enough to preserve the layer's shape
without excessive deformation under its own weight (Rehetal.,
2021). Otherwise, the risk of excessive deformation or structural
collapse arises. During this process, the bond between layers is a
critical factor that deter mines
and durability. At this point, uncertaindiestemming from material

and experimental conditions are possible. Material rheology,
extrusion rate, and the development rate of material properties create
a direct link to strength, which is critical. The printing speed and
length must be maintained with optimal values, which vary
depending on the characteristics of each material.

The 3D concrete printing process involves opposing
rheological requirements. High workability is needed during the
pumping stage, while low workability and high thixotropy are
required after extrusion. Throughout the process, a balance must be
achieved beteen pumping, extrusion, and buildability. Concrete
with low vyield stress facilitates pumping but may cause shape
retention issues; on the other hand, concrete with high yield stress
and viscosity retains shape but makes pumping and extrusion more
difficult.

Characterizing the behavior of a material across the critical
time and dimensional scales of the entire 3DCP process is a complex
phenomenon. For determining appropriate workability, slump tests
or pressure tests for adequate strength may no longer Ibaesuff
(Wolfs et al., 2024). In the context of digital manufacturing, concrete
testing procedures have created new challenges, making it an active
research topic within the academic community.

The layered structure of the 3D printing method can cause
negative impacts on mechanical performance due to the interfaces
formed between the layers (Feng et al., 2015). If sufficient bonding
between layers is not achieved, weak areas may form, redueing th
structure's strength. In particular, interfaces with low bond strength
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can lead to crack formation and a decrease inheading capacity.
These performance losses can vary depending on the material
properties, printing sequence and duration, environmental
conditions, and printing speed. Therefore, material modifications
andprocess improvements that enhance bonding quality at interfaces
are critical to improving the performance and reliability of 3D
concrete printing technology.

Given the layer effect, using established test protocols on cast
samples to determine mechanical or durability performance may be
insufficient for hardened material properties. The extent of this
performance degradation caused by interfaces depends onsvari
material and process parameters, as well as differences in how layers
are subjected to loads or environmental effects (Ding et al., 2020,
and Panda et al., 2017). In this case, the creation of updated test
protocols for 3D concrete printing (3DCP) isagssary instead of
relying on traditional (destructive) testing protocols. Adding
parameters such as the relationship between surface roughness and
strength or moisture content and strength will yield more accurate
results compared to traditional strengikasurements.

The systematic and comprehensive evaluation of fresh and
hardened material properties using appropriate testing methods will
enable the development of more solid foundations for producing
analytical or numerical simulations that can model the charaateristi
behavior of the 3D concrete printing (3DCP) process.

Another point is that the special material properties and
printing processes of 3DPC necessitate the development of new
reinforcement techniques that are not compatible with traditional
reinforced concrete methods. Structural designs are targeted to be
optimized to carry bending and shear loads, but existing
reinforcement methods are inadequate for adapting to 3DPC printing
processes, which differ significantly from traditional reinforced
concrete technologies. For example, existing design and calculation
methods, which are typically based on standard reinforced concrete
theories, cannot fully address the specialized mechanical properties
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and printing processes of 3DPC structures. This limits the potential
applications of 3DPC in civil engineering and highlights the need for
innovative reinforcement technologies that are compatible with
printing processes.

Current connection methods used in assembling 3DPC
structures face limitations, particularly due to the precision required
for connections and the complexity of the construction process
(Diaferio et al., 2019). For example, pialling holes for tensioned
steel bar connections and adjusting printing paths to accommodate
this design is required. Similarly, mechanical connections demand
the development of specialized connection elements, and extrusion
based connections are typically limited in applicatiocaose they
depend on the stability of the structure itself. While traditional
assembly methods can be applied to 3DPC, they fall short in
controlling print accuracy and simplifying processes (Davids et al.,
2022). In this context, developing safer, mordicefnt, and
applicable assembly technologies is necessary for 3DPC to have a
broader field of application.

In conclusion, while 3DPC technology holds revolutionary
potential in the construction industry, it faces many technical
challenges, from material properties and structural optimization to
connection systems and assembly processes. Overcoming these
challerges is a critical step for 3DPC to be widely adopted in a
broader application area and become a standard method in the future
construction industry.

4. Environmental Sustainability

3D printing technology stands out as a remarkable innovation
in terms of environmental sustainability and production process
efficiency. Based on laydyy-layer manufacturing methods, this
technology offers a more edoendly alternative to traditional
methods, with the potential to reduce material waste and save
energy. For instance, it has been reported that 3D printers can reduce
energy consumption by 41% to 64% in the production of polymer
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products, significantly decreasing their carbon footprint (Kreiger and
Pearce, 2013). Streamlining these processes not only lowers costs
but also enhances operational efficiency by reducing complexity in
logistics chains (Mani et al., 2014).

This innovation is also creating profound changes in logistics
and supply chains. The simplification of processes such as molding,
shaping, and material transportation, which are required in
traditional manufacturing methods, shortens production times and
reduces the carbon footprint. Mani et al. (2014) note that-lagsed
manufacturing eliminates the need for complex tooling, facilitating
onsite part production and providing sustainable solutions.
Moreover, producing with recyclable materials offers aadages
from a circular economy perspective.

However, the environmental impacts of 3D printing can vary
depending on the application conditions. Kurman and Lipson (2013)
point out that 3D printers used on an industrial scale can, in some
cases, consume more energy than traditional methods likeanject
molding. Specifically, fine particle emissions during the printing of
plastic materials can pose risks to both human health and the
environment (Stephens et al., 2013).

Material composition is a frequently emphasized topic in
academic literature (Ma et al., 2022), enabling the development of
innovative solutions in structural design. Improving elements such
as size, shape, and topology to optimize material use can reduce
resource consumption while enhancing structural performance
(Bayat et al., 2023; Gebhard et al., 2024). Traditional formwork
systems, due to high costs and operational complexity, limit the
implementation of such innovations. However, 3D printing
technoloy overcomes these barriers, enabling the production of
complex geometries. Nonetheless, to fully realize the effectiveness
of these solutions, new design tools must be developed to align the
mechanical behavior of concrete with production techniques. Today
while most 3Dprinted concrete structures mimic traditional design
approaches, innovative designs that take advantage of geometric
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flexibility are becoming more common. These designs aim to
enhance strength or build pressvesistant structures through
features such as curved forms and local reinforcement elements
(Bhooshan et al., 2022; Wolfs et al., 2023).

In addition to reducing material usage, extending the service
life of printed structures can significantly reduce the overall
environmental impact. However, a large portion of the monolithic
structures produced esite limits the principles of circular esomy,
such as reuse or repair. In this context, "dry connection” solutions in
3D concrete printing (3DCP) structures are emerging as a promising
research area. The geometric flexibility offered by digital
manufacturing allows for the creation of innovatidesigns with
sufficient structural capacity, such as sinusoidal or tikéh
removable connections (Bischof et al., 2023; Lanwer et al., 2022).

The durability and environmental impact of printed
structures are directly related to material and production process
optimization. For example, high cement content not only increases
production costs but also significantly raises carbon emissions.
Incompdibility between layers can weaken mechanical integrity.
Such issues have made quality control and material optimization a
critical research area for improving the performance of printed
structures and minimizing their environmental impacts (Van
Tittelboomet al., 2024).

Furthermore, reinforcement is a crucial topic for the effective
use of 3Dprinted concrete structures. Recent developments in
various reinforcement approaches (Asprone et al., 2018;
Mechtcherine et al.,, 2021; Kloft et al., 2020) offer innovative
solutionsfor 3DCP. Flexible and modular reinforcement systems
play an important role in producing complex geometries, while the
use of larger steel sections or hybrid materials may be necessary to
provide sufficient structural capacity. However, the l|adyased
marufacturing process complicates the continuous integration of
reinforcement throughout the structure. This could limit the
geometric freedom of 3D printing and negatively affect structural
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integrity. In addition to reinforcement, the effects of new material
compositions and binders on durability must be thoroughly
examined. Innovative approaches have the potential to enhance
structural performance while reducing environmental impact.

To better understand the environmental impacts of 3D
printing technology, the application of systematic methods such as
Life Cycle Assessment (LCA) is recommended. LCA analyzes the
environmental impacts caused by a product throughout its entire life
cycle, providing comprehensive information on energy consumption
and material efficiency (EPA, 2006). Huang et al. (2015) noted that
lightweight structural components produced with 3D printers
provide significant energy savings compared to traditional methods,
with an estimated annual energy savings potential of 173 million GJ
by 2050.

In this context, the environmental sustainability of 3D
printing technology greatly depends on the type of materials used,
the design of production processes, and application conditions. For
this technology to be used more efficiently, reducing energy
consumption, increasing material efficiency, and minimizing waste
generation are essential. Developing -&tendly materials,
designing production processes compatible with recycling, and
promoting the widespread use of methods like LCA are key elements
to adrancing this field. Additionally, strategies such as integrating
renewable energy sources and prioritizing biodegradable materials
play a significant role in enhancing the sustainability of this
technology. All of these efforts can contribute to optimizihg
environmental and economic impacts of 3D printing, ensuring long
term sustainability.

5. Conclusion

3D concrete printing (3DCP) stands out as a revolutionary
approach that aims to increase efficiency in construction and reduce
the overall environmental footprint. Its ability to create complex
geometries, eliminate or minimize formwork, and potentiallyesa
material and energy makes 3DCP an attractive alternative to
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conventional methods. However, many technical challenges remain,
including the need for advanced rheological control, reliable layer
bonding, and suitable reinforcement strategies. Additionally, the
absence of universally accepted standards complicates the
technol ogybés broader acceptance.

Existing research shows that 3DCP can address significant
concerns related to material waste, construction speed, and design
flexibility. Nevertheless, it also indicates that improvements in
material formulations, process control, and gaostcessing methus
are critical to ensuring mechanical integrity and durability. As a
result, the sector must go beyond preliminary development and
embrace more systematic approaches, both experimental and
theoretical, to enable 3DCP to grow into a fully mature, sustinab
and economically viable solution for modern construction needs.

6. Future Recommendations

The industry needs robust, universally recognztashdards
tailored to the unique characteristics of-Binted concrete. Current
testing methods are often based on traditional casting approaches
and do not capture essential features such as interlayer bonding and
anisotropic strength. By developing sifiectesting protocols for
different stages of the 3DCP process, from figtstte workability to
long-term durability, the sector can better ensure quality and build
confidence in the technology.

Innovations in binder types, admixtures, and aggregate
compositions are vital for optimizing both the printability and
sustainability of 3Bprinted concrete. Achieving a balance between
fluidity (to facilitate pumping and extrusion) and shape retention (to
maintain layer stability) is critical. Equally important is the
implementation of redime monitoring systendssuch as
embedded sensors and automated control algod@hmsadjust
parameters like extrusion speed, layer thickness, and curing rates in
resporse to actual conditions on the job site.

Traditional reinforcement methods are not always

compatible with layeby-layer construction. New reinforcement
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systems, including embedded fiber technologies and modular steel
elements, should be tailored to the lapased nature of 3DCP.
Structural design principles must also be refined or developed to
account for the anisotropy caused by interlayer interfacgs. B
addressing these design challenges, 3DCP can be more effectively
utilized for loadbearing and largscale structural applications.

Long-term testing of 3Bprinted elements under realistic
service conditions is necessary to establish confidence in their
performance. Factors such as fretdzew cycles, chemical exposure,
and dynamic loading must be thoroughly examined. Integrating
lifecycle assessment (LCA) into the design and production phases
can offer a systematic view of the energy savings and environmental
benefits of 3ADCP compared to conventional methods. This holistic
approach aligns with circular economy principles and promotes
sustainable construction practices.

The future of 3DCP lies in the seamless coupling of advanced
robotics, artificial intelligence, and computational modeling.
Automated systems can optimize printing paths, detect errors in real
time, and ensure consistent layer quality. Moreover, developing
reusabl e modul ar components and
further streamline osite assembly while extending the lifespan of
printed structures. These strategies not only reduce labor costs but
also open up new design possibilities by leveraging fihll
flexibility of digital construction.
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CHAPTER XII

Sustainability in Construction Enabled by Circular
Economy Strategies with Design for Deconstruction

Aneél 'KUL

1. Introduction

In recent years, the growing demand for housing has become
a pressing global concern. This surge stems from diverse factors,
such as population growth, natural disasters, pandemics, political
instability, and migration trends. Although population growtiesa
are declining, the absolute population continues to rise, necessitating
accelerated urban development. Currently, it is estimated that one in
eight individuals worldwide lacks adequate housing, with forecasts
suggesting that over three billion peopld vequire suitable homes
within the next decade. This demand is particularly acute in
developing regions, where population growth and rapid urbanization
amplify the housing crisis (UN, 2018). The migration from rural to
urban areas has led to the prokfigon of informal and irregular
settlements, exacerbating existing challenges. Moreover, economic
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growth and rising incomes in emerging economies have heightened
expectations for better living standards, further driving housing
demand (Shiraishi & Sonobe, 2019). As a result, governments,
policymakers, and international organizations face the formidable
challenge of providing affordable, secure, and sustainable housing
solutions. Meeting this demand is vital not only for improving living
conditions but also for achieving broader sustainable development
goals and reducing inequalities (Moghayedi et 8213. Addressing
these challenges requires comprehensive strategies and policies to
ensure equitable access to adequate housing. However, the current
linear economic model in the construction sector raises concerns
about the extensive material, energy, &imgk resources required to
meet this escalating demand.

The traditional linear economic model is characterized by a
"take, make, dispose" approach, which involves extracting raw
materials, producing goods, and discarding them after use. This
model is inherently unsustainable, as it promotes excessive
consumptia of finite resources and generates significant waste and
emissions [7]. Globally, over 12 billion tonnes of waste are produced
annually, and projections suggest that continuing with traditional
economic practices could result in 167 gigatonnes of mateyémje
by 2060, 20% of which would become waste. This equates to an
average daily material usage of 45 kg per person by 2060,
intensifying environmental challenges (OECD, 20214a;2021Db).

The climate crisis underscores the urgency of transforming
how raw materials are utilized and how manufacturing and
marketing activities are conducted (UNEP, 2020). Unfortunately, the
construction industry, which accounts for 40% of global natural
resourceconsumption and 25% of global waste production, has not
effectively addressed issues related to resource use, waste
generation, carbon emissions, and energy consumption. This sector
is the thirdlargest generator of daily waste per capita, producing
apprximately 1.70 kg per person (Kaza et al., 2018). Moreover, the
building sector is responsible for 40% of energy consumption and
50% of greenhouse gas emissions globally (Chau et al., 2015).
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Despite some progress in recycling and reusing materials, the global
circularity rate remains low, around 9%, with nearly 60% of
materials losing their value due to the lack of circular economy
practices (Ossio et al., 2023).

Transitioning to a circular economy and mitigating the
environmental impacts of the construction industry require changes
across every phase of a buil ding:¢
value chain. To address these challenges, Design for X (DfX)
methodologies have gained traction in research, innovation, and
manufacturing. These methodologies focus on aligning product and
process design with specific goals such as cost optimization and
quality enhancement. Within the construction sector, Design for
Deconstruction (DfD) has emerged as a specialized approach. By
integrating principles of the circular economy, DfD aims to
maximize the advantages of modular construction techniques while
minimizing inefficiencies and waste.

This study explores the DfD methodology in depth,
emphasizing its potential to embed sustainability into the
construction sector at a modular level. By advancing theoretical
knowl edge and wunderstanding of !
this research s&s to provide valuable insights for professionals
striving to implement sustainable construction practices. Ultimately,
this work aims to contribute meaningfully to societal progress by
fostering more efficient and responsible construction approaches.

2. Design for Deconstruction (DfD) Insights

Design for Deconstruction (DfD) embodies principles
tailored to product design, focusing on the eventual disassembly and
disposal of components. This approach integrates strategies to
dismantle manufactured items, facilitating the reuse of their parts at
a later stage (Bogue, 2007). As a cornerstone of circular lifecycle
methodologies, DfD aligns closely with the "reverse construction”
principle, which encompasses processes for dismantling building
elements to reintegrate them into reuse and recycling sycle
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(Kanters, 2018). Figure 1 illustrates the sequential stages involved in
the DfD principle.

DfD offers a range of options, including dismantling
structures, processing materials, repurposing elements into
alternative constructions, reusing components, and even relocating
entire structures (Roxas et al.,, 2023). Implementing these
alternatives promtes a circular construction framework, reducing
the need for entirely new facilities while adhering to principles of
responsible consumption, waste minimization, and sustainability.

Extraction of natural
resources

Domain of the built Environment

Processing into Recycling of materials
<
materials

Y

Manufacture into Reprocessing of materials
«
components

Y

Assembly into Reuse of components
buildings

L 2

o Relocation of whole building
Building use <

L 2

Disassembly

Waste for Landfill

Figure 1. Stages of the DfD (Cho et al., 2022)

DfD lacks a universally recognized standard or guideline.
Existing studies and limited professional recommendations typically
focus on general design and construction principles compatible with
DfD rather than offering explicit definitions or approachessé&arch
has primarily evaluated DfD within the context of collaboration and

-275-



competencies that support designs involving structural frameworks,
concrete and steel phases, connection elements, and
construction/deconstruction workflows. The relatively recent
introduction of DfD in the construction industry is a significant
factor conributing to this gap. Table 1 summarizes perspectives and
benefits of DfD guidelines as presented in limited studies.

Table 1. Perspectives of DfD guidelines and their benefi
Guidelines Reference:

Designing a building as a mulayerec
structure with individual life cycles
Formulating a plan for deconstruction :
waste management

Minimization the number and variety
building components through modularizail-11-11l
and standardization

Utilization of off-site construction ar
prefabrication techniques to the buildI-1I-111-1V
process

Incorporation of lightweight components  I-11-11
Utilization accessible technical instadlati(”_III
within an open building design

Designing the interchangeability of buildi
components for flexibility and ease Il
maintenance

Incorporation of a structural grid -1
Establishing a database for materipksits, ani
construction data

Integration of deconstruction type &y
technique within the design phase

The provision of comprehensi
documentation pertaining to the desid
schematics, and images

Design of the Construction
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Use of reusable, environmentally safe, +

hazardous materials ===V
Use of simple, eas®-remove connections IV
Use of mechanical, dry connections [-11-VI
Reduction in the quantity/variety TR,
connections
Considering the design to be lelagsting an

I-111-V
durable
Use of accessible components and conneclV
Avoid to use the composites and differentty, |, .\ \/,
of materials
Application  without posrnanufacturing”_III
treatment

Replacement components for maintenancell

Optimization of element size Il

Identification  of lifespan  of ear
materials/components

Endof-life performance determination 1l

Design of Componert€onnections

Instructions for materials to undergo reuse

recycling

Identification of components within t

building system allocated faleconstruction
v Consideration of simultaneous disasser
S within the design process

[}
O Facilitating easy access to the entire buildilll
Note: I: (Ahn et al., 2022); II: (Bertino et al., 2021); IlI: (Crowther,

2005); IV: (Akinade et al.2017); V: (Carvalho Machado et al.,
2018) ; VI: (Lu, 2024)

Determination of
Deconstruction

3. Sustainability Aspects of Design for Deconstruction

The construction sector predominantly follows a linear
economic model characterized by a consumppieduction
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framework that disregards the finite nature of raw materials
(Kuehlen et al., 2014). This model's widespread use continues to
raise sustainability concerns. Numerous studies have demonstrated
that traditional construction approaches fall short in addmrgssin
environmental challenges. Conventional methods rely extensively
on large quantities of materials such as concrete, scaffolding,
formwork, walls, and roof elements, which result in substantial
waste generation. Furthermore, inefficiencies in these mettzfs

arise due to worker productivity issues, leading to delays and
additional waste (Nurhendi et al., 2022). As a result, researchers and
industry practitioners are increasingly turning towards innovative
methods aligned with circular economy principl&articularly in

the context of rapid production structures, a growing focus on
sustainability and environmental awareness has accelerated the
integration of methodologies such as Design for Deconstruction
(DfD), which incorporate circular economy ideal#o modern
construction techniques (Zhao et al., 2018). This shift underscores
the transformative potential of DD in revolutionizing construction
workflows and mitigating adverse impacts.

Producing highguality, costeffective products quickly
while embedding sustainability into their design is vital for meeting
environmental standards. Achieving this involves minimizing the
number of parts, operations, assembly, and production timesl|las we
as selecting environmentally friendly materials and incorporating
reusable connection designs. DfD has emerged as a highly effective
methodology in this regard, as it emphasizes thorough planning and
optimization during the design phase. This approagcally
reduces waste, product complexity, costs, and production time
(Boothroyd et al., 2010).

The persistent use of demolitimased practices exacerbates
waste generation, increases raw material consumption, and inflates
costs. Adopting DfD represents a critical step toward breaking away
from these traditional practices. DfD holds the promiseegbming
a cornerstone for the construction sector, which struggles under the
weight of the linear economic model, by curbing unsustainable
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consumptiorproduction cycles and reducing waste generation.
Reuse strategies inherent to DfD aim to repurpose old structural
components directly, thus lowering the demand for raw materials,
minimizing production processes, and cutting waste disposal.needs
For instance, concrete components are particularly suitable for reuse
due to their longer service life compared to other materials (Ong et
al., 2013). However, traditional connection designs often obstruct
component reuse. To address this, DfD incorgsrdesign concepts
during the preproduction phase that facilitate dismantling and
repair.

While significant research has focused on recycling solutions
for building materials, scaling these efforts to the structural element
level remains a critical challenge. Implementing DfD can drive
circularity and foster sustainable development. By simatiasly
minimizing deconstructible components, utilizing lightweight
materials, and employing efficient systems such as prefabrication,
DfD reduces costs while enhancing quality (Bertino et al., 2021).
Additionally, integrating DfD principles into the derigrocess has
proven to be a practical strategy for making asset lifecycles circular
and minimizing waste.

4. Adoption of DfD in Construction Industry

DfD promotes sustainability by prioritizing dismantling
processes at the end of a product's lifecycle, enabling reusability and
recyclability as alternatives to traditional demolition. By
incorporating dismantling procedures into the -goastruction
planring phase, environmentally friendly and ceficient
outcomes can be achieved. This forwdrshking approach
integrates seamlessly with contemporary construction practices,
encouraging the continuous reuse of production elements across
multiple systemswhich significantly aids in resource conservation
(Akanbi et al., 2019). The escalating threats posed by environmental
pollution and the overexploitation of natural resources underscore
the urgency for sustainable practices. Standardization, a hallmark of
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off-site production methods, is achieved through environmentally
conscious techniques (Tafesse et al., 2022). However, the broader
environmental implications of prefabrication methods must be
evaluated, necessitating the development of robust policies and
standards. The construction sector's gradual shift towards
sustainable methodologies aligns with DfD's cradieradle
framework, which aims to minimize environmental impact by
fostering designs that support future structural adaptability and
extend builthg lifespans through dismantlisfgendly features (Lu

et al., 2021).

DfD enhances the potential for reuse and recycling within the
construction industry's value chain, positioning a circular economy
as a practical solution for sustainability. Transitioning to a circular
economy not only curtails waste generation but alsamptes
resource conservation and the proliferation ofeiemdly products.
Simplified design strategies, the use of adaptable components, and
comprehensive disassembly instructions are vital for the successful
implementation of DfD. Efficient applicatiorof DfD in the
construction sector can eliminate the generation of construction and
demolition waste (CDW) during planning stages (Crowther, 2005).
From an environmental standpoint, this approach ranks among the
most effective construction waste managemedrthniques.
Structures undergoing deconstruction instead of demolition yield
reusable structural elements for new construction projects (Ding et
al., 2016). Additionally, by supporting sustainable development,
DfD reduces waste, improves resource efficierand offers a more
adaptable construction methodology, enabling existing structures to
serve new purposes and diminishing the demand for new buildings
(ISO, 2020).

Central to the DfD methodology is the design of modular and
reconfigurable building components, with the development of
supportive structural connections playing a pivotal role. Several
DfD-specific connection types differentiate these structures from
tradtional prefabricated buildings, such as bolted -ptade
connections (Ong et al., 2013), casiplace concrete connections
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(Xiao et al., 2017), and embedded steel connections (Ding et al.,
2018). Research into suitable materials for deconstructable structural
components highlights their unique attributes and implications for
sustainability. For example, Broniewicz and Broniezvi(2020)
identified steel as an ideal material due to its sustainability, low
waste production, reusability, and compatibility with dry
construction methods. Similarly, Lu et al. (2021) proposed DfD rules
for cold-formed steel structures, emphasizing easisdisassembly,
increased reuse potential, and enhanced safety. Tingley (2012)
explored the applicability of DID for wood, steel, and concrete
structures, noting that woodos
standard dimensions make it highly suitable é®construction.
Lime mortar in wall construction allows bricks and blocks to be
reused, while cement mortar can complicate this process. Steel is
generally recyclable, though its reuse depends on quality and
connection methods; additional fireproofing nca hinder
deconstruction.

While these materials and systems may entail significant
costs and labor, sustainable construction techniques must balance
affordability with the accessibility of materials. Concrete, a
cornerstone of traditional construction, is notable for its -cost
effediveness, widespread availability, and versatility, making it a
valuable material for DfD applications.

5. Case Studies for DfD in Construction Industry

Research on integrating DfD principles has yielded
significant findings. Wang et al. (2020) applied DfD principles to
structural components and examined the performance of
prefabricated beams and connection elements (Figure 2). Their
analysis revealed thabbaddeflection curves for demountable
systems demonstrated ductile behavior with minimal or no loss in
postyield strength. Under maximum operational conditions, beams
exhibited slight nodinearity, likely attributed to beam bending,
minor displacemenif steel components, and joint elements. Despite
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this, demountable composite beams were deemed reusable with
negligible risk of yielding during their lifespan.

Top spreader beams W 14x132
West s A
—

304.8(12 X Bottom spreader beams W8X58 [
Rollcrfupport N T . \A:—I—‘[—l_ Bearing sl]ffcncrpm sljppun
N My
T e lgfi‘x‘c..) 1246 HSS9%9%5/8 '..I.5 |
Imi 2133.6 (84" T
L 304.8 (12") I~ = 9144 (309 304.8 (12" A
L 2438.4 (96") 0
457.2(18") | 1 762 (30" 762 (30") A 457.2 (18"
W14x132 I
<« W8X58 N
E
)
1
i'% Steel beam — |~ L 3556 (14")
@ |
- I M=
" W10x22
Figure 2. Deconstructable composite beglan (Wang et al.,

Ding et al. (2020) introduced a novel be#mcolumn
connection designed in line with DfD criteria and assessed its
seismic performance (Figure 3). Experimental results demonstrated
that the proposed concrete beaatumn joints incorporating DfD
connectios sustained sufficient strength under earthgua#teced
stresses. These frame joints displayed favorable ductility
characteristics under cyclic loading. By enhancing the continuity of
longitudinal reinforcements, these joints maintained moment
capacities similar to reference specimens. The investigation
highlighted their easy disassembly and reassembly during
construction, facilitated by reduced dependency esitinconcrete.
Performance evaluations of reconstructed specimens confirmed that
the new jointsaachieved desirable structural outcomes.

-282--



Cracks appcared 3
during positive loading PSSR
Cracks appeared e
during negative loading | T

... 400 mm 400 mm

-
Concrete crushed

[

int (Ding et al., 2020)

% T

Figure 3Design of beartolumn frame jo

Xiao et al. (2020) explored the impact of coarse aggregate
materials on connections, finding that performarereained within
acceptable limits despite minimal effects. Korkmaz and Tankut
(2005) evaluated dismantling strategies for concrete joints and
identified hybrid steel joints as the most suitable for implementing
DfD principles in concrete structures. Thigppaoach ensures
reinforcement continuity without disrupting complex reinforcement
within the joint core. Leso et al. (2018) and other researchers
developed woodteel connection designs aimed at reducing
concrete use while embracing recyclable materiadigmment with
comprehensive DfD principles. However, they emphasized the need
for further studies to refine predictions about structures designed for
dismantling, especially those expected to remain operational for
approximately 60 years.

A noteworthy study by Xia et al. (2020) addressed circular
economy concerns, demonstrating that implementing DfD principles
yields 1.8 to 2.8 times greater environmental benefits compared to
conventional structures. Leising et al. (2018) emphasized degigni
buildings with a focus on both operational and-efitife phases,
ensuring components can-eater the recycling market and be
reused where needed to enable circularity. Ortlepp et al. (2016)
compared the environmental impacts of constructions usigg dr
versus wet connections and found that dry connections significantly
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increased material recyclability. Eckelman et al. (2018) evaluated a
novel floor system and revealed that reusing DfD floor components
reduced the environmental impact of conventional configurations by
70% when reused three times. Tingley and Davison (2@¥bposed

a methodology to assess life cycle impacts of -Dfignted
buildings, ensuring that environmental considerations are evenly
prioritized throughout a component's lifecycle.

5. Conclusion

This study comprehensively examines the fundamental
concepts, historical evolution, advantages, implementation, and
influence of Design for Deconstruction (DfD) in promoting
sustainable development in the construction sector. To achieve this,
an extensivditerature review was conducted, providing a detailed
overview of the current status of techniques in the field. Process
flows, fundamental principles, existing guidelines were examined,
and research gaps were assessed. In addition to the theoretical
review, this paper also concentrates on the detailed examination of
various case studies related to DfD in construction. The principal
conclusions drawn from this study are outlined below:

DfD principles center around designing components that can
be reintegrated into the system at the end of their service life for the
same or different purposes. These principles emphasize creating
designs that allow for easy disassembly and rapid reasserhidy
maximizing reusability.

More comprehensive studies are needed to integrate DfD
approaches, which are critical for supporting sustainable
development and the circular economy, into the construction sector.
Conducting studies that synthesize DfD systems, maximize the
benefits deried from them, and explore their effects compared to
traditional construction techniques are essential steps towards the
widespread adoption of these strategies.

To fully realize the potential of DfD, future research should
prioritize the synthesis of systems and the maximization of
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associated benefits. This requires a holistic approach that considers
the entire lifecycle of built assets, from design and fabrication to
operation and deconstruction. By systematically identifying
synergies and tradeffs within DfD strategies, researgisecan
develop integrated frameworks that optimize resource efficiency,
costeffectiveness, and environmental performance throughout the
construction lifecycle.
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CHAPTER XIII

Numerical Simulations of Wall Configurations for
Waste-based Sustainable 3[Printing and Thermal
Insulation

Anél 'KUL

1. Introduction

The rapid growth of the global population, expected to reach
nearly 10 billion by 2050, has led to an increasing demand for
housing, estimated at 20 million new homes annually (Najafi &
Khanbilvardi, 2019). Furthermore, the European Commission has
reported that buildings account for 40% of energy consumption and
36% of CQ emissions in the EU, making them the largest energy
consumer in Europe (EU Comission, 2019). Similarly, the United
Nations projects that the global population could reach 10.9 billion
by 2100, further amplifying housing demands (UN, 2019).
Combined with e significant environmental impact of building
operations and the high energy consumption from urban services,
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these factors underscore the urgent need to enhance efficiency and
sustainability in the construction industry.

One promising approach to these challenges is 3D concrete
printing, which offers precise, layered construction while
significantly reducing costs, time, and material waste. It reduces
waste by up to 60%, labor costs by 80%, and production times by
70% (Zhag et al., 2019), while promoting sustainable design
aligned with circular economy principles. This innovative
technology also provides opportunities to improve thermal
performance, making it an essential tool for addressing building
energy efficiency andeducing greenhouse gas emissions.

As the global population grows, the energy spent on heating
and cooling in residential areas is increasing at a significant pace.
Buildings are major consumers of electricity worldwide, with
climate control systems (heating, ventilation, and air conditgni
accounting for approximately 60% of this consumption. Globally,
buildings are responsible for nearly 40% of total annual energy use,
with a significant portion of this energy attributed to cooling needs
i n hot cl i mkotes, 202%2).hisvrefce an znergy
intensive systems creates financial burdens for nations and
contributes to substantial environmental emissions. One of the
primary reasons for high energy consumption in buildings is their
insufficient thermal storage capacity, which prdsemffective
resistance to heat flow caused by temperature differences between
indoor and outdoor spaces. Energy losses through building
envelopes make sustainable climate control processes challenging
and substantially increase energy demands. Therefex@loping
construction materials with high thermal insulation properties is
crucial for improving energy efficiency and sustainability in
buildings.

The thermal performance of exterior walls significantly
affects a building's energy consumption, efficiency, and greenhouse
gas emissions (Schiavoni et al., 2016). Effective insulation materials
are essential for reducing fossil fuel use and @dissions. Studies
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indicate that thermal insulation plays a crucial role in lowering
energy demands, especially in heatdgninated climates.
However, challenges remain, particularly for intermittently used
buildings where higher thermal mass can slow temperature
adjustmerg and increase preheating or precooling demands
(Verbeke & Audenaert, 2018). Excessive insulation can also restrict
heat dissipation, raising cooling needs. Designing ereffigient
buildings requires balancing indoor thermal conditions with
optimized irsulation properties (Lee et al., 2017).

3D concrete printing emerges as a transformative solution to
these challenges, offering innovative approaches to optimize thermal
performance, durability, and energy efficiency in buildings. By
integrating advanced designs and systems, this technologsaddr
critical issues while aligning with environmental sustainability
goals. However, concerns persist regarding the sustainability of
materials used in its processes, as current options often fall short in
meeting environmental benchmarks. Most curremmttumes rely
heavily on ordinary Portland cement (OPC), which accounts for 15
45% of the total mixture and is associated with high carbon
emissions and energgitensive production processes (Zhang et al.,
2021). While alkahactivated systems have been pmsed as a
viable alternative, their reliance on industrialfmpducts such as fly
ash and ground granulated blast furnace slag (GGBS) presents
additional challenges. These materials are becoming increasingly
scarce, with diminishing supplies of fly ast Europe and high
demand for GGBS in the cement industry. This scarcity underscores
the need for abundant, sustainable precursors to support the broader
adoption of 3D concrete printing.

Studies have highlighted the promising role of 3D printing in
enhancing thermal insulation properties. A key advantage of this
technology lies in its ability to produce complex geometries,
facilitating biomimetic designs inspired by ecosystems and
biological structures (Du Plessis, 2019). These designs merge natural
efficiency with advanced manufacturing to create lightweight,
energyefficient, and thermally optimized materials. For instance,
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honeycomb and woelike cellular structures achieve thermal
conductivities as low as 0.05 W/(mK), demonstrating their potential
for sustainable construction (Panda, 2018; Kam et al.,, 2019).
Innovative materials like aerogels have also been integrate8ato
printed composites, enhancing thermal insulation while maintaining
low conductivity. Additives such as air bubbles improve acoustic
and thermal properties, making them suitable fesib@ 3D printing.
Similarly, foamed concrete and geopolymer matrivéh thermal
conductivities between 0.125 and 0.25 W/(mK) balance insulation
with mechanical strength (Baghban, 2019; Falliano et al., 2018). The
thermal insulation performance of geopolymer materials has been
extensively documented in the literature. etal. (2013) examined
foam geopolymer concretes enriched with natural materials like
palm kernel shell, reporting densities ranging from 1291 to 1794
kg/ mj and ther mal conducti viti
highlighting their insulation potential. Silarly, Feng et al. (2015)
optimized porous geopolymers usingQd as a foaming agent,
achieving thermal conductivities of 0.08160902 W/mK while
increasing porosity to 769%. Medri et al. (2015) investigated
vermiculitebased geopolymer panels, reporting thermal
conductivities between 0.178 and 0.189 W/mK, and eniphgs
their fire resistance and insulation capabilities. Zhang et al. (2015)
evaluated foam geopolymer concretes with slag replacements,
achieving thermal conductivites of 0iX%48 W/mK ad
compressive strengths up to 48 MPa, demonstrating their durability
under high temperatures. Bai et al. (2016) explored foam
geopolymer materials incorporating® and surfactants, achieving
porosities of 7487%, thermal conductivities of 0.09.16 W/mK,

and compressive strengths between 0.3 and 4.4 MPa.

Research into 3frinted materials underscores their
potential for thermal insulation. Gomaa et al. (2019) examined clay
based materials reinforced with organic fibers, demonstrating the
feasibility of 3Dprinted insulating solutions despite conventional
methods vyielding better performance. Similarly, Falliano et al.
(2019) showed that foam concrete with smaller air bubbles achieved
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superior thermal performance and compressive strength at higher
densities. Chung et al. (2016) highlighted the role of anisotropic
voids, revealing their significant influence on thermal conductivity
and stiffness through 3printed samples. Alghamdi ancekhalath
(2019) developed geopolymer foam matrices using fly ash,
achieving thermal conductivities of 011h25 W/mK with porosities
between 55% and 75%. Huiskes et al. (2016) demonstrated the
benefits of optimized aggregate size for thermal insulatidnlew
Huang et al. (2018) integrated aerogels with geopolymers, achieving
conductivities as low as 0.048 W/mK. Furthermore, Zenabou et al.
(2019) improved thermal stability and refractory properties by
substituting metakaolin with metaboxite and metatal&inaining

low thermal conductivities and enhancing performance at
temperatures up to 1000AC.

Beyond materials, 3D printing has enabled sysdiral
applications, including modular green walls and facades that
regulate indoor climates. Panels combining air voids and phase
change materials address thermal bridging and condensation issues,
while progcts like the YHNOVA house in France demonstrate the
scalability of these solutions. Constructed in just 54 hours, the house
integrates concrete and polyurethdoam walls to provide both
structural and thermal benefits (Subrin et al., 2018).

Leveraging advancements in 3D printing, this study aimed to
address the challenges of material scarcity, environmental
sustainability, and thermal efficiency in construction. A novet 3D
printable alkalactivated material was developed, integrating brick
waste as the aggregate phase to mitigate resource limitations and
reduce environmental impact. Numerical simulations were
conducted to evaluate the material's thermal performance across
various wall configurations. The findings reveal its potential to
significantly enhance energy efficiency, lower greenhouse gas
emissions, and support the integration of recycled materials into
innovative construction practices, paving the way for a more
sustainable built environment.
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2. Materials and Methodology

The 3Dprintable thermal insulation material used in this
study was developed based on the mixture designs of -alkali
activated, brick wastbased systems previously investigated by Kul
et al. (2024a). The mixture design followed several key
considerationsBrick waste was utilized as both the primary binder

and aggregate phases. Speci fical
were incorporated into the binder phase, while those between 100
Om and 2 mm were used in the ag:

added to msure smooth extrusion through the 3D printer nozzle,
owing to its excellent flow properties, such as stibeming and

low viscosity (Sun et al., 2018), as well as its widespread availability
in various regions (Murray et al., 2000). Similarly, limestaneost
effective and abundant material (Kanagaraj et al., 2023), was
included to enhance the reactivity of the aHadtivated system by
providing nucleation sites (Long et al., 2021), improving
workability, and extending open times (Bayiha et al., 20G%und
granulated blast furnace slag (GGBS) was incorporated to promote
buildability, a critical parameter for 3D printing, by supporting the
formation of gel structures like CSH and CASH, which also enhance
mechanical performance (Kul et al., 2024b).

To further investigate the effects of aggregate content on
fresh, mechanical, and thermal properties, a series of mixtures was
developed. The primary approach involved incrementally increasing
the brick aggregate content, excluding alkali activators, 508 to
80% by weight of the total dry material at equal intervals. The
compositions of these mixtures are presented in Table 1. By keeping
the watefto-binder ratio constant, the direct impact of aggregate
content on fresh properties was assessed. Theumasxtwere
produced by homogenously mixing the precursor phase, aggregate
phase, and alkali activators in their dry state, followed by the
addition of mixing water to the system. This method ensured the
production of ongart mixtures.
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To evaluate the suitability of fresh state properties for 3D
printing, flowability and buildability tests were conducted at
intervals of 0, 30, 60, and 90 minutes, starting immediately after
mixing completion (with the initial measurement taken at 5 mgjute
defined as 0 minutes). The flowability test adhered to the ASTM
C1437 (2020) standard, and the flowability index was determined by
measuring the relative changes in horizontal spread. For buildability,
a minislump test was performed using the samepseith a 600 g
load, and vertical deformations of the mixtures were calculated to
assess performance (Figure 1). Additionally, compressive strength
tests were conducted on 40 mm cubic specimens with a loading rate
of 2400 N/s, while Joint flexural strent tests utilized 40x40x160
mm prismatic specimens at a loading rate of 50 N/s. The
measurement of the thermal conductivity value required for the
numerical modeling of the mixture was carried out using the
ISOMET Heat Transfer Analyzer device. To test3Reprintability
of the selected mixture based on the conducted tests, a wall printing
process was performed using a 3D concrete printer integrated with
ABB Robotics' IRB 1200 robotic arm.

=)

o I Y P
Thermal Conductivity Test w. s 3D Concrete Printing Test '

Figure 1. Samples and testing equipments

Table 1. Mixture proportions of alkadictivated mixtures
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Mixture Proportions (kg)

Limestone
Slag
Kaolin Clay
Brick
Aggregate
NaOH
N&SiOs
Water

Brick Powder

BAO.5| 220 | 220| 220 270 945 | 37.2| 37.2 | 650
BA0.6| 175 | 175| 175 225 1125 | 30 | 30 | 650
BAO.7| 130 | 130 130 180 1305 | 22.8| 22.8 | 650
BA0.8| 80 80 80 130 1505 | 14.8| 14.8 | 650
3. Results andDiscussions

Figure 2 illustrates the influence of varying aggregate
proportions (BAO0.5, BA0.6, BAO.7, BA0.8) on the flowability,
buildability, and strength properties of Jintable materials.
Flowability decreases progressively over time (from 0 to 90 minutes)
acros all mixtures, with lower aggregate content (e.g., BAO.5)
exhibiting the highest initial workability (1.65 normalized value at O
minutes), followed by BAO0.6 (1.62), BAO0.7 (1.56), and BAO0.8
(1.51). This decline can be attributed to two main factors: the
ongoing hydration reactions that progressively increase the viscosity
of the paste and the evaporation of free water, which reduces the
mi xturebs fluidity (Han et al
higher aggregate content, such as BAO0.8, experienceo® m
pronounced reduction in flowability due to increased patrticle friction
and the limited availability of paste to facilitate smooth movement
(Assaad, 2017). These dynamics suggest a delicate balance between
aggregate content and paste volume is essdotianaintaining
consistent extrudability. Buildability, conversely, improves with
time as the material begins to set, enhancing its structural integrity.
This improvement is particularly noticeable in higher aggregate
mixtures, such as BAO0.8, which dembmase superior shape
retention and resistance to deformation (0.94 normalized value at 90
minutes). This behavior is likely due to the increased interparticle
friction and reduced paste content in these mixtures, which
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contribute to better stability under external loads. As a result, higher
aggregate mixtures are highly suitable for structural components
where maintaining geometric precision and resisting collapse under
applied loads are critical.

Compressive strength increases significantly with curing
time, ranging from 2.67 MPa (BAO.8 at 3 days) to 9.67 MPa (BAO.5
at 28 days). This trend highlights the ongoing hydration and
pozzolanic reactions in the matrix, which contribute to the
development bdenser and stronger gel phases over time. Higher
aggregate content (e.g., BAO0.8) provides additional mechanical
interlocking and a greater lodmbaring capacity, resulting in
markedly higher compressive strength compared to lower aggregate
mixtures (e.g. BAO.5). Similarly, flexural strength follows a
consistent pattern, increasing from 1.36 MPa (BAO.8) to 3.99 MPa
(BAO.5) over the 28lay curing period. While flexural strength is
primarily influenced by the mat
bonding quaty of aggregates, the effect of aggregate content is less
pronounced compared to compressive strength.

While higher aggregate content significantly enhances
buildability, it simultaneously leads to a marked reduction in
flowability and mechanical strength (Liu et al., 2021). This dual
effect necessitates a strategic approach to material selection based
on @plicationspecific requirements. For intricate designs or
structures requiring fine detailing, where extrudability is critical,
mixtures with lower aggregate content, such as BAO0.5, are more
suitable due to their superior flowability and ease of apptinati
Conversely, for structural elements that demand greater strength and
stability, such as loallearing walls or beams, higher aggregate
mixtures like BAO.8 are ideal as they provide improved resistance to
deformation and enhanced mechanical performanhbke. balance
between flowability and buildability must be meticulously assessed,
taking into account factors such as print geometry, curing conditions,
and load requirements to ensure optimal material performance across
diverse construction scenarios (Dwiveg2024).
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