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DIGITAL TWIN FOR ENHANCED CONSTRUCTION PROJECT
MANAGEMENT DURING CONSTRUCTION

SUMMARY

The construction industry has a bad reputation worldwide in terms of productivity and
efficiency. Insomuch that, it accounts for a large share of global economic costs.
Therefore, a proper management is vital for the construction industry. In order to
intensify, increase and improve the quality, value and scope of its management
approach, the industry has started to seek the solution in digital tools in recent years.
The adoption of Building Information Modeling (BIM) by the construction industry
has acted as a spur for the attempt to digitize the industry. Thus, fresher, more
sophisticated ideas started to emerge.

The concept of the digital twin, which made its first waves in a space program, has
grown rapidly and quickly entered other industries as well as the construction industry,
along with the technological trends related to the Industry 4.0. The digital twin is a
virtual system that connects design, construction, and operation by using a
combination of technologies to data-link its physical and real assets bidirectionally.
While the adoption of BIM in the construction industry is not yet complete, the digital
twin is considered a closed box for industry professionals and it does not have many
practical applications or case studies. At this point, this thesis research aims to shed a
light on the interaction of the digital twin and BIM from a construction project
management perspective; to investigate the influences of the digital twin during
construction.

To answer key questions, -namely (1) “What are the characteristics and practices of
the digital twin in the construction industry?”; (2) “What are the functions and
applications of the digital twin in the construction from a management perspective?”’;
(3) “To what extent and how can the digital twin support BIM in the construction?”’- a
comprehensive synthesis of the literature on the digital twin through the lens of
construction project management is carried out as the first step. Scopus database was
selected for data extraction by realizing the knowledge gap about the construction, a
detailed background analysis was performed to find out the digital twin characteristics,
practices, their relationship with BIM, and finally functions and applications of both
in construction. As a result of the literature analysis, the topics that can benefit from
digital applications within the construction management services provided during the
construction phase of the project life cycle are site progress monitoring, resource
allocation and waste management, clash detection, decision-making, communication
and collaboration, cost management, scheduling, risk management, logistics and
supply chain, and safety detection.

As the second step, a questionnaire survey was conducted to measure the influence of
digital twin services in the literature on parallel BIM uses intending to understanding
the importance of these services for professionals. The first part of the questionnaire
captures general information about the respondents and the second part gathers
information about the influence of Digital Twin services on BIM uses on a 5-point
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Likert scale (1 = not effective, 5 = extremely effective). The study adopted purposive
sampling as the sampling method, 108 industry experts were reached and 70 responses
were collected with a response rate of 65%.

The data obtained through the questionnaire were analyzed by applying statistical tests
through the SPSS 27 program. First, Cronbach's alpha reliability test was used to assess
the data's reliability. With a value of 0.893, the study's Cronbach's alpha (a) score was
found to be quite acceptable. Secondly, it was observed that the results were normally
distributed with the Skewness-Kurtosis normality distribution test, which determined
whether the further analyzes would be parametric or not. Third, Pearson's correlation
test was applied to measure the relationship between variables. Finally, the variables
were divided into meaningful groups in accordance with the aim of the study. Based
on experts’ opinions, results were analyzed by performing independent-samples t-test
and one-way ANOVA.

In the scaling of the influence of the specified digital twin services on parallel BIM
uses, all services have received mean scores to be considered high. According to the
results, the service with the highest impact on BIM applications was communication
and collaboration, while logistics and supply chain and safety detection shared the
lowest mean score. These findings suggest that digital twin services during
construction have a substantial impact on BIM because they transcend beyond their
current uses. Additionally, almost all digital twin services that find applications in
construction have a high correlation with each other. This is an indication that elements
should be considered as a whole and a two-way network for enhanced management
during construction.

By dividing the participants into two groups, whether they are digital twin users or not,
and whether they are domestic or international, it was analyzed whether these aspects
affected their perspectives by performing independent sample t-tests. Although there
was found a statistically significant difference in the "scheduling" variable between
domestic and international participants, the fact that both groups had a high mean score
showed that the experts thought that the digital twin had a significant impact on 4D
BIM applications.

In the first ANOVA test that divided the participants into more than two groups
according to their organizational structure, "decision making", "risk management", and
"logistics and supply chain" were the digital twin services that have seen a statistically
significant difference between groups. Another digital twin service "scheduling",
which has seen a significant difference, was observed in analyzes where participants
were grouped according to their years of experience. Levene’s test was applied to
measure the homogeneity of variances related to variables and Games-Howell,
Gabriel's and Tukey's post-hoc analyzes were performed to find out which groups
caused the identified difference. In addition, even though each group approaches the
project with different risks, different objectives and different perspectives, the fact that
there are differences of opinion for only a few services in this combination of
relationships has been an indication that the positive influence of the digital twin has
been accepted by the stakeholders of the industry.

This study reviewed and analyzed the characteristics and current applications of
technologies and concepts of the digital twin in the construction industry, and has
contributed to and strengthened the digital twin body of knowledge which is limited
within the construction project management framework. Additionally, by revealing the
topics that digital applications can offer benefits within the construction management
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services provided during the construction phase of the project life cycle; the influence
and potential of the digital twin on BIM uses have been demonstrated.

Experts agree that digital twin services that offer many uses during the construction go
beyond parallel BIM uses and offer several benefits for construction project
management. Thus, it has been shown that the digital twin can be a tool for enhanced
construction project management, which can get rid of the low efficiency and lack of
productivity that the construction industry is still experiencing. This study serves as a
source of motivation for researchers working in the field of digital construction and a
guide for industry professionals and institutions with question marks about concepts
and outcomes.
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YAPIM ASAMASINDA ETKIN YAPIM YONETIMI iCIN DIiJITAL iKizZ
KULLANIMI

OZET

Insaat sektorii, verimlilik ve iiretkenlik diizeylerinde diinya ¢apinda kétii bir iine
sahiptir. Verimsizligi nedeniyle kiiresel ekonomik maliyetlerin biiyiik bir kismim
olusturan ingaat sektorii, son yillarda teknolojiye daha adapte ve daha gelismis bir
yonetim anlayigini benimsemek icin ¢6ziimii dijital araglarda aramaya baslamistir.
Yap1 Bilgi Modellemesinin (BIM) tiim mimarlik, miithendislik, ingaat, isletme ve tesis
yonetimi (AECO/FM) sektorii tarafindan benimsenmesi, sektoriin dijitallesmesi
yolculugunda bir katalizér gorevi gérmiistiir. Bu gelismenin devaminda ise daha yeni
ve daha sofistike fikirler ortaya ¢ikmaya baslamistir.

[Ik 6nemli adimi bir uzay programinda atilan dijital ikiz kavrami, uzay aracina ait
kosullart stirekli olarak simiile etmek, tahmin etmek, degerlendirmek ve nihayetinde
aracin karsilasabilecegi hatalar1 6nlemek i¢in kullanilmistir. Ardindan mevcut sanayi
devrimi (endiistri 4.0) kapsaminda ses getiren teknolojik gelismelerle birlikte dijital
ikiz, ingaat sektorii de dahil olmak {izere neredeyse tiim sektorlere hizli bir sekilde giris
yapmustir. Dijital ikiz, fiziksel ve gergek varliklari ¢ift yonlii bir veri akisi ile birbirine
baglamak i¢in ¢esitli teknolojilerin bir kombinasyonunu kullanarak tasarim, yapim ve
isletmeyi birbirine entegre eden sanal bir sistemdir. Ancak yap1 bilgi modellemesinin
bile ingaat sektoriinde benimsenmesi heniiz tamamlanmamisken; pek fazla pratik
uygulamaya veya vaka calismalarma sahip olmayan dijital ikiz, insaat sektorii
profesyonelleri i¢cin kapali bir kutu olarak goriilmektedir. Diger taraftan, sektore
adaptasyonlar1 ge¢ baslayan dijital yapim pratikleri kendilerine Oncelikle tasarim
asamasinda yer bulabilmislerdir. Bu noktada, bu tez ¢alismasinin amaci dijital ikiz ve
yap1 bilgi modellemesi etkilesimine yapim yonetimi perspektifinden 1s1k tutarak; proje
yasam dongiisiiniin yapim asamasi 6zelinde dijital ikizin etkilerini aragtirmaktir.

S6z konusu amaca ulasmak i¢in cevap aranan aragtirma sorular1 su sekilde ortaya
konulmustur: -(1) "Dijital ikizin insaat sektoriindeki ozellikleri ve uygulamalari
nelerdir?"; (2) "Yapim yonetimi perspektifinde dijital ikizin yapim asamasindaki
islevleri ve uygulamalar1 nelerdir?"; (3) "Dijital ikiz, yapim asamasinda BIM'i ne
oOlciide ve nasil destekleyebilir?". S6z konusu arastirma sorularina cevap bulabilmek
icin ilk adim olarak, yapim yonetimi merceginden dijital ikizle ilgili kapsamli bir
literatlir arastirmasi1 gerceklestirilmistir. Yapim yonetimi literatiirii tasarim sonrasi
asamalarin dijitallestirilmesine iliskin arastirmalarin eksikligini deneyimlemektedir.
Tasarim asamasi veya BIM'den dijital ikize gegisle ilgili caligmalar literatiirde yer alsa
da, ozellikle yapim siireci i¢in dijital ikiz teknolojisi ve bunun sahadaki kapsamli
uygulanabilirligi hakkinda bir aragtirma ag¢1g81 gézlemlenmistir. Bu baglamda, Scopus
veritabani lizerinde “dijital ikiz 6zellikleri”, “dijital ikiz uygulamalar1”, “dijital ikiz ile
BIM iliskisi” ve “yapim asamasinda dijital ikiz ile BIM islev ve uygulamalar1” konu
alaninda gergeklestirilen ¢alismalar analiz edilmistir. Analizlerin ardindan, literatiirde
BIM'i daha da gelistirme potansiyeline sahip ve etkin bir yapim yonetimine hitap eden
toplam on adet dijital ikiz hizmet tespit edildi. Gergeklestirilen literatiir analizi
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sonucunda, proje yasam dongiisliniin yapim asamasinda verilen yapim yOnetimi
hizmetleri igerisinde dijital uygulamalarin fayda saglayabilecegi konular; santiyedeki
ilerlemenin izlenmesi, kaynak tahsisi ve atik yonetimi, ¢akisma tespiti, karar verme,
iletisim ve igbirligi, maliyet yonetimi, siire planlama, risk yonetimi, lojistik ve tedarik
zinciri ile glivenlik tespiti olarak belirlenmistir.

Ikinci adim olarak, sektdr profesyonelleri perspektifinden yapim asamasinda etkin
yapim yonetimi i¢in dijital ikiz kullaniminin etkisinin arastirildig1 bir anket ¢alismasi
gerceklestirilmistir. Anket iki boliim olarak tasarlanmistir. Ik boliim, katilimeilarin
profili hakkinda bilgi almay1 hedefleyen sorulari igerirken, ikinci boliimde yer alan
sorular ile, yapim asamasi i¢in dijital ikiz konseptinin BIM kullanimlar1 iizerindeki
etkisini yapim yonetimi baglaminda arastirmak hedeflenmistir. Anket ¢aligsmasinin
orneklemi yontemi “amaca yoOnelik Ornekleme” yontemiyle belirlenmistir. Bu
baglamda, 108 sektor uzmanina ulasilmig ve %65 yanit orani ile 70 yanit toplanmustir.
Anket sonuglar1 degerlendirildiginde; katilimcilarin %41'" mimar, %30'u insaat
miihendisi ve geri kalan %29'u diger mesleklerle iligkili oldugu tespit edilmistir.
Ogrenim seviyelerine bakildiginda, katilimeilarin %30'unun lisans, %24'{iniin yiiksek
lisans ve %16'siin ise doktora derecesine sahip oldugu goriilmektedir. Katilimeilar,
deneyim diizeylerine gore sirastyla 2 yildan az (%20), 3 - 5 yil (%17), 6 - 10 y1l (%22),
11 - 15 y1il (%14) ve 15+ yil (%27) olmak lizere bes kategoride temsil edilmektedir.
Diger taraftan, katilimcilarin bagli bulunduklari kuruluslarin sirasiyla akademi (%27),
igveren/gelistirici (%19) yiiklenici (%24) danismanlik (%30) olarak hizmet verdikleri
goriilmektedir. Katilimcilardan 35°1 Tiirkiye'de, 35’1 ise yurt disinda 24 farkl tilkede
caligmaktadir. Katilimcilarin %14'i BIM yoneticisi, %20'si BIM tasarimcisi, %36's1
st diizey yonetici, %14'li akademisyen ve %16's1 sektorle ilgili diger rollere sahiptir.
Daha once dijital ikiz uygulamalarindan herhangi birini kullananlarin oran1 %57 iken,
katilmcilarin BIM veya dijital ikiz deneyimlerine goére dagilimlari su sekilde
siralanmaktadir:1 yi1ldan az deneyimliler (%13), 1-2 y1l deneyimliler (%23), 3-5 yil
deneyimliler (%19), 5 — 10 yil deneyimliler (%24) ve 10 yildan fazla deneyimliler
(%21).

Anket caligmasi aracilifiyla elde edilen veriler SPSS 27 programi aracilifiyla
istatistiksel testler uygulanarak analiz edilmistir. ilk olarak, verilerin giivenilirligini
degerlendirmek i¢in Cronbach alfa giivenilirlik testi kullanilmigstir. 0,893 degeri ile
calismanin Cronbach alfa (o)) degeri oldukca kabul edilebilir bulunmustur. Ikinci
olarak, ileri istatistiksel analizlerde parametrik testlerin kullanilip kullanilamayacagin
belirleyebilmek amaciyla normalite testi yapilmistir. Bu baglamda, Skewness-Kurtosis
degerlerine bakilmis ve verilerin normal dagildig: tespit edilmistir. Normal dagildig:
goriilen veriler farkli parametrik testler kullanilarak istatistiksel olarak analiz
edilmistir. Bu noktada ilk olarak, anket ¢alismasinin ikinci bdliimiinde katilimcilar
tarafindan degerlendirilmis olan degiskenler arasindaki iliskiyi 6lgmek icinPearson
korelasyon testi uygulanmistir. Ardindan, anket ¢alismasina katilan uzmanlar anlaml
gruplara ayrilarak; s6z konusu gruplarin degiskenleri degerlendirmelerinde
istatistiksel olarak anlamli bir farkin olup olmadigi aragtirilmistir. Bu baglamda ikili
gruplar i¢in bagimsiz 6rneklem t-testi, ikiden fazla gruplar icin tek yonlit ANOVA testi
uygulanarak, sonuclar analiz edilmistir.

Anket caligmasinda literatlir arastirmasi sonucu tespit edilmis yapim asamasinda
verilen yapim yonetimi hizmetleri siralanmis ve katilimcilardan her bir hizmet
baglaminda kullanim bulan BIM teknolojileri iizerinde dijital ikizin etkisinin
degerlendirilmesi istenmistir. Katilimcilarin degerlendirmeleri sonucunda her bir
servis iizerinde dijital ikizin etki seviyesine ait ortalama degerin olduk¢a yliksek
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oldugu goriilmiistiir. Analiz sonuglarina gore dijital uygulamalarinin en fazla etki ettigi
hizmet iletisim ve is birligi iken; lojistik ve tedarik zinciri ile is giivenligi algilama
konularinin diger hizmetlere gére daha diislik ortalama deger aldig1 tespit edilmistir.
Bu bulgular, yapim asamasinda verilen yapim ydnetimi hizmetlerinde dijital ikizin
kullanilmasiyla BIM uygulamalarina kiyasla ¢ok daha etkin sonuglar alinacagini isaret
etmektedir. Ek olarak, yapim asamasinda dijital ikizin fayda saglayacag: tim yapim
yonetimi hizmetlerinin birbiri ile iliskilerinin pozitif yonde ve yliksek korelasyona
sahip oldugu goriilmiistiir. Bu, yapim sirasinda ortaya konacak iyi bir yonetimin tiim
unsurlari bir arada ele almas1 gerektiginin bir gostergesidir.

Anket caligmas1 sonucunda elde edilen verilerin degerlendirildigi bir diger analiz
kapsaminda ise bagimsiz Orneklem t-testi uygulanarak; gruplarin degiskenlere
verdikleri degerlerin ortalamalart karsilastirilmigtir. T-testi uygulanan ikili gruplar
strastyla (1) dijital ikiz kullanicist olanlar ve olmayanlar ile (2) Tiirk katilimcilar ve
yabanct uyruklu katilimcilar seklindedir. Analiz edilen degiskenler ise yapim
asamasinda dijital uygulamalarin fayda yaratacagi yapim yonetimi hizmetleri olarak
ele alinmistir. Sonuglar degerlendirildiginde, Tiirk katilimcilar ve yabanci uyruklu
katilimcilar arasinda istatistiksel olarak anlamli bir fark bulunamamistir. Yalnizca
“stire planlamas1” degiskeni i¢in istatistiksel olarak anlamli bir fark bulunsa da her iki
grubun da ortalama puanlarinin yiiksek olmasi uzmanlarin dijital ikizin 4D BIM
uygulamalarinda 6nemli bir etkiye sahip oldugunu diigiindiiklerini gostermistir.

Ayrica, anket sonucunda elde edilen veriler tek yonlii ANOVA testi uygulanarak
analiz edilmis ve katilimcilar ikiden fazla gruplara ayrilarak, gruplar arasinda
degiskenlerin aldig1 ortalama degerler arasinda istatistiksel agidan anlamli bir fark
bulunup bulunmadigr arastirilmistir. Tek yonli ANOVA testinde ilk olarak
katilmeilar1 baglt bulunduklar1 kuruluglara gore gruplara ayrilmistir. Analiz
sonucunda “karar verme”, “risk yonetimi” ve “lojistik ve tedarik zinciri” gruplar
arasinda istatistiksel olarak anlamli farklarin bulundugu degiskenler olarak tespit
edilmigtir. Katilimcilarin deneyim diizeylerine gore gruplandirildigi durumda ise,
yalnizca “siire planlamas1” degiskeninde istatistiksel olarak anlamli bir fark goze
carpmustir.. Her iki ANOVA testi sonucunda da tespit edilen anlamli farkin hangi
gruplar arasinda oldugunu gostermek ve farkin kaynagini/kaynaklarini ortaya koymak
amaciyla post-hoc ¢oklu karsilagtirma testleri yapilmistir. Yapilacak post-hoc testini
belirleyebilmek i¢in dncesinde degiskenlere iliskin varyanslarin homojenligini 6l¢mek
iizere Levene testi uygulanmis; cikan sonucglar dogrultusunda Games-Howell,
Gabriel's ve Tukey post-hoc testleri ile gruplar arasinda c¢oklu karsilastirmalar
gergeklestirismistir. Yapilan analizler birlikte degerlendirildiginde, her bir grubun
projeye farkli riskler, farkli hedefler ve farkli bakis acilar ile yaklassalar da, sektor
paydaslariin dijital ikizin yapim asamasinda verilen yapim ydnetimi hizmetleri
tizerindeki pozitif etkisini kabul ettiklerini ortaya konulmustur.

Bu tez calismasi, ingaat sektoriindeki dijital ikiz teknolojilerinin ve kavramlarinin
ozelliklerini ve mevcut uygulamalarint inceleyip analiz ederek; yapim yOnetimi
perspektifinden ele alindiginda olduk¢a sinirli bulunan dijital ikiz konu alanindaki
literatiire katkida bulunmustur. Ayrica, proje yasam dongiisiiniin yapim asamasinda
verilen yapim yonetimi hizmetleri igerisinde dijital uygulamalarin fayda
saglayabilecegi konular1 ortaya koyarak; sdz konusu hizmetlerin etkin bir bigimde
gergeklestirilmesinde kullanimlar bulan BIM iizerinde dijital ikizin etkisi ve
potansiyeli ortaya konulmustur. Sektdr profesyonellerinin, proje yasam dongiisiiniin
yapim asamasinda verilen yapim yoOnetimi hizmetleri igerisinde dijital ikiz
kullaniminin, mevcut durumda kullanilan BIM uygulamalarinin 6tesine gectigini
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diistindiikleri ve s6z konusu dijital ikiz kullaniminin etkin bir yapim y06netimi igin
onemli faydalar saglayacagi konusunda hemfikir olduklar1 goriilmiistiir. Boylece,
dijital ikiz kullaniminin ingaat sektoriinii halen yasamakta oldugu diisiik tiretkenlik ve
verimsizlik problemlerinden kurtarabilecek etkin bir yapim yonetimi i¢in bir arag
olabilecegi gosterilmistir. Bu ¢calismanin, dijital yapim alaninda ¢alisan arastirmacilar
icin bir motivasyon kaynagi; kavramlar ve kazanimlar konusunda soru isaretlerine
sahip sektor profesyonelleri ve kurumlar i¢in ise bir rehber niteliginde olmasi ise
caligmanin pratik alana saglayacagi bir diger katki olarak degerlendirilmektedir.
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1. INTRODUCTION

The construction industry has a bad reputation worldwide in terms of productivity and
efficiency. The McKinsey Global Institute’s report in 2017 estimates that the
construction industry's inefficiency costs the world economy about 1.6 trillion dollars.
The report also claims that regions and companies that adopt digital technologies and
have better management understanding can increase productivity by 50 to 60 percent.
Clearly, to get rid of this bad reputation, the construction industry has to intensify,
increase and improve the quality, value and scope of its management approach.
Throughout history, industrial revolutions facilitated and enhanced management
approaches as well as production processes. The idea of the current industrial
revolution, known as Industry 4.0, is to link physical settings with digital eco-systems
(Sepasgozar, 2021). Manufacturing industries, whose current studies are on the digital
twin, have been looking for solutions in information technologies for many years to
overcome their management problems (Cimino et al., 2019). According to Kivrak et
al. (2013), many people believe that an organization's reliance on information
technologies in the twenty-first century is comparable to its reliance on electricity in
the one before it. Through advancements in information technologies, analogue,
mechanical, and electronic technology were replaced by digital technology in the new
information era, and these technologies have since turned into an active value

proposition for increasing productivity (Ozturk, 2021).

With the increasing complexity of projects, competition, changing client demands,
new generation employees and stakeholders as time goes by, the construction industry
face a wide range of difficulties that negatively effects the construction process. So,
the construction industry has also started to seek the solution in digital tools in recent
years to adopt a progressive management approach that adapts to technology,
following manufacturing industries to increase its efficiency and productivity to
accomplish more high-quality results in less time and with less money (Silva et al.,
2021). The automation of conventional manual operations, made possible by the

development of digital technologies like Building Information Modeling (BIM),



Internet of Things (IoT), mobile devices, drones etc., has been the driving force behind
improvements in performance, productivity, and safety in the construction industry
(Rodrigues et al., 2022). As one of the biggest steps taken in this journey in the
industry, the adoption of Building Information Modeling by the entire construction
industry has acted as a catalyst for supporting the digitalization effort. Unfortunately,
although the construction industry provided a late but rapid adaptation by integrating
digital tools into pre-construction processes and getting very positive results, it could
not provide these developments to the same extent in the post-design stages.
Construction project management literature studies related to the design phase or
transition from BIM to digital twin exist, a knowledge gap has been observed regarding
the digital twin technology in post-design phases and its broad applicability in the field,

especially for the construction process.

BIM is a method of using a digital 3D representation of a structure to facilitate the
management of itself and all its assets mainly in the early phases of the building life
cycle. The BIM concept shows up through a life cycle of digital information (Silva et
al., 2021). The primary thing that distinguishes a BIM model from a 2D drawing is
that the structure is approached not with lines, but with a combination of components.
All assets covered in the model might be processed with information like specification,
installation, or construction method, not only geometric dimensions. BIM models can
be defined with 4D to 7D dimensions depending on the data (schedule, cost estimation,
maintenance management, energy information) integrated into them, which

determines the benefits that can be derived.

Goyal et al. (2020) defined BIM, as designing, constructing, operating, and managing
a facility in time and cost-efficient ways by providing information exchange to
stakeholders with the help of an information-rich 3D model. This smart resource model
facilitates the management of each phase of the construction by hosting the necessary
information. The potential of merging the BIM model with other technological
breakthroughs to create a complete replica or digital twin of any given built asset has

just recently been discovered by industry participants.

Khajavi et al. (2019) noted that there are two key distinctions between BIM and the
digital twin. The first key distinction is, the digital twin is intended to monitor a
physical asset, whereas BIM was created to increase efficiency in the early phases of

the building life cycle. The second key distinction is that digital twins operate in



opposition to the current BIM platform because BIM was not created to work with
real-time data, while digital twin is the digital counterpart of a physical asset. However,
since the virtual model is the basis of the digital twin concept, a BIM model of the
structure prepared during the design phase can be the first step in creating a digital

twin.

A building's digital twin can be defined as a process that allows for the interaction of
a physical building's environment with a digital but accurate virtual version of it to
gather and monitor data in real-time. Deng et al. (2021) define the purpose of using
the digital twin in the construction industry as ensuring smooth management by
synchronizing the physical asset in the real world with a virtual platform, with
objectives such as control of the construction, facility management, scene monitoring,
and other life cycle processes in the built environment. The digital twin concept can
be achieved by data exchange between a physical object and a virtual representation
of it, so it is necessary to collect, filter and process raw data in various ways and with

a variety of data-related tools and modeling and simulation technologies.

Although the digital twin is a different concept from BIM, it provides various benefits
and applications for construction project management by transforming the smart
model provided by BIM into a virtual replica that provides instant data, supported by
a variety of technologies. Especially the digital twin services facilitating the
management of the project during construction seem to intersect with the BIM uses in
the industry (Boje et al., 2020; F. Jiang et al., 2021; Opoku et al., 2021). However,

there are different levels of benefits and effects.

1.1 Aim and Objectives

The digital twin is a virtual system that links design, construction, and operation by
bidirectionally data-linking its physical and real assets utilizing a variety of
technologies. Although BIM adoption in the construction industry is still not complete,
the digital twin is regarded as a closed box by industry insiders since it lacks many
real-world applications and case studies. At the same time, the construction and project
management literature has a lack of knowledge in the field of digitalisation for the
post-design phases. Having experienced in other industries, it is quite clear that the
construction industry must enhance its management understanding to have better

numbers. In this direction, this thesis research aims to shed a light on the interaction



of the digital twin and BIM from a construction project management perspective; to

investigate the influences of the digital twin during construction.
Therefore, this study sought answers to three research questions.

e “What are the characteristics and practices of the digital twin in the

construction industry?”

e “What are the functions and applications of the digital twin in the construction

from a management perspective?”

e “To what extent and how can the digital twin support BIM in the construction?”

1.2 Methodology

To meet the objectives, this study is conducted in two parts. While the first part is a
comprehensive synthesis of the literature on the digital twin through the lens of
construction project management, in the second part, a quantitative questionnaire
survey was created with the digital twin services that can go beyond BIM and
address an enhanced construction project management. The data obtained through

the questionnaire survey were analyzed by applying statistical tools.

1.3 Scope

The scope of this master's thesis is to follow the digitalization journey of the
construction industry, to reveal the reflections of the latest technological developments
from the perspective of construction project management, to explain and evaluate what
they are, how they work, and how they can be adapted to provide enhanced

construction project management approach.

1.4 Structure

The thesis contains five chapters. In the first chapter, background information, aim and

objectives, methodology, and structure of the research are given.

The second chapter is a comprehensive synthesis of the construction project
management literature on digital twin characteristics, practices, their relationship with

BIM, and finally functions and applications of both in the construction.



The third chapter, named research methodology, is dedicated to explain the scientific
framework around the research. It outlines the actions taken for the literature synthesis,
sample selection, questionnaire structure, and procedures to evaluate the

questionnaire.

After methodology and the research description, in chapter four, gathered research data

is introduced and statistical tests are employed for further analysis.

Finally, the fifth chapter includes discussion and conclusion. A summary of the

research is provided, and then the main results and discussion is presented.






2. LITERATURE REVIEW

2.1 Digital Twin

The phrase "digital equivalent to a physical product," which is generally regarded as
the initial definition of DT, was first used in 2003 at the University of Michigan (M.
W. Grieves, 2019; Opoku et al., 2021). Although the emergence of the concept of the
digital twin is not very new, recent technological developments within the scope of the
current industrial revolution (industry 4.0) and trends such as cloud computing, smart
sensors, 3d printing, autonomous applications, and artificial intelligence assistance,
the use of which are rapidly increasing, have brought the concept under the microscope

by different disciplines and led to new definitions (see Table 2.1).

Table 2.1 : Definitions of the digital twin in the literature

Definitions References
A simulation, result, or depiction of real-world physical (Ni et al., 2021)
elements.
A real-time updated as-built information model. (J. Li & Kassem, 2021)

A system built on the fusion of physical and digital (Mannino et al., 2021)
components.

A virtual representation of a physical structure used to produce (Schéberl et al., 2020)
advanced simulation results.

A digital depiction of an interesting physical object. (Cimino et al., 2019)
An integrated simulation of a system that reflects its identical (Glaessgen & Stargel, 2012)
twin using physical models and sensor updates.

A digital replica of physical assets, processes and systems. (Viviet al., 2019)
A computerized and mirror representation of the production (Pan & Zhang, 2021)
process itself.

A perfect representation of a physical object in a virtual (Y. Liu et al., 2021)

environment.

According to Pan & Zhang (2021), one of the important factors that increased the

interest in the digital twin concept is the work done by the National Aeronautics and



Space Administration (NASA) aimed at continuously monitoring the instant data of
the spacecraft. To evaluate vehicle condition, make predictive decisions via
simulations, and reduce errors. NASA's decision to create a replica of the spacecraft
in a digital environment to achieve the targeted results in its work reveals the main
logic of the digital twin concept. A digital twin is the simultaneous and one-to-one
existence of a real physical entity in a digital environment by providing data flow with
the help of several technologies. In this way, a system with a clearer monitoring
environment and a safer framework for decisions to be made is created, especially for
assets that carry critical risks in terms of danger, cost, time, etc. As can be seen from
the definitions in Table 2.1 and the previous explanations, the digital twin concept is a
continual and bidirectional data stream between a physical asset and its virtual
representation as shown in Figure 2.1. Accordingly, a digital twin system is embodied

in three main elements:

1. A physical entity in the real world
2. [Its virtual counterpart in a digital environment

3. Data flow that connects both.

discovers
{
f

for processing

Data

Data

for managing collects

Figure 2.1 : The Digital Twin paradigm (Boje et al., 2020)

Cumo (2021) explained the core parts of the digital twin with 4 concepts: (1) Models,
functions like creating an exact clone of the physical part, generating stimulated
behaviors to follow while acting on the physical part, working autonomously in the

digital counterpart, forecasting issues, creating preventative strategies, and evaluating



performance; (2) Data, it is the information that enables the digital twin to operate
continually; (3) Connections, which enable interaction between the various DT
elements (within physical part, within virtual counterpart, and between physical and

virtual); and (4) services such as prediction, evaluation, and validation.

Yitmen et al. (2021) state that dynamic mapping in digital twin takes place by
examining and collecting data from the real entity in the physical world and sending it
to the virtual world for analysis. The authors added that the virtual twin provides
simulation, prediction, and optimization opportunities with data learned from various
sources, providing fast solutions, accurate reactions, and full-content guidance for real
processes. A sensor network and a physical asset are needed for a digital twin, although
neither is needed for simulation, which is the primary distinction between the two
(Khajavi et al., 2019). There are two more subclasses to better describe some projects
that don't quite fit the definition of a digital twin. First, there is the Digital Model,
which is like a BIM when used in the construction industry and refers to a digital
representation without automatic data transfer; second, there is the Digital Shadow,
which only uses automatic real-time data transfer from the physical to the digital asset
(Coupry et al., 2021). As it turns out, the connection between “physical” and “virtual”
entities is provided by forms of "data" from various sources. To put it another way, the
physical part collects real-world data that is still raw and has to be processed, while
the virtual part reflects the same data into the physical, making it processable and
storable with the help of various engineering applications and technologies such as
artificial intelligence as shown in Figure 2.2. To manage the usage of the physical daily

(Boje et al., 2020; M. Grieves, 2014).
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Figure 2.2 : Data processing map from raw data to high-level understanding (J.
Zhang et al., 2021)



According to Chen & Huang (2020), a digital twin can be digital copies of physical
assets, processes, people, equipment, or systems for various purposes (see Figure 2.3).
The authors also added that technologies such as the internet of things, artificial
intelligence, and machine learning are used according to the purpose, while they are
used in different industries such as the smart city (urban data collection and
modelling), the health industry (expose and situation tracing) and the manufacturing
industry. The diversity and level of data collected and the technologies used to
determine the purposes, opportunities, and outputs of the digital twin. Madni et al.
(2019) described five different levels of the digital twin, depending on their
developmental level (Shahzad et al., 2022). A level 1 digital twin is a typical prototype
made for engineering purposes that aids in concept-stage decision-making. Historical
and maintenance data and operational performance from the physical asset can be
included in level 2. A level 3 is an adaptive digital twin that has an adaptive user
interface for the digital and physical parts. This type of digital twin can learn the
operator's priorities and preferences in a variety of contexts and is constantly updated
based on the data it receives from the physical component in real-time. An intelligent
model with level 3 functionalities that can self-learn without supervision is referred to
be a level 4 digital twin. Last but not least, a level 5 model is open to the information

offered by outside sources and analyzes the information for analysis in a situational
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Figure 2.3 : Elements of a digital twin (RICS, 2022)
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Salem & Dragomir (2022) noted that digital twins have a significant number of
advantages and uses: By running tests utilizing information from the operating
environment, they can validate and confirm the integrity of a system model and then
make assessments, improvements, and forecasts; they can support decision-makers'
decisions based on reports from the digital part regarding the project that will be put
into practice in the physical part; as a result of the digital part’s ability to analyze and
simulate processes, they can anticipate future changes in the physical part and create
the necessary plans; the twin can disclose extended visions and major gains for the
outcomes of the real-world system, so they can use simulation to find practical
opportunities to add to the physical part. The main application areas of the digital twin
can be classified as electric power generation, infrastructures, city management,
construction, security, and emergency (Cumo, 2021). The concept of the digital twin
is prominently included in the manufacturing literature to explain product lifecycle
management practices such as the follow-up of the design, production, operation, and
destruction phases of the product's journey (Camposano et al., 2021). In addition,
Ozturk (2021) also stated that the most common application area of the digital twin
concept is product lifecycle management and it can be considered newer to the
architecture, engineering, construction, operation, and facility management
(AECO/FM) literature. Which has a similar complex value chain that needs to be under

control and monitored at any phase.

2.1.1 Digital Twin in Construction

A building's digital twin can be defined as an interaction between the environment of
a physical building and a digital but accurate virtual representation of that
environment, enabling real-time data collection and monitoring (Khajavi et al., 2019).
Camposano et al. (2021) have brought together seven metaphors used by AECO/FM
practitioners to describe the digital twin: a lifecycle representation; a process modeling
method; a visualization tool or user interface; the convergence of the physical and the
digital world; an IoT data platform; a shared concern between different communities
of practice; and a service ecosystem. Deng et al. (2021) define the purpose of using
the digital twin in the construction industry as ensuring smooth management by
synchronizing the physical asset in the real world with a virtual platform, with
objectives such as control of the construction, facility management, scene monitoring,

and other life cycle processes in the built environment. In a recent review of the
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construction literature, it has been revealed that the digital twin concept has
applications in all life cycle processes in the built environment, except for the
demolition phase (Opoku et al., 2021). Considering once again that the digital twin
concept can be achieved by data exchange between a physical object and a virtual
representation of it, it is necessary to collect, filter and process these raw data in various
ways for the construction industry as well as in other areas of use. Opoku et al. (2021)
also stated that as a prerequisite for digital twin applicability, various data-related
tools, modeling, and simulation technologies that work with precise details and have
high accuracy are needed for data collection and processing. When the literature on
the digital twin is examined within the framework of the construction industry, tools
that can collect data in different formats such as tags, sensors, gauges, unmanned aerial
vehicles and drones, laser scanners, cameras, etc., are shown as examples of widely
used data sources, while some technologies used in analyzing and putting data into use
and offering a variety of advantages. Pour Rahimian et al. (2020) analyzed the data
gathering tools used in the construction industry in three main categories: first,
enhanced information technologies such as email, audio, and multimedia; second,
geospatial technologies such as geographic information system (GIS), geographic
positioning system (GPS), barcoding and RFID (radio frequency identification); and
finally, image-based technologies such as photogrammetry and laser scanning. The
adaptation of the digital twin concept to the construction industry has come to the fore
with the developments in the industry during the digitalization process. BIM
methodology, which has been one of the cornerstones of the digitalization process of
the construction industry in the last decades, has led to the adoption of Industry
Foundation Classes (IFC) technology, which will pave the way for the use of common
data to increase interoperability and facilitate processes. According to Boje et al.
(2020), the evolution of data sharing and integrated systems, which are rapidly adopted
and widespread in the construction industry, depends on the emergence of IFC

technology.

2.1.2 Building Information Modeling (BIM)

Contrary to what is often confused in the industry, BIM is a methodology, not a
technology. It is a method of using a digital 3D representation of a structure to facilitate
the management of itself and all its assets throughout all construction processes such

as design, construction, operation, maintenance, and demolition. The primary thing
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that distinguishes a BIM model from a 2D drawing is that the structure is approached
not with lines, but with the combination of components such as walls, floors, doors,
and windows. When the BIM methodology is desired to work in accordance with its
purpose and to be efficient, it is not enough to keep the 3D representation used only in
geometric dimensions. All assets covered in the model might be processed with
information like specification, installation, or construction method. Considering that
3D is only geometric dimensions, BIM models can be defined with 4D, 5D, 6D, or 7D
dimensions depending on the data (schedule, cost estimation, maintenance
management, energy information) integrated into it (Agostinelli, Cinquepalmi, et al.,
2019; Agostinelli, Ruperto, et al., 2019; Khajavi et al., 2019; I. O. Onungwa et al.,
2017). The integrated data determines the benefits that can be derived from a project
built with the BIM methodology. Silva et al. (2021) stated that the concept of BIM is
realized through a digital information life-cycle from the conceptual design of the
building to its demolition. To improve planning, construction, and maintenance
throughout a facility's life cycle, it serves as a platform for maintaining an accurate
and interoperable record of building information (Khajavi et al., 2019). Considering
that it will facilitate the management of each of the construction processes, it acts as a
smart resource model by hosting the information such as manufacturer, material, price,
and procurement of the components of the building and the plans such as logistics and
schedule of the project. Thus, with the use of BIM, the construction process can be
virtually represented, the cost and resource allocation can be simulated, the
construction plan can be continuously updated, and the construction's rationality can

be strengthened (Y. Jiang, 2021).

Goyal et al. (2020) defined BIM, as designing, constructing, operating, and managing
a facility in time and cost-efficient ways by providing information exchange to
stakeholders with the help of an information-rich 3D model. The authors stated that
cooperation, such as unifying and coordinating the construction activities in the
project, is through the sharing of information through interaction, communication,
exchange, and coordination. BIM lays the groundwork for a close collaboration
between clients, designers, and contractors (Wong et al., 2020). According to Khajavi
et al. (2019), the main emphasis of BIM is that the model is not only information-
embedded, but also the model can provide an enhanced interdisciplinary collaboration

environment for the AECO/FM industry. The possibility that more than one discipline,
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such as a designer, civil engineer, or mechanical engineer, can work simultaneously
on a single BIM model throughout the life-cycle of the building, eliminates
communication issues and provides the aforementioned interdisciplinary collaboration
environment. Starting from the 2D geometric lines, the BIM model is divided into BIM
proficiency stages according to the information level of the assets and plans it contains
i.e., material, specification, volume or supply, cost, and schedule (Wong et al., 2020).

As presented in Table 2.2

Table 2.2 : BIM proficiency levels (Wong et al., 2020)

Level Definition

Level 0 Unmanaged 2D CAD drawings containing lines, arcs, and text, with
paper.

Level 1  Managed 2D and 3D CAD with a collaboration tool providing a
common data environment.

Level2  Managed 3D environment held in separated discipline BIM tools with
minor integration of 4D and 5D elements.

Level 3 Fully open process and data integration between all disciplines using a

single shared project model which is held in a centralized repository.

As understood in the definition of Level 3 in Table 2.2, the point that the AECO/FM
industry is trying to reach in BIM methodology is the interoperability of more than one
discipline on a single model. However, this is where the differences in file formats
come into play. As in the third level of BIM, also it is mentioned in the literature that
the data transformation problem should be well resolved to develop smart city or
digital twin studies (Zhu & Wu, 2021). Fortunately, the creation of the Industry
Foundation Classes (IFC) framework has enhanced interdisciplinary cooperation in

the AECO/FM industry on a global scale (I. Onungwa et al., 2021).

Industry Foundation Classes (IFC)

The International Alliance for Interoperability created a standard for specifying the
object representations for construction projects (I. Onungwa et al., 2021). IFC, a
neutral data format for representing the BIM model, was introduced in 1994 as an open
standard data model used for the integration and exchange of BIM data in the
buildingSMART portfolio. It is supported by many BIM applications and tools to

describe, transfer, and share all building information like geometry, aspects, quantity,
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etc. (Mirshokraei et al., 2019; Sharafat et al., 2021; Zhu & Wu, 2021). IFC is perfect
for addressing the issue of application interoperability. It provides a universal standard
for data exchange: For example, the building model developed by Revit can be
exported to an IFC software using the IFC format, just as you can import an IFC file
in Revit and develop a model by creating an RVT file (I. Onungwa et al., 2021;
Autodesk, 2019). IFC schema is the most suited and essential data format for wider
BIM adoption and information integration because of its flexibility and consistency
throughout the construction lifecycle (Lu et al., 2020). As one of the potentials of this
format, a 4D BIM model can be obtained by exporting the model to a suitable software
to prepare the timeline of the project, identify the relevant actors, and assign the
physical elements to the worksheet (Mirshokraei et al., 2019). But the transfer of this
kind of information is still challenging. Boje et al. (2020) state that combining several
modeling documents (in various formats) that develop concurrently might result in
conflicts and interruptions that could be considerably reduced by automation and
linked data. To enable IFC-based interoperability between BIM and other data sources,
the data structure in the data/model integration layer of digital twins is created to be

able to exchange and interact with external data (Lu et al., 2020).

2.1.3 Comparison of BIM and Digital Twin

According to Camposano et al. (2021), industry players have more recently begun
investigating the potential of combining BIM technologies with other technological
advancements to produce a complete duplicate or digital twin of any given built asset.
Authors also argue that when AECO/FM stakeholders place higher expectations on
BIM and other associated technologies, digital twins are sophisticated software
ecosystems that result from these demands. Digital twins and BIM have some
conceptual overlap, as noted by Shahzad et al. (2022). They identified three common
interpretations seen in the literature: (1) digital twin as a development and continuation
of BIM; (2) BIM and digital twins are two unique ideas due to several clear differences;
(3) BIM and digital twins are two complementary concepts that can be used to enhance

one another.

Khajavi et al. (2019) noted that there are two key distinctions between BIM and digital
twin. The first key distinction according to their research is, the digital twin is intended

to monitor a physical asset, enhance its operating efficiency, and enable predictive
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maintenance, whereas BIM was created to increase efficiency in the design and
construction phases of the building life cycle. The second key distinction is that digital
twins operate in opposition to the current BIM platform because BIM was not created
to work with real-time data, while digital twin is the digital counterpart of a physical
asset. A similar situation is emphasized by Tang et al. (2019), saying that without
additional data sources, BIM can only supply static data about the built environment
and cannot automatically update real-time information on models. Jiang et al. (2021)

presented the mentioned comparison, as follows:

1) A virtual model is necessary for both a digital twin and a BIM model.

2) A BIM model does not place as much emphasis on the physical counterpart as
a digital twin does.

3) An object that does not exist or has not yet been constructed may be represented
by a BIM model. Contrary, the current status of the physical counterpart must
be promptly reflected in a digital twin.

4) A digital twin stresses linkages with the physical part. While BIM or "as-is"
BIM does not.

BIM is mainly used to avoid errors during the design stage, aid communication
between parties, enhance efficiency, and examine the project’s time and cost
information. Concurrently the digital twin of a building can be used for predictive
acting, better allocation of resources, what-if analysis, etc. (Khajavi et al., 2019). To
convey the differences in detail, Table 2.3 provides a comparison of the characteristics
of BIM and digital twins based on information from the literature (Shahzad et al.,
2022). The virtual model is the basis of the digital twin. A custom 3D model or a 3D
CAD model taken from BIM can be used for digital twin visualization. But it has
become clear that a BIM model of the structure prepared during the design phase can
be the first step in creating a digital twin, considering that there are as many

commonalities as there are differences between BIM and digital twin.
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Table 2.3 : Characteristics of BIM and digital twin (Shahzad et al., 2022)

Characteristics BIM  Digital Twin

3D modeling + +
Real-time virtual model -
Live model updates through sensors -
Data exchangeability between virtual and physical models -
Data standardization
Scheduling

Major contribution at the design stage

+ 4+ o+ o+

Contribution at the construction stage
Major contribution at the operations stage -
Increased collaboration

Time management

Cost management

+ 4+ o+ o+

Project simulation analysis

Project simulation analysis in context with surroundings -
Live monitoring of assets =

Live and instant updates on equipment status -
Instant response to equipment failures -

Realistic predictive maintenance -

Getting insights to improve building utilization and performance -
Reduced project time and cost over the project lifecycle +
Easy application on existing buildings -

Better value for employers +

Improved building sustainability +

Improved dynamic risk management at the construction site -
Enhanced site logistics -

Updated data for operation and maintenance purposes -
Use of machine learning and automated processes -

Use of self-learning algorithms -

+ + + + 4+ 4+ + + 4+ + + + + + 4+ 4+ + + 4+ + + + + o+ 4+ o+ o+ o+

Necessary use of common data environment -
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Zhang et al. (2021) considered BIM an essential key to creating a digital twin, as it
creates information models that correspond to the target components and gathers data
about those components. Figure 2.4 shows essential components such as BIM and
various sensor networks that the digital twin uses to create a real-time image of the
structured entity. This dynamic structure provides real-time analytics, enhanced
decision-making, increased building effectiveness, and comfort (Khajavi et al., 2019).
In the AECO/FM industry literature, the integration studies of IoT and similar
technologies with BIM played an active role in the emergence of this view
(Alizadehsalehi & Yitmen, 2016; T. Han et al., 2022; Zhen Liu et al., 2019; Ni et al.,
2021; Park et al., 2016; Qian, 2021; Reinbold et al., 2019; Smaoui et al., 2018; Tang
etal., 2019).

3D design Realtime Machine learning Improvement of building
Data - Docs operational/Big data algorithms operations and use cycle
) Predictive maintenance Whatif analysis
=
=
=

+ = a +

= Gateway
’év, “"'
-

Required Data Components from Wireless Sensor Network Data Integration and Digital Twin
Building Information Model (BIM) (WSN) Analytics of Building

Figure 2.4 : Essential components to create a digital twin of building and difference
with BIM (Khajavi et al., 2019)

Deng et al. (2021) presented research examining the transition from BIM to digital
twin applications. The authors discussed the evolution of BIM into a digital twin at 5
different levels as in Figure 2.5, stating that the visualization and analysis of real-time
environmental data with the help of smart devices such as IoT became available in
BIM models, and the automatic updating of BIM models according to real-time
building status led to the emergence of a digital twin. Khajavi et al. (2019) also noted
that efforts are underway to enable BIM to take advantage of real-time data inputs

from sensors and IoT devices.
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Figure 2.5 : Evolution of BIM to digital twins in the built environment (Deng et al.,
2021)

While the use of BIM in the creation of digital twins continues with a natural structure
by offering a ready-made 3D information model, unknown benefits in this method
have begun to emerge as the use of digital twins in the industry increases. Coupry et
al. (2021) compiled 17 studies to identify the benefits uncovered in creating a digital
twin based on BIM they stated that a BIM-based digital twin can be compared to a
centralized database where the static data, such as maintenance records and technical
documents, are linked to an equipment's 3D representation to make retrieval easier
when needed. In their research, the authors of the study revealed benefits like
improvement of current building lifecycle operations, such as advancing equipment
usage or reducing costs, optimization of the building construction, and exploitation
such as reducing energy use or carbon emission by ontological information provided
that BIM provides. A digital twin could be created and used for routine monitoring
and maintenance tasks through the use of a central collaborative network if a building
information model is specially created to accommodate information in a 3D model
with additional information like equipment specifications, cost estimations, or
schedules (Shahzad et al., 2022). The efforts to develop BIM, caused by the problems
faced by the construction industry in terms of productivity and efficiency, and by the
technological developments in other industries, have also been reflected in academic

studies (see Figure 2.6). Using BIM to create a digital twin is the process of integrating

19



new technological developments and concepts of industry 4.0 into the digital model.
This improves existing uses of BIM and unlocks new benefits and uses with the digital

twin.
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Figure 2.6 : Distribution of reviewed papers by publication date with important
milestones in the construction industry (Boje et al., 2020).

2.1.4 Digital Twin Technologies: Definitions, characteristics, and applications

Cumo (2021) cited the construction industry as one of the application areas of the
digital twin and stated the application titles as progress monitoring, work schedule and
budget adjustment, resource allocation and waste tracking, safety monitoring, quality
assessment, and improving usage rate for equipment. Shahzad et al. (2022), on the
other hand, discussed digital twin applications with the titles of smart cities, design
decision-making, product manufacturing, real-time progress monitoring, and facility
management. A variety of data-related, high-fidelity modeling, and simulation
technologies are needed for the implementation of DT (Opoku et al., 2021). When the
literature dealing with the digital twin applications is examined, big data, artificial
intelligence (Al), internet of things (IoT), augmented reality (AR), virtual reality (VR),
and blockchain technologies are seen as supporting and are adapted for processing,
storing and responding to the high-volume data obtained (Coupry et al., 2021; Y. Jiang,
2021; Pour Rahimian et al., 2020; Shahzad et al., 2022; Yitmen et al., 2021; J. Zhang
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et al., 2021). Big data is used to express a data set with a huge size and volume that
traditional data management tools and processing software remain insufficient. It is a
collection of data, not a technology. Big data, which can be collected especially from
new sources, can also be defined as data that contains a larger variety, arriving in
increasing volumes and with more velocity. In their literature review on digital twin
applications, Opoku et al. (2021) mentioned blockchain and smart contracts, BIM, IoT,
GIS, VR, and Al as digital twin technologies that will respond to industry problems
along with big data technology related to data collection tools. However, GIS will not
be discussed in this section, as energy simulations fall outside the scope of project and
construction project management. Furthermore, Ozturk (2021) found artificial
intelligence, building information modeling, internet of things, virtual reality, and
machine learning (considered within the scope of artificial intelligence) technologies
among the concepts related to the digital twin in her scientometric analysis research

with the keyword digital twin within the scope of the AECO/FM industry.

2.1.4.1 Internet of Things (IoT)

The concept of IoT represents the network in which physical objects (mechanical or
digital tools, living beings, objects, etc.) supported by sensors and by technologies
such as software and data processing are connected and exchanged data via the internet
or other connection types. Dilakshan et al. (2021) define IoT as a system of "Things"
that connect to and communicate with one another through the Internet or a private
network and specify "Things" as "smart devices" that are connected to a network and
carry out most of their communication with little to no human involvement. [oT
devices have seen a spectacular expansion in recent years with the industry's quick
development, and they penetrated many industries (Liang et al., 2021). Through the
use of radio frequency identification, the global positioning system, and other
information-sensing devices, it is an intelligent sensing network that can share and
communicate information in a secure and effective manner (Qian, 2021). C. Zhang et

al. (2022) state that the structure of IoT technology consists of the following four parts:

1. Perception Layer: The primary purpose of the sensing layer is to gather
physical events and data that take place in the real world, such as quantities,

identity, and location.
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2. Network Layer: Connection types like internet, mobile or wireless network,
etc. serve as the foundation for the network layer.

3. Application Layer: The final interaction between things and people for analysis
and decision-making is completed by the application layer, which also uses it
to promote collaboration and sharing.

4. Public Technology: All IoT layers in terms of recognition and resolution,

security, and network administration, are related to public technologies.

IoT in construction is used to connect physical and virtual assets by acquiring,
analyzing, and processing real-time and multi-source data from the actual operations
for automated monitoring and early warning (T. Han et al., 2022; Z. H. Han et al.,
2020). Additionally, IoT can be used to link the gathered data with the model to create
an information system, and BIM can act as a central database (Zhansheng Liu et al.,
2020; Qian, 2021). With the integration of BIM, it can accomplish real-time
monitoring, positioning, data analysis, and surveillance of the site, such as equipment,
material, climate, etc. monitoring, and improve quality and efficiency in terms of
inventory management (Z. H. Han et al., 2020; Qian, 2021; Yu et al., 2019). Oke et al.
(2020) in their research in which they compiled the application areas of [oT technology
in the construction industry, revealed that the performance of safety, comfort,
efficiency, revenue generation, energy consumption, transportation, health
monitoring, security, privacy, communication, decision making, time and cost,
pollution and waste, data management, efficiency, and productivity concepts was

positively affected.

2.1.4.2 Artificial Intelligence (Al)

One of the key technologies in the world for Industrial Revolution 4.0 (Nguyen, 2021),
artificial intelligence is the ability of a computer or computer-controlled robot to
perform and simulate the processes or tasks that human intelligence is related to. The
primary anticipated advantage of Al is that it will lighten the workload on time-taking
tasks that a human to think, calculate, and control. The phrase artificial intelligence,
which has roots in the 1940s but is still one of the most puzzling areas of computer
science today, was first used by John McCarthy at a conference on the subject in 1956.
Al is a term used to refer to artificial creations, such a knowledge that can learn,

reason, plan, perceive, or process particular languages (Alheeti & Aldaiyat, 2021). The
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ability to analyze multiple examples and produce machine learning models based on
inputs and expected outputs is something provided to machines by humans (Hooda et
al., 2021). A system that can learn from data is what is meant by the term "machine-
learning," which refers to a subdivision and technology developed in the field of
artificial intelligence (Nguyen, 2021). In addition to machine learning, there are
technologies and disciplines such as Deep Learning, Pattern Recognition, Fuzzy
Logic, Swarm Optimization, Decision Trees, and Evolutionary Computation under the
umbrella of artificial intelligence, and all of them can find their applications in the
construction industry (Hooda et al., 2021). Hooda stated that artificial intelligence
applications have increased with technological developments and stated the three
dimensions of artificial intelligence as follows: (1) the first dimension consists of the
techniques and processes needed to teach machines to comprehend and carry out the
proper actions in the same way as humans do; (2) based on a specific pattern
recognition, the second dimension is all about the sensory and cognitive capacities of
the robots, such as image processing; (3) the third dimension is the development of
novel technology that can take the place of human labor. Automation technologies
have become inevitable for the construction industry, which has started to digitalize in
search of a solution to the problems it faces (Oliveira et al., 2021). Goh (2006)
suggested 16 years ago that while organizations must acquire the fundamental building
blocks of intelligent enterprise architecture, also industry professionals must adapt
their ways of thinking to include artificial intelligence in their commercial and
operational decisions. The author also noted that it may have uses in the areas of
resource planning, cash flow and productivity estimation, optimization of site
operations, and site equipment selection. Artificial intelligence is used in research,
design, and intelligent computing to optimize and model complex structures that
require high computing resources and can offer great alternatives for effective problem
solving (Cao et al., 2021). Hooda et al. (2021) have compiled the most significant
applications of Al in the construction industry: (1) decision-making using the
parameters of project characteristics, risk, environment and organization, location, and
workers with artificial neural network (ANN); (2) project plan adherence through the
project life-cycle with the help of robotics and machine learning; (3) structural health
monitoring; and with the IoT integration, (4 and 5) real-time monitoring and
developing a smart city. In addition, the construction project management literature

contains research showing that artificial intelligence improves decision-making,
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productivity, efficiency, scheduling, cost, quality and safety performances (Alheeti &
Aldaiyat, 2021; Aziz et al., 2014; Cao et al., 2021; Du, 2021; Nguyen, 2021; Oliveira
et al., 2021; H. Wang & Hu, 2022a).

2.1.4.3 Virtual Reality (VR)

Virtual reality, a technology that has permeated even daily life, enables users to
interact with artificially created and simulated virtual environments. It was created as
a research result of a flight simulation in the 1960s (Ghanem, 2022). Y. Wang (2021)
defined VR as a technology developed by the integration of computer graphics,
multimedia, Al, simulation, and other related disciplines. Users can experience vision,
hearing, and even smell in the virtual environment with realistic sceneries and objects
offering an immersive experience (Xu, 2021). In today's technology, multi-screen
digital rooms or wearable VR headsets called ‘head mount display’ can deliver this
experimental environment. As can be understood from the previous definitions, VR
acts as a visualization technology. VR initially gained popularity in the gaming and
entertainment industries, but it didn't take long for it to reach the AECO/FM industry
once it was realized that VR applications improved scenario visualization and
simulation. Also, Shojaei et al. (2021) stated that advanced visual capabilities are
essential for construction industry professionals and added that augmented reality
(AR) and mixed reality (MR) were integrated into the industry along with VR. The
author also noted that in general, VR applications are most commonly used in design
education, building visualization, training operational tasks, structural analysis
training, and safety training. Users of VR have the option to visually stroll through a
3D model of a future building (Ozcan-Deniz, 2022). BIM facilitates VR by providing
the advanced model needed for such applications. It enables a more seamless and
organic integration of VR (Ghanem, 2022). The combination of VR and BIM
technologies improves the effect of virtual performance by simulating real building
information through a digital information model, which has significant project
management implications (Y. Wang, 2021; Xu, 2021). On basis, because of its 3D
virtual environment, VR technology gives users the chance to interact with the
building and production process and broaden the cognitive toolkits of professionals
(Y. Wang, 2021). VR has benefited numerous project management domains, including

communication and collaboration, security, logistics, control, and training, as a result
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of these visualization possibilities (Dallasega et al., 2020; Ghanem, 2022; Ozcan-
Deniz, 2022; Zhong & Hao, 2014).

2.1.4.4 Augmented Reality (AR)

AR refers to an enhanced version of the real physical world through technologies that
bring computer-generated objects such as visual elements and sounds, into the user’s
physical environment. Machado & Vilela (2020) define AR as the combination of a
real environment with computer-derived information. While similar smart
technologies like wearable headsets are utilized to complement users' experiences,
augmented reality differs from virtual reality in that it overlays virtual data on top of
the real and physical world. It makes augmented reality more valuable in AECO/FM
industry (M. J. Kim et al., 2011). It is because by incorporating images, audio, tactile
feedback, and scent into the natural environment without altering its source,
augmented reality is far closer to the real world compared to VR (Kivrak et al., 2013).
The rapidly increasing use of AR has spread to different industries and has been used
in many applications such as navigation, medicine, smart shopping, entertainment,
education, production, museums and libraries, security, etc. (Karji et al., 2017).
Indicating that the AECO/FM industry is one of the suitable areas for the application
of augmented reality, Rohani et al. (2014) pointed out that the augmented reality
environment, which can represent the realistic view for simulation, can display a
combination of views of a real-world site and a computer-aided design model of a
construction process, offering a potent way to generate project activities and resources.
In essence, AR is used as a powerful visualization tool that enhances understanding by
providing detailed visualization of plans or any element in the construction industry.
It is important to provide efficient monitoring methods along with providing useful
data to project managers in the construction industry (Ratajczak et al., 2019). By
enhancing the visualization and giving stakeholders access to more intelligible 3D
project data, the construction project management system is made more effective and
simple (Bhadaniya et al., 2021; M. J. Kim et al., 2011; Zhong & Hao, 2014). Thus, it
finds applications from the design to the maintenance phase of the building in many
areas such as prevention of potential conflicts, clash detection, synergic site
visualisation, construction project management training, and safety training (Chung et
al., 2021; Karji et al., 2017; J. Kim & Irizarry, 2021; Rankohi & Waugh, 2013b;
Rohani et al., 2014; Sepasgozar, 2020; Tayeh & Issa, 2020; Wen et al., 2021).
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2.1.4.5 Smart Contracts and Blockchain

The concept of blockchain, which has become widespread with crypto coins such as
bitcoin and ethereum, is known as their technical background. As a well-known
example of Distributed Ledger Technology (DLT), blockchain technology enables
storing and execution of programs using a tamper-proof and easily verifiable
transactional ledger system (Sigalov et al., 2021). A network of nodes rather than a
single one regulates communication between nodes in this secure distributed file
system (Darabseh & Martins, 2020). A smart contract is a computer program that,
under specific circumstances, executes the terms of a contract exactly as they are coded
between the parties. Smart contracts are if/then pieces of computer code, which means
they are coded to execute the next step of a task automatically when the previous is
completed or certain conditions are met (J. Li & Kassem, 2021; Lin et al., 2021; Owusu
et al., 2020). To maintain track of the relevant information for each user within the
network, smart contracts are linked to a blockchain. Singh et al. (2021) identified four
attributes for blockchain as decentralization, persistency, anonymity, and auditability,
while Lin et al. (2021) identified six for especially construction projects: (1) openness;
(2) anonymity; (3) safety and reliability; (4) immutability; (5) traceability, and (6)
automated information processing. As a result of a decentralized chain that makes it
simple to trace changes, hard to cheat or hack the data, and feasible to swiftly
accomplish collaboration, blockchain users no longer have to rely on a centralized
system for their exchanges and transactions (Wahab et al., 2022). Because they are
only limited by the coding skills of the creator of the smart contract and the integrated
technologies (i.e. BIM, IoT) on which they rely, smart contracts do away with the
requirement for third parties like banks (J. Li & Kassem, 2021). So they warrant more
trust than any centralised third-party alternative. Blockchain and smart contract
technologies, as mentioned earlier, can be integrated with BIM, IoT, or data gathering
tools like RFID (Darabseh & Martins, 2020). Thus the digital twin concept benefits
from the use of blockchain technology since it makes data and communication more
transparent and secure (Ni et al., 2021). Information, payments, procurement, supply
chain, rules and compliance, contracts and delivery, disputes, and technological
systems were recorded as the AECO/FM industry applications of blockchain and smart

contracts by Li & Kassem (2021) after reviewing 153 sources of literature.
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2.2 Digital Twin Practices on BIM Uses at Construction

A construction project's life cycle is made up of a series of tasks that must be finished
to achieve the project's goals and objectives. Rankohi & Waugh (2013) stated the
project phase dimensions in which they examined the literature as (1) initiation, (2)
design development, (3) contract and pre-construction, (4) construction, and (5)
maintenance. Schiavi et al. (2022) on the other hand, divided the lifecycle phases into
three as design, construction, and post-construction. A committed team visualizes and
collaborates on the project while doing defect management to find solutions prior to
the start of construction. During the design phase, a building is conceptualized in three
dimensions (Zaker & Coloma, 2018). Simulations of the building's structural
soundness, lighting conditions, and potential weather effects are also part of this phase.
The post-construction phase, which lasts for around 30 years, is the one with the
longest duration in a building's life cycle (Schiavi et al., 2022). The activities of this
phase include maintenance procedures that are carried out to offer an appropriate living
and working space as well as to sustain equipment to prevent breakdowns. As the
second and most complicated phase, construction involves both workers on the job site
and those who work in engineering and design offices (Schiavi et al., 2022). A
dynamic construction site is vulnerable to numerous risks that could jeopardize the
project's timeline, the quality of the building, and the safety of workers (K. Kim et al.,
2017). The project's life cycle can last anywhere from a few months and a few years.
No matter how long a project's life cycle is, the project management process needs to
be organized. Leading management techniques with experimental and technological
tools must be used in the planning, coordination, control, and other procedures to meet
the goal of management (Xie & Yang, 2021). The procedures of the organization,
planning, leadership, coordination, scheduling, and control are typically used to carry
out management. The project management requirements define the management
structure, organizational responsibilities, position of roles, and scope of work, among
other things. According to Ozturk (2021), in her scientific analysis, the terms "digital
twin" and "lifecycle" have the greatest impact on research since, over time, the
AECO/FM industry has turned its attention to digital twin research as a method for

product lifecycle management.

Opoku et al. (2021), in their study investigating the applications of the digital twin in

the construction industry, determined the lifecycle phases as the classification criteria.
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In the industry, they observed that the research progressed more slowly until 2018 and
increased in 2019, and they found a total of 22 case studies and application studies.
Authors found that until 2022, the design and engineering phase has 11 application
and case study research, the construction has 3, the operation and maintenance phase
has 8, and the demolition phase has no application research as shown in Figure 2.7.
Also, the fact that "architectural design" had the third-highest number of ties with
“digital twin” in the scientific investigation suggests that the AECO/FM industry's
digital transformation began with the architectural design process before moving on to
other processes sequentially (Ozturk, 2021). Shahzad et al. (2022) also evaluated the
reflection of the digital twin in the design phase as a 3D intelligent data model and
revealed that the studies in this phase are much more advanced than the other phases.
There is a lack of research on the digital twin technology for construction site
management and its extensive applicability for construction sites, even though studies
on the design phase or the transition from BIM to the digital twin are covered in the
literature (J. Zhang et al., 2021). The author also highlighted a research (Boje et al.,
2020) as one of the few studies under construction in the building industry, showing
some potential methods and technologies for digital twins to be considered. Articles
examining the status of the digital twin concept in the industry have revealed that
construction needs further investigation (Opoku et al., 2021; Ozturk, 2021; Shahzad et
al., 2022; J. Zhang et al., 2021).

Number of publications

2017-2018 2019 2020
Design and engineering phase 1 6 4
Construction phase 3
Operation and Maintenance phase 1 4

Demolition and recovery phase

Design and engineering phase Construction phase

Operation and Maintenance phase ® Demolition and recovery phase

Figure 2.7 : Lifecycle phases of digital twin objects (Opoku et al., 2021)

The smart construction site is evolving quickly in the age of digitization thanks to the

implementation of numerous digital tools, including cyper-physical systems, BIM,
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laser scanning, sensing, RFID, web technology, and more (F. Jiang et al., 2021). BIM
is regarded as a crucial source of data in all studies pertaining to smart cities or the
AECO/FM industry. BIM is viewed as the digital twin’s starting point since it serves
as a 3D reference model with a wealth of semantic information that may be used in a
variety of digital twin applications (Boje et al., 2020). BIM can be used in the
construction industry as well as with sensors and other real-world and physical world
linkages which is necessary for real-time monitoring and management. By analyzing
the literature, Boje et al. (2020) compiled the use of bim in construction applications
such as logistics, clash detection, site monitoring, quality control, safety management,
simulation, visual communication, scheduling, and cost estimating. Although the use
of BIM in construction is on the rise with increasing opportunities, the development
of BIM to be a digital twin is not yet at a sufficient level, and it has been revealed in
the literature that new areas of use can arise or existing areas can be improved in this
way. A total of ten digital twin services have been identified that have the potential to
further develop BIM and address enhanced construction management as will be

discussed in the next titles.

2.2.1 Site Progress Monitoring

Monitoring the construction site is crucial during construction (Keyvanfar &
Shafaghat, 2022). BIM use cases in site progress monitoring are based on a variety of
new methods and technologies to monitor the site using photogrammetry and laser
scanning on handheld mobile devices and aerial drones to capture site data and
automate the BIM model during construction (Boje et al., 2020). By comparing as-
planned 3D models and as-built photographs or other data types. F. Jiang et al. (2021)
noted that visualization and computer vision techniques are used in an object-oriented
manner to monitor building progress in detail. After several processing and acquisition
processes, the data obtained from these technologies are reflected in the BIM model.
This mirroring takes place with the effort of the responsible architect or engineers in
the form of regular updates. Some studies revealing this process in the literature have
addressed the difficulties of making sense of the huge amount of data that is planned
to be transferred from the site to the digital model (Akanmu & Anumba, 2015).
Validation of senseful data and interpretation of it to output real-time correct answers
also remain challenges of the current BIM process (Boje et al., 2020). To improve the

synchronization between virtual models in both directions, a digital twin strategy can
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be used (Darabseh & Martins, 2020; F. Jiang et al., 2021). This is because, as discussed
in previous chapters, digital twin technologies provide continuous and real-time data
flow from the site to the model by automating the site monitoring process without
requiring the human need to process data which is both challenging and time-
consuming (Z. H. Han et al., 2020; Hooda et al., 2021; J. Li et al., 2019). And facilitate
their visualization and understanding (Karji et al., 2017; J. Kim & Irizarry, 2021; Pour
Rahimian et al., 2020). To enhance the tracking of changes and model updates, data
sharing between the designers and the site, and real-time recording of the status of as-

built parts (Akanmu & Anumba, 2015; Chengyi Zhang & Arditi, 2020).

2.2.2 Resource Allocation (labor, equipment, material) and Waste Management

The storage, usage, handling, disposal, waste collection, and other operations that take
place on site after the delivery of products are included in site material management
(Z. H. Han et al., 2020). As an integrated process, implementing a comprehensive
resource management plan aids in achieving more predictable project results, cutting
costs, raising productivity and quality, and creating a safer working environment (Z.
H. Han et al., 2020; Liang et al., 2021). Cinquepalmi explained how the resource
management process takes place in the BIM method. On predetermined and periodic
dates during the construction, quality and quantity measurements are performed on the
construction site, and the data collected is reported in the information model for each
element under control. The measurements are made collaboratively by the experts in
a geo-referenced and documented manner, and information like quantity, quality, time,
cost, health, and safety are produced by measurements. The authors also emphasized
that in the BIM methodology, these measurement processes should occur
automatically. In this context, studies in the literature aim to improve situational
monitoring of on-site construction resources, the identification, and elimination of
waste and the identification of workflow disruptions, better planning and enhancing
productivity based on visualization by integrating the BIM model with digital twin
technologies such as IoT (Reinbold et al., 2019). With the digital twin sensors and
mobile technologies, any desired resource such as workers, materials, and machinery
in the construction site can be monitored on the virtual model. It provides the
opportunity to make instant interventions by displaying the instant and real situations
of the resources in the dynamic construction site environment instead of the planned

locations. It is possible to collect real-time data regarding the location of resources in
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the construction site, the movement of workers and materials during production, and
the total time a worker spent in a certain location or inventory level (Z. H. Han et al.,
2020; F. Jiang et al., 2021; Oke et al., 2020; Qian, 2021; Smaoui et al., 2018). As a
result, by tying the data to the planning information, it will be easy to see whether the
personnel and materials are where they need to be for their next assignment and
identify any deviations quicker than when using status update data generated once a

week or at the end of the day (Liang et al., 2021; Reinbold et al., 2019).

2.2.3 Clash Detection

Schedule conflict, resources and cost conflict, and construction site conflict are the
three sub-uses that clash detection differentiates between (J. P. Zhang & Hu, 2010).
4D and 5D bim applications emerge as as-designed models at the stage of construction
to avoid these clashes and overcome ineffective coordination and communication
(Ammar et al., 2022; Bhadaniya et al., 2021; Isikdag, 2015; Zhen Liu et al., 2015). By
processing different types of data, such as point clouds, digital or thermal images, and
sensor data from laser scanners, cameras, and other devices, the digital twin, which
focuses on geometric information, offers a visual and effective way for inspection
(Bohn & Teizer, 2010; F. Jiang et al., 2021). Automated sensing with digital twin
avoids the question marks about the model's completion, validity, and human factor of
BIM adoption for clash management. It enriches the BIM model by reflecting the
instant situation (as-is) and allows professionals to make alternative (what-if) planning
simulations including construction tasks, temporary logistical operations, or plans for
equipment distribution and provides an opportunity to examine the interaction of
temporary construction sites and objects with existing and newly built areas (Boje et
al., 2020). The second-most frequently mentioned activity in publications pertaining
to construction is design review, which deals with finding conflicts between structural
installations and architecture inside a virtual building model (Schiavi et al., 2022).
Digital twin visualization technologies such as VR and AR work separately or together
under the concept of mixed reality, providing the opportunity to observe collision
detections in hard-to-reach areas with the help of simulation or hologram technologies,
even from the office (Rohani et al., 2014; Tayeh & Issa, 2020; Zaker & Coloma, 2018).

Thus, cooperation and communication between stakeholders are also improved.
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2.2.4 Communication, Collaboration, and Decision Making

A crucial component of team communication and decision-making in the construction
industry is visualization (Boje et al., 2020). The BIM solution has revolutionized
communication between parties and decision-making processes (Goyal et al., 2020;
Torrecilla-Garcia et al., 2021; Xu, 2021). However, unlike the as-design model
provided by BIM, the "real-time virtual model" provided by multiple digital twin
sources and technologies with instantaneous, cross-checking, and cross-referencing
data avoids the difficult manual processes caused by huge amounts of data obtained
from the construction site. That is, in the digital twin, the data is more transparent, so
it will be shared more freely, increasing cooperation and trust between the parties (J.
Li et al., 2019). Bohn & Teizer (2010) noted that throughout the construction of a
building project, the monitoring and control technologies discussed earlier in the thesis
can assist project participants in making better decisions more quickly. With Al-
supported decision-making, instant data can be processed according to the relevant
user and all kinds of data can be understood (Vivi et al., 2019). The fact that the instant
situation in the field can be monitored directly, with examples such as simulating a
tour at the construction site with the help of advanced visualization tools, provides
more valuable information to stakeholders and decision-making processes (Boje et al.,
2020; Ozcan-Deniz, 2022; Rankohi & Waugh, 2013a; Rohani et al., 2014; Tayeh &
Issa, 2020). Additionally, with the help of various technological advancements, current
BIM uses will become easier to compare construction simulations with real-time site

updates (Boje et al., 2020; Xu, 2021).

2.2.5 Scheduling and Cost Management

When creating a 4D model, the phases of construction must be broken down into a
setting where people, materials, equipment, and spaces are linked to the intended
activities. This makes it simpler to verify construction sequences, manage variations,
and compare various scenarios side by side (Agostinelli, Ruperto, et al., 2019). And
the 5D model, which is coupled with the 3D model to view the relevant expenses
through time, offers techniques for extracting and analyzing costs, more predictable
estimations, quantities, materials, equipment, and labor (Agostinelli, Cinquepalmi, et
al., 2019). Time planning is essential and has a significant impact on cost planning

since it grows in direct proportion to the potential for delays. To improve 4D and 5D
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dimensionsto utilize resources correctly and to keep costs at an estimated level, digital
twin reduces the workload on tasks that require time for a human and inform the
managers about the errors and their causes at the right time to improve the management
at the construction instant changes of construction site dynamics like over-
employment or too long production time (Boje et al., 2020). As an example, Aziz et
al. (2014) developed an intelligent optimization model with the help of artificial
intelligence. They provided optimized resource allocation to decrease project duration
by supporting the famous scheduling tool Critical Path Method, with artificial
intelligence algorithms. Researchers trying to develop the 4D model were able to
easily identify bottlenecks causing delays and forecast the number of building tasks
that would be needed in the future (Pan & Zhang, 2021). Additionally, they were able
to quickly examine various design possibilities on models and enhance Key
Performance Indicators (KPIs) including overall construction time and cost thanks to
digital twin visualization tools (Dallasega et al., 2020; Ghanem, 2022). Bohn & Teizer
(2010), on the other hand, were able to compare as-built data with planned calendars
with automated cameras. Near-future schedules can be predicted by optimizing the
planned and actual schedule data during the construction with the help of artificial
intelligence, daily resource consumption can be formulated to prevent short-term
peaks and troughs, and the statistical workload on humans can be reduced in general
(Hu et al., 2019; H. Wang & Hu, 2022a; Yin, 2021). Digital twin uncovers and
analyzes costs and provides precise cost estimations and predictions using real-time
data and machine learning algorithms like ANN (Cao et al., 2021; Nguyen, 2021).
With the help of 10T, it labels, tracks, and monitors the desired elements to prevent
negative cost effects like incorrect deliveries, misallocating funds, and theft (Oke et
al., 2020). Up to 20% of building costs can be eliminated by using Al, IoT, and robotics
(Alheeti & Aldaiyat, 2021).

2.2.6 Risk Management

Risks in the early stages of projects are reduced as a result of the practical application
of BIM (Goyal et al., 2020). However, due to the rapid variables of the construction,
it is also important to track the risks for a better construction project management
(Alheeti & Aldaiyat, 2021). Planning, tracking, monitoring, and operating risks can
be supported by the digital twin (J. Zhang et al., 2022). The previously mentioned

digital twin’s real-time virtual model avoids the effort and waste of time in processing
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and response the measurements and controls carried out for the risk management plan
(Arup, 2019). Nguyen (2021) stated that machine learning applications of construction
project management can be a response to various risks, from conflicts between
stakeholders, to project duration or cost. In the literature, studies using ANN, one of
the machine learning types, have been used for applications such as assessing risk
categories and values, risk assessment modeling with approximate sets to reduce
uncertainties, and determining cost deviations deriving from potential hazards to
reveal potential risks and turn them into actionable notifications for managers (Cao et
al., 2021). According to the decided risk value, ANNs are also used to calculate the
percentage difference between actual costs and projected floats at completion levels of

30, 50, 70, and 100%.

2.2.7 Logistics and Supply-Chain

According to Y. Li & Liu (2019), logistics deals with the movement of supplies and
equipment from their point of origin to the workplace, and the majority of the gross
work done in construction entails purchasing goods and services from suppliers and
subcontractors. Improving the management of the logistics network requires an
inclusive supply chain, in which tasks such as the delivery of materials and equipment
connected with their prerequisites (Boje et al., 2020). Opoku et al. (2021) stated that
one of the 6 key applications they found in their study, in which they defined the basic
applications of the digital twin application in the construction industry at various
lifecycle stages, is logistics processes. Digital twin enhances the as-designed model
and enables pro-active modeling, eliminates the lack of integration of on-site and off-
site supply chain actors, monitors layouts of the construction site, updates the real-time
location of the resources, enables the tracking of an ordered material from the factory
to the construction site, and give professionals an optimized duration and sequence
recommendations (Boje et al., 2020). These smart logistics processes directly reduce
costs (Greif et al., 2020). Drones, cameras, and sensors have been used to move
materials on construction sites and deliver goods from suppliers, which will help
supply chain managers to overcome logistical difficulties in the construction industry
(Bohn & Teizer, 2010; Y. Li & Liu, 2019; Oke et al., 2020; Patel et al., 2021; Ruperto
& Strappini, 2021). For instance, real-time location systems like GPS, ultra-wideband
radio, or radio frequency identification were utilized to detect, identify, and track the

whereabouts of materials that were marked (Y. Li & Liu, 2019).
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2.2.8 Safety Detection

With the visualization technologies evolution, BIM has found applications to solve
construction safety issues, including risk recognition and prevention, as well as
workers’ safety training (Torrecilla-Garcia et al., 2021). Additionally, it can simulate
the construction process and its connections, detect potential safety risks on the site,
review the construction plan through in-depth simulation, comprehend the risky
conditions on the site, and take preventive action (B. Zhang, 2021). But, the
implementation process of the safety management workflow is insufficient due to the
existing data acquisition from the construction site, lack of safety analysis information,
and their processing methods (J. P. Zhang & Hu, 2010). In addition, subcontracting
concepts and temporary workers cause the use of BIM to be neglected or continuous
data changes (Boje et al., 2020). A smart construction site framework can be developed
for safety management based on the digital twin concept, allowing personnel,
mechanical, and other site risks to generate warnings and be controlled (F. Jiang et al.,
2021). Sensors, drones, and cameras gather data on the workers' presence on the job
site, verify that they are following safety regulations like wearing helmets, and look
for signs of immobility or falling with the help of artificial intelligence (Alheeti &
Aldaiyat, 2021; Assadzadeh et al., 2021; Oke et al., 2020; Yi & Qu, 2021). And regular
site surveillance can be conducted cheaper and easier (Costa et al., 2016). Virtual
simulations of evacuation and field safety, Al-powered automated processes, and
safety training with wearable devices can shed additional light on previously
unforeseen near-term security threats and dangers and raise employee awareness

(Baduge et al., 2022; K. Kim et al., 2017; Xu, 2021).
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3. RESEARCH METHODOLOGY

Although the impact of studies on digital construction, especially for the design phase,
is visible in the literature, there is a lack of research on digital twin technology for
construction and its comprehensive applicability for construction sites. The aim of this
study is to shed a light on the interaction of the digital twin and BIM from a
construction project management perspective; to investigate the influences of the
digital twin during the construction phase of the project lifecycle. The study attempts
to find answers to three research questions: (1) “What are the characteristics and
practices of the digital twin in the AECO industry?”; (2) “What are the functions and
applications of the digital twin in the construction from a management perspective?”’;
(3) “To what extent and how can the digital twin support BIM in the construction?”.
To provide an effective response to the objective, this thesis employs a two-step
methodology: (1) a comprehensive synthesis of the literature on the digital twin
through the lens of construction project management and (2) a questionnaire survey.
In the first step, the extant literature on the digital twin and BIM is investigated, and
then their applications in construction are identified and compared. In the second step,
a questionnaire survey was conducted to measure the influence of digital twin services
in the construction project management literature on parallel BIM uses with the aim of
understanding the importance of these services for professionals. Figure 3.1 represents
the flow and stages of the research methodology. To perform a detailed background
analysis, the Scopus database was selected for data extraction and a comprehensive
literature review was conducted to find out the digital twin characteristics, practices,
their relationship with BIM and finally functions and applications of both in the
construction. The reason for choosing Scopus is that it has a larger scope and provides
access to more recent publications (Opoku et al., 2021). After synthesizing the digital
twin literature, Title-Abstract-Keywords filtering in Scopus' advanced search engine
was used in 2 separate parts. The first and changing part was digital twin practices
such as "artificial intelligence OR ai" and "internet of things OR iot", while the second

and unchanged part was "construction management" for each search run. The articles
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included in the search results that were not related to the construction industry were

eliminated.

Research Question

l

Comprehensive Literature Review

Literature Review Literature Review
of Digital Twin of BIM

Construction Project Management
Practices in Construction Phase

Digital Twin Services
-_> Enhancing

Project Construction Managemet

l |

> | Cronbach’s Alpha Reliability Test |

Design and Conduct the Questionnaire

H | Skewness-Kurtosis Normality Test |

Data Collection
> | Independent Sample T-Test |
&
. e One-Way ANOVA |
Analysis
> I Levene’s Test for Homogeneity |

Post Hoc Analyzes

> l Gabriel’s Test I I Tukey’s Test I

l

Results

Figure 3.1 : Flow and stages of the research methodology

The literature review, based on eye-opening articles from leading journals, provided a
basis for further research and uncovered the knowledge gap. As noted in section 2.2,
many authors in the digital twin literature have highlighted that the building lifecycle
needs further work during the construction (Opoku et al., 2021; Ozturk, 2021; Shahzad
et al., 2022; J. Zhang et al., 2021). Having identified this knowledge gap, related
resources and applications of the digital twin during construction were discussed and
digital twin services which address enhanced construction project management with
the potential for the further improvement of BIM were compiled in the literature. These
are site progress monitoring, resource allocation and waste management, clash
detection, decision making, communication and collaboration, cost management,

scheduling, risk management, logistics and supply chain, and safety detection as
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shown in Table 3.1. An attempt was then made to measure the influence of the digital
twin concept on BIM uses during construction in the context of construction
management to understand the importance of these services compiled from the

literature for professionals.

Table 3.1 : Digital twin services during construction

Digital Twin Services References

“Site Progress Monitoring” (Akanmu & Anumba, 2015; Boje et al., 2020; Darabseh &

“Resource Allocation and

Waste Management”

“Clash Detection”

“Decision Making” and
“Communication and
Collaboration”

“Cost Management” and

“Scheduling”

“Risk Management”

“Logistics and Supply-
Chain”

“Safety Detection”

Martins, 2020; Z. H. Han et al., 2020; Hooda et al., 2021; F.
Jiang et al., 2021; Karji et al., 2017; J. Kim & Irizarry, 2021; J.
Li et al., 2019; Pour Rahimian et al., 2020; Chengyi Zhang &
Arditi, 2020)

(Z. H. Han et al., 2020; F. Jiang et al., 2021; Liang et al., 2021;
Oke et al., 2020; Qian, 2021; Reinbold et al., 2019; Smaoui et
al., 2018)

(Bohn & Teizer, 2010; Boje et al., 2020; F. Jiang et al., 2021;
Y. Jiang, 2021; Rohani et al., 2014; Schiavi et al., 2022; Tayeh
& Issa, 2020; Zaker & Coloma, 2018)

(Bohn & Teizer, 2010; Boje et al., 2020; J. Li et al., 2019;
Ozcan-Deniz, 2022; Rankohi & Waugh, 2013b; Rohani et al.,
2014; Tayeh & Issa, 2020; Vivi et al., 2019; Xu, 2021)

(Alheeti & Aldaiyat, 2021; Aziz et al., 2014; Bohn & Teizer,
2010; Boje et al., 2020; Cao et al., 2021; Dallasega et al., 2020;
Ghanem, 2022; Hu et al., 2019; Nguyen, 2021; Oke et al., 2020;
Pan & Zhang, 2021; H. Wang & Hu, 2022b; Yin, 2021)
(Alheeti & Aldaiyat, 2021; Cao et al., 2021;

Arup, 2019; Goyal et al., 2020; Nguyen, 2021; J. Zhang et al.,
2022)

(Bohn & Teizer, 2010; Boje et al., 2020; Greif et al., 2020; Y.
Li & Liu, 2019; Oke et al., 2020; Opoku et al., 2021; Patel et
al., 2021; Ruperto & Strappini, 2021)

(Alheeti & Aldaiyat, 2021; Assadzadeh et al., 2021; Baduge et
al., 2022; Boje et al., 2020; Costa et al., 2016; F. Jiang et al.,
2021; K. Kim et al., 2017; Oke et al., 2020; Xu, 2021; Yi & Qu,
2021)

A questionnaire was designed by adapting the above literature outputs. In the two-part
questionnaire, the first part captures general information about the respondents and the

second part gathers information about the influence of Digital Twin services on BIM
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uses on a S5-point Likert scale with 1 = not effective, 2 = slightly effective, 3 =
moderately effective, 4 = very effective, and 5 = extremely effective. Google Forms,
a web-based survey package, was used to collect information from respondents
because of its simplicity and flexibility. Questions regarding both the demographic
details of respondents and the influence level of digital twin services are provided in
Appendix A. The questionnaire targeted industry experts who have experience with
the digital twin and/or BIM. Purposive sampling was used as the sampling
methodology . 108 industry experts were reached through the LinkedIn platform and
70 responses were collected. The response rate of the questionnaire turned out to be
65%. All responses were evaluated in the study, as all collected responses remained
valid. The data obtained were analysed using Statistical Package for Social Sciences,

SPSS v.27 software.

A series of sequential statistical tests were planned to analyze the perceptions of
experts and search for any statistically significant difference between them. Firstly, the
reliability of the data was tested with Cronbach's alpha reliability test. Then, the
Skewness-Kurtosis normality distribution test was performed to decide which
statistical tests can be applied to the obtained data. After it was revealed that the data
were normally distributed, Pearson’s correlation test was applied to see if there is a
linear relationship between variables. Further analysis was conducted by performing
independent-samples t-tests for comparing experts’ opinions. One-way ANOVA test
was another analysis that was applied to see the different perceptions. Finally, to
uncover statistically significant differences between groups, appropriate post-hoc tests
were applied. Levene's test was applied to measure the homogeneity of variances
before post-hoc analyses. Accordingly, for variables which have non-homogeneously
distributed variances, the Games-Howell test was applied. Additionally, the Gabriel’s
t and the Tukey tests were applied to the variables which have homogeneously

distributed variances.
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4. DATA ANALYSIS AND RESULTS

In line with the aim of the study, the 2-part questionnaire was sent to both private
industry employees and academics who are BIM experts. All 70 responses obtained in
total were evaluated in the study as they were valid for further analysis. Before starting
the statistical analysis, Cronbach's alpha reliability test was conducted to test the
reliability of the collected responses. The Cronbach's alpha (o) value of the study
obtained from the responses turned out to be a very acceptable value of 0.893.
According to Taber (2018), 0.7 was stated as a valid value for reliability, while the
closer the value to 1, the better the reliability level. After testing the reliability of the
study, further statistical analyzes were performed. The findings of the study are
presented in two parts. The first part includes general information about the survey
participants. Participants’ perceptions about the digital twin influences are given in the

second part by presenting statistical analysis results.

4.1 Participations’ Demographics

70 experts participated in the questionnaire survey conducted by Google Forms. 41
per cent of the participants are architects, 30 per cent are civil engineers, and the
remaining 29 per cent define themselves as mechanical engineers, software engineers,
geomatics engineers, project managers and construction technicians. In the question
asked about the education level of the participants, it was revealed that 20 of them have
a bachelor's degree, 10 of them are studying for a master, 17 of them have a master's
degree, 7 of them are studying for a doctorate and 16 of them are holding a PhD. The
distribution of the participants according to their industry experience was realized as
20, 17, 22, 14 and 27 per cent respectively, in five categories: less than 2 years, 3 - 5
years, 6 - 10 years, 11 - 15 years and 15+ years. 27% of the participants are associated
with academy, 19% of them are acting as client/developer, 24% of them are working
in a contractor company, and 30% of them are giving consultancy services . Also, the
participants were divided equally (50-50) from Turkey and internationally. Countries

that participated from abroad were Taiwan, Kenya, Israel, United Arab Emirates
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(UAE), Ireland, United States of America (US), Azerbaijan, Russia, India, Algeria,

Ethiopia, England, Kazakhstan, Vietnam, Germany, Nigeria, Canada, Hungary, South

Africa, Sweden, Malaysia, India, Australia, and Bahrain. The roles undertaken by the

participants were split as follows: 14 per cent BIM manager, 20 per cent BIM architect

or engineer, 36 per cent senior manager, 14 per cent academic staff, and 16 per cent

“other”. Other optionincludes consultants, students, project control specialists and

planning engineers. The proportion of participants who have tried any of the Digital

Twin practices is 57 per cent. Finally, the distribution of participants according to their

experience in BIM or Digital Twin is as follows: 13 per cent for less than a year, 23

per cent for 1-2 years, 19 per cent for 3-5 years, 24 per cent for 5 — 10 years, and 21

per cent for more than 10 years. Table 4.1 summarizes the characteristics of the survey

participants.
Table 4.1 : Characteristics of the survey participants
Demographic Number of Percentage of
Categories
Variable Responses (n) Responses (%)
Profession Architecture 29 41%
Civil Engineering 21 30%
Other 20 29%
Educational Level Bachelor 20 29%
Studying Master 10 14%
Master 17 24%
Studying Doctorate 7 10%
Doctorate 16 23%
Years of Industry <2 Years 14 20%
Experience 3 -5 Years 12 17%
6 —10 Years 15 22%
11—15 Years 10 14%
> 15 Years 19 27%
Organization Academic 19 27%
Client / Developer 13 19%
Contractor 17 24%
Consultant 21 30%
Country Turkey 35 50%
International 35 50%
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Table 4.1 (continued) : Characteristics of the survey participants

Demographic Number of Percentage of
Categories
Variable Responses (n) Responses (%)
Role BIM Manager 10 14%
BIM Designer 14 20%
Senior / Manager 25 36%
Academic 10 14%
Other 11 16%
Digital Twin User Yes 40 57%
No 30 43%
Years of BIM or DT <1 Year 9 13%
Experience 1 -2 Years 16 23%
3 -5 Years 13 19%
5—10 Years 17 24%
> 10 Years 15 21%

4.2 Digital Twin Influence on Construction Project Management

To analyze the participants’ perceptions of the digital twin influence on construction
project management, several statistical analyses were performed. Since the reliability
of the questionnaire is verified, the Skewness-Kurtosis normality distribution test was
applied to determine whether the sample data were normally distributed. According to
Tabachnick & Fidell (2013), Skewness-Kurtosis values should be between +1.5 and -
1.5. The relevant values of the survey variables are given in Table 4.2. The values of
the skewness-kurtosis test for all variables are between +1.5 and -1.5, so it can be said
that the data of the study have a normal distribution. In this way, it has been shown
that it is appropriate to use parametric tests in the further analysis of the study since
they require a normally distributed sample population. Additionally, Table 4.2 presents

the mean scores for the variables of the study.
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Table 4.2 : Skewness-Kurtosis normality distribution of variables

Variables Mean Std. Skewness  Kurtosis
(Influence on..) Deviation

Communication and Collaboration 4.34 796 -.704 -1.058
Clash Detection 4.27 962 -1.280 1.137
Decision Making 4.23 .820 =776 -.140
Scheduling 4.17 .963 -1.158 964
Site Progress Monitoring 4.11 .843 -.670 -.184
Resource Alloc. & Waste Man. 4.09 959 -.885 360
Cost Management 4.01 1.028 =770 -.194
Risk Management 3.99 .893 -.601 283
Logistics and Supply-Chain 3.83 1.076 -.581 -.325
Safety Detection 3.83 1.076 -.796 287

High mean scores show that participants attach great importance to given digital twin
services. Communication and collaboration had a mean of 4.34, followed by clash
detection with a mean of 4.27, and decision-making with a mean of 4.23. Conversely,
the lowest mean score of 3.83 belongs to the logistics and supply chain and safety
detection variables. From these results, it can be concluded that digital twin services
implemented during construction have a significant influence on BIM as they go

beyond their uses in the context of construction project management.

The Pearson bivariate correlation analysis was performed to examine the relationships
between the variables within all the ten influences as listed in Table 4.3. The
correlation has a value between -1 to 1, with a value of -1 meaning a total negative
linear correlation, 0 being no correlation, and + 1 meaning a total positive correlation.
Since project management is an inclusive process and each variable is one of the
project management services that create positive effects on project outputs, it is not
surprising that there is a significant positive correlation between almost all variables.
As expected, most of the variables were found to be correlated in the range of 0.310 to
0.729 with a two-tailed correlation significant at 0.01 level. Only safety detection and
site progress monitoring have correlations of 0.293 with a two-tailed correlation
significant at 0.05 level. No significant correlation was found between decision-
making and resource allocation and waste management variables, and risk
management and clash detection variables. The correlations between all variables are

shown in Table 4.3.
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Table 4.3 : Correlations between digital twin service variables

Variables (Influence on..)

A B C D E F G H I J

Site Progress Monitoring (A)

Resource Allocation and Waste Management (B)

Clash Detection (C)

Decision Making (D)

Communication and Collaboration (E)

Cost Management (F)

Scheduling (G)

Risk Management (H)

Logistics and Supply-Chain (I)

Safety Detection (J)

Pearson Correlation  1.000
Sig. (2-tailed)
Pearson Correlation .310™  1.000
Sig. (2-tailed)  0.009
Pearson Correlation .336™ 430  1.000
Sig. (2-tailed) ~ 0.004  0.000
Pearson Correlation .549™* 0233 472" 1.000
Sig. (2-tailed) 0.000 0.052 0.000
Pearson Correlation .502"* 359" 501" .633" 1.000
Sig. (2-tailed) 0.000 0.002 0.000 0.000
Pearson Correlation .349™ 469" 362" 512" 401 1.000
Sig. (2-tailed) 0.003  0.000 0.002 0.000 0.001
Pearson Correlation 440" 470" 481" 537" 527 729" 1.000
Sig. (2-tailed) 0.000 0.000 0.000 0.000 0.000 0.000
Pearson Correlation 426" 340 0.190 .579"" 374" .490™ .543" 1.000
Sig. (2-tailed) 0.000 0.004 0.115 0.000 0.001 0.000 0.000
Pearson Correlation 373" 379" 368" .538™ 458" 591" 588" .586™ 1.000
Sig. (2-tailed) 0.001  0.001 0.002 0.000 0.000 0.000 0.000 0.000
Pearson Correlation .293" 436" 284" 522" 408" .500" 490" .601™ .675" 1.000
Sig. (2-tailed) 0.014 0.000 0.017 0.000 0.000 0.000 0.000 0.000 0.000

** Correlation is significant at the 0.01 level (2-tailed).

*_ Correlation is significant at the 0.05 level (2-tailed).

45



For further analysis, independent-samples t-test and analyzes of variance (ANOVA)
were performed to analyze the statistical significance of these influences rated by
experts, their interactions with each other, and the effects of these interactions on the
dependent variable. Two independent sample t-tests were conducted to examine
whether the groupings divided into two perceived the influence of the services
differently. The results of the tests, in which participants were grouped according to
their status as users of the digital twin and whether they were from Turkey or abroad,

are shown in Tables 4.4 and 4.5.

Table 4.4 : T-test results for the digital twin service variables by digital twin users
and non-users.

Variables Std. p-
Groups Mean o t
(Influence on..) Deviation value
Communication and DT User 4.47 751
1.622 110
Collaboration Non-User 4.17 .834
Clash Detection DT User 4.35 1.075
787 434
Non-User 4.17 791
Decision Making DT User 4.35 736
1.443 154
Non-User 4.07 907
Scheduling DT User 4.28 .905
1.040 302
Non-User 4.03 1.033
Site Progress Monitoring DT User 4.22 733
1.274 207
Non-User 3.97 964
Resource Allocation & DT User 4.00 1.038
-.862 392
Waste Management Non-User 4.20 .847
Cost Management DT User 4.18 931
1.524 132
Non-User 3.80 1.126
Risk Management DT User 3.90 928
-.927 357
Non-User 4.10 .845
Logistics and Supply-Chain DT User 3.75 1.056
-.703 485
Non-User 3.93 1.112
Safety Detection DT User 3.78 1.121
-478 .634
Non-User 3.90 1.029

When divided into groups based on affiliation with digital twin practice users, the

numbers split into 40 and 30. 40 out of 70 participants gave a positive answer to the

46



question "Do you use any Digital Twin practice in your company?". To understand if
there was a significant relationship between the groups in the responses collected, the
confidence interval percentage was set at 95, and the independent-samples t-test was
performed. Since all p-values were greater than 0.05, it was determined that views on

the variables did not differ between digital twin users and non-users.

Table 4.5 : T-test results of the t-test for the digital twin service variables by
domestic and international experts.

Variables Std. p-
Groups Mean o t
(Influence on..) Deviation value
Communication and Domestic 4.40 .695
.597 552
Collaboration International 4.29 .893
Domestic 4.49 818
Clash Detection 1.899 .062
International 4.06 1.056
Domestic 4.37 .646
Decision Making 1.471 147
International 4.09 951
Domestic 4.40 914
Scheduling 2.031 .046%*
International 3.94 .968
Domestic 4.14 .845
Site Progress Monitoring 282 79
International 4.09 .853
Resource Allocation & Domestic 4.20 .833
.997 322
Waste Management International 3.97 1.071
Domestic 4.20 1.079
Cost Management 1.525 132
International 3.89 954
Domestic 4.14 772
Risk Management 1.486 142
International 3.83 985
Logistics and Supply- Domestic 4.00 1.029
8 PPy 1.340 .185
Chain International 3.66 1.110
Domestic 4.00 1.138
Safety Detection 1.340 185
International 3.66 .998

* T-test result is significant at the 0.05 level (two-tailed). p <0.05

As mentioned before, the division of the participants according to the countries in
which they carry out their activities was made in exactly two equal parts. 35
participants are working in Turkey and the remaining 35 participants are working
abroad in 24 different countries. In the independent-samples t-tests performed with

this group of international and domestic experts, the confidence interval percentage
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was again set to 95. No p-values below 0.05 were found for the digital twin services
variables, except for scheduling. It was found that views on the other variables did not
differ between domestic and international experts. The p-value of the scheduling
variable was found to be 0.046. Although it can be said that views differ statistically
between groups, it should be kept in mind that there is no significant difference
between means, even if the p-value is less than 0.05. When rated, domestic experts had

a mean of 4.40, while international experts had a mean of 3.94.

One-Way ANOVA tests were applied to the data that met the conditions such as
reliability and normality to understand if a variable differs for more than two different
groups. ANOVA is a set of statistical models used to analyze group means and the
operations that depend on them. The first grouping for applying the ANOVA tests to
the variables was done according to the organizational structures of the participants.
Participants were grouped into 4 different categories, namely academics,
clients/developers, contractors, and consultants. The results of the test are shown in

Table 4.6 and rankings of mean scores depending on the results are given in Table 4.7.

Table 4.6 : ANOVA results for digital twin service variables by organizational

structures
Std.
Variables Groups N Mean f p-value
Deviation
Communication  Academics 19 4.37 831 1.383 256
and Clients / Dev. 13 4.23 .832
Collaboration Contractors 17 4.65 .606
Consultants 21 4.14 .854
Clash Detection ~ Academics 19 4.37 .684 .684 .565
Clients / Dev. 13 4.23 1.092
Contractors 17 4.47 943
Consultants 21 4.05 1.117
Decision Academics 19 4.37 761 3.770 .015%
Making Clients / Dev. 13 3.77 1.092
Contractors 17 4.65 493
Consultants 21 4.05 740
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Table 4.6 (continued) : ANOVA results for digital twin service variables by

organizational structures

Variables Groups N Mean S_td'_ f p-value
Deviation
Scheduling Academics 19 4.26 733 363 780
Clients / Dev. 13 3.92 1.256
Contractors 17 4.24 1.033
Consultants 21 4.19 928
Site Progress Academics 19 4.16 .834 1.879 142
Monitoring Clients / Dev. 13 3.69 1.109
Contractors 17 4.41 .618
Consultants 21 4.10 768
Resource Academics 19 4.05 1.079 195 .900
Allocation and Clients / Dev. 13 4.08 .862
Waste Contractors 17 4.24 .903
Management Consultants 21 4.00 1.000
Cost Management Academics 19 4.16 .834 1.065 370
Clients / Dev. 13 3.62 1.261
Contractors 17 4.24 1.033
Consultants 21 3.95 1.024
Risk Management Academics 19 4.21 187 3.462 021%*
Clients / Dev. 13 3.46 1.198
Contractors 17 4.35 786
Consultants 21 3.81 .680
Logistics and Academics 19 4.11 .994 3.492 .020%*
Supply-Chain Clients / Dev. 13 3.08 1.320
Contractors 17 4.18 951
Consultants 21 3.76 .889
Safety Detection ~ Academics 19 3.95 911 1.519 218
Clients / Dev. 13 3.38 1.557
Contractors 17 4.18 1.074
Consultants 21 3.71 7184

* ANOVA result is significant at the 0.05 level. p <0.05
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Table 4.7 : Rankings of the influence of the digital twin services by organizational
structures.

. All Academics Clients Contractors  Consultants
Variables
Mean Rank Mean Rank Mean Rank Mean Rank Mean Rank

Communication and
4.34 1 437 1 423 1 4.65 1 4.14 2

Collaboration

Clash Detection 4.27 2 4.37 2 423 2 4.47 3 4.05 4
Decision Making 423 3 4.37 3 3.77 5 4.65 2 4.05 5
Scheduling 4.17 4 4.26 4 3.92 4 4.24 6 4.19 1

Site Progress
4.11 5 4.16 6 3.69 6 4.41 4 4.10 3

Monitoring
Resource Alloc. &

4.09 6 4.05 9 4.08 3 4.24 7 4.00 6
Waste Man.
Cost Management 4.01 7 4.16 7 3.62 7 4.24 8 3.95 7
Risk Management 3.99 8 4.21 5 3.46 8 4.35 5 3.81 8

Logistics and Supply-
Chain
Safety Detection 383 10 395 10 338 9 418 10 371 10

3.83 9 4.11 8 308 10 4.18 9 3.76 9

To perform the first ANOVA test, the 70 participants were divided into the following
groups according to their organizational structure: 19 academics, 13 customers, 17
contractors, and 21 consultants. In the evaluation of the questionnaire in which a total
of 10 variables were rated, according to the aforementioned grouping, no statistically
significant difference in opinion between these groups was found for 7 variables.
However, it was observed that there was a statistically significant difference between
groups in the variables of decision-making, risk management and logistics and supply
chain according to the organizational structures of the participants. The p-value, which
should not be greater than 0.05 to be able to say that a statistically significant difference
exists, was observed for these three variables as 0.015, 0.021 and 0.020, respectively.
The mean scores obtained for decision-making were 4.37 for academics, 3.77 for
clients and developers, 4.65 for contractors and 4.05 for consultants. The mean scores
for risk management appeared as 4.21, 3.46, 4.35 and 3.81 in the same order, and as
4.11, 3.08, 4.18 and 3.76 for the third variable, logistics and supply chain. The mean
score rankings of all variables were generally close to each other between the overall
rankings and the rankings according to the groups. However, some important
differences were also observed. Clash detection, which was ranked second by all

participants, was differentiated among consultants and ranked fourth in this group.
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Decision-making was ranked third by academics, second by contractors, and fifth by
clients and consultants. Scheduling was ranked 4th by academics and clients, 6th by
contractors, and 1st by consultants. Resource allocation ranked 9th among academics
and 3rd among clients. Risk management ranked 5th among academics and contractors
and 8th among clients and consultants. Logistics and supply chain management ranked

8th among academics, 10th among clients, and 9th among contractors and consultants.

Since there was a statistically significant difference between groups with p values less
than 0.05 in ANOVA tests, post-hoc analyzes were performed to find out which groups
caused this difference. To see which post-hoc test is appropriate, it is necessary to
measure the homogeneity of variances. Levene’s test was applied to Decision Making,
Risk Management, and Logistics and Supply-Chain variables; and their homogeneity
results are given in Table 4.8 . As seen in Table 4.8, the p-values of Levene's test were
0.076 and 0.541 for the risk management and logistics and supply-chain variables,
respectively, and 0.026, which was lower than the significance level (0.05) for the
decision-making variable. These values determined the tests to be applied to the
variables. While the Games-Howell test was applied to the non-homogeneously
distributed decision-making variances, the Gabriel’s Test and the Tukey Test Range

were applied to the other two variables which have homogeneously distributed

variances.

Table 4.8 : Levene Statistic results for homogeneity of variances
Variables Levene Statistic Sig.
Decision Making 3.288 .026%*
Risk Management 2.397 .076
Logistics and Supply-Chain 724 541

* Homogeneity test result is significant at the 0.05 level. p <0.05
In the post-hoc test for the decision-making variable, the difference between the views
of the contractor and consultant groups was found to be valid with a significance value
of 0.025. With this result, it can be said that the p-value showing a significant
difference in the ANOVA test performed for the variable is due to the difference
between contractors and consultants. The results of the Games-Howell non-parametric

post hoc test are given in Table 4.9.
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Table 4.9 : Games-Howell post-hoc test results for decision-making variable.

Organizational ~Mean Difference

Organizational Group (I) Group (1 (D) Std. Error  Sig.
Academics Client/Developer .599 350 343
Contractor =279 212 559
Consultant 321 238 538
Client/Developer Academics -.599 350 343
Contractor -.878 326 .069
Consultant -.278 343 .848
Contractor Academics 279 212 .559
Client/Developer .878 326 .069
Consultant .599 201 .025%
Consultant Academics -.321 238 .538
Client/Developer 278 343 .848
Contractor -.599 201 .025%

* The mean difference is significant at the 0.05 level. p <0.05

When grouped by organizational structure, the Gabriel's test and Tukey's test were
applied as the second post hoc analysis of the study after controlling for homogeneity
of variances of the remaining 2 variables showing a significant differenceThe results
were the same in both tests as given in Table 4.10 and Table 4.11. For the risk
management variable, the reason for the statistically significant differences was the
group of clients/developers and contractors in both tests, while for the logistics and
supply chain variable, the results in both tests showed that clients/developers disagreed
with both academics and contractors. In the Tukey test applied to risk management,
the p-value of the interaction between the client/developer and contractor groups was
0.029, while this value was 0.033 in the Gabriel test. Further, in post-hoc tests for
logistics and supply chain, the p-values of the Tukey and Gabriel tests were 0.034 and
0.038 for the client/developer and academic groups, and 0.024 and 0.28 for the

client/developer and contractor groups, respectively.
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Table 4.10 : Tukey’s and Gabriel’s post-hoc tests results for risk management

variable.
Post-Hoc  Organizational Organizational Mean Diff. Std. Sig.
Tests Group () Group (J) I-)) Error
Academics Client/Developer 749 .305 077
Contractor -.142 283 958
Consultant 401 269 448
Client/Developer  Academics -.749 .305 .077
Contractor -.891 313 .029%*
Consultant -.348 299 .653
Tukey
Contractor Academics 142 283 958
Client/Developer .891 313 .029*
Consultant .543 277 212
Consultant Academics -.401 269 448
Client/Developer 348 299 .653
Contractor -.543 277 212
Academics Client/Developer 749 .305 .093
Contractor -.142 283 997
Consultant 401 269 .586
Client/Developer  Academics -.749 .305 .093
Contractor -.891 313 .033*
Gabricl Consultant -.348 299 .808
Contractor Academics 142 283 .997
Client/Developer .891 313 .033*
Consultant 543 277 276
Consultant Academics -401 .269 .586
Client/Developer 348 299 .808
Contractor -.543 277 276

* The mean difference is significant at the 0.05 level. p <0.05
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Table 4.11 : Tukey’s and Gabriel’s post-hoc tests results for logistics and supply-

chain variable.

Post-Hoc  Organizational Organizational Mean Diff. Std. Sig.
Tests Group () Group (J) I-)) Error
Academics Client/Developer 1.028 .368 .034*
Contractor -.071 341 997
Consultant 343 324 714
Client/Developer  Academics -1.028 368 .034%*
Contractor -1.100 377 .024%*
Tukey Consultant -.685 361 239
Contractor Academics 071 341 .997
Client/Developer 1.100 377 .024%*
Consultant 415 334 .602
Consultant Academics -.343 324 714
Client/Developer .685 361 239
Contractor -415 334 .602
Academics Client/Developer 1.028 .368 .038*
Contractor -.071 341 1.000
Consultant 343 324 .868
Client/Developer  Academics -1.028 368 .038*
Contractor -1.100 377 .028%*
Gabricl Consultant -.685 361 .305
Contractor Academics 071 341 1.000
Client/Developer 1.100 377 .028*
Consultant 415 334 762
Consultant Academics -.343 324 .868
Client/Developer .685 361 305
Contractor -415 334 762

* The mean difference is significant at the 0.05 level. p <0.05

The second grouping for applying the ANOVA test was done according to the
experience of the participants. Participants were grouped into 5 different categories
according to their years of experience: (1) less than 2 years, (2) 3-5 years, (3) 6-10
years, (4) 11-15 years, and lastly (5) more than 15 years. The results of the test are
shown in Table 4.12 and rankings of mean scores depending on the results are given

in Table 4.13.
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Table 4.12 : ANOVA results for digital twin service variables by years of

experience.

Groups Std. p-
Variables N Mean f

exp. Deviation value
Communication and Less than 2

14 4.50 .650 1.224 309

Collaboration yIS.

3-5 years 12 442 .669

6—10 years 15 4.20 .862

11-15 years 10 4.70 675

15+ years 19 4.11 937

Less than 2
Clash Detection 14 443 756 2264 072

years

3 — 5 years 12 442 793

6 — 10 years 15 4.27 .799

I11-15years 10 4.80 422

15+ years 19 3.79 1.316

Less than 2
Decision Making 14 4.43 .646 1.778  .144

years

3 — 5 years 12 442 793

6 — 10 years 15 4.20 .676

I11-15years 10 4.50 527

15+ years 19 3.84 1.068

Less than 2
Scheduling 14 4.64 497 3.499 .012%*

years

3 — 5 years 12 442 .669

6 — 10 years 15 3.80 .862

I11-15years 10 4.60 .699

15+ years 19 3.74 1.284

Less than 2
Site Progress Monitoring 14 429 726 582 677

years

3 — 5 years 12 4.25 1.055

6 — 10 years 15 3.87 915

I11-15years 10 4.20 789

15+ years 19 4.05 780
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Table 4.12 (continued) : ANOVA results for digital twin service variables by years

of experience
Groups Std. p-
Variables N Mean o f
exp. Deviation value
Less than 2
Resource Allocation 14 443 756 2.405  .058
years
3 — 5 years 12 4.25 965
6 — 10 years 15 3.47 .990
11— 15 years 10 430 .675
15+ years 19 4.11 1.049
Less than 2
Cost Management 14 4.43 756 1.535  .202
years
3 — 5 years 12 3.67 1.155
6 — 10 years 15 3.80 1.082
11— 15 years 10 4.40 .843
15+ years 19 3.89 1.100
Less than 2
Risk Management 14 436 745 1.758  .148
years
3 — 5 years 12 4.25 754
6 — 10 years 15 3.87 743
11— 15 years 10 4.00 816
15+ years 19 3.63 1.116
Logistics and Supply- Less than 2
s PPy 14 726 1.795  .140
Chain years 4.29
3 — 5 years 12 3.67 1.231
6 — 10 years 15 3.53 .834
11— 15 years 10 430 .823
15+ years 19 3.58 1.346
Less than 2
Safety 14 4.07 730 1.711  .158
years
3 — 5 years 12 3.67 1.073
6 — 10 years 15 3.60 1.183
11— 15 years 10 4.50 707
15+ years 19 3.58 1.261

* ANOVA result is significant at the 0.05 level. p <0.05
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Table 4.13 : Rankings of the influence of the digital twin services by years of

experience.
Variables All Less 2 3-5 6-10 11-15 15+

Mean Rank Mean Rank Mean Rank Mean Rank Mean Rank Mean Rank
Communication

4.34 1 450 2 4.42 1 4.20 2 4.70 2 4.11 1
and Collab.
Clash Detection  4.27 2 4.43 3 4.42 2 4.27 1 4.80 1 3.79 6
Decision

4.23 3 4.43 4 4.42 3 4.20 3 4.50 4 3.84 5
Making
Scheduling 4.17 4 4.64 1 4.42 4 3.80 6 4.60 3 374 7

Site Progress
411 5 429 8 425 5 387 4 420 9 405 3
Monitoring

Resource Alloc.
409 6 443 5 425 6 347 10 430 7 411 2

& Waste Man.
Cost

401 7 443 6 367 88 380 7 440 6 389 4
Management
Risk

399 & 436 7 425 7 387 5 400 10 363 8
Management

Logistics and
) 383 9 429 9 367 9 353 9 430 8 358 9
Supply-Chain

Safety Detection 3.58 10 4.07 10 3.67 10 360 8 450 5 358 10

To perform the ANOVA test, the 70 participants were divided into 5 groups according
to their years of experience. 14 participants have less than two years of experience, 12
participants have 3 to 5 years, 15 participants have 6 to 10 years, 10 participants have
11 to 15 years, and 19 participants have more than 15 years of experience. It can be
said that the experience levels of the participants are distributed close to each other
among the groups. In the ANOVA test, in which the digital twin services were
determined as a variable, it was found that the approach to other variables, except
scheduling, did not show a statistically significant difference between the groups
within this grouping. For the variable with a p-value of 0.012, it can be said that the
view on this variable is statistically different between the groups. Scheduling was the
4th variable with the highest mean ranking with a mean score of 4.17. However, the
first group of experts with less than 2 years of experience rated scheduling with a mean
score of 4.64, while the experts with 3-5 years of experience rated it with a mean score
of 4.42, the experts with 6-10 years of experience with a mean score of 3.80, the
experts with 11-15 years of experience with a mean score of 4.60, and the experts with

more than 15 years of experience with a mean score of 3.74. Even though there is no
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statistically significant difference, it may be useful to evaluate the resource allocation
and waste management variable, which has a p-value of 0.058, as it is close to 0.05.
For this variable, the highest mean score of 4.43 was rated by experts with less than
two years of experience, while the mean score of experts with 6-10 years of experience
was 3.47. When the table of the rankings of mean scores according to the same
grouping is examined, even though it seems normal in general, remarkable rankings
are also found. Although clash detection ranked second in the overall rankings, experts
with more than 15 years of experience ranked it 6th. While those with less than two
years of experience ranked the scheduling variable 1st, the group with more than 15
years of experience placed it 7th. Site progress monitoring ranked 8th among the group
with the least experience, but 3rd among the group with the most experience. Resource
allocation ranked 10th among those with 6-10 years of experience and 2nd among
those with more than 15 years of experience. Safety detection, on the other hand, was
ranked 5th by experts with 11-15 years of experience, although it ranked last on

average.

Similarly, post-hoc analyzes were conducted for variables that showed a statistically
significant difference between groups in tests that grouped respondents' experiences.
Since the only significant difference was only seen in scheduling among the ten
variables, the homogeneity of variances was measured by performing Levene's test for
only this variable. The p-value of Levene's test for the variable scheduling was below
the significance level and was 0.003 (Table 4.14). Since the variances of the variable
were distributed non-homogeneously, it was decided to perform the Games-Howell

test.

Table 4.14 : Levene Statistic results for homogeneity of variances for scheduling.

Variable Levene Statistic Sig.
Influence of Scheduling 4.367 .003*

* Homogeneity test result is significant at the 0.05 level. p <0.05

In the post-hoc test for the scheduling variable, a statistically significant difference
between experts with less than 2 years of experience and experts with 6-10 years of
experience was found to be valid with a significance value of 0.027. The results of the

Games-Howell non-parametric post hoc test are given in Table 4.15.
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Table 4.15 : Games-Howell post-hoc test results for scheduling variable.

Group by Years of Group by Years of Mean Difference Std. )
Exp. (I) Exp. (J) I- Error Sig.
Less than 2 years 3 — 5 years 226 234 .867
6 — 10 years .843 259 .027*
11 - 15 years .043 258 1.000
15+ years 906 323 067
3 — 5 years Less than 2 years -.226 234 .867
6 — 10 years .617 295 254
11— 15 years -.183 293 969
15+ years .680 352 325
6 — 10 years Less than 2 years -.843 259 .027*
3 —5 years -.617 295 254
11 —15 years -.800 314 115
15+ years .063 369 1.000
11— 15 years Less than 2 years -.043 258 1.000
3 — 5 years 183 293 .969
6 — 10 years .800 314 A15
15+ years .863 368 162
15+ years Less than 2 years -.906 323 .067
3 — 5 years -.680 352 325
6 — 10 years -.063 369 1.000
11— 15 years -.863 368 162

* The mean difference is significant at the 0.05 level. p <0.05

With this result, it can be said that the p-value that showed a significant difference in
the ANOVA test performed with the relationship between the mentioned variable and
the experience level is due to the difference in opinions between these two groups with

different experience levels.
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S. DISCUSSIONS AND CONCLUSION

Although the construction industry plays a vital role in the economy, it remains rather
weak compared to other industries in terms of levels and increase rate of productivity.
To face this, a quest has emerged in the construction industry to benefit from digital
tools by following other industries as an improved construction project management
is the only way to tackle this problem. The age of digital transformation, which brings
many interrelated elements such as competition, changing customer demands, new-
generation employees and stakeholders, has also offered new instruments that are
rapidly spreading to offer enhanced construction project management. After the spread
of the fact that digital tools provide advantages in many industries, on the way to
becoming a more successful industry, the construction industry was also able to
integrate digital tools into pre-construction processes and achieved a late but rapid
adaptation by obtaining very positive outputs. However, the industry has not been able

to bring these developments to the same extent in the post-design phases.

Considered one of the biggest and most important steps in the digitalization journey
of the construction industry, Building Information Modeling has acted as a catalyst for
efforts to automate the industry. However, constantly developing technologies and
emerging opportunities paved the way for newer concepts to enter the industry. The
digital twin, which is defined as a virtual system that connects design, construction,
and operation by using a combination of technologies to connect physical and real
assets bidirectionally, has started to be examined in the construction industry literature
as one of the new instruments offered by the aforementioned digital transformation
era. Contrary to the literature, the digital twin, which uses the model offered by BIM
as a digital database and takes it to the next level with physical and real-time data, is
seen as a closed box for industry professionals since even BIM has not yet been fully
adopted in the industry. Concurrently, the literature on construction project
management also lacks understanding regarding the digitalisation of post-design
phases. At this point, this study aimed to clarify the relationship between the digital
twin and BIM from the perspective of construction project management to investigate

the influences of the digital twin in the construction phase of the project lifecycle.
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Because it is obvious from experience in other industries that the construction industry

also needs to enhance its management understanding to produce better figures.

In line with this aim, the digital twin concept was defined and its characteristics,
practices, and the place of technologies integrated into it in the construction industry
is revealed and explained in context with construction project management. Also
applications and functions of during the construction phase of the building life cycle,
which revealed that the literature needs more research, were examined. Since BIM,
which is the most up-to-date step in the digitalization process of the industry, is a
bridge for the transition to the digital twin and an element to be learned from, the
opinions of BIM experts were taken about the digital twin during construction services
in the literature. Thus, by examining what the literature offers and their value
according to professionals, it is revealed how and to what extent the digital twin can

improve BIM within the framework of project and construction management.

A comprehensive literature study was conducted to reveal the characteristic structure
and applications of the digital twin concept within the framework of the construction
industry. The most effective technologies that support the concept and find application
areas for themselves were found as the internet of things (IoT), artificial intelligence
(Al), augmented reality (AR), virtual reality (VR), and blockchain -generally
examined together with smart contracts-. In the relevant literature, which consists of
recent studies only in the last few years, the digital twin concept provides very
effective advantages, while at the same time it offers applications in every stage of the
project life cycle except the demolition. However, although construction project
management literature studies related to the design phase or transition from BIM to
digital twin exist, a knowledge gap has been observed regarding the digital twin
technology in post-design phases and its broad applicability in the field, especially for
the construction process. So to contribute to filling this gap, digital twin during
construction has been scrutinized. A detailed background analysis was performed to
find out and discuss the digital twin relationship with BIM, and the functions and
applications of both in the construction. After that, ten digital twin services for
construction that addresses enhanced construction project management with the
potential for further improvement of BIM were compiled in the literature. These are
site progress monitoring, resource allocation and waste management, clash detection,

decision-making, communication and collaboration, cost management, scheduling,
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risk management, logistics and supply chain, and safety detection. Since the goal of
construction project management is to provide effective management of the project's
schedule, cost, quality, safety, scope, and function, it is obvious that each of the
services is an important aspect of construction project management that need serious
consideration for a manager. To measure the validity and importance for industry
professionals of these ten digital twin services, a questionnaire survey was conducted
sampling BIM experts, who have the most acceptable experience in the digitalization

journey of the industry.

The questionnaire with the valid participation of 70 BIM experts, gathered information
with a 5-point Likert scale about the influence of ten digital twin services on parallel
BIM uses that address construction project management practices. The validity and
examination of the study, which can be accepted as international thanks to both
domestic and foreign participants, is ensured by a series of sequential statistical tools
such as Cronbach's alpha reliability test, Skewness-Kurtosis normality distribution test
and Pearson's bivariate correlation analysis. Further analysis was conducted by
performing independent-samples t-tests for comparing experts’ opinions. One-way
ANOVA was another analysis that was applied to see the different perceptions.
Finally, to uncover statistically significant differences between groups, appropriate
post-hoc tests -namely Games-Howell test, Gabriel’s test, and Tukey test-were
applied. Levene's test was applied to measure the homogeneity of variances before

post-hoc analyses.

According to the results of the questionnaire, ten digital twin services that found
applications in the construction are ranked as follows according to the mean scores of
their influences on BIM uses in parallel with them: (1st) 4.34 with communication and
collaboration; (2nd) clash detection with 4.27; (3rd) decision-making with 4.23; (4th)
scheduling with 4.17; (5th) Site progress monitoring with 4.11; (6th) with 4.09
resource allocation and waste management; (7th) cost management with 4.01; (8th)
risk management with 3.99; and safety detection with logistics and supply chain with
a common mean score of 3.83. High mean scores of all ten variables show that
participants attach great importance to the specified digital twin services. The fact that
these services, which are stated to provide significant advantages in the literature, are
also valued by industry professionals and their influences are highly rated. The results

of this study are consistent with those of other studies which presented the advantages
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of digital twin services in the construction (Alheeti & Aldaiyat, 2021; Baduge et al.,
2022; Boje et al., 2020; Dallasega et al., 2020; Darabseh & Martins, 2020; Greif et al.,
2020; Z. H. Han et al., 2020; Hooda et al., 2021; F. Jiang et al., 2021; Y. Jiang, 2021,
J. Kim & Irizarry, 2021; Nguyen, 2021; Oke et al., 2020; Opoku et al., 2021; Tayeh &
Issa, 2020; Xu, 2021). According to the digital construction professionals, it was
observed that the construction project management service that the digital twin could
improve the BIM the most in the construction was communication and collaboration
with 4.34 score. The real-time model and data visualization tools offered by the digital
twin have proven to make a critical difference in communication, collaboration and
trust between project participants compared to BIM's as-design model. The clash
detection service, which follows it, has emerged as the second service that will have
the greatest influence, according to experts, with a mean score of 4.27. To avoid
calendar, cost, resource and site conflicts, the digital twin's ability to instantly monitor
any desired element precludes BIM's improved planning models offered at 4D or 5D
levels. The most important factors affecting this score may be the human factor, which
has to take an active role in BIM processes, and question marks about the model's
completion. The automated sensing capability of the digital twin overcomes these
downsides and presents an as-is model to the project participants, allowing alternative
plans and simulations. Although the logistics and supply-chain service is considered
one of the most important services of the digital twin for Opoku et al. (2021) and Boje
et al. (2020), it has been accepted as one of the two services with the lowest impact
among other services with a mean score of 3.83 for industry professionals. With this
result, it can be said that the follow-up of an item to be transported at the construction
site since the point of production and/or a system in which the supply-chain actors are
more integrated have a lower effect on BIM uses for logistics and supply chain
management. The safety detection service with an equal mean score has also been
considered to have a lower impact compared to other services, although it shows that
-thanks to its instantaneous monitoring of the construction site- the digital twin can go
beyond the safety planning provided by the BIM model, which creates disadvantages
in constantly changing conditions. When the interrelationships of the influences of all
ten digital twin services on parallel BIM uses regarding the construction project
management are examined, as expected, most of the variables were found to be
correlated in the range of 0.310 to 0.729 with a two-tailed correlation significant at

0.01 level. This strong relationship has emerged as it is known that whole construction
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project management is an interrelated and comprehensive process but also, it has been
revealed that elements should be considered as a whole in which they are in a
bidirectional relationship with each other for an enhanced management during

construction.

Further analysis investigated the relationship between the perceptions of the
participants. Accordingly, participants were divided into meaningful groups, and it
was searched whether there was any statistically significant difference between the
groups. The first grouping was composed according to the participants’ countries, and
their perceptions of the digital twin services were analysed. The analysis revealed that,
while there was a statistically significant difference between domestic and
international experts on scheduling; no significant difference was found onthe
remaining nine services. Since both groups assigned high rates (the mean score for
domestic experts was 4.40, this score for foreign experts was 3.94) for the specified
digital twin services, it can be said that both groups think that the digital twin has a
significant positive impact on 4D BIM applications. The scheduling service of the
digital twin exists with the support of artificial intelligence. The fact that artificial
intelligence applications have not yet found enough space in practice may have caused
this difference in the evaluation of potential between groups. The second grouping was
made according to whether the participants were users of digital twins or not.
Critically, the emergence of the same opinions about all services shows that there is
no inconsistency between what the digital twin claims to offer and what it can deliver.
This will reduce the question marks for professionals who want to catch up in this field

and for institutions that want to adopt digital twin technologies.

In the analysis that divided the participants into more than two groups according to
their organizational structure, decision-making as a construction project management
practice, was the first digital twin service that has seen a significant difference between
groups. In further analysis, it was revealed that this difference emerged from the
opinions of contractors and consultants. While the mean score of the contractors was
4.65, it decreased to 4.05 for the consultants. Risk management has been the second
service where experts have not been able to fully agree on the impact of its parallel
BIM uses. The statistically significant difference here has emerged this time between
clients/developers and contractors. For the third service, logistics and supply chain, it

was seen that the difference was since the clients and developers with a 3.08 mean
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score could not along with the academics with a 4.11 mean score and the contractors
with a 4.18 mean score. A difference of opinion cannot be generalized between any
two particular groups, since all three differences of opinion are experienced between
different pairs. In addition, even though each group approaches the project with
different risks, different objectives and different perspectives, the fact that there are
differences of opinion for only a few services in this combination of relationships has
been an indication that the positive influence of the digital twin has been accepted by
nearly all stakeholders of the industry. In the second large group analysis of the
experience levels of the participants, the only statistically significant difference was in
scheduling among the influences of digital twin services. Only among experts with
less than 2 years of experience and experts with 6 to 10 years of experience. The fact
that there was no significant difference between the experts from different experience
levels showed that there is a common agreement on the positive influence potential of
the digital twin. The findings support previous researches in the digital construction

arca.

Some suggestions for future studies on the digital twin might be to identify the barriers
for faster adaptation of this concept to industry practice and to question what should
be done to overcome these barriers. In addition, taking the BIM process as an example

can be an important opportunity in this direction.

The digital twin services, those positive effects have been examined in the literature,
were scrutinized in the construction with the motivation of filling a knowledge gap,
and the theory and industry views were tried to be superposed. The results of this study
have contributed to and strengthened the construction project management literature
due to its limited knowledge of the digital twin. In line with the data that this research
sheds light on, it has been revealed that the potential uses and expected advantages of
the digital twin on construction project management revealed by the researchers, are
evaluated in the same way for experienced digital construction professionals in the
industry. Thus, it can be concluded that the industry should benefit from the digital
twin services for enhanced construction project management, which can get rid of the
low efficiency and lack of productivity that the construction industry is still
experiencing. This study serves as a source of motivation for researchers working in
the field of digital construction and a guide for construction project managers, industry

professionals and institutions with question marks about concepts and outcomes.
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APPENDIX A

Digital Twin Influence on BIM: a Construction
Management Perspective

This questicnnaire is part of an MSc thesis research examining the infuence of "Digtal Twin®
senices on "Bulling Int deling” uses at the phase within the architecture,
and (AECO) indusary.

Ve

have atzached a two part guessonnaire. The frst pan of the

questonnaie captuses general infommation about respendents. The second part

gathers information about the influence of Dignal Twin Services on BIM uses. 'We want % assure
you that 2e informaticn we coliect

from you will be used for research purposes only and will be held in the

sictest confidence

Thank you for your time and your valuable contribution. If you have any queries, you are most
welcome
10 comact:

Ress. Asst. Berkay Aktink (akour 1 9@n. odu 1)

Assoc Prof. Dr. Pinar ifaye Gakmak (i ayici@itu edu tr)
Preject & C ! of
Istantul Technical University

® b .com (pay ) Hesap dedistir ()

* Gereddi

What Is your profession? *

(O Archtectre
O Ccivil Enginsering
O Becuical Engireering

(O Mecranical Enginesring

O Dider:

What is the highest degree you have completed? *
O Bacheor

(O Stusying fee Master
O Master
(O Stusying fee Doctorte

O rocwrate

O Dider:

78



Please Indicate your years of experlence in the AECO Iindustry? *

O Lessmanzyears
O 3-5years

O 6-10yeus

O N5

O 15+ years

Please Indicate the organization you assoclate with. *

[ Acacemic instiniea
O client/ devekeper
O comractor

[ consukant

D Dider:

In which country do you / your company operate? *

Yanminz

What is your role/title in your company?*

Yantinz

Do you use any Digital Twin practice in your company? *

QO ves
QO N

Please Indicate your years of experience in the BIM or Digital Twin fields? *
(O Lessman 1 year

O 1-zyears

O 3-5years

O 510 years

QO 100 years
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What is the Digital Twin? (If you need)

The digical tmin concapt is continual and idvectonal dacs stream 2etwoen o physical Jased and s
wirtwal ris in thvee man physical ennty in the read world (1), X
wirtwal Tin a dgral (21 and a data fow Mae connecss doth (3). Uslike BIM it
allows 10 readtime momtoring of @ DulAng and other CoNSIUCLan assels 1a its gl representation
with vaniefy of sools suzh as 107, AL RFID tags, mobvie devizes efc.

Influence of “Digital Twin® services on "Building Information Modeling” uses
at the construction phase from a construction management perspective

This secticn of B s ton BIM areas that have T potensial for
furher improvement with digital twin services, accerding to The literature

Please rate the potersial influences of digital twin senvices (each esplained below) on a scale of 1
10 5 based o0 your experience (1 noe effective 2 sightly effectirg 3: moderarely effective, 4 vevy
effective 5 axtramaly effective).

Influence on Site Progress Monitoring *

Digtal swin technolegies provide continuous and real time data fow from e sie 10 e model by
atemating e ske Monitoring peocess wihout requing human in e hand-held teoks such as
photogramametry, laser scanning, and drones, and wihout e human noed 10 process e cbtained
the enormous amount of data which & bath challknging and time-consuming % make serge of,
valdate, and interpret, and ulimately process it in an effectve manner to faciitate real time
esporaes.

1 2 3 4 5

atetee O O O O O cremetyettectine

Influence on Resource Allocation and Monitoring (labor, equipment, N
material) and Waste Management

With the digital twin sensors and mobile technokgies, any desired resource such as worker,
maserial, niw sie can be on e virtual model. It provides the

oapportniy to make instant inserventicns by dsplaying the instant and real siuations, poations and
ofthe inthe dynamic oo site instead of the planned

kcations.

1 2 3 4 5

matetce O O O O O cremeiyetrectie
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Influence on Clash Detection *

Automated sensing with digital twin awoids the questicn marks abous the model’s compiation,
vaiday and human factoe of EIM adoption foe clash management. It enrichas the BIM model by
refiecting the instant s@uation {as-is) and allows professicnals to make alternative (what )
planning simuaticns including buiding 1aaks as wel as temparary logistics actheties e, Provides
he of temporary o0 3ites and objects with existing

o
and rewly bult areas.

1 2 3 4 5

not effective O O O O O extremely effective

Influence on Decision Making *
A real time virtual medel” which is peovided with up- 9 date, inatant, cross-checking and cross:
referencing data by mukiple dgial twin sowces and gies prevents ing in data”

situanion of as-design model Caused by encaMeus ameunt of dita frem the constructicn site. With
Al o various computer software, instant data can be visuaized according to ™e selevant wser and
make any datsa understandable and processable. Thus, it offers mose valuabie information to
suakeholders and decision making processes.

1 2 3 4 5

matetee O O O O O cremetyettectine

Influence on Communication and Collaboration *

A “real time virtual model” which is peovided with up % date, instant, cross-checking and cross:
referencing data by mukiple digial twin sowrces and prevents in data”
situasion of as-design model caused by encameus ameunt of data from the constructicn site. With
Al or various computer software, instant data can be visualized accoeding 1o ™ selevant wser and
make any data understandable and processable. Thus, it offers mose valuabie information te

and decisi i .

g

not effective O O O O O extremely effective

Influence on Cost Management *

To imgrove 5D BIM dmension with e aim of keeping costs at an estimated level, dgial twin
uncovers and analyzes costs and proaides precise cost estimations wsing realtime data and
machine leaming. Also can inform e managers aboul Te emors and el causes a1 e right time
10 improwe the management i e congtrucion phase by ranning the corect artificial inteligence
9 to the instant changes of coratruction site dyamics ike cver:

employment.

matetee O O O O O cremetyettcctie
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Influence on Scheduling *

To imgrowe 4D dimension with the aim of utilzing resources conectly, with @ more comples
sructure, digial twin reduces workload on 1asks require Tme for @ human, uses newly developed
time management 1ools Ike 'smart critical path meshed” and inform The Managers about e emors
and their causes at the right time 10 impeove the atthe phase by artificial
inteligence coraidering instam changes of dte ke 900 b ducti

time.

1 2 3 4 5

atetete O O O O O ciremetyettcctie

Influence on Risk Management *
A "reak time wirtual meder which is peovided with up % dane, inatant, cross-checking and cross:
referencing dasa by muliple digal twin sources and technoligies avoids the the effert and waste
of tima in 5 and e and contrals camied out for the risk
management plan. Values decided in risk planning are with arsficial
algorithera such as antificial neural retwork (ANN) to reweal potential risks and tum hem into

for

1 2 3 4 5

matetce O O O O O curemeiyetteciiee

Influence on Construction Logistics and Supply-Chain *

Imgecaing the management of the legistics network requires an inclusive supply chain, in which
tasks such as the delivery of Aals and with their Diginal
twin echance the as-designed medd and enabke a pro-active modeling, eiminate the lack of
integration of onsie and off-site Supply Chain actors, Monior lpouts of construction site, updane
real time location of the resowrces, enatie the yacking of an cedered maserial from the factory to
the site, and give Is an duraticn and sequence
recommendations.

1 2 3 4 5

matetce O O O O O curemeiyettecti

Influence on Safety Detection *
Implementation process of the safety Y due 10 the existing dasa
cquisition from the construction site and their ds. n addiion,

cencept and temparary workers cause the use of BIM to be segiocted of continuous data changes.

Digtal swin collects infarmason on e presence of warkers onske and checks ther camplance to
safety rules ke wearing helmats and detect moticnlessness o fall behaviors. It provides a
hearhier working enronment by monneding data such as air guality and tempenanure in e
working areas. Virtual simudaticns of evacuations and site safety may akio shed addtional light on
previously unanticipated near tenm safety theeats and dangers.

1 2 3 4 5

atetee O O O O O cremetyettectine
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Please feel free to leave any final comments relating to the influence of the
Digital Twin on construction management during the construction phase
with considering the BIM technology.

Yantinz

Pleasge provide your emall address if you would like to recelve a summary of
the research findings.

Yanminz
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