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SOMMARIO

Titolo: Gemello digitale delle costruzioni: un quadro pegeneral contractor

L'Industria 4.0, come quarta ondatdlaeivoluzione industriale, offre ampi vantaggi per vari settori
come la produzione, l'aerospaziale, l'ingegneria dei sistepdtriblio e il gas e I'ediliziaDigital Twin

(DT), come uno dei principali concetti di Industria 4.0, introduce un nuovdlipana nel settore delle
costruzioni come replica virtuale in tempo reale di un bene fisico. Sebbene molti settori come quello
manifatturiero, automobilistico, aeronautico e sanitario utilizzino ampiamente i concetti di Industria 4.0,
l'industria delle costizioni € in ritardo in termini dioro adozionee attuazione nonché nella
capitalizzazioneleiloro benefici Ad oggi, la maggior parte degli studi nel settore delle costruzioni si &
concentrata sull'implementazione del DT nelle fasi di esercizio e eraohe degli impiantmentre

l'uso del DT nella fase di costruzione non é stetcoraffrontato a sufficienza. Una caratteristica delle
attuali tecnologie di monitoraggio (ad es. telemetri, scansione laser, GPS, RAAD,WVB, sensori
intelligenti, ec.) utilizzate nel settore edile & che i dati raccolti vengono generalmente utilizzati in modo
isolato con un unico focus tematjenentresono pochissimi i casi di utilizzo integrato di pagnologie
C'einoltreuna mancanza di chiarezza sulle potdniganologie per livelli piu elevati di CDT in termini

di integrazione con piattaforme sod&xniche eil relativo utilizzo di simulaziom ottimizzazione,
apprendimento e coinvolgimento dell'utente finale, principalmente a causa della mancanza di
implementazione e ricerca a tale livelli di sofisticatezza.presenteicercaha lo scopali studiare
l'implementazione di DT durante la fase di costruzione dei progetti. Un framework Digital Twin (CDT)
di costruzione sviluppato per dimostrare i diversi Iienecessari per l'implementazione del concetto

DT di supporto alle attivita dcostruzione. In seguito allo sviluppo del framework CDT, & stato
implementato un caso di studio sulla gestideemovimenti terr@aome applicazione del CDT proposto

al fine d convalidare il framework e dimostrare i vantaggi dell'utilizzo dei gemelli digitali durante la
fase di costruzione. La simulazione delle operazienirviment terra & stata eseguita come parte del
CDT e i risultati della simulazione nella valutaziatievari scenari ipotetici per l'allocazione ottimale
delle risorse e la gestione delle operazioni hanno dimostrato i vantaggi dell'utilizzo del CDT nella fase
di costruzione dei progetti e pérgeneral contractar Con lo sviluppo di un framework CDT e
I'implementazione di un caso di stutiasato su di esso e integrato con divéesaologie abilitanti,
guesto studio cerca di colmare le lacune esistenti nell'utilizzo dei gemelli digitali nel settore delle
costruzioni. L'utilizzodi tale CDT nell'implementaione di diverse applicazioni pud aiutd@emprese

di costruzioni inuna migliore gestione dei loro processi di costruzione, colmando il divario di
informazioni tra i modelli BIM aglesigned in fase di progettazione e i modelli BIMba#t al momento

ddla consegna del progetto, abilitando vari servizi attraverso l'acquisizione di dati in tempo reale,
I'aggiornamento del modello e l'analisi dei dati e le previsioni per il monitoraggio dei progressi, il
monitoraggio del sito, l'allocazione delle risor$esecuzione di scenari ipotetici. Come risultato
dell'utilizzo di un CDT nella costruziongmergono idiversi impatti come riduzione dei cosla
migliore collaborazione e scambio di informazioni tra vari domimé gestione della costruzione basata

sui dati,la consapevolezza dello stato in tempo reale o quasi del progetto e delle sue prestazioni e una
maggiore trasparenzfurante tutto il ciclo costruttivo

Parole chiave: BIM, Costruzione basata sui da€ostruzione Digital Twin, Fase di costruzon
General contractor
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ABSTRACT

Industry 4.0, ashe fourth wave of the industrial revolutiasffersample benefits for various industries

like manufacturing, aerospace, systems engineesihgnd gas, and constructidDigital Twin (DT),

as one of thenain concepts of Industry 4.itroducesa new paradigm in the construction industry as

a realtime virtual replica of a physical ass&lthough manyindustries such as manufacturing,
automotive, aviation, and healthcare are extensively using the cenddépdustry 4.0, the construction
industry islaggingin terms of adopting and implementing Industry 4.0 principfestaking advantage

of its benefits To date, rostof theconstructim industry studiebave focused on the implementation of

DT in operdion and maintenace phases of facilitiesind the use of DT in the construction phase has
not been addresseadfficiently. A noticeabldeature ofthe currentnonitoring technologiege.g., range
finders, laser scanning, GPS, RFID,-Wj UWB, smart senss, etc.)usedin theconstructiorindustry

is that the gathered datagenerally used ianisolated fashionvith a single subject focushere here

are very few cases of integratese of more than one technolodyere isalsoa lack of clarity on the
potential technologies for high&vels of CDT in terms of integration with sodiechnical platforms

and using simulation, optimization, learning, and -asdr engagementnainly due to a lack of
implementation and research at such levels of sophisticdthis research isnotivatedto study the
implementation of DTduring the constructin phase of project®A construction digital twin (CDT)
framework is developed to demonstrate the different tiers necessary for the implementgueDTof
concept in costruction. Following the development of the CDT framework, a soil management case
study was implemented as an application of the proposed CDT to validate the framework and
demonstrate the benefits of using digftains during construction phasé projeds. Simulation of the
earthwork operations was performed as part of the CDT, and results of the simulation in evaluating
various whaif scenarios for optimum resource allocation and operations management proved the
benefits of using CDTin the constructio phase of projects arfdr general contracter With the
development of a CDT framework and implementation of a case study using the proposed framework
and enabling technologies, this study tries to address the existing gaps in using digital twins in the
construction industrytJsing the developed CDT in implementing several applications can assist general
contractors in better management ofitlednstruction processeklling the information gapbetween

the asdesigned BIM models #hiedesign phase aritle asbuilt BIM models at the time of project hand

over, enabling variouservices througheaktime data acquisitiormodel updatingand data analyts

and predictions foprogress tracking, site monitoring, resource allocation, perfgrmivatif scenaios.

As a result of using a CDT in construction, several impacts such as reducing costs, improved
collaboration and information exchange among various domainsgidegs construction management,
reattime or near redime status awareness of the projemd its performance, and improved
transparency can be anticipated.

Keywords: BIM, Construction Digital Twin, Construction Phase, Ddtaven Construction, General
Contractor.
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1. INTRODUCTION

Although the ample benefits of Industry 4.0 have been pramh industrieslike automotive
manufacturing and maintenanaee focusing orihe interaction between industry elements and loT
devices the construction industry is lagging technologyimplementation(Hasan et al. 2021As a

result oftheIndustry 4.0 concept that is applied to the construction industry, Construction 4.0 proposes
a framework for extensive application of BIfBuilding Information Modelling)in different stages of

a product/asset lifecycle, including design, construction, industrial modular productionpbyieral
systems (CPS), supply chain and construction sites works monitoring, and data analytics including big
data, Al, cloud computing and blockchai(Sacks et al. 2020; Turner et al. 202Industry 4.0
technologies are increasingly becoming appealing since constrymijects’ complexity is growing

and coupled with the need for higher productigityurner et al. 2021)n addition to BIM, Digital Twin

(DT), as one of the main concepts of Industry 4.0 and a subset of a CPS system, bespeaks a new paradigm
in the construction industry as a réiahe virtual replica of a physical asset. The federated BIM models
produced during design and construction phases reflect itlesagmed and gslanned states of the
project, while Digital Twin captures the -bgilt and agperformed states by gathering réiate
information of the physical asset and being updated constBdigks et al. 2020)Therefore, the
utilization of BIM and Digital Twin concepts ensures efficient information flow and management of the
physical entity in its different stages and management aspects, including design, supply chain,
construction, commissioning and handover, and maintenance. Moreovegpyrdent offers several
opportunities such as asset performance management, asset risk assessment, shoranotiloni dor
plaming, miscommunication and information wastag®idance collaborative decision making, and
process automatiafWanasinghe et al. 2020)

Several industriesush as manufacturing, automotive, aviation, and healthcare are extensively using the
concepts of Industry 4.0, but the construction industry is in its infancy in terms of adopting and
implementing Industry 4.0 principles. According fenn and Rasking2008) a new technology
undergoes five major stages from its growdhdevelopment, referred to Innovation Hype Cycle (see
Figurel). As it is evident fronfigure 1, DT and BIM are at the HfAPeak
ATrough of Di si | | usi othmeana thai DTswilleegperience ar decline endts i v e
attractiveness to industries, and BIM is on its way to passing the decline stage. Therefore, researchers
and early adopters should conduct studies to overcome thechalleBjearafBl M t o reach t h
of Enl i ghtenment 6 a n,drespeBtivelyto expase toef appitationd ofdhtesev i t
technologies to the real wor(&! Jazzar et al. 2020)
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Figure 1- Hype-Cycle for Emerging technologies (Adpted from Gartner, Inc. (Walker 2018))

Moreover most construgn industry studiesand practicehave focused ommplementingDT in
operation andnaintenance phasef facilities(El Jazzar et al. 2020; Lu et al. 2020y proposing a
theoretical/conceptual model of DHence, there is also a need to implement it in the building and
infrastructure design, construction, and supply chain phases.

The man focus of this studis multi-fold. It aims at proposing a coherent, cagiensive, and feasible
construction digital twin (CDTiramework and workflow for information management throughout the
construction phas@.hedefined conceptual schema of the construction diditah identifies, for each
component the virtual modelthe data collectiosystems ossite, the connecting infrastructureheir
requirements, theifunctioning and the potential solutions available on the market, also taking into
account the necessities of each discipliaopting predictive algorithms and data analytics to exploit
the dataand the informatiorstored in the digital twinwill be explored.The enabling technologies for
data acquigionin a constructin sie will be discussedOnesimulated case studp the field of civil
projectswill bediscussedo demonstratéhe potential implementation of the digital twin approach. In
this case studyhedigital twin solutionsanddata collection equipmentill be explainegdand modalities

of predictingconstruction evolution and reporting to the project aggament tearwill be defined To
conclude, this study willdiscuss and assess potentialities #indts regarding the digital twin
implementation in the construction industproviding perspectives and requirements for further
developments irhe field.

This study benefits from a mixedethod approactor its research methodology. This approashsists
of an extensive literature revie®BIM modelling and DT implementation along with theingmonents,
data analytics and artificial intelligence techniques,aoase studgonducted irm construction project

Erasmus Mundus Joint Master Degree PrograinEBBASMUS+
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This research project contributes to the body of knowledge by proposing a comprehensive framework
for implementingDTs for theconstructon phase o&nasset. It enhances the indugtractice bybetter
information managemenin the constructionstages of a assetor its related componenis favor of
contractos and ownes &atisfaction. The uniqueness of the proposed research projech lies i
integrated approach for taking the benefits of BIM and Industryeti®nologiesn the constration

industly as acomprehensive method that is applicable in-vealld projects and supporting thexhthe
constructionphase. The neposedDT approach can be highly desirable since it enables actionable
knowledge and effective decisimnaking in the constructionphasebased on redime data and

per for mi-iinfgd fAiswheantar i os, and reduces (La®BrmNge2IOst r uc
Roxinet al. 2019; Sacks et al. 2020; Wanasinghe et al. 2020)

The renmainder of the study discusses tligital twin as a concept of Industry 4.0. Then, construction
digital twin (CDT) will be introduced along with its components and the proposed CDT framework
Next, a soil management application will be implemented as a case study immamgiag the CDT
framework. Finally, in the Conclusion sectiprihe impacts and challenges of the proposed CDT
framework will be evaluated.
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2. DIGITAL TWIN T AN INDUSTRY 4.0 CONCEPT

Industry 4.0, as an evolution from Industry 1.0 to Industry 3.0, was first cbingteGermanfederal
government in 2014s a strategic response to the German ind(slinc and Turk 2019)The initiative
wasto catch up with the industrialization of Asiandit was expectedo alternate the producticand
promote the computerization of manufacturi@pkalp et al. 2017; Kan and Anumba 2019; Klinc and
Turk 2019) Later on this digital transfomation, i.e.Industry 4.0 has been adopted at international
levels, e.g. European Union, as a strategy to the modernization of the industry such as manufacturing
and a response to their associated challe(ig@sc and Turk 2019; Negri et al. 2017) offers the
transformationof ordinary systems, including machines and production systems, tawsei, self
predict, seicompare, seltonfigure, sedimaintain, and selbrganize devdesand systemgGokalp et

al. 2017; Lee et al. 2015This transformation enables the systems to gathettimaldata of the
product/process and selfagnoseto prevent or minimize the production disruptions or downtimes
(Gokalp et al. 2017)

Industry 4.0 is a collective term for a number of building blocks cangisf Internet of Things (loT),

Big Data, Cloud Computing, the Internet of Services, Gtfgrsical System (CPS), Smart Factories,
Advanced Manufacturing, Digital Twin (DT) et@an and Anumba 2019; Klinc and Turk 2019; Negri

et al. 2017)The essential building blocks of Industry 4.0 are cydiessical systems (CPS) that link the
digital and physical worldéHasan et al. 2021; Klinc and Turk 2018)P S ar e known as 0
of comput ati on wiwhehe cgmpwatonatrasburcpsrmonitaphysieabndrt with
afeedback loop andteract witheach othethrough embedded computers and netwditke 2008) A
differentiating factor between Industry 3.0 (automation) and Industry 4.0 is the human mediator that
connects the digital and physical real(déinc and Turk 209), while in CPSthe cyber and physical
worlds are integrated through networks and computational resottaésg said thatfi bdirectional
communicationo is a critical component of CPS
correspondig physical componen{gnumba et al. 2010)

According toa guideline by_ee et al(2015) in general, a CPS has two main functional components:
(1) advanced connectivity, (2) intelligerdtd management, analytics and computational capability. The
former establishes connectivity to gather i@k data from the physical world and information
feedback from the cyber space, il@-directional communication, and the latter constructs tterc
space(Lee et al. 2015)Based on this guideline, theproposeda 5-level architecture for CPS
implementationn theindustry, as shown irFigure?2.
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* Self-configure for resilience
lon ¢ Self-adjust for variation
\,\ * Self-optimize for disturbance

* Integrated simulation and synthesis
* Remote visualization for human
* Collaborative diagnostics and decision making

NZO0O—-=-IO02Z2C™
OmMm=-CO0—0~--P

* Twin model for components and machines

* Time machine for variation identification and
memory

* Clustering for similarity in data mining

* Smart analytics for
Il. Data-to-Information * Component machine health

Conversion Level * Multi-dimensional data correlation
* Degradation and performance prediction

* Plug & Play
* Tether-free communication

1. Smart Connection Level

* Sensor network

Figure 2- 5C architecture for CPS implementation (adopted fromLee et al.(2015)
2.1. Smart Connection Level

Accurate and reliable data acquisitionisthe itespinde el opi ng a CPS and consi st
devices, communication and sensor networks. Selecting proper sensorad@ptthg suitable
standardizegrotocolsfor data acquisition and transferring to a central server are two important factors

in this level(Klinc and Turk 2019; Lee et al. 2015)

2.2. Data to Information Conversion Level

At this level, various tools and methodologies are deployed to derive information from data gathered at
level 1 to be utilized in analysis and predictions in order to support decis&ing (Klinc and Turk
2019; Lee et al. 2015)

2.3. Cyber Level

This level plays as a central information haotitie CPS architectukee et al. 2015Digital Twin is a

key component of this levelhich meansfia digital representation @fn object that exists or will exist

i n the phylinccaad Turkv2019) Dli® to massive information gathered at this level,
information and insights could be extracted at this level by deploying data mining and data analytics
methods.

2.4. Cognition Level

This level produces comprehensive knodde of the physical system to enable expert users with their
decisionmaking. Hence, presentation and Hgfi@phics methods are necessariraosfer the acquired
knowledge correctlyo the usergLee et & 2015) Al technologies can be exploited to perform machine
learning and diagnostics and make advanced deci@fdins and Turk 2019)
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2.5. Configuration Level

This level applies the corrective and preventing decisions made irtioodavel to the physical system,
i.e,, feedback from cyber space to physical space and controlling the machines to make them self
configure and seladaptive(Lee et al. 2015)

CPS as a core compormé of Industry 4.0 requires Digital Twin for its development. As CPS aims at
enhancing the production system and controlling the production #imeglDigital Twin, as a specific
form ofaCPS, aims at providing a digital replica of the physical produptocessn reattime or near
reattime and capture all usefuhformation throughout the product or process lifecy®an and
Anumba 2019; Uhlemann et al. 201C@pomparedo CPS, DT focuses more on data and high fidelity
models(Zheng et al. 20195ervingas the virtual and computerized counterpart phgsical system,

DT enables simulatioand reatime synchronization of the sensed data from the field that is acquired
via enabling technologies of Industry 4.0 such as(Mé&gri etal. 2017) DT was first developed by
National Aeronautics and Space Administration (NASA) during the Apollo 13 missionanaeof the
oxygen tanks explodesh April 13, 1970, two days after launch, and the NASA flight control team used
a simulated envanment to model, simulate and test possbenariosind successfully found a solution
(Barricelli et al. 2019; NASA 2004Though DT was first born in the aerospace field, it has been recently
adopting and gaining intereist a range of industries such as manufacturing, automotive, heajthcare
medicine aviation,andterrestrial exploation(Barricelli et al. 2019; Uhlemann et al. 2017; Wanasinghe
et al. 2020)

The rewarding attempts of utilizinthe Industry 40 concept, such as CPS, from other industries
encouragethe construction industry to recognize the potential benefits of such concepts. For example,
energy monitoring and structural health monitoring (SHM) were among the first applications of the CPS
in thecongruction industryKan et al. 2018)Althoughtheconstruction industry is at the beginning of

the digital transformation process, it has gdispeed to become digital and seeks out innovafi¢as

and Anumba 2019; Zhou et al. 20285 such, DT is also at its infancy in the constructiodustry
domain therefore more research in its applications in construction and other domains would be
beneficial to its maturity and adoption within the construction indu@t@n and Anumba 2019)
Applying appropriate integration of automated systems and information communication technologies
(ICT) in the physical construction process will resultaimmore controlled project delivery process
(Anumba et al. 2010According tothe National Institute of Stndards and Technolo@MIST) report

on interoperability problems in the U.S. capital facilities industry, $ 15.8 hillion was quantified as the
annual interoperability costs for the capital facilities industry in 2002 besides other inefficiency and lost
opportunity costs associated wite inadequaténteroperability( O6 Connor .Teé adeption 2 00
of CPS approach offer a more intelligent, sustainable, and interoperable construction process resulting
in @ major reduction in such losgggumba et al. 2010)

2.6. Digital twin definitions

Grieves introduced the concept of DaiTwin in 2003 at his university course on product lifecycle
management (PLM)Grieves 2014)NASA alsoprovidedone ofthe first definitiors of Digital Twin as
fian integrated muklphysics, multiscale,probabilistic simulation of a vehicle or system that uttes
best available physical models, sensor updéss, history, etc., to mirror the life of its flyingvin.
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The digital twin is ultrerealistic and maygonsider one or more important and interdepandehicle
systems, including propulsion/energy storage, avionics, life support, vehicle structure, thermal
management/TPS, etc. In addititmthe backbone of higfidelity physical modelsthe digital twin

ntegrates

sensor

system, maintenance history, and all available historical/fleet data obteimgddata mining and text

miningd (Shafto et al. 2012)According toNA S A6 s

d e fdigitalit twii anro,

prototype that mirrors its corresponding phykiang twin in reaktime.

canod be

DT is usually wronglyreferredto as only a 3D model of the physical worlLaGrange 2019;
Wanasinghe et al. 2020jherefore, though the is nosuchuniversally acceptedefinition of Digital

Twin due to different viewpointsresearchers and institutions have provided broader definitions of
Digital Twin (Kan and Anumba 2019; Wanasinghe et al. 202Bjs is also the case among AEC/FM

industry stakeholders who do not share a common definition didamposano et al. 202able1

provides various definitions provided in the literature with respect tretated indistry.

Table 1- SampleDefinitions of a Digital Twin

Reference Definition Industry
Glaessgen an( A Digital Twin is an integrated mulphysics, multiscale,| Aeronautics
Stargel(2012) probabilistic simulation of an dsuilt vehicle or system that usg

the best available physical models, sensor updates, fleet hi

etc.,to mirror the life of its corresponding flying twin.
Negri et al.| file virtual and computerized counterpart of a physical sy] Manufacturing
(2017) thatcan be used to simulate it for various purposes, exploiti

reattime synchronization of the sensed data cwgriiom the

fieldo
Hasan et al| fia representation ai physical entity via a virtual model thl Construction
(2021) mimics itschange in state whether it mechanical motion o

physical/dimensional changés.

Xu et al.(2018)

fa comprehensive virtual ¢
throughout its complete lifecyclie starting from idea and up {
decommissioning and project closudre

Construction

LaGrangg2019)

fadvanced 3D model s, r-derpain
digital models that mirror the performance and operatioa
physical asset or process as it moves through the lifecymen
design, engineering, construction, commissioning, and fin
into operation. 0

Oil and Gas

Khajavi et al.

(2019)

The digital counterpart of a physical asdesigned to integrat
reatt i me sensor readings to

Construction
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opaational efficiency andnteraction with the environment ar
usersandto enable predictive maintenaanc

National fA digital twin is a virtual representation of a physicajeat or | Infrastructure

Infrastructure system across its lifecycleysing reatime data to enabl

Commission understanding, learning and reasoning.

(2017)

Madni et al.| A digital twin is a dynamic virtual representation of a physi Systems

(2019) system that is continually updated witts physical twin's Engineering
performance, maintenance, and health statustdiedgaghoutts
life cycle.

Jones et al| fia system thatouples physical entities to virtual counterpa] Manufacturing

(2020) leveraging the benefits of both the virtual and physig
environments to thbenefit of the entire systei.

Bolton et alffia real i sti c dfiagsets, processes @ systd Built

(2018) in the built or natur al e n \ Environment

Pan and Zhan
(2021)

fia mirror and digital depiction of thectual production proces
which can imitate lh aspects of physicabrocesses under th
integration of physical products, virtual producsd relevant
connection data 0

Construction

B.l.M.Dictionary
(2021)

fA set of digtal assesi models, documents and dse#s- that
mirror a physical Asset for part/whole of the Asset Life Cyxls

Built
Environment

Grieves(2014) | fAavirtual, digital eqivalentto a physical produa [and]rich | Manufacturing
representations of products that are virtually indistinguish
from their physical count er
Boje et al (2020) | fithe digital representation of the building, enriched by | Construction
addition of sensing capabilities, big data and the Interng
Things from site to building operatian.
Barricelli et al.| iA DT is a living, intelligent andevolving model, being th{ General
(2019) virtual counterpart of a physicahtity or process.
Grieves andfit he Digital Twin i1 s a set]|Manufacturing
Vickers(2016) | fully describes a potential or actual physical manufacti

product from the micro atomic level to the macro geomet
l evel . 0
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Regardlessf the type of definition or industry, DT halsreemain componentéGrieves and Vickers
2016)

1 Physicalspace
9 Virtual space
1 Link for data/information flow between realtwal spaces

This new generation of CHBtegrates the physical and virtual worlds via twinning that establishes the
inter-connection between physical and virtual spaces through data collected by {&asond
Anumba 2019)In this connection loop, reaorld data from the physical components are collected and
sent for processing, arttie virtual part applies Aland engineering models &xtract insights and
informationused for managing thghysical par{Boje et al. 202Q)ldeally, DT contains all information
that could be obtained frowarious facets of physicalentity, i.e. a product, a physical system, a
process, or evean organization{Grieves and Vickers 2016; Qi et al. 202Aksuming the costof
working with a physical component and the virtual areequal today, as it is evident froRigure 3,
these costs have divergent trends where the physical aostacreasing and the virtual costare
decreasing exponentiallfGrieves and Vickers 2016Hence, overing the ente lifecycle of the
physical asset, Edudiryg thp lorigermacosts ofbite phesicdl tviiBioje et al.
2020)

9140 Cost Change

$1.20
$1.00
$0.80 === Physical Costs
$0.60 === \/irtual Costs
$0.40
$0.20

$0.00

Years

Figure 3- Real versus virtual costs (adopd from Grieves and Vickers(2016)

Collaboration between relevant stakeholders such as customers and designetiseis Emeficial

aspect of DT. This is because DT is an updated and faithful replicatithe @hysical product that

enables fast and transparent communication between individichlana et al. 2019With reattime

data and knowledge base, early simulationfutiire behaviours of the designed system would be

possible to evaluate the performance of the system, which in turn allows savings. DT also contributes

to optimizingt he oper ati on, manufacturing, i nspections,
(Tchana etl. 2019)
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Considering the data flow between the physarad digital objectsthreelevels of digitisationexist
digital model, digital shadovanddigital twin (Ruppert and Abonyi 2020)

Y Physicaie f

. :Phys'ircal /

A
7 Object = - -Object
S 01:1001100110101 A 011001100110101 PSS Irrs 01:100110011010:1
S i A P
Digital Model I Digital Model Digital Model
| 100111001100101 | 100111001100101 100111001100101
L I L I |
Digital Model Digital Shadow Digital Twin

Figure 4- Levels of digitisation

On the first level, Digital Model is offline and the data flow between the physical and virtual objects is
done manually{Ruppert and Abonyi 2020}t is believedthat the construction industry and Bldfe
currently in the Digital Model subcategofgl Jazzar et al. 2020; Tchana et al. 20T®) the Digital
Shadow level, the data flow is automatic in one way from the physiceé dpathe digital space
therefore the material world leadhe change Finally, on the top level, Digital Twin automates data
flow between the physical and virtual worlds both directions,and ensures full integration and
synchronization(Ruppert and Abonyi 2020)

Considering the BIM maturity leve(8ew 2008) Jones et al2020)map BIM levels 1 to 3 acroske
Digital Model, Digital Shadow, and Digital Twimespectivelyas shown irFigure5. Two and three
dimensional CAD models (BIM Level Deingas Digital Models. BIM Level 1 containing data from
the actual physical construction (BIM Levelstjowing the Digital ShadowFinally, BIM Level 2 with
two-way data connections (BIM Level 3)ibg the Digital Twin.

A_Twin
Digital | Level 3
|

|
Digital™\| =
Q
Model : Level 2 aE)
| iBIM 8o Data management
| 5
| Level1l BIMs e
Q
Standards for %
: lity:
20| 30525z [rerom| 2
LEVEI O L |iA|iE | (o 4 ] =
CPIC =
; ISO|BIM ]
CAD L. - a Process management
BS 1192:2007 <T
User guides:CPIC, Avanti, BSI
Drawings, lines, arcs, text etc. | Models, obfects, collaboration Integrated, interoperable data

Figure 5- BIM maturity levels in relation to digitization levels
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2.7. Digital Twin in the construction industry

Increased interest thedigital twin has encouraged the construction ingust follow this conceptEl
Jazzar et al. 2020Mowever, i the construction and built environmethie digital twin is not defined

in a comprehensive way academiaand t is simply considered as BIM adels produced in design
and construction phaséSacks et al. 2020PDthers looked at it as a digital represeiotabf a built asset
sieh as a building oa bidge, and for the operatioand maintenance, sonieke it asBIM models
produced during design and construcijpaGrange 2019; Wanasinghe et al. 2020)e federated BIM
models produced during design and construction phases reflectdbsigised and gdanned states of

the project and they are not capabledbot i ng constantly updatedsas the
changegSacks et al. 2020Advancements in information technology such as CPS are transforming
constructim planning and monitoring metho@san et al. 2018)Unlike BIM, Digital Twin captures

the asbuilt and asperformed states by gathering réiate information of the physical asset and being
updated onstantly(Sacks et al. 2020)Ithough asbuilt BIM models represent the current status of the
completed workthey only contain the product information which is prepared at the time of delivery to
the owneras Asset Information Models (AIM) for operation and maintenaamoe they lack the process
information of thep r o d ooastrction historySacks et al. 2020)

As DT has proven its benefitstime manufacturing industry, it encouraged researchers and practitioners
to makeefforts in developing cybgrhysical models to support digital developmerthieconstruction
industry (Pan and Zhang 2021)n the construction industry, improving productivity, sustainability,
safety, and achieving other organizatiorpor oj ect 8 s goal s ar gSepabgezark ey pur
2021) Infrastructures, built environmenandcity assets can befit from the applications of DT in
monitoring, managing, and predicting an asset's current and future (Rlatuand Zhang 2021for
instancePan and Zhan¢R021)worked on building a digital twin framework with the integratidn o

BIM, loT, and data miningechniques fomore efficient project management. They claimed that with
their proposeddatadriven digital twin framework, dat@ommunication and exploration will be
enhanced resultingin better understanding, predicting, and optimizing the physical construction
operationsLu et al.(2020)presented aystem architecture to implement DT in building and city levels.
They implemented case study usirthe proposed framework in real practice with the focus on Facility
Management (FM)Ham and Kim(2020)worked on DT orthe city level by proposig a method for
leveraging unstructured crowdsourced visual data for locating objects in urban areas that are vulnerable
and have potential risks to citizens. THiegused onntegrating such information with a 3D virtual city
model and using this model amcomputeiaided virtual environment for other visualizatiorsisan et

al. (2021) aimed at implementing Augmented Reality (AR) and DT in a construction xtozel
developed a modular CPS prototype compatible with BIM platforms and smart devices to monitor the
operations of the construction site machinery and interact with tkeamet al.(2018) explored the
applicability of CPS and information technology to mobile cranes on constructioarsitggoposed a
five-layer system architecture for planning and monitoring mobile cranes operZtionset al(2020)
proposed a datdriven digital process platform for the digitalization of construction Siiesy focused

on interopeability between different actors on construction sites and developed their approach to
increaseproductivity and efficiency in the construction processes bytileainonitoring and process
analysis.Anumba et al(2010) presented a BS approach for integrating virtual models and physical
construction with bidirectional communication to control the construction activities and consistency
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between the virtual models and the physical construction, and thus reducing the risks of uadesirab
project outcomeslurner et al(2021)discusgdutilizing Industry 4.0 on the construction sites and how
interconnected Industry 4.0hablers improve productivity. Theslso discussethdustry 4.0 concept

and its enabling technologies such amdaalytics and artificial intelligence, robotics and automation,
BIM, sensors and wearables, DT, and industrial connectivity and provides its relevant applications in
construction industryespecially inmodular building components and safety domafkisanmu and
Anumba(2015)developed system architectures, scarsaaind prototype systems to implement the CPS
approach in construction. They demonstrated two applications of the CPS appewvaely: (1) Steel
placementand (2) Light fixture monitoring and contrand discussed the key elements of the CPS
approach anénabling technologies to enhancealivectional coordination between virtual models and
the physical constructioGreif et al.(2020)explored the opportunities and potential business value of
adopting DT in construction site logistics by establishing digital twins for bulk &losntinuously
monitor and track silo fillevels

Boje et al.(2020) and Wanasinghe et a(2020) have conducted extensive literature rexdem the
emergence date and distribution pattern of DT in publications in various rieduas well aghe
construction sectokVanasinghe et a{2020)revealed the upward trend of DT publications from 2003
until 2020 in different industriesnamely: Manufactiring, Automotive, Aviation or Arospace,
Healthcare, Retail, and Oil arighs. According to their study, there was a big leap in DT publications
in 2018 and subsequent years. A similar patterthé@construction sector was shown Bgje et al.
(2020), where there was a considerable increase in DT publications in 2017 and esjpe2@lly with

the emergereof DT articles in 2011They concluded thatlthough therehas beeran increase in
research in the area of DT, the research about DT iscatits.

Although from industry to industry (e,gconstruction compared to manufacturinDYr demands its
specific models, tools, and technologitt®e overall architecture, functionalities and features of a DT
are consideredyeneric(Boje et al. 2020)Sensing and monitoring the physical, data connection, and
utilization of Al are among these generic functionalities &RSDT which arecommon in cross
domain DT usegBoje et al. 2020; Lee et al. 2015utomatically detecting issues, performance
evaluation and formulating optimized solutidmsenhance the reliability and efficiency of operations
increasdhe potential ofheDT to be seen as a promising concept for the progressitie @binstruction
industry(Pan and Zhang 2021)

2.8. Digital Twin in the construction phase: Construction Digital Twin(CDT)

The design and construction phases@a oj ect account for a consider
cost (up to 40 percentiiowever most constructiomdustry studies and practices have focused on the
implementation of DT iroperation and maintenance phases of facil{igslazzar et al. 2020)n the
product manufacturing stage, DT can realize -tiga¢ monitoring of products and predict their
performance accurately. &ddition, with theutilization of DT, the consistency ghefinal productwith

the requiredspecificationsan be evaluated in this sta@eng et al. 2019 he construction phase of

the projects exposes its stakeholders, i.sigters, consultants, contractors, owners, suppliers, etc., to
various challenges as they generate big chunks of information about the pmoduminstruction
process using their various digital tools and multiple data formats that are not usually interoperable
(Sacks et al. 2020Besides, monitoring the building components, workers, and construction equipment
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is challenging Therefore the DT approach for construction can be highly desirable since it enables
actionable knowledge and effective decismakingin the construction phase based on fiiale data
and per f o+d mion ¢ cfewkdadesdhe constructibn waste to a great eXtexGrange
2019; Roxin et al. 2019; Sacks et al. 2020; Wanasinghe et al.. 2328) example, with the use of DT

of a constration site, ptentialissues can be detected and predicted in the virtual bpfarehappening

in the physical spad®i et al. 2021)which in turn prevents the rework costs or increased idle time of
workforce and equipment and poor performance due to material unavailability and insufficiency

A noticeable feature of the current monitoring technologies (e.g., range finders, laser scanning, GPS,
RFID, Wi-Fi, UWB, smart sensors, etc.) used in the construction industry is that the gathered data is
generally used imnisolated fashion with a singleubject focus where there are very few cases of
integrated use of more than one technolggcks et al. 2020 here is also a lack of clarity on the
potential technologies for higher levels of CDT in terms of integration with $eckmical platforms

and using simulation, optimization, learning, and -asdr engagement, mainly due to a lack of
implementation and search at such levels of sophisticat{Boje et al. 2020)

Since its emergencB]M hasenhancd the collaboratiorand information exchange in different project
stages among the involved partids.industriesare adoptinghelndustry 4.0 revolution and automation
solutions, BIM, which was initially envisaged to facilitate the information exchange among fragmented
entities, is facing new challenges in leveraging big data, 0T af@d)é et al. 2020)in addition, BIM

tools and methods like generative desipplications for energy analysis, structural analysis, lighting
etc, are designed for predictive usetire design or futurgperformance of the built prodyctat for the
project s c o (Sacksral alt 2020)seeminyly, sstatic BIM and its interoperability
innovatons, such as ISO STEP, IFC, and IfcOhdve limitationsin leaping todynamic design and
construction stages wheeelarge amount of data is producetimiting the added benefitto the
construction supply chaifBoje et al. 2020)However, efforts have beenadeto enhance the IfcOwl
ontology such as EXPRESS to OWL conversion for particular use in the architectural design and
construction industr{Pauwels et al. 2017; Pauwels dretkaj 2016)

Moreover, BIM object modelsannotrepresent the construction process aspects dbeitwsufficiency
of their schema componerits reflect such processéSacks et al. 2020The other limitation of BIM
is that itcannotevaluate, analyse, and predict the-teak status of a product or procd8an ad Zhang
2021) Therefore, these limitations might hindbe full utilization of BIM throughout the built asset
lifecycle.

As mentioned beforeg DT integrates the physical and virtual worlds via 4t#ak data from IoT and
enables Al and data analytidhe bidirectional communication capability of a DT enatdesato flow

from the physical tehe virtual and information feedback in the other direction, i.e. fthewvirtual to

the physical(Kan et al. 2018)Therefore,aDT has great potentsin addressing the challenges of static
BIM and promises a retime and linked data paradigm and fully represented models of building
products in the form of a D{Boje et & 2020) In the construction context, D&s a new phenomenon
(Sacks et al. 2020pims at enhancing the constioat processes and ®alled nD BIMs by cyber
physical synchronicity to represent tphaysical constructiorassets in regime (Boje et al. 2020Q)
Various applications of BIM have been explored and apgdiieth design to decommissioning of a built
asset in terms of architectural and structural design, quantity surveying, construction project
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management, and sustainabilityhitlock et al. 2018)However there are limited studies on BIMes
duringtheconstruction phaseuch as construction logistimanagement, and usugyD/5D BIM uses
have been traditionally implemented durithg construction phasdue to increased requirements for
collaboration, actors and modé¢Boje et al. 2020; Whitlock et al. 2018h additionthe application of
DT in buildings ismostly limited to building operatiorand maintenancgsacks et al. 2020BIM has
severalses during conatction such as scheduling, clash detection, safety managememtitetzigh

it is becoming more common to use BIM during congionc the level of development of DT during
construction is still very lowBoje et al. 2020)Condderingthe substantial impact @he design and
construction processof a construction asset a3 operation costd8oje et al. 202Q)any benefit from
DT during construction will have added valugherefore, this study is motivated by proposing a
construction digital twin (CDT) framework for genecaintractors to use DT in the construction phase
of projectsand benefit from various advantages it offers.
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3. CONSTRUCTION  DIGITAL TWIN (CDT) 1T A
FRAMEWORK FOR A GENE RAL CONTRACTOR

Taking into account the waé chain management, construction companies are setkiagopt
technologies to increase their profits and add value to their customers while gethecinosts of
implemening such technologiefBoje & al. 2020) Hence, considering the implementation costs, a
general contractor can benefit from a CDT during its construction activities to increase its la@defits
decrease the riskand at thedelivery and handover stage to increase its customefastitg. The
capabilities of DT bring valueto building and society levelby reducing energy waste aodrbon
emissionand developing more sustainable strategieSDT of a physical entity starts its life before or
during the construction phask other wads, the focus of a CDT is atme pre-construction and
construction phases of a project or physical enfihe @nstruction phase gfrojects takes up to 40%

of thetotal budget and due the existence of severalroblems in this phassuch as site conditis,
inappropriate construction methods, mistakes during construction, poor project management, etc.
(Esmaeili and Kashani 2021projectscost overrunsare inevitable and will lead to higher budget
requirementsNumerous challenges occur during this phasd the general contractor, as the main
player in this phase, needs proper management and solutions to address these difisuilbt.
models are not updated until the handover of the prajetthey also have limitations in réahe data
synchronizatio and model updating CDT fills this gap by integrating the physiesgitities, virtual
models analytics and prediction capabilities, and services by-timaal or neatreal time data
connections during the construction phase prior to the handover. Hehitee,benefiting from the
CDTés advantages, the gener al contractor plays
owner 6s r eegauding Emanemstrustion historyherefore, a framework for the general
contractor touse a digital twinor a system ofdigital twins during the construction phase and
implementing it for different applications can help the general contractor in managing construction
products and processes and mitigating aforementioned gaps.

Considering the literature revieiwom various domainand the current resedr landscape, this section
propoes a comprehensive framework for CDT deploymdnhighlights the CDT frameworklayers

and components, allowing contractoostakeadvantage of DT and its uses durithg construction
phase. This is done by evaluating DT uses and its components and featurearfooisdomairs such

as manufacturing, systems engineering, oil and @asstructionetc, and suprimposing them into a
CDT, enabinga general contractor to deploy it iis ldesired areas of applicatidks mentioned before,
thet hr ee main component,sitolfe agvabDrot Udadd eefa chhe opfh ywhic
specificfeatures anabilities. The physical senses, monitors, and actuates while the virtual simulates
predicts, optimises, and acts as an agent by embracing the data through its efbBifiésloT, data
linking, and knowledgstoring(Boje et al. 202Q)The superiority of digital twin lies in the relatiship
between the physical world and the virtual world and their clsaa control system where the virtual
world is updated constantly via reéahe data to represent the current status of the physical world and
enables the analysis, diagnosis, optatin and prediction of the real wor{an and Zhang 2021;
Rausch et al. 202@nd provides various services and applicatibteice, a DT should not be viewed

as an extension of BIM that is integrated with sensing and monitoring techn@®Bgais et al. 2020)
Accordingly, he proposed-dimensional DTin the literaturas expanded in this study by additngee
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more components namely: dapaediction and analyticsomponent, and service pooperly serve the
purpose of a CDT in terms afgestingrequireddatg analysing angredictingproject/site evolution
and providing services.

3.1. CDT Components
3.1.1. The Physical

The physical in &CDTisa broad term for APhysicaliPEnsi tgl 0 f
Proces® eltticwhere sensing, monitoring, and actuating happéeserallyt he fAobj ect | ay
consists of the desired physical component of a CDT, the essential site components, and the sensing
system(Kan et al. 2018) Construction sitg buildings and physical assets, human and material

resources, equipment anthchiney, and other physical entities related to the construction processes

are samples of the physical componéite commonality in these entities lies in their physicedt

world existenceThe means for sensing, monitoring, and actuating such as sensors, 10T devices, laser
scanners and communicatiorfrastructure and generally the sensing system to be leveragethe

physical components are defined in the physizaégory(Kan et al. 2018; Zheng et al. 201%he

physical componertan be referretb asthefi p hy si ¢ a lthefepnh y ¢ iy®da lading inwhiasn 0 r ega
been twimed or noti.e., whether or not the virtual apthysical states are synchronizgdnes et al.

2020) A P hBnsvii a aln(atse referctedo a sreafs pac e 0 -w o d | igitee)reaivorld

spacewithin which the physical entity existandii Phy si c al processesoO are th
performed by the ptsjcal entity in the physical environmegdbnes et al. 2020)

3.1.2. The Virtual

Virtual models are the reéime digital equivalents to physical entities that reproduce their geometrical

and functional aspects, i.e. geometries, propettigsaviors, and rulggKan and Anumba 2019; Qi et

al.202)A Vi rt ual Entity, 60 mWimnrt wad dpmeoicaemsasim@g ntt he amalr
of AThe Virtual . 0o A Moatetérmsoused io ftdragure toomerftiantihe elrtud , 0 et c
entity. The term O6virtual t wi(Jordeseta 202Fisudlizatidnen t he
is the essender reaktime monitoring of the physical products and proceé@est al. 202L)d Vi r t u al
environmento mirrors t Bswithpnhhe digital domainaBilarterme suche nt  and
as Avsipratcueadl a-wdr Rddr aueal ot her terms ufleeésetian pl ace
2020) The virtual environmeris used for modelling, simulatingptimizing, predictingand vsualizing

the physical reality These actities that are performed using the virtual entity within the virtual
environment are called virtual procesgdsnes et al. 2020Various software environments and

platforms are available and could be utilizedreate virtual entities, virtual environmentsdairtual

processes.

3.1.3. The Link/Connection

As acentralcomponent of a DT, the link establishes the ability for data flow from the physical space to
thevirtual spaceand information flow fronthe virtual space téhe physical spacéGrieves and Vickers
2016) Data connectiobetween different parts of a DT, e.g., physical to virtual, virtual to prediction
and analytics, etcis enabled by various technologies suchR&3D, sensa, 10T, wireless sensor
network communication networksprotocol technologie§Qi et al. 2021) This connectiorenables
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physical and virtuatwinning, and the data gathergq that is the basis foanalysis, simulations,
predictions and serviceAccording tothe various forms of data (data fropmysical world, data from
analysis, data from virtual models, etc., see se@idr¥ different connections between the CDT
components can be established, i.e. connections between the physical, the virprakittien and
analytics componenand the service tiekigure6 illustrates the connection lveten different elements
of a CDT.

Prediction & Analytics Services
Component

P L > ﬁ

"’. %‘x
' [

Al

LR
]

Physical World Virtual World
= hl HE
- " 10101
peaaey /N _ 01010
g - 00100

Figure 6- Connectiors betweenthe CDT components
3.1.4. The Data

Data is one of the key drivers of CDT that comes from multi resources drafanm of multi-temporal
and multidimensional data, i.eneterogeneous dai®i et al. 2021; Zheng et al. 2019)ith the
availabiity of low-cost sensors, a data flow from the physical space to virtual speeatime or near
reakttime will be possibleData couldoe obtained from physical entities or serviggsduced by virtual
spacgZheng et al. 2019provided & knowledge by domain experts atata analysis, or geneeat by
data fusion(Qi et al. 2021)Basel on the speciéi application of a CDT andnabling technologyor
data acquisition (sensors, loT devices, etc.), the data can be differentsiortypenat. Data can be
synchronized in two ways, reiine synchronization and no rei@the asynchroous.The intermediate
database is used to transmit data to the virtual space in ftomeasynchronous mode of data transition
(Zheng et al. 2019)

Datacan be acquired from or generated by the phygemity, environment, processy the virtual
(entity, environment, process)herefore, a CDT contas physical construction data and virtual
construction dataPhysical construction data includes site sensing data, site monitoring data, and
lifecycle data(Boje et al. 202Q)Table2 shows samples ophysical constructiodata types related to
each activity
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Table 2- Physical construction data types and their samples

Physical Construction Data Data Samples

Site Sensing Data Sensors readings, location of nréks and
equipment, weather datajisplacement datg
volume data, temperature datAumidity data
load and pressure data, contact dsiiagin data
rotation data, laser scanning, topograp
photogrammetry, videos, images, RFID

Site Monitoring Data Schedule progress, resources availabil
employeesafety,construction quality, structurg
health, construction current status, worker a
equipment performance monitoring, mate
tracking, temporary structure monitoring
construction component placemesite changey
detectionmachinery operationsonitoring non
conformities rectification

Lifecycle Data Supply chain information, material compositio
hazardous material informatipn material
specifications equipment installation an
operation informtaon

Virtual construction data can include building model data, simulation stat@ais datgorediction data,
and optimization dataach of which haspecffic types and samplg8oje et al. 202Q)Table3 shows
samples of virtual construction data types and their corresponding samples.

Table 3- Virtual construction data types and their samples

Virtual Construction Data Data Samples

Building Model Data As-desgnedproductmodels As-plannedprocess
models, nD BIM models, project document
schedules, procuremeriyvoices/statements ar|
payments

Simulation Data Clash detection, construction/deconstruct
simulation, costing

Status Data As-built product modks, As-performed proces
models, Discrepancy analysis between - ¢
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Virtual Construction Data Data Samples

designed/aplanned and abuilt/asperformed
products/processes

Prediction Data Cost forecast, energy demand, traffic congest
weather forecastduration forecast, time/co:
deviations brecast

Optimization Data Optimized scheduling, dynamic resoul
allocation, cost reductions, energy usgg®ject
duration

3.1.5. Intelligent Component

Integration of DT with big data analytics, cloud computing, simulafdand machine learning, mobile
Internet and other technologies enables thewaution between the physical and virtual spg€aset

al. 2021) To extract information and insights (i.&nowledge) from themassie volume of data
produced during CDT usage, advanced datalyticstechniquesare neededQi et al. 2021) For
instance, supervised and unsupervised learaiegMachine Learning classes to make predictions or
extract patterns from the existing data. In supervised learihjogitams such as Linear Regression,
Logistic Regression, Convoluted Neural Network, ,dtte algorithm predicts an answer, checks the
predicted answer with the correct one to evaluate whether it is right or wrong and tries this process to
reach the optimal state and minimize the cost function, loss, or kruarsupervised learning such as
Recursive Neural Network (RNN), the processsuecursively to recognize a pattern in data. These
algorithms do not require labeled samplence, no prior knowledge is needBeep learning, a subset

of machine learning, is alggetting momentum sindés data analysis algorithms can be perfornmed i

the cloud The data analysis performed by this component is crucial to support monitoring, diagnosis,
prediction and optimization. For data processing, Cloud, Fog, and Edge computing technologies can be
deployedPires et al. 2019)

3.1.6. Service

The ultimate goal of a CDT is to provide valagded services and benefithe @nstruction phase is
prone to numerous challenges different characteristica€C D T 6 svicesseich as site monitoring,
optimized construction logistics, quality assessments, and safety manageeeinong various
services that camitigatesuch challenge§ hecombination of the physical, the data, ati virtualvia
usingthe intelligent componenas a CDT implemnted duringhe construction phashas nultifold
benef i ts .dhesefiserdcesan lweduwsther divideihto benefits and services durirnige
construction stageandthose benefitsnanifest themselves at the delyendhanding oveistageor
dismissal Table4 enumerates some of these services.
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Table 4- CDT benefits and services

Service Type

Benefits/Services/Applications

During Construction

Site progress monitorin@oje et al. 2020)

Clash detectioBoje et al. 2020)

Site monitoring

Data visualizatior{Boje et al. 2020)

Optimizing construction logisticdBoje et al. 2020)
Site planning

Safety manageme(an et al. 2018)

Integrated and adapted schedul{Bgje et al. 2020)
Construction product quality assessment
Supply chain managemefi@oje et al. 2020)
Construction process control

Sustainable building practices

Tracking d changes and model updates

Design office and construction site collaboration and informg
exchange

Enhanced communication and coordinaijgan et al. 2018)
Constructiommachinery operatio(Kan et al. 2018)

Interaction with the user via AR/VR technolog{&sres et al. 2019)

Handing over or Qimissal

Integrated handover to operation phé3eje et al. 2020)
As-built documentatioiiBoje et al. 2020)

Lessons learned and historical data to expertiesigners for bette
future desigr(Barricelli et al. 2019)

Integrationwith other DTs
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As long as the services are concerned, improving the integration and automation would enhance the

construction serviceBoje et al. 2020)

3.2. CDT Framework

Designing a Construction Digital Twin demartudistic thinking to clarify the ontological aspects of

DTs and the necessary elemeritso r

t he

execution phase, DTO6s

relationshipsspecific feaures and functions of each element and related technologies, and the function

of the CDT as a wholgSacks et al2020)

The main barrier to develop a DT is the system architecture and reliability of tflawat al. 2021)
Building upon extanwvorkson DT in variousfields, e.gBarricelli et al.(2019, Boje et al.(2020, Lu

et al. (2020, Sacks et al(2020) a CDT frameworkwas deviped in this researcthat serves as a
roadmap to general contractors in ordémtplement a CDT during the execution phase of their projects

andtake advantage @D T6s ampl e

benefFigiresrd @a p d c & p paintie€&SanHi 6 6 n M

information flow andtheir relatedenabling technologiefor the CDTimplementationln the @ming
paragraphseachtier will be explained in detaiFnally, a soil management case studytesapplication
of aCDT will be implemated via the proposed framework to validate its applicalaitiy effectiveness
and detect the barriersitoplementing such applications using the propo&#aT framework

Figure 7- Construction Digital Twin (CDT) framework
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3.2.1. Physical/Virtual Entity Tier

This tier represents the physical object that already exists or is going to banduilie virtual entity
thatwill be created through digital modellifngodelling is the basis of implementing a DT in practice
(Tao et al. 2019)Digital modellingin the physical/virtual entitytier is a collective term for the various
digital models of products or processes that reprigshysical reality A digital model is a geometric
representation of an object or set of objegenerally in 3Dmade ora computer with other purposes
such as anafyng, simulation et¢beyond geometrical representati@chana et al. 2019According

to Barricelli et al.(2019) two lifecycles can be imagined for a DT. One is when the physical object does
not exist sothe design process simultaneously conceives both the physical object and litstBa
construction and BIM terms, it can be seen as BIM or nD BIM mgodhish are considered-akesigned

and asplanned model#s-designed and gdanned models, or in shpRroject Intat Information (PII),
contain all information about the future state of a building that has not been b(Haget et al. 202Q)

As the names are sadkplaining, asdesign models express the design of the building or parts of it, and
asplanned models express the construction plans for building (Baaks et al. 2020)

In the other lifecycle of a DT, the physical object already exmisthere isno DT (Barricelli et al.

2019) In this case, an existing-designed or aplanred model (BIM model etc.) can be adopted and
updated to represent the current status of the physical reality, or a new model can be prepared from
scratch As-built and agperformedmodelsare Project Status Information (PSHat manifest all
information about the past state of a building-RAslt and asperformed record the information about

what was done and how it was dohe,the physical building and its construction prodgacks et al.

2020)

3.2.2. Data Acquisition Tier

Considering the philosophy of a DT to gather data intied and update the virtual model of a physical
component, data acquisition ivigal part of a DT Based on the scope and focus of a specific DT/CDT,
there is a range of technologiasailablefor data gathering including, smart sensors, IoT devices,
RFIDs, GPS, photogrammetry and laser scannergletet al. 2020; Sacks et al. 2028owever, due

to thecomplex nature of the construction projects grebspecific coniguration and purpose of a CDT,
finding asuitabletool for data acquisition may be challengihgaddtion, the adopgd technology might
not guarargea completeautonomous gathering and transmitting of the data.

3.2.3. Data Transmission Tier

A secure, reliable, and higgpeed network is required for rdahe or near realime data exchange in

a DT (Sepasgozar 202I)he locally gathered data needs to be transmitted to upper layers for updating
the digital model based on te&atus othecurrent physical entityrhedata isalsoneededor data/model
integration to seve various analyticand visualizations. This communication infrastruccar adopt a

wide range of technologies such as WAN, WLAN, 4G/Blietooth, ZigBee, GSM, LT#¥ etc, as
communication and wireless technologies, &P, MQTT, mDNS, DDS, CoAP, AMQP, XMBP

etc, as layer protocols applicatiofisiu et al. 2021; Lu et al. 2020Fachdata transmission technolpg
hasits own capabilities and limitationSecurity measures must bensideredn developing a DT/CDT
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as gathering and transmitting data are suspect to hacking and viruses, especially when dealing with
private, confidential and valuable informati(@arricelli et al. 2019)

3.2.4. Physicatto-Virtual Twinning Tier

Unlike BIM models DT is a living and evolving model rather tharistatic modeland it is connecteith

its physical twin and automatically updated as the physical twin charges/nchroniciy between the
virtual and physical twingSacks et al. 20207 he twinning process is bond with continuous int&can,
communication, and synchronization between the virtual @wid its physical twin as well gke
surroundingenvironment by continuous and reiahe information exchang@arricelli et al. 2019)The
twinning process occurs within a frequency called TwinniradgefJores et al. 2020)The reattime
updating i.e., high twinning rateenables the DT to beonstantlyaware of what is happening in the
physical world(Barricelli et al. 2019)This capability of DT is enabled by retime data uploading and
data storage technologiBarricelli et al. 2019) Therefore, this tier aim® continuously updatie as
built or asis andasperformed condition of the physical twin.

In this tief theactual (PSI) and the intended (PII) could be comparatlie judgments & performed

in each specific case with a threshold value to determine the degree of variation of PSI {eackIl

etal. 20200 The output of this fiEvaluate Conformance
of the project termed as Project Status Knowledge (P&t Al methods can be adopted to enable the
automated conformance evaluati@acks et al. 2020)

3.2.5. Analytics and Prediction Tier

The analytics and prediction tier contains the required functions for datespitng, data fusion, data
analytics, simulation, data storing and visualization, Al, ML, éaaupdate the model based on the-real

time data and also feed the upper tiers and support them in decision makings and actuating mechanisms
(e.g., sounding an ata, closing/opening a window, etdEnabling technologies such as smart sensors
and loT devices, communication technologies, advanced storage and cloud computing address the
Industry 4.0 needs to acquire, transfer, and storetddtsed this tier with r@-time or near reaiime

data However, the challenge is how to properly integrate technology and use the acquired data from
various sources to enable handIBig data(data with high volume, high speed, and high heterogeneity)
and then apply analytickearning algorithms, and visualization techniques to detect patterns, perform
predictiors, and extract valuable insights and knowlefigigueiras et al. 2021Lollecting data is a key
aspect of Digital Twin. The collected historical data stored withénvirtual environment can be reused

for future virtual processes. This capability enables the Digital Twin to learn from it§Jpast et al.

2020) Managing raw data coming from different sources and generafihgable insights and
knowledge will support impnements and optimizations in processes and enable the development of
new datadriven services and applications that eventually contribute to predictability arihreadr

near reatime reactivity(Figueiras et al. 2021As shown inFigure7, the analytics and prediction tier
encompassesarious componentsthat can be common among moapplicationsor specific to a
particular use of CDTFor example, data processing tasks such as aggregating, transforming, mapping,
and reducing datare done inthe data processing component. Theafa analytics and visualization
techniques can be performed otee processed dafgrigueiras et al. 2021 Alternatively, simulation
techniques ardeployedo evaluatevariousii w hriaft 0 s c lbout the reatvald systemAlso, data
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analytics such as knowledge discovery, machine learning, data mieiagaim to creae value from

the processed data by providing insights to related stakehdkigiseiras et al. 20215epasgozar
(2021)defines different levels of capabilities for a ¥lich as desqggiion, prediction, and prescriptipn
emphasizinghat a DT can learn and suggest new scenarios to develop construction praX€'sses.
predictive and prescriptive capabilities bring valuedducing downtime, breakdowns, costs, energy
waste and achieving Sustainable Development Goals (SIi&spasgozar 2021hu et al. (2020)
introduce Knowledge Engines (KEs) for products and processes to describe their dynamic conditions
by data integration and analysisdusingintelligent functions (e.g. AI/ML). These KEs are damand
purposespecific, for examplea pump in its operation phase, athmey utilize the data integration
capability of a DT to deliver betténformed services.

3.2.6. Service Tier

The ®rvice tier in the CDT architecture is the tier that interprets or visualimed$toject Status
Knowledge (PSK) or knowledge from a KE and triggers the decimi@king action or an actuation
function.lt is the ultimate tier that provides the output of a CDTnfiore informed decisiemaking or
enabling the commencement of arestHunction Being fed byphysicatto-virtual twinning and
analytics and prediction tiers, this tier can provide various services such as site monitoring, site planning,
claims management, et¢o the general contractor throughout the construction plgeseed on the

scope and focus of a CDT, the expected outputs are diffi@méever, a group of CDTs with different
purposes could be connectegether to work as a CDT system

3.2.7. Virtual -to-Physical Twinning Tier

The virtual-to-physical twinnirg tier is the top tier ithe CDT architecture thaapplies the decisiorsr
actuatesgpre-defined mechanismid by the service tier i.e., feedback from cybepace to physical
spaceThe output of this tiadirectly influences the physical twin thadmpletes thelosedloop control
system.Therefae, the information flow from the virtual to physical entity happens in this tier, i.e.
virtual-to-physical twinning, and it completes thedirectional communication between the virtual and
physical twins. Based on the specific servitaa analytics and prediction outpasdupdated models,

the virtual acts on the physicahd changes its status. In the next loop, the virtual catches the new
changes in the physical and updates its status accordingly and through data analytics andtheting on
physical twin completes the next ladpach loop occurscaording to the twinning ratdathasadirect
relationto the requirements of the desired application of the CDT and sefddeis shown irFigure

8, theCDT framewok presented in this studgnables a closed lpaontrol systenthatembeds a Plan,

Do, Check, and ActRDCA) cycle.Sacks et al(2020)emphasizedn enabling a closed loop model of
construction control vtimeaa infdbmiatios fromn lthie toingtryctiont mojed t r e a m
through aPDCA cycle.
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4. CONSTRUCTION DIGITAL TWIN APPLICATIONS A ND
CASE STUDIES

This sectiorintroducespracticaluses of a CDT tainveil the potential benefits od CDT in managing
realtworld problems at He execution phase of project&. soil management case study will be
implemented using the developed CDT framewonkalidatethe applicabilityand effectiveness of the
framework and dete¢ the barriersof implementng such applications using the proposed CDT
framework.

One of themainissues in each construction site is managing the soil produced at the initial construction
phasewhere site rough grading and excavatians performed for wbilization and site preparation
before the main excavatiorsd during the construction phase for excavation (cutting) or backfill
(filling) of the buildings, equipment foundations, roads, Earthwork activities arprettycomnon in
construction projes. For example, an assessment of the construction projects of 10 industrial buildings
showed that the average costs of earthwork operations (excavating, backfilling, loading, transferring,
and unloading soilequals8 percent of the total contract sulmthis assessment, the cost of supplying

soil is not consideredherefore the average cost of earthwork operations would be highen soil

supply is anticipated Needless to say that inad projects, earthwork operations consist most of the
contractamount4 n addi tion, from the projectds commenc
to the end otheconstruction phase, making it reotemporary shoiterm procesbutrather a longerm
process thatequires proper managementd timeto-time monitoring.

Even insmall and mediungonstruction projectgthe amount of soil produces considerable from the
commancement of the construction phaket he pr oj e.cRorbexampale, @ pump station
construction projeatvith a contract valuef 2 million Euros (C contractproduces thousands of cubic

meters of soil. This is the case mwariety of project typedrom building and residential projects to
petrochemical and refinery projects. In building projettie soil is producedrom rough gradingor

site preparatiomnd excavatiomf b u i | ddundatiené. In road projecthe soil is produced when

cutting is needed for establishing the designed road profile. In oil and gas ptogsts! is produced

from a variety of activities such as rough gradiagdite preparation and piling activities, excavations

for buil dings and equi pment 6s f o uprdfilastinsidentlse, cut
refinery, pipe trench excavations for laying pipes, etc.

There might be @pecific place inside the@rj ect 6 s s i tsal ddpasitfos therexcessivees a
excavated/cut soil a soil borrow for the backfills/fills. It alsmightb e out si de ofin t he |
specific places imrban areas which neagecificpermits and environmental conerdtions hence, it
demands even more attention in terms of monitoring and managémsahibwn inFigure9, depending

on the type oproject, i.e. building, road and infrastructure, power plant, oil and gasaefatiety of
sub-contractorsmight be present at a construction site amtk simultaneouslyDepending on the
subject and scope of their contracts, theght produceextra soil,need soilor both to perform their
activities.As they are working under the umbrellaaofieneral contractor, the general contractor needs

to manage the soil in terms of defining its optimal location, monitoring its status itinneabr near
reakttime, predicting necessawplumesfor front and upoming activities, managingachiney (e.g.,
trucksand excavators}ransferring the soil from the temporary location to the permanent location for
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abiding urban and environmental rules, and other related issues which imdaslteepenses of the
general contractor and the cost, tjimaalty, and safety of the project.

Another challengésthat a general contractor may encoumtaims from its sulzontractors regarding
soil and its various aspectich as soil supphAs earthwork operationsost is a corsideable portion
of contracts sum, iproper soil management can lead to huge expenses arabmpensable project
cost overruns that the general contractmstshoulder. On the other hand, efficient soil management
can helpprevent such claims anthcilitate the ongoing or upeoting activities that need soil
deposit/borrow.

Building

Sub-contractor

‘4

Mobilization,
Earthwork and Rough
General Civil Grading
Sub-contractor E / Sub-contractor

-

Soil Deposit/Borrow

Road
— Sub-contractor

Piling
Sub-contractor

Other
Sub-contractor

/ 1 o~ Piping

Sub-contractor
Heavy Lifting
Sub-contractor

Legend: Deposit ——p BOITOW ~ =====se- # Deposit/Borrow might be much less than Borrow/Deposit

Figure 9- Probable subcontractors at a construction site and their soil deposit/borrow activities

Following the introduction of the CDT framework, in the next sectidthe case stud of soail
management will be implemented step by step based on thdr@D&workto expand the knowledge
of using digital twins during the construction phasef projects and help general contractors and
practitioners in managing different aspects of theirqutsj

4.1. Physical/Virtual Entity Tier

As depicted irFigure?, the first step in establishing a CDT is identifying the desired physical objects
thatthe CDT would replicatand developing their digital models, j.product omprocess modelS§ince

a DT is meant to ba reliable virtual replica o& physicalreality, a highfidelity virtual model is the

core ofany DT. Fidelity indicateshe number of parameters (types of data, information, and processes),
their accuacy, andthe level of abstraction that are transferred between the virtual and physical
twin/environment(Jones et al. 2020Fidelity levels (low, medium, high) demonstrate hdase the
virtual and physical twins are aligned comprehensive understanding dfet desired physical
component is crucial in developing a hifitelity virtual model(Qi et al. 2021)Hence, in this case
study care was taken to develop a Hiiglelity digital model with all necessary aspects regarding the
management of the soil in terms of cut/fill volumes, location of thestruction site, location of soll
deposit/borrow, access routaad distance from the construction site to thiedeposit/borrow location
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Taking into account the enabling technologies and tools for implementing a CDT, in thisustefesk
Revit was sedas a tool for digital modellingf the asdesigned product and-atanned procesdn
addition, ArcGIS and Autodesk Infraworks are used for developing the digital models oftibit as
models regarding the construction site antlggposit/borrowocations.

The case study for demonstratithe CDT application for soil management was a hospital project in
Milan, Italy. A 3D view of the aglesigned model is shown kigure10.

g gl g
il e il

il y;“‘,‘ i

Figure 10- 3D view oft h e h o s qdsigned niodel a s

As it isevidentfrom the construction site plaiseeFigurell), the project is located inside the city and
surrounded by built assetsan urban areddence, environmentalilesand sustainabiltissuesare of

great importance that the stakeholders of the project, especially the general contractor, must take into
account.
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Figure 11- Construction site plan

A section of excavation is showntime asdesigned sitenodel (sed-igure12), showing different levels
and excavation depticcording to the BIM modelthe earthwork operations fhis projectareat least
182,000 m3 of soil regardless thefill/backfill volume and other activities. Her, such a considerable
volume of soil which is almost prevalent in every construction prajlechands proper management of
such materials and construction machjner
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Figure 12- As-designed site model

Figure13 showsthe asplanned excavation model. Like-dssigned models, thisodel is issued to the
constuction site to demonstrate the excavation zones and execution phdsejuences

Figure 13- As-planned excavation moel

In this CDT application, the physical component that is going to be virtually replicated is the soil
deposit/borrowwhich plays as a source of soil supply for fills and backfills, and a dumping point for
the extra soil from cuttings/excavations. Thisnpmnent has a specific location inside or outside the
construction siteAnother important feature of the soil deposit/borrow is its voluntech will be
monitored and calculated in re@he or near redime to inform the decisiemakers about itstatus.
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