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Abstract

While initial costs in building economics cover a small portion of the costs incurred during
its life cycle, most occur in construction, operation, and subsequent processes. Despite
its numerous contributions to building economics, the construction industry is slowly
adapting to digital technologies. To overcome the barriers and crown the assets with their
proper management, dynamic applications of digital tools and techniques of Industry

4.0 need to emerge in the construction industry. Therefore, this study aims to present

an integrative approach that combines quantitative and qualitative analysis techniques

to critically review the available literature on the potential contributions of digital
construction technologies to building economics through the post-design phases of the
life cycle. The primary focus of the investigation is how digital technologies can overcome
prevalent problems and how they can impact building economics. The study contributes to
the field by providing an awareness that will inform researchers and practitioners of the
trends, gaps, and more profound exchange of ideas in future research efforts.
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Introduction

'The global economy depends heavily on the construction industry, which contributed around 6% of the
world’s GDP in 2018 and is predicted to grow to about 14.7% by 2030 (Ye, Zeng and Konig, 2022). A
1% increase in productivity globally might reduce building costs by $100 billion annually, improving a

nation’s competitiveness and sustainable development (Craveiro, et al., 2019). However, the industry is seen
as primarily low-tech, still reliant on traditional techniques, with a poor reputation for performance and
productivity (Choudhry, 2017; Li, Greenwood and Kassem, 2019; Opoku, et al., 2021). Many industries

have significantly improved by adopting emerging technologies to increase efficiency and productivity
(Lu, et al., 2015; Li, Greenwood and Kassem, 2019). Although digital technologies have significantly

transformed various industries, the construction industry has still been criticised for being one of the least

digitised industries since it shows a slower adoption of innovative tools (Craveiro, et al., 2019; Jang, et al.,

2021; Ye, Zeng and Kénig, 2022; Jiang, Messner and Matts, 2023).
Digital technologies have recently proliferated in the construction industry, and digitisation has become

an attractive subject for the construction research discipline. While numerous studies have been conducted
on integrating digital technologies into building life cycle processes, most of them have concentrated on the
uses and benefits through the design phase (Opoku, et al., 2021; Ozturk, 2021; Shahzad, et al., 2022). Since

digital technologies significantly contribute to building economics, further research is needed to review the

potential of digital construction technologies from the standpoint of building economics.

Correspondingly, this paper aims to provide further research by presenting an integrative approach by
critically reviewing published research on digital construction from a building economics perspective. The
paper investigates how digital technologies can overcome prevalent problems and how they can impact
building economics. The findings present a quantitative evaluation of trends, keywords, clusters and citations
of selected publications. Followingly, digital technologies are categorised and analysed under eight main
groups: “Al and data processing technologies”, “building information modelling”, “IoT devices and data
communication technologies”, “wearable technologies”, “augmented reality”, “robotics”, “image-based
technologies”, and “blockchain”. The paper demonstrates the contribution of the analysed digital construction
technologies to building economics through the post-design stages of the life cycle by revealing their areas
of use, the problems they eliminate and the positive outcomes they provide. The outcomes of the paper are
expected to contribute to construction professionals and academicians by presenting a comprehensive guideline
for digital technologies considering building economics through the post-design phases. This paper can also be
a reference point by providing awareness of potential directions for future research efforts.

The remainder of this paper is organised as follows: in the next section, an overview of the interaction
between the construction industry and industry 4.0 technologies is presented. Next, the research
methodology and data collection setup are described. Results and discussions are then presented together for
both bibliometric and content analysis. While the first part presents the findings of trends of publications,
keyword, cluster, and citation analyses, the second part presents the in-depth investigation of digital
technologies in categories to make it more understandable and readable for readers. Finally, conclusions are

drawn, and future research directions are outlined.

Digital construction technologies

"The main idea of the current industrial revolution, also known as Industry 4.0, is linking physical settings with
digital ecosystems (Sepasgozar, 2021; Akturk, 2022). The digital technologies accompanying Industry 4.0, such
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as the Internet of Things, machine learning, cloud computing, big data, robotics, virtual and augmented reality
and many others, have the capability of transforming the operational productivity of industries universally
(Oke, et al., 2023a; Oke, et al., 2023b). However, in the construction industry, lack of digital skills and

reluctance to implement new technologies can result in cost overruns, inadequate project quality, delays, wrong

decisions, and limited productivity performance (Singh, et al., 2023). The entire construction workforce spends
over 35% of their working time on non-productive activities like scrutinizing project information, resolving
conflicts, waiting for instructions or squandering time on poorly planned assignments, leaving the industry
stuck at a 43% productivity rate and causing it to fall behind other industries such as manufacturing, which has
more than twice the productivity at a rate of 88% (Slaton, Hernandez and Akhavian, 2020).

To overcome longstanding construction industry challenges such as schedule conflicts and budget overruns,
integrating the right Industry 4.0 tools and technologies can become digital construction technologies and
significantly increase productivity and safety throughout a project (Slaton, Hernandez and Akhavian, 2020).

For instance, advances in image-based and sensor-based technologies such as global positioning systems, radio
frequency identification, ultra-wideband, scanners, cameras, and inertial measurement units have begun to

replace human observers of the industry, which are dependent on manual inspection and evaluation (Sanhudo

et al., 2021). Thus, by automating tasks, site safety increases, costs decrease, planning is supported, field

monitoring improves, errors are eliminated, quality increases, and resources are optimized (Oke, et al., 2023a).

Along with these, artificial intelligence, data processing and communication technologies, building information
modelling, the Internet of Things, wearables, augmented reality, and robotics are other digital construction

technologies that have various application areas in the industry and will be discussed in this paper.

Research methodology

'This paper adopts an integrative approach consisting of bibliometric analysis and content analysis to assess

and examine the existing literature on the potential of digital construction technologies from the viewpoint

of building economics. The research exclusively focused on the analysis of the literature of digital construction
technologies. No human participants were involved in the research process, and thus, Human Research Ethics
Clearance (HREC) was not applicable. The study employed bibliometric analysis and content analysis to
gather and analyze data. Bibliometric analysis helps quantitatively investigate the literature using mathematical

and statistical methods (Wang, et al., 2021). The following step involves conducting a content analysis that

adds a qualitative layer to the quantitative analysis using bibliometric data (Rodrigo, et al., 2023). Accordingly,
the research methodology process applied in this paper can be seen in Figure 1.

Step 1: Literature Scarch

Search Query

A 4
Rescarch B

Publication Date, Prblication Type,
Subject Avea, Luguage

Step 2: Bibliometric Analysis Step 3: In Depth Investigation

(Content Analysis)

|
Trend of Publication Analysis | o] Clarifying the Scope
VOsviewer | i Excluding Niche Thewes

\4

Keyword Analysis Detailed Review
VOSviewer I Frll Reading of Final Papers
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Classi. ion of Digital T logi
AL BIM. JoT. AR, Iuage Dased Teclwologies, etc.
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Bibliometrix -1 package for the R~

Scarch Engine A
Scopus

v
Scrutinizing Digital Technologies

from the Building Fconomics Perspective
Application Aseas, Use Cases, Denefits, elc.
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Bibliometrix - package for the R
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Figure 1.  The research methodology process
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Among several data sources, Scopus was selected for data acquisition since it performs better with
broader coverage of scientific publications than other databases (Falagas, et al., 2008; Chadegani, et al.,
2013; Akinlolu, et al., 2022). A comprehensive search was conducted under the “Title/Abstract/Keyword”
field, with the search query consisting of three parts: (1) construction industry, (2) building economics, and

(3) digital technologies. The search query can be seen in Table 1. Similar keywords referring to building

economics were identified and searched with the help of Boolean operators “AND” and “OR”. Likewise, a
comprehensive list of digital technologies that cover a broad range of techniques was involved in the query
(adapted from Dobrucali, et al., 2023). The * character was used to represent any number of characters to

cover spelling variations and related words.

Table 1. The search query

(1) construction industry (“construction industry”)

(2) building economics (“financ*” OR “investment” OR “resourc*” OR “material” OR
“labo*r” OR “equipment” OR “cost” OR “time” “econom*” OR
“productivity” OR “efficiency” OR “monetar*”)

(3) digital technologies (“information technolog*” OR “information and communication
technology” OR “digital tech*” OR “digiti*ation” OR “industry 4.0"
OR “construction 4.0” OR “construction tech*” OR “automation”
OR “building automation system” OR “autonomous construction”
OR “building information model*” OR “BIM tech*” OR “digital twin”
OR “virtual twin” OR “robot*” OR “robotic*” OR “simulation” OR
“virtual reality” OR “augmented reality” OR “augmented virtual*”
OR “immersive media” OR “mixed reality” OR “internet of thing*”
OR “big data” OR “3D print*” OR “wearable device*” OR “e-hard
hat” OR “artificial intelligence” OR “machine learn*” OR “deep
learn*” OR “cloud tech*” OR “cloud comput*” OR “blockchain” OR
“ultra wideband” OR “ultra-wide band” OR “ultra-wideband” OR
“geographic information system*” OR “global position* system*”
OR “remote sens*” OR “sens* tech*” OR “sensor” OR “wireless
tech*” OR “wireless network” OR “wireless local area network”
OR “wireless sensor network” OR “WiFi” OR “internet of service*”
OR “web service*” OR “automatic identification system*” OR “4D
visual* tech*” OR “photogrammetry” OR “image process*” OR
“video” OR “camera” OR “virtuali*ation” OR “barcod*” OR “mobile
comput*” OR “bluetooth” OR “unmanned aerial” OR “drone*” OR
“laser detection and ranging” OR “laser scan*” OR “3D scan*” OR
“point cloud” OR “radio frequency identification” OR “4D model*”
OR “real-time” OR “real time” OR “early warn*" OR “object
recognition” OR “object identif*” OR “mobile device*” OR “cyber
physical system” OR “embedded system*”)

The research boundaries were determined concerning the publication date, the publication type,
the subject area, and the publication language. Since the construction industry shows a slow adoption
of digitalisation and is at a rather beginner stage in applying digital technologies to building life cycle
processes, the publication date range was set from 2012 to 2023. The publication type was set to “article”,

as journal articles are known as the most reliable and significant sources of knowledge (Santos, Costa

and Grilo, 2017). All documents with a core subject of building economics but not relevant to digital
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technologies were left out of the review. The publication language was restricted to English. Accordingly,
the search was conducted on the 18th of July 2023, and 654 publications were retrieved from the Scopus
database. A preliminary screening was further conducted to remove the publications that were not within
the scope of the research. The authors reviewed the titles and abstracts of the 654 publications to ensure that
only papers on digital technologies in the construction industry from a building economics perspective were
included in the study. After the review, a total of 336 publications remained.

"The bibliometric data was downloaded in suitable formats, pre-processed, and modified to suit the
analysis with bibliometric tools. Prior to analysis, similar words with different versions were standardised
to obtain more precise results. The final files were transmitted to VOSViewer and Bibliometrix R software
package tools. These two tools helped to improve the bibliometric analysis by scientifically mapping the
existing literature and visually assessing the prominent research outlets.

Results and Discussion

'This section presents the findings of analyses performed to address the study’s objectives. First, several
bibliometric analyses were conducted to reveal the progress of the related studies. Next, an in-depth

investigation of key digital technologies was presented based on the content analysis of studies.

BIBLIOMETRIC ANALYSIS

Trend of publications analysis

Figure 2 illustrates the yearly publication trend of publications on digital technologies in the construction
industry from a building economics perspective between 2013 and 2023 (until the 18th of July 2023). It can
be seen from the graph in Figure 2 that with 20 publications more in 2019 than in 2018, there has been a
noticeable increase. Likewise, the number of studies has expanded steadily throughout the following years,
and the research subject has generated significant attention in the past three years. It can be noted that

the increasing trend is parallel to the advancement and uptake of digital technologies in the construction
industry.

90
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Number of publications
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Figure 2. The number of publications by year
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ePRESS Figure 3 displays the top leading journals based on the production over time. These journals have made
a substantial contribution by the publication of 52% of the total articles. Automation in Construction has
published 26% of all the articles among them. This is followed by Buildings (12.1%), Journal of Building
Engineering (10.4%), Engineering Construction and Architectural Management (9.8%), and Journal of

Construction Engineering and Management (9.2%).
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Figure 3.  The number of publications by journals

Keyword analysis

Keywords are crucial components in identifying the study’s essence and focus. The keyword analysis was
conducted to see the frequency of keywords co-occurrence in publications and to determine the main
clusters in digital technologies from the viewpoint of building economics research. In the analysis, a total
of 1,104 keywords were identified. The analysis was conducted for a minimum threshold of five keywords,
and 36 keywords met the threshold. Figure 4 illustrates the keywords co-occurrence map, where the

size of the nodes denotes the frequency of occurrences, and the thickness of the links between keywords
denotes connections. The most frequently occurring keywords were “building information modelling”

(98 occurrences), “construction industry” (39), “construction” (33), “productivity” (25), “construction
management” (23), “sustainability” (19), “safety” (15). Seven clusters were identified, each depicted by a

different colour.

'The data of 36 keywords were tabulated and shown in Table 2, along with their clusters, occurrence
values, link strengths and ranks. These keywords indicate research areas that have attracted much attention
and are closely related to other keywords. It is not surprising that “building information modelling” ranked
first with the highest values since it has become widely accepted in the industry by bringing a new method
of collaboration and improving productivity. Due to their presence in the search query, “construction
industry”, “construction’, and “productivity” showed high co-occurrence values. Other high-ranked keywords
associated with the practices of digital technologies to contribute to building economics are “blockchain”,

” o«

“machine learning”, “construction 4.0”, “deep learning”, “Internet of things”, and “robotics”.
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Figure 4.  Keywords co-occurrence map

Table 2. Keywords with the highest co-occurrence
strength

Cluster 1 artificial intelligence
It oelscl augmented reality J 7 32
construction 3 52 3
construction management 23 34 5
construction safety management 8 6 20
Internet of things 9 13 14
machine learning 12 14 11
safety 15 21 7
Cluster 2 building 9 8 15
{reEn et building information modelling 98 90 1
circular economy 12 16 10
life cycle assessment 6 4 27
sustainability 19 31 6
sustainable construction 5 10 30
virtual reality 5 4 35
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Cluster 3 blockchain
LT Geelz] construction 4.0 11 13 12
construction industry 39 48 2
innovation g 7 33
supply chain management 7 10 24
technology 7 11 22
Cluster 4 computer vision 8 6 21
VEUCETEERLE) deep learning 11 11 13
digital twin 6 6 26
energy efficiency 8 10 18
object detection 5 6 34
productivity 25 32 4
Cluster 5 3d printing 7 11 23
[l Gereel additive manufacturing 8 14 16
automation 14 22 8
prefabrication 6 10 25
robotics 8 9 19
Cluster 6 cost 5 14 28
I GOl planning 5 13 29
simulation 8 14 17
Cluster 7 point cloud 5] 2 36

(orange coded)

Cluster analysis

Cluster analysis was done by mapping digital technologies literature based on the keywords via the
Bibliometrix R software package tool. As represented in Figure 5, a thematic map was created based on
the clusters’ degree of development (density) and relevance (centrality). The thematic map was divided
into four zones: basic themes, emerging or declining themes, motor themes, and niche themes. Each
theme included clusters covering a group of keywords that appeared together. Basic themes covered co-
occurrences with a high degree of relevance but a low degree of development, suggesting that the topics
are significant and cover general issues from several fields. Not surprisingly, under basic themes, the most
frequent keywords appeared as “building information modelling”, “construction industry”, “construction”,
“construction management”, and “sustainability” in the first cluster. The second cluster included
“automation”, “construction 4.0”, “additive manufacturing”, “energy efficiency”, and “robotics”. Emerging

or declining themes specified co-occurrences with low degrees of relevance and development, covering less
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developed and insignificant topics. The third cluster, including “deep learning”, “computer vision”, “object
detection”, and “activity analysis”, and the fourth cluster with “point cloud” were positioned under emerging
or declining themes. Niche themes had a high degree of development but low relevance, indicating that
while they are well-developed, their significance is relatively low. In the fifth cluster, “construction waste”
and “recycling” were prevalent under the niche themes. Additionally, “circular economy”, “building”, “life

” o«

cycle assessment”, “sustainable construction”, and “virtual reality” were common keywords under the sixth
cluster. Motor themes included co-occurrences with high degrees of development and relevance, indicating
significant and well-developed topics in the area. The seventh cluster, under motor themes, covered the

» « » o« ” o«

most frequent keywords as “blockchain”, “supply chain management”, “innovation”, “cloud computing”, and

” o«

“smart contract”. The last cluster focused on “productivity”, “machine learning”, “action recognition”, and

« ”»
accelerometer”.

construction waste
recycling

productivity
machine learing
action recognition

circular economy | accelerometer
building |
life cycle assessment
sustainable construction

vitual reality ,  Plockchain
supply chain management

| innovation
| cloud computing
------------------------------------ g TR AT OO B = 5 e oar o iy e o A e o S 2 AT

point cloud

Development degree
(Density)

deep learning
computer vision
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activity analysis building information modelling (bim)
construction industry
construction

construction ement
automation sustai
construction 4.0 =
additive manufacturing

energy efficiency
robotics B Ther

Relevance degree
(Centrality)

Figure 5.  Keywords cluster analysis

Citation analysis

To understand the evolution of the research area, it is essential to discover the papers with the highest
impact that influenced later studies. Accordingly, a citation analysis was conducted to identify the leading
publications in the field. The average number of citations of 336 publications was calculated as 4.41. Table 3
listed the most influential ten papers and their research focus based on the number of total citations. As
shown, the most influential publication was “Building Information Modeling (BIM) partnering framework for
public construction projects” by Porwal and Hewage (2013), with 28.9 citations per year.

IN-DEPTH INVESTIGATION OF DIGITAL TECHNOLOGIES

A content analysis was conducted by adding a qualitative layer to the bibliometric analysis to investigate

the digital technologies in depth. First, the 336 publications were grouped based on the bibliometric

Construction Economics and Building, Vol. 24, No. 3 July 2024
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Table 3.

Year

Porwal and

Hewage
(2013)

Li, Greenwood
and Kassem

(2019)

Camacho,

et al. (2018)

de Soto, et al.

(2018)

Golparvar-
Fard,

Heydarian and
Niebles (2013)

Mechtcherine

et al. (2019)

Building Information
Modeling (BIM]
partnering framework
for public construction
projects

Blockchain in the
built environment and
construction industry:
A systematic review,

conceptual models
and practical use
cases

Applications
of additive
manufacturing in
the construction
industry-A forward-
looking review

Productivity of
digital fabrication in
construction: Cost
and time analysis of a
robotically built wall

Vision-based
action recognition
of earthmoving
equipment using
spatio-temporal
features and support
vector machine
classifiers

Large-scale
digital concrete
construction-
CONPrint3D concept
for on-site, monolithic
3D-printing

The most influential papers based on citations

Automation Proposes a BIM 318
in partnering-based
Construction public procurement
framework to
ensure best value in
construction projects

Automation Analyses the current 265
in state of DLT intending
Construction  to develop a coherent
approach to support
its adoption in the
construction industry

Automation Provides a review 227
in and identifies
Construction the trend of AM
processes, discusses
related methods
of implementing
AM and potential
advancements of AM

Automation Provides a case 216

in study of additive dfab
Construction using on-site robotic
fabrication technology
to map an innovative

construction

process and
evaluate the impact

on construction
productivity

Advanced Presents a new 206
Engineering computer vision-
Informatics based algorithm

for recognizing
single actions
of earthmoving
construction
equipment
Automation Evaluates the 173
in state-of-the-art

Construction and presents the
CONPrint3D concept
for on-site, monolithic

3D-printing

28.9

53.0

37.8

36.0

18.7

34.6
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Table 3. continued
Author(s) & Publication title Journal Research focus TC | TC/Y
Year
Akhavian and Smartphone-based Automation Evaluates the 171 21.3
Behzadan construction workers’ in performance of an
(201¢) activity recognition Construction activity analysis
and classification framework for
recognition and
classification of
various construction
worker activities using
smartphone built-in
sensors
Cheng, et al. Automated task- Automation Presents an 151 13.7
(2013]) level activity analysis in original approach to
through fusion of real ~ Construction  automatically assess
time location sensors labour productivity
and worker’s thoracic
posture data
Santos, et al. Integration of LCA Automation Explores the potential 146  29.2
(2019) and LCC analysis in of BIM as a repository
within a BIM-based Construction for the LCA and LCC
environment information and how

that information
should be used for an
environmental and
economic analysis

Liu, Meng and Building information Energy and Develops a BIM- 124 13.7
Tam (2015 modelling based Buildings based multi-objective
building design optimization model,
optimization for facilitating designers
sustainability to identify and choose

the optimal carbon
emission and cost
trade-off design
scheme

analysis results. Accordingly, topics that were positioned under niche themes such as “construction waste”,

“recycling”, “circular economy”, “building”, “life-cycle assessment”, “sustainable construction”, and “virtual
reality” were not included for in-depth analysis. Then, the contents of the papers were qualitatively analysed
to investigate digital technologies and how they bring advantages for building economics through the post-
design phases of the life cycle. Analysis of studies resulted in the emergence of main categories as: “Al and

data processing technologies”, “building information modelling”, “IoT devices and data communication

” o« ” o« » o« » o«

technologies”, “wearable technologies”, “augmented reality”,

“blockchain”.

robotics”, “image-based technologies”, and

Construction Economics and Building, Vol. 24, No. 3 July 2024
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Al and Data Processing Technologies Cloud Computing, Edge Computing, Big Data, Machine Learning,
Computer Vision, NLP

Artificial intelligence (Al) is the ability of a computer to perform and simulate the processes or tasks that
human intelligence is related to. The main advantage of Al is that it will lighten the workload on time-

consuming tasks that require a human to think, calculate, and control. (Akturk, 2022). Therefore, various
subdomains of Al like machine learning (ML), computer vision (CV), natural language processing (NLP),
classification algorithms, fuzzy logic, etc., have started to be scrutinized frequently in the construction
industry as well as in many other industries to support decision-making processes, productivity, and
efficiency (Singh, et al., 2023). Alternatively, sometimes, to generate a solution in a niche problem area,
Rahimian, et al. (2022) implemented an Al model, increasing the quality of communication between

employees to improve conflict resolution and team development.

ML and vision-based monitoring systems mainly focus on productivity analysis and safety management
by detecting construction objects in a cost-effective manner (Chen, et al., 2022; Fang, et al., 2020; Jiang,
Messner and Matts, 2023; Xiao, et al., 2021). Not limited to these two, Singh, et al. (2023) compiled other

notable ML applications in the construction literature, such as site monitoring, automated detection, facility

management, supply chain management, risk management, and logistics. Moreover, for computer vision

applications, Jiang, Messner and Matts (2023) referred to progress monitoring, inspection, and robotic
applications. Dong, Chen and Lu (2022) referred to facility management, subsurface mapping, and urban

analytics differently. Excavator productivity, for instance, can be calculated in earthmoving operations by
detecting excavators and dump trucks (Xiao and Kang, 2020), human motion detection (Chen, Yabuki and

Fukuda, 2023), action classification (Lin, Chen and Hsieh, 2021), measuring crew productivity, calculating

idling time, and monitoring cyclic operations (Xiao and Kang, 2021) or a real-time warning system can be

devised to avoid potential hazards with workers and machinery (Son, et al., 2019). For example, Tian, et al.

(2023) monitored the status of machinery and determined their dynamic hazardous proximity zones in
real-time, which can be considered a risk and a safety management application. Peng, et al. (2023) developed
deep learning, a subset of ML, which reduces construction noise pollution that threatens workers’ health,
lowers productivity and increases costs due to legal proceedings with neighbours. By using a machine

to replace the human eye for measurement and judgment, vision-based Al can manage the safety of
construction sites more effectively and smoothly (Zhang, 2021). Computer vision can identify dangerous
locations at the construction site (Fang, et al., 2018), control helmets and safety vests, fire detection, and
monitor worker posture (Tian, et al., 2023). Yu, et al. (2019a) developed a workload assessment method that

automatically collects worker posture data to solve the workload assessment problem at the construction

site by integrating sensor technologies. Jacobsen and Teizer (2022) specified applications that directly
contribute to the construction economy, such as cost estimation, material selection, success prediction,
project selection, automated scheduling and schedule prediction, in addition to the ones above. To exemplify,
Liu, et al. (2020) proposed analytics to quantify the life-cycle cost of heavy equipment. Slaton, Hernandez
and Akhavian (2020) proposed a more cost-effective and safer method to track resources and activities

than other technological options, with the partnership of deep-learning models and sensors. Considering

that on-site construction component rehandling works significantly affect construction costs, Li, L.uo and
Skibniewski (2019) developed a real-time storage area planning and management model that is dynamically
updated according to construction activities. Lin, Chen and Hsieh (2021) detected irregular activities to
comply with the planned schedule by presenting an image analytics approach to site managers. Sanhudo

et al. (2021) automatically collected and classified worker data by integrating wearable technologies with

ML. Automated worker monitoring improves worker productivity and site safety, supports decision-making,

and enhances overall project management regarding schedule and resource control.

Construction Economics and Building, Vol. 24, No. 3 July 2024



C

UTs
ePRESS

52

Cakmak and Akturk

Neural network applications have been studied to lower costs by reducing skilled human dependency on

detecting defects such as cracks, erosion, and concrete delamination in maintenance works (Kruachottikul
etal., 2021). Zhong, et al. (2019) proposed an NN-based classification approach to mitigate the traditional
process of quality complaint classification, which is labour-intensive, time-consuming, and error-prone.
Wang, et al. (2018) proposed a quality problem predicting model based on text big data generated by the
construction process. Hong, et al. (2023), by adapting graph CNNss, reduced the discrepancy between actual
and planned schedules. Moreover, NNs are used to solve construction site layout problems by analysing

the critical aspects of the site layout and creating advanced construction logistics plans (Li, Luo and
Skibniewski, 2019).

NLP applications also support construction management in various aspects in the post-design phases of

the building life cycle. Nabavi, et al. (2023) built a platform that simplifies the time-consuming and difficult

processes for non-expert stakeholders in the construction phase by extracting information from the BIM
model: productivity, coordination, and communication improved. Mo, et al. (2020) reduced processing time
and the management team’s workload by automating decision-making processes for staft assignment. NLP

has safety and risk applications in the literature, such as analysing injury and accident reports, preventing

on-site safety failures, avoiding risks, and developing site practices (Nabavi, et al., 2023).

Considering all this data exchange, traditional databases are no longer sufficient, mainly due to the
volume of new data sources. Technologies for big data, including cloud storage, NewSQL and NoSQL
databases, and distributed file systems (DFS), are currently gaining popularity. In the construction industry,
big data can be utilized to enhance project management, safety, energy management, decision-making,
resource management, as well as overall cost control and project scheduling (Kruachottikul, et al., 2021). It

can monitor progress/performance, track and visualise site conditions, improve resource utilization efficiency,

overall time and cost management (Ismail, Bandi and Maaz, 2018), facilitate real-time decision-making, and

develop knowledge based on data modelling and analytics (Wang, Hu and Zhou, 2017). Additionally, big
data adds new opportunities to the quality management perspective by transforming the decision-making
process from being dependent on experienced and judgmental people to a digital process (Ma, et al., 2021).
Ma, et al. (2021) proposed a quality inspection model using big data to decrease the workload of managers

and time spent on diagnosing and stated four key benefits as follows: (1) overcoming human dependency,

(2) cutting down the heavy inspection work, (3) accelerating the quality inspection, and (4) creating a

visual quality database. You and Wu (2019) provided supply chain and cost management improvements
by proposing an ERP model for managing business and project management data for construction
companies with the help of big data technology. As data processing technologies have gained ground in
the industry, cloud computing has also attracted the attention of professionals. According to Abedi, et al.

(2014), enhanced performance and cost reduction are among the main benefits of cloud computing. The
authors also stated that cloud computing can respond to supply-chain problems such as poor planning and
scheduling, late lead time, faulty deliveries, and weak on-site coordination. Cloud computing and big data

can augment the effectiveness of adopting product-service system solutions for the management of building

equipment (Fargnoli, et al., 2019). On the other hand, edge computing has been steadily accepted in
industries where decision-making is crucial because it offers real-time responses, lowers ingress bandwidth
into the cloud, lowers latency, and reduces data storage and computational burden (Satyanarayanan,

2017). Working on real construction projects and safety accidents, Chen (2020) revealed three main safety
application scenarios with edge computing: (1) control of unauthorized site access, (2) monitoring of poor
site environment, and (3) prevention of on-site unsafe actions. The author also summarized work in the
construction industry literature as video analytics and communication, process documentation, health
monitoring of structures and workers, and lastly behavioural analysis, monitoring and assessment of building

COI’IlpOIlCIltS.
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Building Information Modelling

BIM, serving as a platform and not actually a technology, 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.
BIM empowers the life-cycle monitoring of buildings by inserting physical and functional attributes

of components and systems related to project cost, schedule, specification, and maintenance (Akanmu

Anumba and Ogunseiju, 2021). It provides many benefits through post-design life-cycles of a facility

like enhanced quality (Ma, et al., 2021; Rui, Yaik-Wah and Siang, 2021), effective collaboration and
communication (Chen, et al., 2023; Honic, et al., 2019), improved clash detection (Moon, Dawood and
Kang, 2014), automated, accelerated, efficient and productive processes (Al-Ashmori, et al., 2020; Mesdro$

Mandi¢ék and Behtnovd, 2022), improved logistics (Karmakar, Singh and Kumar, 2022), safer construction

site (Hire, et al., 2021), augmented data management (Wang, 2021), seamless handover (Pakhale and Pal
2020), and reduced project schedule (Barlish and Sullivan, 2012; Magill, et al., 2022; Martins, et al., 2022a),
as well as the control of life-cycle costs and increased profitability (Hire, et al., 2021; Khodabakhshian and
Toosi, 2021; Kisel, 2021).

Research in this domain covers various applications that impact building economics. By analysing
construction processes, error reduction and eflicient practices, streamlining team communication, evaluating
resources, and using visual planning for temporary installation and equipment, it saves cost, time, effort
and resources, facilitates the planning process, enhances project performance and productivity, and allows
for assertive decision-making and on-time delivery (Chen, et al., 2023; Hosny, Ibrahim and Nabil, 2023;

Martins, et al., 2022; Mesdro$, Mandic¢ik and Behdnovd, 2022; Rui, Yaik-Wah and Siang, 2021; Veerendra

et al., 2022). It hosts profitable construction site applications such as automatic cost breakdown structure
(Khodabakhshian and Toosi, 2021) and creating quantity take-offs to offer better cost estimates and
overcome trade problems and conflicts (Bakchan, Faust and Leite, 2019; Chen, et al., 2023). Stanley

and Thurnell (2014) have agreed that 5D BIM improves cost management by providing visualization,

collaboration, efficient take-offs and cost planning, risk identification and resolving RFIs as benefits and
applications. It also enables an automated scheduling application by evaluating work packages by providing

access to the related data of the building components (Park and Cai, 2017; Wang and Rezazadeh Azar,

2019). In addition to offering quality managers applications such as customized checklists, queries, and
real-time quality monitoring, it can also be used with GIS to locate and predict damages caused by urban
environments, floods, etc. (Ma, et al., 2021). Tao, et al. (2022) developed a BIM-based dynamic site layout

planning model, facilitating resource, space and schedule control and reducing transaction costs. BIM

detects workspace clashes (Moon, Dawood and Kang, 2014) and offers site route and layout planning
(Karmakar, Singh and Kumar, 2022) in the construction site, creating an optimal schedule and logistics
management while reducing safety risks. Site layout applications of BIM could also be used to enhance
supply chain integration (Li, Luo and Skibniewski, 2019; Santos, et al., 2019). By establishing an integrated
construction supply-chain logistics model with 4D BIM, Magill, et al. (2022) optimized the laydown

zone options and workforce requirements in the site for materials and equipment, preventing conflicts and

avoiding production interruptions. Disputes are prevented in BIM-adapted procurement processes, and the

management of pre- and post-contract transaction costs is facilitated (Bean, Mustapa and Mustapa, 2019).
Safety is another significant application area of BIM. It overcomes the limitations of traditional

strategies, which are labour-intensive, often time-consuming, and rely on the expertise of professionals

(Hire, et al., 2021). It grants hazard recognition, awareness and communication (Kim, Cho and Zhang,

2016; Okpala, Nnaji and Karakhan, 2020), and risk-indicating systems to prevent specific hazards like
falling from heights causing monetary and human loss (Rodrigues, Baptista and Pinto, 2022; Tarig, et al.,
2023), which empowers key stakeholders to carry out safety standards and make effective and timely

decisions.
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BIM is also used for facility management applications (Chen, et al., 2018; Nicat and Wodyriski, 2016;
Zhou, 2022). Becerik-Gerber, et al. (2011) have divided the applications of BIM in the operation and

maintenance phase into ten subgroups as follows: locating resources, instant data access, visualization and

marketing, maintenance scheduling, inventory management, demolition and reconstruction, emergency

management, energy monitoring, and labour education. Application of BIM during the maintenance phase

reduces time and labour costs, and the economy of material costs takes place (Kisel, 2021). Fargnoli, et al.
(2019) realized the maintenance activities faster and more effectively by including BIM in a maintenance
model integrated with the manufacturers of the products and reduced costs for both the service provider
and the building manager. Santos, et al. (2019) also stated that if manufacturers integrated economic data
into the BIM process, a fluent life-cycle-cost analysis could be carried out automatically. Additionally, Kim,
et al. (2023) stated that cost and time-effective facility management can be applied to existing buildings

without having technological infrastructure using scan-to-BIM.

IoT Devices and Data Communication Technologies (RFID, Sensors, IMU, GPS, Mobile Devices,
Smartphones, UWB, 5G, WiFi, Bluetooth)

In addition to monitoring the condition of the as-built throughout the life cycle of the constructed building,
sensors grant access to information about resources and processes employed in the construction (Akanmu

Anumba and Ogunseiju, 2021). IoT represents the network in which physical objects (mechanical or digital
tools, living beings, objects, etc.) are supported by sensors connected and exchanged data via the internet
or other connection types. Dilakshan, Rathnasinghe and Seneviratne (2021) described “Things” as smart
devices connected to a network that conduct most of their communication with little human interaction.
Finding their places in construction, operation and maintenance, and demolition phases of the building life

cycle, sensors’ contribution to the building economy have been extensively studied in the literature.

10T, sensors and data connection technologies enable construction projects to be completed on time and
in good quality through the evaluation of employees’ productivity by modelling and classifying activities,
achieving a project’s best performance (Calvetti, et al., 2020), automated and cost-effective construction

resource monitoring (Slaton, Hernandez and Akhavian, 2020), reducing risks and providing accurate risk

assessment, active and effective response strategies (Xie and Yang, 2021). For example, John, et al. (2023)
proposed a real-time monitoring system of plastic shrinkage from the concrete pouring to its final setting.
Thus, the need for more costly repairs is prevented. John, Sarkar and Davis (2022) developed a quality
monitoring application that measures concrete compressive strength using Long Range (LoRa) technology,
making the dismantling of moulds safer and faster. The authors also mentioned the benefits in the logistics,
decision-making, and asset management fields. Kang, et al. (2021) developed a real-time automated
monitoring system called MONVID to measure noise, vibration and dust with a sensor network. The
authors stated that the system improved project economics compared to conventional measurement systems
by providing better reliability, usability, efficiency and superior technical performance. IMU, GPS, WLAN,

RFID and UWB-based methods are used as solutions for various aspects such as exposure estimation

model (Tian, et al., 2023) and measuring cycle times (Lin, Chen and Hsieh, 2021) for heavy equipment,
identifying building components and store a maintenance history (Sanhudo, et al., 2021), a dynamic

material layout evaluation model that integrated space and time to improve material accessibility and reduce

time waste (Li, Luo and Skibniewski, 2019), and monitoring the location of resources in harsh construction

environments (Cheng, et al., 2011). Wang, Hu and Zhou (2017) stated that RFID is mainly used in the

construction field to facilitate the management of quality control, inspection and logistics. It allows for the

tracking of workers’job status and the progress of operations, the screening of activities by having workers
wear RFID-tag-embedded helmets, and the location of tools with embedded tags on construction sites
(Sanhudo, et al., 2021). UWB, as an active RFID technology, can create a data fusion system to analyse a

worker’s productivity and ergonomics and present their real-time location and physiological state (Cheng,
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et al., 2013a; Sanhudo, et al., 2021). Also, with UWB, ergonomics can be monitored (Akhavian and
Behzadan, 2016), and productive and non-productive activities, including wrench, material travelling and

rest time can be classified and measured (Cheng, et al., 2013b). Additionally, integrating barcoding and
scanners, RFID tags, image processing sensors, and geographic information systems into the supply chain
process has been extensively studied in the literature (Adedei, et al., 2020). For example, RFID provides
real-time supply chain visibility through its many advantages, including less inventory, operating and
transaction costs, information transparency, increased coordination, and less operational errors (Wang, Hu
and Zhou, 2017).

Using BIM as a database allows the IoT to provide managers with real-time quality monitoring and
advanced schedule management (Han, et al., 2022). The integration of RFID’s ability to track activities and
related site spaces with BIM allows site layout plans to be created automatically (Akanmu, et al., 2015).
Katiyar and Kumar (2022) used ultrasonic and tilt switch sensors in conjunction with BIM to monitor the

project’s progress. Moreover, GPS’s ability to collect position data of moving equipment for accurate spatial

reference also allows site layout planning to be real-time and automated by integration with RFID and
BIM (Li, Luo and Skibniewski, 2019). GPS measurement provides project quality improvement, process

guarantee and cost control by maintaining information support for decision-makers at every stage of

construction (Hu, 2022). Such features are provided through built-in sensors in most smartphones, PDAs,

and mobile devices. These devices eliminate delays between outdoor sites and indoor offices and present
many use cases. For example, Akhavian and Behzadan (2016) used the data obtained from smartphones
with the help of artificial intelligence algorithms to monitor and classify worker activities and reveal

the application areas of productivity measurement, progress evaluation, safety and health management.
Accelerometers also have much construction research on worker monitoring, equipment monitoring, and

safety risk detection (Sanhudo, et al., 2021). Many studies investigating the integration of accelerometers

with smartphones have revealed many activity recognition applications that classify and analyse employee
movements (Akhavian and Behzadan, 2016). Sangchul and Tae-Hwa (2016) increased productivity with
their PDA-based system for more efficient schedule management at the construction site and stated the

advantages as follows: raw data and site information are obtained more easily, information is directly
delivered to manager for timely decisions, and it improved management in material, workforce and safety

manners.

IoT and data processing devices have a wide range of applications in construction safety. The applications
of these devices in the construction safety literature can be considered in three categories: (1) tracking
and monitoring the location data of workers and machines, (2) identification of unsafe operations and
behaviours, and (3) collection of condition data such as the environmental condition of sites or physiological
condition of workers (Chen, 2020; Yang, et al., 2020a). IoT is considered a low-cost and affordable safety

management technology as it significantly reduces labour costs by overcoming numerous safety managers’
needs (Yang, et al., 2020a). It can prevent accidents and improve overall safety management by providing
early warnings to managers (Lee, et al., 2020), hazardous area identification (Kim, et al., 2016), and

protective personal equipment wearing detection (Yang, et al., 2020b). Also, Tarig, et al. (2023) and Hire,
et al. (2021) stated that workers and materials can be positioned using IoT and GPS technologies, thus
increasing the effectiveness of monitoring approaches to reduce safety hazards. To avoid struck-by-vehicle

accidents, Hallowell, Teizer and Blaney (2010) used RFID and UWB technologies (Kim, et al., 2016).
Carbonari, Giretti and Naticchia (2011) created a prototype for proactive safety management and real-time
alerting of potential threats using UWB. Lee, et al. (2012) developed a method based on location tracking
that alerts workers to dangerous areas. Additionally, Lee, et al. (2014) introduced a location-based system

to assist in real-time management and control of direct roots of hazards. Chen, Yabuki and Fukuda (2023)
developed a motion recognition method that detects potentially dangerous motions and monitors workers at

blind areas of construction sites with deep learning integration. Lee, et al. (2020) proposed an audio-based
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safety recognition system that monitors and manages various risks and hazards. The system can not only
detect events initiating them and ultimately enable the prompt dispatch of a response team but also be used

for prevention. In addition to safety, audio signals are also used in productivity measurement by enabling

applications such as cost estimating, project scheduling or preparation of preventive actions (Sabillon, et al.
2020) and automated activity analysis to eliminate labour-intensive, time-consuming and error-prone

processes (Cheng, et al., 2017).
Wearable Technologies (Wristbands, Exoskeletons, Smartwatches, Smart Helmets, Glasses, Vests)

Wearable devices can be inferred as small electronics worn on a worker’s body that is adhered to
or concealed within clothing or connected to the PPE of workers (Calvetti, et al., 2020). Wearable

technologies have many applications for personalized construction safety monitoring (Awolusi, Marks and

Hallowell, 2018). Through efficient data collection, analysis and the provision of real-time information, they

can track a worker’s position, physiological state, proximity to machinery or equipment, or environmental
status and can alert the victim or other parties involved before an injury occurs (Fugate and Alzraiee, 2023).
Chen (2020) presented examples of the use of wearable technologies, such as a wristband-type sensor to
monitor workers’ heart rates to prevent fatigue (Hwang, et al., 2016) and infrared temperature sensors

and electroencephalograms to assess their physiological well-being (Aryal, Ghahramani and Becerik-
Gerber, 2017; Lee, et al., 2017a). Hwang and Lee (2017) stated that wristbands are feasible and useful for
continuously monitoring the physical demands of workers to balance various workloads with a consideration

of diverse working situations and individual physical inequalities. The use of wearable devices integrating
IMU sensors for construction activity monitoring has gained greater attention, especially for ergonomic
assessment of workers, measurement of their motions in various construction activities, and detection of
their unsafe postures such as stooping with back bending (Ryu, et al., 2019; Valero, et al., 2016; Yu, et al.
2019b). Yan, et al. (2018) proposed an IMU-based wearable PPE for monitoring and warning rebar workers

about the risks associated with their trunks.

Exoskeletons are wearable robots designed to augment the user’s body to increase their performance and
sturdiness. Zhu, Dutta, and Dai (2021) evaluated how the exoskeleton supports body parts and suggested
that more of its benefits in improved productivity and work quality need to be uncovered. For example, an
exoskeleton can reduce the physical demand on the wearer’s back by reinforcing the hip or lower spine to
support the back muscles, which can be a solution for rebar workers who are injured four times more than

other workers (Gonsalves, et al., 2021). It allows disabled or injured workers to carry and lift heavier objects

on construction sites and helps keep workers out of dangerous areas and complete tasks in less time (Oke,

et al., 2023a). Thus, it reduces the task completion time and improves the performance.

Wearable devices offerings to the construction industry are not limited to the safety field. They also can
be used to increase construction productivity and communication (Fugate and Alzraiee, 2023). It is possible
to define, analyse and classify construction activities with sensor-integrated wearable devices for automatic

productivity analysis (Gong, et al., 2022; Ryu, et al., 2019).

Augmented Reality

Augmented Reality overlays virtual content over the user’s view of their physical environment. AR
has several use cases for building economics in different building life-cycle phases, such as inspections

and monitoring applications, visualization, training and education, and safety (El Asmar, et al., 2021).

For example, Karmakar, Singh and Kumar (2022) supported decision-making to plan site layout with
comprehensive viewpoint sharing between stakeholders with the help of AR. Katiyar and Kumar (2022)
used it to inspect facilities and stated that it is faster and easier than traditional systems. Even that, it allows
vision for facilities and installations that are not readily visible, such as wires inside a wall or buried pipelines

(Liu and Seipel, 2018). Using AR, Liu and Seipel (2018) were able to alleviate the workload experienced
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by participants monitoring “as built” progress against “as planned” on site. Ratajczak, Riedl and Matt (2019)

proposed a BIM-based AR application enabling site managers to monitor and control construction tasks

in distant locations while performing site analysis. The application can detect scheduling anomalies by
visualizing construction progress in AR, providing daily progress and performance data of construction
work, and information on scheduled tasks. Using AR with the help of Al and UAV technologies, Wang,

et al. (2022) proposed a vision-based productivity analysis model for heavy equipment, eliminating time-
consuming, tedious and subjective traditional processes and ensuring quality, reducing costs, and optimising
construction progress. Tavares, et al. (2019) proposed a robotic integrated AR system that overlays
alignment information into the physical environment to help the operator tack weld the beam attachments.
To ensure resilience during assembly while also improving the overall productivity and construction quality
since the operator no longer needs to rely on error-prone measurement procedures. Additionally, although
VR is excluded from the scope of this paper, the uses of mixed reality -which emerged from the joint use
of AR and VR- in the production industry can be exemplified as follows: visualizing a building model

and hidden in its physical location, visualizing hidden items, augmenting BIM content, monitoring and

documentation of construction processes, detection of failures, improving safety, and reducing risk factors

(Chalhoub and Aver, 2018).

Robotics (Automated Heavy Equipment, On-Site General Robots, Robots for Special Tasks)

Robotic solutions that offer process efficiency in a wide range of applications, such as in automating
repetitive tasks and working in harsh conditions, have gained importance in industrial scenarios and have

attracted the attention of researchers lately. (Tavares, et al., 2019). By using robotics, labour-intensive

processes can be automated, creating cost-saving options for construction professionals (Ojha, et al.,
2022), increasing safety and reducing reliance on skilled workers (Reichenbach and Kromoser, 2021; Wu,

et al., 2023). Robotic applications in construction tasks have proven to be more efficient than traditional

approaches in technical and economical manners (Skibniewski, 1988; Najafi and Fu, 2017; de Soto, et al.,
2018). Kumar, Balasubramanian and Raj (2016) performed and evaluated the cost and efficiency analysis of

various robotic applications, stated that the average time loss of robotic applications was reduced by 57.85%,

working costs by 51.67% and rework and scrap costs by 66.76%, and the quality output was improved.
W, et al. (2023) divided current robotic studies in the construction industry into three types according

to the application scenarios: automation of heavy equipment, special robots designed for specific tasks, and

on-site general robots. Oke, et al. (2023a) have compiled some robot application examples and their benefits

in the construction literature: demolition robots are more efficient and safe in the demolition of structures
and vertical transportation of heavy materials; by using forklift robots, horizontal transportation of heavy
objects can be conducted easily, preventing workers from undertaking risky tasks; bricklaying robots also
save time, decrease overall construction duration, and enhance the safety, productivity, quality and efficiency

of construction sites. Such applications have found their place in the literature. For example, de Soto, et al.

(2018) constructed a complex concrete wall with robotics and observed time and cost improvements over
traditional processes. Oh, et al. (2009) developed a CV-integrated robotic inspection system to detect
and trace the defects (de Soto, et al., 2018). They can be used for site planning, on-site assembly and 3D

printing (Melenbrink, Werfel and Menges, 2020). Tehrani, BuHamdan and Alwisy (2022) stated that for

on-site installation works, robotic arms are used in applications such as welding, fabricating non-standard
structures, installing heavy-duty components, and demolishing works; mobile robots are used for inspection,
surveying and pile driving; and special robots are used for specific tasks such as fitting large glass windows
on the construction site. The authors also added that these robotic applications prevented the problem

of labour shortage by achieving high production quality and workplace safety at the construction site.
Kasperzyk, Kim and Brilakis (2017) presented a system that can disassemble and reconstruct a prefabricated

structure according to the new design, providing cost and productivity improvements. They also mentioned
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commercial robotic projects that lay bricks approximately three times faster than humans, constructing

whole structures and enabling the production of various forms with layer-by-layer 3D printing. Kumar
Balasubramanian and Raj (2016) used drones for load carrying to reduce time duration and occurrence of
accidents. Researchers have automated risky and complex manual construction tasks in their studies, where

they developed a robotic beam assembly system (Chu, et al., 2013; Jung, Chu and Hong, 2013).

Bahrin, et al. (2016) used autonomous robots in areas where human effort could be risky, providing
precision production with safety, flexibility and versatility while also preventing the problem of death and
injury by reducing human intervention. Aghimien, et al. (2020) stated that robotics has become widespread
in earth and foundation operations where worker safety cannot be ensured due to excavation work carrying
a high safety risk in the construction site due to contact with live electrical underground cables. Jin, et al.
(2021), with the help of cameras and robots for rebar binding, reduced the labour requirement and improved

safety by reducing the requirement for human quality to access hazardous work areas for binding. Leng,
et al. (2023) achieved improved production time, safety and security, the margin of error, and reduced
labour costs by proposing a human-robot interaction method combining manual and automated robotic

construction advantages.

Image-Based Technologies (Cameras, UAVs, Laser Scanners)

Image-based technologies, also called non-contact sensors, are rapidly increasing to capture daily images
or videos from construction sites (Jiang, Messner and Matts, 2023). Additionally, the benefits of these
technologies are being extensively researched (Cheng, et al., 2013b) since they can efficiently reduce

transportation, safety, communication, and documentation costs in construction projects (Xiao, et al., 2021).

For example, by adapting and integrating image-based technologies, Golabchi, et al. (2018) created safer

and more productive construction sites by gathering information about job site conditions, worker tasks, and
human movements and enabling action recognition. Using cameras, Biigler, et al. (2017) created a 3D point
cloud of the site space to analyse and estimate the productivity of heavy equipment by detecting, identifying
and tracking resources, which led to quality-insured tasks and a cost-effective and safer workplace. Omar,
Mahdjoubi and Kheder (2018) proposed an automated photogrammetry-based approach for monitoring
and controlling construction site activities to support decision-makers. Depth cameras, thermopile sensors,
and laser scanners are frequently used measurement tools in construction (Yang, et al., 2020b; Zhang

and Arditi, 2013). Visual measurement systems can evaluate worker productivity, reduce the time spent,

monitor and interpret project status and performance, thus supporting control of cost and schedule (Biigler,
etal., 2017). According to Katiyar and Kumar (2022), remote-controlled cameras can be used to monitor
projects for outdoor construction, and photogrammetry and LiDAR are better alternatives for automated

progress monitoring in terms of cost and time savings. In the past, Bosché (2010) built a 3D point cloud

model with laser scanning and compared it with the as-planned BIM model to perform automated progress
monitoring. On the other hand, Golparvar-Fard, et al. (2009) combined AR technology for it (Omar,
Mahdjoubi and Kheder, 2018). Zhang and Arditi (2013) monitored and calculated construction progress

in terms of completion percentage with daily point cloud data placed on the 4D model. Additionally,
intending to compare with as-planned models, Braun, et al. (2015) used laser scanners, and Tuttas, et al.
(2015) used cameras to create as-built point clouds (Conde, Garcia-Sanz-Calcedo and Rodriguez, 2020).
Laser scanning technology also reduces labour costs by automating conventional quality assessment

processes based on manual measurements, which are time-consuming, inefficient, subjective, error-prone
and unreliable (Guo, Yuan and Wang, 2020; Tang, et al., 2022). Guo, Yuan and Wang (2020) proved that
quality assessment can be done cheaper and twice as fast with LS and is economical. Using laser scanners,

Lee, et al. (2017b) proposed reverse engineering to prevent reconstruction and ensure quality control.

Tehrani, BuHamdan and Alwisy (2022) navigated and scanned indoor construction environments. Yen,

Lasky and Ravani (2014) presented a cost-benefit analysis of terrestrial laser scanning for infrastructure
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applications considering asset management, preservation, maintenance and operational planning. They

observed that savings could range from $1.3 million to $6.1 million based on a 6-year life cycle. Vinod, et al.
(2022) summarized the applications of image-based technologies in the operation and maintenance phase,
such as damage identification, connection tightness control, and comparing as-built and input images. The
authors developed a cost-effective, reliable and safer system with processor-supported cameras for checking
missing bolts in steel structures. Additionally, they have attracted the academy’s attention with many safety
applications, such as identifying hazards and the absence of safety tools, tracking resources, and posture
analysis, especially with the emergence of the -previously mentioned- CV (Yang, et al., 2020b). By enabling
visual tracking, potential struck-by accidents and construction progress and process can be observed, failures
of heavy equipment can be checked and their productivity can be analysed, workplace safety can be ensured
(Xiao and Zhu, 2018), workers’ postures can be analysed to identify any potential ergonomic risks, their

skeleton structure can be extracted, and unsafe predefined motions can be detected (Sanhudo, et al., 2021).

UAV-driven automation significantly influences productivity, lowering costs and scheduling overruns

(AlRushood, et al., 2023). UAVs can collect high-quality visual data with high-resolution images. Equipped

with downward-facing sensors or cameras, such as RGB, thermal or LIDAR, they gather meaningful aerial
data quickly (Aiyetan and Das, 2022; Motayyeb, et al., 2023). While UAVs can be used to inspect and
survey the construction site, generate progress reports, track resources, and conduct security surveillance,

they are also valuable for monitoring hostile site areas where factors such as altitude, radiation and wind can

lead to accidents among workers (Aghimien, et al., 2022; Oke, et al., 2023a). Additionally, they can be used

for several purposes, which include earthmoving operations, quality control, evaluation of structural damage,
risk and safety assessment of the site, and damage assessment. (Aiyetan and Das, 2022; Moon, et al., 2019;

Yang, et al., 2020b). They can capture accurate and comprehensive data during construction, and it can be

synchronized into BIM and used to manage the entire project (Oke, et al., 2023a). While compiling the
roles of UAVs throughout the project life cycle, AIRushood, et al. (2023) also mentioned that -in addition to
the above applications- they support supply chain management and provide project data that helps facilitate

the final handover. To significantly impact the supply chain and improve inventory accuracy, leading to
faster and more cost-effective building projects, the authors also stated that UAV's can be used with IoT,
Robotics, Al, and GPS. According to Aiyetan and Das (2022), the most important factor affecting the use

of UAVs is their cost savings compared to traditional methods.

As this paper and associated literature commonly state, the integration and co-use of technologies
results in new advantages and application areas. Image-based technologies and Io'T, two of the three main
approaches to construction monitoring, can provide greater benefits when used together (Slaton, Hernandez

and Akhavian, 2020). For example, Kim, et al. (2021) and Golabchi, et al. (2016) monitored construction

operations for cycle time estimation and efficiency evaluation with motion data gathered from sensors

and cameras. Using cameras with artificial intelligence to evaluate labour productivity supports detection
accuracy, improves time-consuming and labour-intensive processes (Chen, Yabuki and Fukuda, 2023), and
augments visual tracking applications (Xiao and Zhu, 2018). Yu, et al. (2019b) prevented safety risks by
making automated and detailed ergonomic assessments of construction workers by integrating image-based

technologies and Al. With the integration of point clouds and web technologies with BIM, geometric
defects and their locations caused by human errors or technical issues can be observed for improved

quality monitoring and a seamless handover process (Ma, et al., 2021). Also, realistic construction progress

predictions can be made (Bligler, et al., 2017). Estimating the dimensions with geometry anomalies,
measuring and assessing the quality of precast concrete panels, and automatically and precisely assessing
the key quality checklist are also possible (Guo, Yuan and Wang, 2020). By using BIM to collect data with
Image-based technologies, Conde, Garcia-Sanz-Calcedo and Rodriguez (2020) improved measuring,
support decision-making processes and productivity, exceeding 27% in time savings compared to standard

CAD methodology. Additionally, Lu and Lee (2017) stated that using image-based technologies to create
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an as-is BIM model to be used in the operation and maintenance phases is the most cost-effective and

economical solution, as well as being convenient, efficient and accurate.

Blockchain

Payment uncertainty adversely affects construction, including excessive costs, schedule delays, project
deficits, and cash flow difficulties (Ameyaw, et al., 2023). With this, the industry is frequently criticized
for its lack of trust and adversarial relationship, resulting in claims, opportunism, risk aversion, inadequate

quality, excessive cost, poor value for money, and other non-productive outcomes (Lu, Wu and Zhao, 2023).
Insufficient incentives, poor information sharing, poor traceability, a single point of failure, tampering,
privacy leaks, and manual processing are among the problems Lu, Wu and Zhao (2023) listed as things
blockchain will fix with trust. They also listed its applications in smart contracts, accounting, procurement
and supply chain management, and asset management. Blockchain is an emerging technology that improves

information traceability, transparency, security and sustainability (Jiang, et al., 2021).

Mahmoudi, Sadeghi and Naeni (2023) identified ten features for blockchain: (1) cost efficiency,
(2) quality management, (3) time efficiency and increased speed, (4) reliability, (5) risk mitigation, (6)
sustainability performance, (7) agility and flexibility, (8) transparency and trust, (9) simplicity, and (10)
collaboration and communication. These features have led researchers to apply it in various fields and
investigate its benefits. For example, according to Gurgun, et al. (2022), blockchain can improve financial
issues, make payments easier and secure, and guarantee the validity of long payment plans in the industry.
Dakhli, Lathaj and Mossman (2019) discovered that using blockchain in construction projects can reduce
costs by 8.3%. It can enhance real-time information sharing between stakeholders and privacy, secure
project records by keeping them across various locations, prevent construction data tampering using hash
algorithms, and automate processes using smart contracts (Lu, Wu and Zhao, 2023). Through pre-coded

contract terms, payment plans, and automated protocols, blockchain-based smart contracts can automate
interactions between parties to a contract and pay suppliers, contractors, and subcontractors in full or in
part after the completion of work (Ameyaw, et al., 2023). Yang, et al. (2020) eliminated payment delays
and disputes by implementing a smart contract to supply expensive equipment for a construction project.
Automating contract processes with blockchain, Gupta and Jha (2023) defined the benefits of the system

they developed in six items as follows: (1) transaction time and costs are decreased; (2) security is provided;
(3) trust is distributed uniformly among stakeholders; (4) payments are automatic and straightforward
dependent on performance; (5) risk distribution is standardised throughout design; and (6) data is trackable
in delay claims and concurrent delays. Jiang, et al. (2021) mentioned various blockchain research in
construction literature, such as creating a prefabricated supply chain including production, logistics and
on-site assembly; improving existing contract management, supply chain management and equipment rental
processes; ensuring the security of timely and transparent payment without the burden of administrative
costs and trusted intermediaries. The authors also proposed a blockchain platform to support data
integration and sharing between stakeholders and address information fragmentation and discontinuity.
Ibrahim, et al. (2022) created a prototype that focuses on the payment terms in the building contract as well
as guarantees the security of financial transactions. To increase trust and lessen possible delays by frequently

monitoring payments and disputes via unchangeable records, Celik, Petri and Rezgui (2023) proposed a

blockchain-integrated BIM model to enhance collaboration, eliminate external parties, and ensure that

transactions are exceedingly safe, transparent, and trackable.

Conclusion

This paper assessed and examined the existing literature on the potential of digital construction

technologies from a building economics perspective. Accordingly, a bibliometric analysis was conducted
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to quantitatively evaluate the trends, keywords, clusters, and citations of the selected publications. Next, a
qualitative content analysis was carried out for the in-depth investigation of digital technologies. Digital
construction technologies contributing to building economics were identified, and their use cases and
benefits were discovered. Correspondingly, these technologies were grouped under eight categories: “Al and
data processing technologies”, “building information modelling”, “IoT devices and data communication

” o« » o«

technologies”, “wearable technologies”, “augmented reality”, “robotics”, “image-based technologies”, and

“blockchain”.

AT and data processing technologies, which support construction professionals in their decision-making
processes, find their place in applications that alleviate the time-consuming workload. This allows those
technologies in this category to contribute to the building economy in a broader variety of areas than other
digital construction technologies. They stand out by providing a cost-effective way to control productivity
and safety on construction sites, with monitoring and real-time evaluation of all types of resources. These
technologies mitigate errors and lower costs by reducing human dependency in managing energy, facilities,
supply chain and construction sites. Also, various time and cost management techniques and simulations
provide project managers with more realistic plans. The second category, BIM, provides a 3D representation
of the structure. It creates a database for the implementation of other technologies at first and serves as
an effective means of collaboration and communication for all relevant stakeholders. Extensively studied
in the literature, 4D and 5D BIM provide better cost estimations, resource, space and schedule control,
along with error-reducing opportunities such as conflict detection, creating quantity take-offs, risk
identification, optimizing laydown zone options, etc. In addition to the applications, it offers with cost
and planning data, safety and facility management are other areas where it stands out with its significant
impact on building economics. Third, IoT devices and data collection technologies enable achieving a
project’s best performance by allowing the observation of project insights by measuring and evaluating
the performance of the desired asset. They offer activity and resource monitoring applications for quality,
productivity, risk, and logistics management. They improve cost control and schedule management by
empowering stakeholders with real-time, error-free measurements and information on construction sites.
Using this monitoring feature to prevent accidents that cause significant financial losses on construction
sites is presented with comprehensive and practical examples in the literature. Wearable technologies, as
the fourth category, have appeared in the construction literature mainly with practices on collecting and
analysing data on construction workers’ physical and psychological well-being. They improve performance
by reducing the completion time of projects and ensuring that employees work in healthy and ergonomic
conditions. However, together with augmented reality, considered the fifth category, it can be stated that
these technologies have a relatively weaker effect on building economics and are usually used just as an
assistive technology in applications where they find a place. Still, due to the vision it provides, AR can be
considered a technology that should be kept in the memory of construction practitioners for education,
inspection, monitoring, and controlling works. Robotic technologies are a good solution in activities that
are unsafe for workers or where safety is difficult to ensure and for providing better quality and time-
efficient results. They also provide a significant economic contribution compared to traditional methods
in repetitive tasks and lower labour costs in general. This paper examined laser scanners, cameras, drones
and all other technologies that use visual data under the seventh category, image-based technologies. With
their fulfilling monitoring opportunities, they make significant contributions to building economics with
practical applications for measurement, supply-chain, quality assessment, resource tracking, risk and safety
assessment. Many researchers have shown that these technologies can effectively reduce costs by evaluating
worker productivity, reducing the time spent, supporting schedule control and providing a safer workplace.
Finally, blockchain enables contractual and financial processes to occur in a more decent framework where
stakeholders can trust each other. It has been observed to significantly contribute to the building economy

by eliminating problems that lead to financial and time losses, such as payment uncertainty, privacy
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leaks, opportunism, poor information sharing, conflicts, and disputes, which we are familiar with in the

construction industry.

'The analyses showed that digital technologies added value to building economics with their applications,
primarily in measuring and monitoring construction resources and activities. These technologies are often
used for productivity analysis and health and safety management, such as idle time calculation, motion
detection, activity recognition, anomaly detection, resource tracking, and identification of hazardous areas.
Consequently, adopting digital technologies instead of traditional methods provides cost-effective and
beneficial results in cost control, scheduling, quality assessment and quality control, procurement, logistics,

facility and asset management, and risk management.

‘The most significant part of the literature analysing digital technologies’impact on building economics
is aimed at investigating what benefits are obtained from these technologies through the project process.
However, it is important and valuable to explore the impact of digital technologies on building economics
from a macroeconomic perspective as well. The integration of digital construction technologies discussed in
this paper can be considered to be an “engine” for economic development, leading to increased productivity,
sustainability, and innovation. Adopting these technologies will result in streamlined workflows, quicker
project delivery, cost savings, and improved construction management, which can contribute to economic
growth by creating new markets, attracting investment, achieving macroeconomic stability, and enhancing
competitiveness on a global scale.

Even though digital technologies are seen as a solution to the non-productive and low-profitable
construction industry, their adaptation is relatively slow and mostly concentrated on the early phases of the
building life cycle. Therefore, this study fills this gap by contributing to a better understanding of digital
construction technologies and their benefits for building economics through the post-design phases by
using an integrative approach, which is limited in the literature. Besides, the study’s findings are expected
to benefit construction professionals and academicians by presenting a comprehensive guideline for digital
technologies considering building economics. However, while this study adds to the body of knowledge,
attention has to be made to generalising its results as data gathered from only the Scopus database. Further
research is needed to explore the challenges and barriers to faster adaptation to digital technologies and
to find the best course of action to overcome these barriers. Overall, future research can also focus on
the significant impact of digital technologies on building economics from a macroeconomic perspective,
emphasizing the transformative effect of digitalisation on economic growth, productivity, and enhanced

competitiveness on a global scale.
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