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ARTICLE INFO ABSTRACT

Keywords: The desire to increase resource management efficacy in the construction sector is expanding

Internet of things (IoT) because of measures to reduce costs, boost productivity, and minimize environmental impact. The

gesource management Internet of Things (IoT) has the potential to alter resource management in the construction sector
onstruction

by delivering real-time data and insights that may assist decision-makers in optimizing resource
allocation and usage. Incorporating Internet of Things (IoT) technology into the construction
sector will be investigated in this study to discover how resource management is affected. The aim
of the study is to identify the essential aspects that promote optimal IoT integration and to
investigate how IoT may influence resource management. The relations between variables and
their fundamental elements are investigated using structural equation modelling (SEM). In the
context of building projects, the study analyses how IoT integration influences resource allocation
and utilization, real-time monitoring, and proactive maintenance. The building sector in Malaysia
provides concepts on IoT in resource management. Based on this research’s outcomes, there is a
distinct association between the utilization of IoT technology and effective resource management
in the construction sector. IoT adoption is affected by a multiplicity of issues, including data
analytics, data security and privacy, integration and interoperability, scalability, and flexibility.
This study contributes to addressing considerable gaps in the corpus of information on IoT
technology integration in the construction sector. It analyses how IoT may effect resource man-
agement, emphasizing how IoT technology may enhance the efficacy of human, mechanical, and
material resources.

Structure equation Modeling (SEM)
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1. Introduction

Statistics indicate a bright future for IoT implementation in the construction industry, which has experienced significant growth.
According to research, the global IoT in the construction market is projected to reach $19.42 billion by 2025, representing a compound
annual growth rate of 16.8 % during the forecast period. This expansion can be attributed to the pervasive adoption of Internet of
Things (IoT) devices and sensors, driven by their ability to improve safety, productivity, and resource management [1,2].

One of the most important benefits of IoT adoption in the construction sector is real-time resource monitoring. Construction or-
ganizations can efficiently monitor and manage resources like workers, equipment, and supplies by using IoT-enabled sensors and
devices [3,4]. Resource utilization and availability may be tracked in real time by project managers and other stakeholders [5,6].
Construction businesses can make better educated choices about resource allocation and utilization when they have access to precise
and up-to-date data, resulting in more efficient and effective project outputs [7].

Predictive analytics and preventative maintenance are made possible by the integration of IoT technologies with resource man-
agement systems. For instance, Internet of Things sensors may collect information on how well equipment is working and flag potential
issues or breakdowns before they become expensive issues [8,9]. This enables construction businesses to plan preventative mainte-
nance, which reduces downtime and increases operational efficiency [10,11].

IoT resource management may enhance supply chain and inventory control. Construction companies may get real-time inventory
data from IoT devices, alerting them to low stock levels and enabling prompt restocking [12]. Another benefit is that IoT-enabled
monitoring devices can keep an eye on how supplies and tools are moved about a building site, reducing theft and improving logis-
tical processes [13,14].

The construction industry faces multifaceted challenges in resource management, particularly concerning Materials, Manpower,
and Machinery (the triple M). The intricate interplay between these three elements significantly impacts resource efficiency and,
consequently, the profitability of construction firms. Materials management involves the procurement, transport, and utilization of
construction materials, with challenges ranging from supply chain disruptions to wastage. Manpower management grapples with
optimizing the allocation and utilization of skilled labor, addressing issues such as workforce shortages and skill gaps. Machinery
management deals with the maintenance, deployment, and efficiency of construction equipment, with challenges including break-
downs and technology obsolescence. Recognizing the complexities of the triple M is essential for understanding the industry-specific
obstacles that hinder resource efficiency. This research delves into the transformative potential of IoT in addressing these challenges,
offering a strategic approach to enhance resource management in construction projects.

Several significant gaps are found in the examination of IoT adoption in the construction industry for resource management. loT
technology adoption is constrained, mostly as a result of economic considerations, a lack of knowledge, and opposition to change.
Second, the vast amounts of data produced by IoT devices are being underutilized and under analyzed, underscoring the need for
improved data analytics skills [15,16]. Inadequate emphasis is also placed on the security and privacy of IoT devices and data,
necessitating the implementation of stringent safeguards against cyberattacks and compliance with privacy regulations [17,18]. To
close these gaps, collaborative efforts are required to increase adoption, enhance data analytics, enhance integration and interoper-
ability, establish standards, and prioritize security and privacy in IoT implementation for construction resource management [19].

The purpose of this study is to look at the key aspects for IoT adoption in the construction industry and how it influences resource
management. This study intends to: (1) identify and investigate the critical factors that influence the effective implementation of IoT
technology for resource management in the construction sector. (2) Evaluate the impact of IoT deployment on construction project
resource management in terms of utilization and optimization of the triple M (man, machine, and material). One of the earliest studies
conducted in Malaysia looked at the influence of IoT adoption on resource management in the construction sector. By researching this
issue in a specific geographical context, the research provides insights and repercussions germane to the Malaysian construction
business.

Likewise, this study uses extensive structural equation modelling (SEM) to evaluate how the adoption of IoT might affect resource
management. SEM is a dependable statistical approach that allows for in-depth examination of the relationships between variables and
the underlying constructs. This study used SEM to analyze the direct and indirect effects of IoT deployment on resource allocation,
utilization, real-time monitoring, and preventative maintenance in the construction sector. The detailed modelling approach increases
the study’s validity and reliability, advancing knowledge in IoT application for building resource management.

This article is structured in which the Introduction establishes the significance of IoT in construction and outlines the research
structure. The Literature Review explores existing knowledge and gaps in IoT adoption for construction resource management.
Methodology details the research design, model development, and analysis. Results and Analysis present demographic details and PLS-
SEM measurement outcomes. Discussion analyzes findings in context, and the Conclusion summarizes contributions and suggests
future research. The References and Appendix sections conclude the article.

2. Literature review

Construction is one of the most important and major sectors of the global economy. But it is regarded as one of the least productive
and inefficient sectors of the economy. The construction sector has tremendous resource management challenges as a result of the
enormous amount of people, equipment, and materials that are required for construction projects [20]. Efficient management of these
resources is crucial for timely and cost-effective project execution. The Internet of Things (IoT), a fast-growing technology, has the
potential to revolutionize resource administration in the construction industry. IoT devices are tangible objects equipped with sensors
and actuators that acquire and share data online [21]. These devices can monitor and measure the location, status, and utilization of
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resources on construction sites. The collected information can then be used to optimize resource utilization and reduce waste [1].

The involvement of all stakeholders in a construction project plays a vital role in defining the quality of the ultimate product. As a
result, surveillance and control are crucial for ensuring high-quality outcomes in the construction sector [13]. Every step of the life
cycle of a product, starting with the concept stage, must be covered by quality management. Prior to the introduction of Construction
4.0, analogue depictions of reality were the mainstay for design systems for decision-making and building monitoring and control [14].
However, this method was criticized for being strict in function adaptation and for being time- and money-consuming. In order to
improve model output, construction 4.0 has incorporated sensor-based 3D systems for modelling building products [17]. The use of
computer-aided design (CAD) makes it easier for designers to ensure the quality of their work by letting them picture how a drawing
will appear [11]. This makes quick modifications and manipulation possible. The building industry now has calibrated apps. Quan-
titative quality management techniques that combine form and function are used by decision support systems and in the creation of
quality parameters [2]. Applications that use augmented and virtual reality make it easier to see how quality effects may be assessed
throughout the construction process [22,23]. These developments provide a wide range of chances to use Industry 4.0 in construction
quality control.

In academia and industry, IoT use is still in its early stages and can be viewed as a post-advancement of the fourth industrial
revolution, or Industry 4.0. The Internet of Things (IoT) is necessary in organizations in general and in human resource management
(HRM) in particular to manage effectiveness, security, objectivity without prejudice, and transparency [24]. As a result, examinations
have been conducted to determine the relevance of the technology and its potential use [25,26]. However, little study has focused on
the HRM area and the use of IoT. Due to the young nature of the invention, previous research has mostly linked human resources to
information technology rather than IoT [9,23]. The direct link between the use of information technology to human resources and the
resource for innovation aims to improve business performance. It is necessary to provide a full display of information technology for
assessing important organizational elements [27]. It is necessary to have a comprehensive understanding of information technology
and management distinctions, especially human resource management [22,28]. Studies looking into the relationship between HRM
and IoT are concerned about the future prospects of workplace change as a result of automated work environments, especially if work
updating was required themselves with smart things that HR data systems would require, such as reporting time and schedule, skill
gap, break utilization, staffing, etc. The duality of innovation depicts invention as both having intrinsic features and being the result of
human action [29,30]. As a result, players in a social situation produce and socially construct innovation by giving multiple meanings
to it as shown in Table 1. IoT implementation has a positive impact on resource management in construction. It enables real-time data
collection and analysis, optimized resource allocation, predictive maintenance, reduced waste, improved safety, improved commu-
nication, and collaboration, as well as increased transparency and accountability [31,32]. It is important to consider several factors
when implementing IoT in construction. Data security is crucial to protect the collected data from unauthorized access. Integration
with existing construction management systems is necessary for effective implementation. Training workers on how to use and
interpret IoT data is also important [16,33]. As a result, innovation emerges from the ongoing interplay of human decisions and
institutional environments.

The data gathered may then be utilized to optimize resource use and eliminate waste. The construction industry oversees delivering
building products to suit worldwide consumer demands, such as large housing and hotel facilities. The engagement of all stakeholders
in a building project is critical in determining the final product’s quality [7,12]. As a result, monitoring and controlling are critical for
assuring high-quality outputs in the construction industry. Quality management must be rigorous, incorporating every stage of a
product’s life cycle beginning with conception [7,19]. Prior to the introduction of Construction 4.0, design decision support systems
and construction monitoring and control were mostly based on analogue representations of reality [28,34]. This technique was
criticized for its rigidity in function adaptability as well as its time- and cost-intensive nature [5,9]. Sensor-based 3D technologies for
construction product modelling have been added in Construction 4.0, improving model output. Computer-aided design (CAD) im-
proves design quality by allowing designers to visualize how a drawing will look or appear [6,15]. This allows for quick modifications
and manipulation. In the construction industry, calibrated apps are now accessible. Quantitative quality management methods that
combine function and form are used in decision support systems and quality [18,35].

A literature study was undertaken using Scopus, a vast database of scientific journals. The goal of the study was to find and analyze
the keywords applied in earlier studies. The research focused on studies published between 2012 and 2023 that studied how the

Table 1

Comparison of IoT implementation impact factors.
S.No Impact IoT implementation Data security Integration Training Cost Complexity
1 Reduced environmental impact v @ @ @ v
2 Improved communication and collaboration v @ 3 @ v v
3 Enhanced customer satisfaction v 03 3 3 v v
4 Real-time data collection and analysis v A A v v A
5 Predictive maintenance v @ @ @ v v
6 Optimized resource allocation v o 3 @ v v
7 Increased transparency and accountability L3 v A v v A
8 Improved safety v @ @ @ v v
9 Reduced waste v o 3 @ v v
10 Improved profitability v 03 3 3 v v

A symbol to highlight the potential data security risks.
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adoption of IoT influences resource management in construction projects. The inquiry employed co-occurrence analysis, which counts
the number of times two words appear together in a single text. The unit of analysis was all keywords, including title words, index
keywords, and author keywords. The research only considered words that appeared at least five times in the chosen papers. A visu-
alization was built using 1500 of the 11,714 keywords that were analyzed and satisfied the requirements. The top 1000 keywords were
chosen for the visualization based on their worth and relevancy.

According to the visualization analysis, most past studies on the deployment of IoT in resource management were confined to
particular project kinds, geographical areas, or statistical techniques [9]. There is a paucity of study on a global and all-encompassing
framework of IoT implementation in resource management that can be employed for a broad variety of construction projects such as
building construction, infrastructure development, highways, and industrial projects. Future study may leverage this gap in the
literature to build practical techniques for resource analysis and management leveraging [oT technologies [6]. Fig. 1 provides a
depiction of the study environment based on word co-occurrence. The visualization emphasizes keyword networks and clusters, as well
as their frequency and degree of associationl. It gives insights into the links between multiple fields of research and may serve as a
resource for academics interested in diving more into a given area of IoT use in resource management.

The Scopus-based literature analysis offers a thorough evaluation of prior research on IoT implementation in resource management
in construction projects. It underscores the necessity of future study to establish a standard framework for IoT implementation that can
be applied across various construction projects [18]. The most often used search terms include IoT, AND construction, OR resource OR
management, OR smart AND cities. The keywords also emphasize the unique fields of research on IoT deployment and building
resource management. Certain terms, for example, are associated with the use of IoT sensors to track and monitor resources, whilst
others are associated with the use of big data and analytics to optimize resource utilization.

The countries with the greatest publications on IoT adoption and resource management in the construction sector are shown in
Fig. 2. The top three nations in terms of published papers are India (2988 documents), the United States (1239 documents), and China
(1194). Many previous studies on the deployment of IoT in resource management, according to the visualization analysis, were limited
to certain project categories, geographical locations, or statistical approaches. India, the United States, and China are the top three
nations in terms of published papers. Most previous research on the use of IoT in resource management was restricted to certain project
categories, geographical locations, or statistical approaches [5,7,35]. There is a shortage of study on a global and all-encompassing
framework of IoT deployment in resource management that may be employed in a variety of construction projects. Future study
may leverage this gap in the literature to build practical techniques for resource analysis and management leveraging IoT technologies.

3. Methodology

The chosen research methodology aligns explicitly with the stated objectives of this study. To enhance methodological rigor, a
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theoretical framework has been integrated to provide a solid foundation for the selected qualitative components. Drawing inspiration
from similar studies that have successfully employed comparable methodologies, the theoretical foundations and relevance of these
approaches to the current research are explored. This nuanced approach strengthens the overall methodological framework, ensuring a
robust foundation for the qualitative aspects of the study.

The research involved three main phases. In the first phase, a thorough literature evaluation was conducted to identify the most
critical factors for IoT implementation and resource management in the construction industry. This phase involved reviewing

Table 2
Identification of factors from literature review along with expert opinion.
Group Code Critical Factors for IoT Implementation References
Integration & ToT-II1 In IoT implementation, integration and interoperability enable seamless data transfer between IoT devices, [9,35]
Interoperability sensors, and construction management systems.
IoT-1I2  They enable centralized monitoring and control of Internet of Things devices, which promotes effective [13,17]
project management.
IoT-II3  In construction initiatives, IoT real-time data integration enables timely decision-making and proactive [21,30]
problem-solving.
Data Analytics & IoT- In the implementation of IoT, data analytics provides construction professionals with valuable insights for ~ [21,31]
Actionable DA1 making informed decisions.
Insights IoT- Applying data analytics to IoT data improves safety by identifying potential hazards and enhancing [2,33]
DAl compliance.
IoT- It facilitates process optimization by analyzing data to identify improvement opportunities and enhance [24,32]
DA1 productivity.
Scalability & IoT- Scalability guarantees that the IoT solution can accommodate large-scale and complex projects. [1,35]
Flexibility SF3
IoT- As project requirements evolve, adaptability makes integrating new devices and technologies possible. [36,37]
SF3
IoT- Scalability and adaptability allow for the expansion and modification of the IoT infrastructure without [29,38]
SF3 interruption.
Data Security and IoT- Data security and privacy are crucial for protecting sensitive construction project data from unauthorized  [19,35]
Privacy DP1 access and cyber threats.
IoT- Robust security measures mitigate the financial and legal repercussions of data breaches. [35,37]
DP1
IoT- Data security measures foster confidence among clients, partners, and stakeholders, augmenting the [30,35]
DP1 company’s standing.
Material Management MT1 IoT enables real-time material monitoring, providing accurate inventory data and decreasing material loss  [7,9]
and theft.
MT2 The Internet of Things facilitates demand forecasting, enabling construction companies to optimize material [6,20]
planning and procurement, thereby minimizing superfluous inventory and stockouts.
Man Management WT1 IoT provides real-time surveillance and monitoring of construction employees, allowing for the more [15,27]
efficient man- and resource management.
WT2 IoT enables enhanced communication and coordination among construction teams, facilitating efficient [21,32]
human resource management and project collaboration.
Machine Management ET1 IoT enables remote machine monitoring and control, facilitating efficient scheduling, troubleshooting, and ~ [10,19]
optimization of construction machine operations.
ET2 The Internet of Things enables real-time monitoring of machine performance, utilization, and maintenance  [35,39]

requirements, thereby enabling efficient machine management.




F. Althoey et al. Heliyon 10 (2024) 32193

academic articles, industry reports, and case studies to gain insight and identify key factors [9,20]. Examining the relationships be-
tween the identified factors and resource management outcomes using statistical methods such as regression analysis and correlation
analysis [24]. In the final phase, an in-depth structural equation modelling (SEM) measurement model was used to evaluate the
designed hypotheses further. Validating the proposed hypotheses, SEM enabled a comprehensive analysis of the relationships between
multiple variables and their underlying constructs [32]. Overall the study followed mixed method 3 phase research approach and data
collection was done under three phases. Phase I - literature review to identify factors, Phase II — verify those factors through interviews
with 17 experts and Phase III — Establish the relationship between the factors using the data collected from Survey.

4. Research model development

Qualitative interviews and a comprehensive literature review were utilized to identify and categorize the critical factors for
implementing IoT in the construction industry and to identify the variables involved in resource management through IoT imple-
mentation [19,33]. The literature review included a comprehensive analysis of pertinent scholarly articles, industry reports, and case
studies. This assessment enabled a thorough comprehension of the existing knowledge and identified the key factors influencing
successful IoT implementation and the variables associated with resource management in the context of construction projects [20,30].
In addition, qualitative interviews with 17 participants with 15 or more years of experience in the Malaysian construction industry
were conducted. These interviews provided valuable perspectives and insights from industry professionals with direct experience
implementing IoT technologies and administering construction project resources [27]. This study identifies the variables, as indicated
in Table 2, associated with resource management through IoT implementation by integrating findings from qualitative interviews and
a literature review. This method guarantees a comprehensive comprehension of the topic by combining theoretical insights from the
literature with practical perspectives from industry experts.

Based on interviews and a review of the literature, and following the design and finalization of all factors, the following hy-
pothesized Fig. 3 have been developed.

H1. IoT Implementation has a significant impact on resource management in construction.

Hla-1: Data analytics and actionable insights positive relation with IoT implementation.
H1la-2: Data security and privacy have a positive relation with IoT implementation.
H1a-3: Integration and interoperability have a positive relation with IoT implementation.
H1la-4: Scalability and flexibility have a positive relation with IoT implementation.
Hla-1: Resource management has a positive relation with machine management

H1la-2: Resource management has a positive relation with man management

H1a-3: Resource management has a positive relation with material management

These hypotheses reflect the anticipated relationships between the critical factors identified through interviews and literature
review and the impact of IoT implementation on resource management in the construction industry [31].

4.1. Data collection

This survey investigation for phase 3 was conducted in Perak, Malaysia. As respondents to the survey, 240 construction industry
professionals were targeted. The survey was disseminated via email and was occasionally administered manually by local experts. With
a response rate of 67 %, 158 valid responses were obtained from 240 distributed surveys. The sample size of 158 respondents was
deemed adequate for this study, consistent with previous research studies that investigated IoT implementation and resource man-
agement in the construction industry using similar sample sizes [11,24]. Based on a 5-point Likert scale extending from strongly
disagree to concur strongly, the questionnaire was designed. The questionnaire included questions about the critical factors identified

Data Analytics & Hia
P
Insights
Hib Machine
Management
Data Security & Hia-2 9
Privacy
H1b-2
loT Implementation Resource < Man
Management Management
Integration &
Interoperability H1a-3
Material
Management
Scalability & H1b-3 <]
Flexibility H1a-4

Fig. 3. hypothesized theoretical framework of the study.
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through the literature review, intending to gauge respondents’ perceptions and opinions regarding IoT implementation and its impact
on resource management in construction projects [37]. Using a quantitative analysis with a sample of 158 respondents, this study
intended to provide meaningful insights into the critical factors for IoT implementation and resource management in the construction
industry in Perak, Malaysia. The survey methodology and questionnaire design were consistent with previous research studies and
ensured an organized and trustworthy data collection and analysis approach.

Further this research adhered to the highest ethical standards and principles. Ethical approval for this research was obtained from
the Ethical Committee for Research Involving Human Subjects at University, under the auspices of the Ethical Review Committee for
Academic Research (ERCAR-UP). The research was carried out in full compliance with the guidelines, protocols, and regulations set
forth by the ERCAR-UP. The ethical considerations encompassed all aspects of the research, including the recruitment of participants,
data collection methods, data storage and protection, and the dissemination of findings. Informed consent was obtained from all
participants involved in this study, and they were assured of their rights to privacy and confidentiality. Measures were taken to ensure
the anonymity and confidentiality of sensitive data. Furthermore, any potential risks to the participants were minimized, and the
research procedures were designed to maximize the benefits while minimizing harm. Any potential conflicts of interest were disclosed
and managed in accordance with the guidelines established by the ERCAR-UP.

4.2. PLS-SEM algorithm measurement

The SmartPLS 4 software used the Partial Least Squares Structural Equation Modelling (PLS-SEM) algorithm to test the proposed
hypotheses and analyze the relationships between variables. PLS-SEM is a statistical method for analyzing complex relationships
between latent constructs and observed variables [18,30]. As part of the analysis, convergent validity and discriminant validity were
evaluated. Convergent validity investigates whether the indicators of a latent construct measure the same underlying construct. The
evaluation was based on the indicator factor loadings, average variance extracted (AVE), and composite reliability (CR). Factor
loadings represent the intensity of the relationship between each indicator and its corresponding construct, whereas AVE quantifies the
variance the construct represents relative to measurement error [31,32]. CR evaluates the construct’s internal consistency reliability.

In contrast, discriminant validity determines whether the measures of different constructs are distinct. It ensures that the constructs
capture distinctive aspects of the studied phenomenon. Examining the inter-construct correlations and comparing them to the square
roots of the AVE values for each construct was used to assess discriminant validity [18,20]. If the inter-construct correlations were
below the square roots of the AVE values, discriminant validity was deemed to exist.

4.3. Structural model development

The structural model analysis aimed to analyze the relationships between the identified critical factors and resource management
outcomes in the construction industry due to IoT implementation [9,27]. The analysis included bootstrap analysis, a resampling
technique used to estimate standard errors and confidence intervals of model parameters. For each hypothesis, the bootstrap analysis
entailed resampling the original sample (O) multiple times. The resamples utilized to determine the sample mean (M) and standard
deviation (STDEV) for every parameter estimate. The significance of the relationships between the critical factors and resource
management outcomes was then determined by calculating the t-statistics and p-values [24,36]. In addition to evaluating the hy-
pothesis, the R2 value was calculated to evaluate the structural model’s fit. The R2 value indicates the proportion of the variance in the
dependent variable explained by the model’s independent variables. A more excellent R2 value indicates that the model fits the data
more closely [24,30].

4.4. Predictive Relevance

The model’s capacity to forecast resource management outcomes based on the identified essential components was evaluated using
the Predictive Relevance (Q2) metric, which was developed to do so. It did this by calculating the squared correlation between the
actual and anticipated values and dividing that result by the variance of the observed values [5,7]. If the value of Q2 is high, this shows
that the model has superior predictive ability, which implies that it helps project resource management results in the construction
business.

5. Results and Analysis
5.1. Demographic details

The demographic details of the participants in the study are as follows. In terms of profession, the respondents consisted of 12
Quantity Surveyors (6.9 %), 21 Architects (12.0 %), 70 Civil Engineers (40.0 %), 6 M&E Engineers (3.4 %), 30 Project Managers (17.1
%), and 19 individuals from other professions (10.9 %). Regarding the organization they belonged to, 67 respondents (38.3 %) were
from contractor companies, 61 (34.9 %) were from consultant firms, and 30 (17.1 %) were from client organizations. In terms of their
construction experience in Malaysia, 40 respondents (22.9 %) had 0-5 years of experience, 38 (21.7 %) had 6-10 years of experience,
40 (22.9 %) had 11-15 years of experience, 22 (12.6 %) had 16-20 years of experience, and 18 (10.3 %) had over 20 years of
experience. The majority of the participants (149, 95 %) indicated that they knew digital technologies, specifically IoT, while nine
respondents (5 %) responded with “No/Maybe” to knowing IoT.
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5.2. PLS-SEM measurement model

The findings of the concurrent validity analysis, which evaluates the reliability and validity of the measurement model, are shown
in Table 3 and may be found below. Cronbach’s alpha (CA), composite reliability (CR), and average variance extracted (AVE) are the
markers that may be found in the table.

Three different indicators (IoT-II1, IoT-II2, and IoT-II3) were used for the Integration and Interoperability build. The loadings
represent the degree to which there is a connection between each indication and the construct it corresponds to. The variance inflation
factor, or VIF, is a measurement tool for determining multicollinearity; values lower than 5 indicate no substantial multicollinearity
[10,14]. The construct had a Cronbach’s alpha of 0.76, indicating an adequate level of internal consistency. It also had a composite
reliability of 0.801, which indicates that it has a strong level of reliability. Additionally, it had an average variance extracted of 0.673,
which suggests that the indicators explain 67.3 % of the variation in the construct [5,7].

Similarly, the relevant indicators and their loadings are presented for the structures “Data Analytics and Actionable Insights,”
“Scalability and Flexibility,” “Data Security and Privacy,” “Material Management,” and “Man Management,” respectively. Each
concept exhibited sufficient levels of internal consistency (as measured by Cronbach’s alpha), strong reliability (as measured by
composite reliability), and an appreciable amount of explained variance (as measured by the average variance extracted) [13,15].

It is essential to notice that some indicators (IoT-1I3, IoT-DA4, and IoT-DP3) were removed from their respective constructions. This
may have resulted from low factor loadings, problems with item relevance or dependability, or a combination of these factors [18,19].
These results provide credence to the robustness of the measurement methodology used throughout the research.

The findings of the discriminant validity study, as determined by using the Heterotrait-Monotrait (HTMT) criteria, are detailed in
Table 4. The HTMT values are a representation of the degree to which distinct constructs are correlated with one another. The square
roots of the AVE values for each build are located in the components of the table that are located along the diagonal. Because the HTMT
values are lower than the cutoff of 0.85, the findings suggest that the constructs have a high degree of discriminant validity [30,35].
Compared to the square roots of the AVE values on the diagonal, the HTMT values are lower than the off-diagonal values, which shows
that the constructions are separate. For instance, the HTMT value of 0.325 between Data Analytics and Actionable Insights (DA) and
Data Security and Privacy (DP) is less than the square root of the AVE that exists for both constructs, which guarantees that their
discriminant validity exists [21,24]. Similarly, the HTMT values for other construct pairings (such as DA and Integration & Interop-
erability (II), Machine (ET) and Material (MT), etc.) are all below the threshold, which provides further evidence that the constructs are
unique from one another [36,38]. Overall, the discriminant validity analysis performed using the HTMT criteria verifies that the
constructs investigated in this research are distinguishable [20,33]. This instils confidence in both the validity of the measurement
model and the independence of the variables that are being evaluated.

The findings of the Fornell-Larcker criteria for determining the discriminant validity of a test are shown in Table 5. The square roots
of the values extracted from the AVE (Average Variance Extracted) for each build are shown in the table. According to the Fornell-
Larcker criteria, to ensure that the model is discriminant, the square root of the AVE for each construct has to be greater than the
correlations between the respective construct and the other constructs in the model. The diagonal elements in Table 5 represent the
square roots of the AVE values for each construct [5,6]. These figures provide an assessment of the amount of variation that each
construct’s indicators are able to capture [2,6]. The results show that the correlations with other constructs are less significant than the
square roots of the AVE values for each construct, validating the discriminant validity [7,11]. When compared to its correlations with
other constructs (DP, II, ET, WT, MT, SF), the square root of the AVE for Data Analytics & Actionable Insights (DA) is more significant,
demonstrating that DA is different from the other constructs. This may be shown by contrasting the correlations between the DP, IL, ET,
WT, MT, and SF with the square root of the AVE [15,16]. The Fornell-Larcker criterion analysis shows that the constructs have suf-
ficient discriminant validity overall [7,11]. This implies that the constructs assess different parts of the research phenomena and do not

Table 3
Convergent validity output indicating Cronbach alpha, composite reliability and average variance extracted.
Group Code Loadings VIF CA CR AVE
Integration & ToT-II1 0.681 1.145 0.76 0.801 0.673
Interoperability IoT-112 0.939 1.138
ToT-1I3 Deleted 2.141
Data Analytics & IoT-DA1 0.822 1.142 0.725 0.808 0.678
Actionable IoT-DA2 0.825 1.178
Insights IoT-DA4 Deleted 1.122
Scalability & IoT-SF1 0.781 1.369 0.707 0.837 0.63
Flexibility IoT-SF2 0.798 1.407
IoT-SF3 0.803 1.366
Data Security and Privacy IoT-DP1 0.939 1.178 0.844 0.927 0.865
IoT-DP2 0.921 1.125
IoT-DP3 Deleted 1.211
Material Management MT1 0.638 1.125 0.761 0.79 0.662
MT2 0.958 1.131
Man Management WT1 0.844 1.126 0.713 0.833 0.714
WT2 0.846 2.145
Machine Management ET1 0.818 2.147 0.741 0.751 0.602
ET2 0.731 1.110
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Table 4
Discriminant validity results in output through HTMT criterion.
Constructs DA DP I ET WT MT SF
Data Analytics & Actionable Insights = DA
Data Security and Privacy = DP 0.325
Integration & Interoperability = II 0.365 0.173
Machine = ET 0.686 0.34 0.57
Man = WT 0.538 0.187 0.383 0.643
Material = MT 0.365 0.173 0.786 0.57 0.383
Scalability & Flexibility = SF 0.58 0.219 0.302 0.683 0.435 0.302
Table 5
Fornell lacker criterion for discriminant validity.
Constructs DA DP 1I ET WT MT SF
Data Analytics & Actionable Insights = DA 0.823
Data Security and Privacy = DP 0.218 0.93
Integration & Interoperability = II 0.214 0.129 0.82
Machine = ET 0.72 0.189 0.243 0.776
Man = WT 0.302 0.121 0.139 0.304 0.845
Material = MT 0.216 0.131 0.998 0.236 0.157 0.814
Scalability & Flexibility = SF 0.353 0.164 0.12 0.35 0.937 0.135 0.794

have a strong correlation with one another.

The findings of using the cross-loading criteria to determine the discriminant validity of the test are shown in Table 6. The loadings
of each indicator are shown in the table, both on the construct for which it was designed and on any additional relevant structures [2,
6]. Cross-loadings help determine whether or not an indicator predominantly measures its intended construct or whether or not it also
has substantial loadings on other constructs, which may signal that there are possible problems with the discriminant validity of the
indicator [20,27]. The findings demonstrate that the indicators, on average, have more significant loadings on their intended con-
structions than loadings on other constructs; this indicates that the discriminant validity of the indicators is good [21,32]. For instance,
the indicators IoT-DA1 and IoT-DA2 have more significant loadings on the Data Analytics & Actionable Insights (DA) construct than
the loadings they have on other constructs (DP, II, ET, WT, MT, and SF). Similarly, the Integration and Interoperability (II) construct
has a more significant loading for the indicators IoT-II1 and IoT-II2 than for any other structures. This pattern holds for the other
indicators and constructions included in the table [31,35].

5.3. Structural model development

The findings in Table 7, indicate that all of the hypotheses have been validated, including H1, Hla-1, Hla-2, Hla-3, and H1a-4, as
well as H1b-1, H1b-2, and H1b-3. This indicates substantial evidence supporting the proposition that there is a positive link between
the variables in each hypothesis.

In the “Relation” column, the predicted direction of the connection between the variables is shown by the direction of the arrow
[20,35]. The values from the original sample are shown in the "(O)" column, while the values from the sample mean are shown in the
"(M)" column. The “SD” column provides a representation of the average amount of variation across all of the variables [7,11]. The
column labelled “T statistics™” in the following table displays the computed t-statistics, which determine how strong a correlation exists

Table 6

Cross-loading criterion for discriminant validity.
Variables DA DP I ET WT MT SF
ToT-DA1 0.822 0.252 0.183 0.617 0.348 0.184 0.366
IoT-DA2 0.825 0.107 0.169 0.568 0.149 0.171 0.216
IoT-DA1 0.232 0.939 0.11 0.208 0.14 0.112 0.189
IoT-DA2 0.17 0.921 0.133 0.139 0.08 0.133 0.111
ToT-I11 0.115 0.063 0.681 0.242 —0.133 0.238 -0.114
IoT-112 0.215 0.133 0.939 0.192 0.237 0.258 0.205
Equipment Tracking 1 0.626 0.185 0.271 0.818 0.345 0.26 0.386
Equipment Tracking 2 0.482 0.101 0.092 0.731 0.108 0.093 0.137
Workforce Tracking 1 0.231 0.034 0.117 0.211 0.844 0.13 0.281
Workforce Tracking 2 0.279 0.17 0.118 0.301 0.846 0.134 0.203
Material Tracking 1 0.115 0.063 0.282 0.242 -0.133 0.638 —0.114
Material Tracking 2 0.215 0.133 0.238 0.192 0.237 0.958 0.205
IoT-SF1 0.231 0.034 0.117 0.211 0.244 0.13 0.781
IoT-SF2 0.331 0.182 0.05 0.317 0.238 0.056 0.798
IoT-SF3 0.279 0.17 0.118 0.301 0.246 0.134 0.803
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Table 7
Hypothesis testing of the study.
Relation 0) o) SD T statistics P values Results

Hypothesis
H1 IoT - > Resource 0.932 0.933 0.012 80.402 0 Accept
Hla_l DA - > IoT 0.395 0.389 0.041 9.628 0 Accept
Hla 2 DP - > IoT 0.153 0.151 0.04 3.811 0 Accept
Hla3 II->IoT 0.628 0.625 0.057 11.061 0 Accept
Hla 4 SF - > IoT 0.31 0.307 0.038 8.064 0 Accept
Hlb_1 Resource - > Machine 0.416 0.419 0.078 5.317 0 Accept
Hlb_2 Resource - > Man 0.38 0.385 0.076 4.976 0 Accept
H1b_3 Resource - > Material 0.858 0.859 0.031 27.938 0 Accept

(0)= Original sample; (M) = Sample mean; SD= Standard deviation; DA = Data Analytics & Actionable Insights; DP = Data Security and Privacy; II=
Integration & Interoperability; SF= Scalability & Flexibility.

between the variables. The significance level (p-value) linked with the t-statistics is shown in the “P values” column.

In every instance, the values of the t-statistics are high, which suggests that there is a meaningful connection between the variables.
The fact that the p-values were both reported to be 0 suggests that the associations being studied are statistically significant [14,15].
The strength and direction of interactions between constructs may be determined by looking at the path loadings. In contrast, the
statistical significance of these correlations can be determined by looking at the p-values [17,18]. A PLS model’s path loadings and
T-values are shown graphically in Fig. 2. While T-values reveal the statistical significance of these correlations, path loadings describe
the intensity and direction of the existing relationships between constructs [5,6]. The T-values help determine the significance of the
predicted route coefficients by identifying whether or not they deviate considerably from zero [10,11]. The findings of this research,
summarized in Table 7, provide a concise overview of the significant influence of IoT implementation on resource management in the
construction sector. Each hypothesis is discussed briefly below.

e H1: IoT implementation impact on Resources: The substantial positive correlation coefficient of 0.932 supports the beneficial
connection between IoT adoption and effective resource management.

e Hla-1 to Hla-4: These hypotheses investigate the impact of Data Analytics & Actionable Insights (DA), Data Security and Privacy
(DP), Integration & Interoperability (II), and Scalability & Flexibility (SF) on [oT deployment. The positive links underscore the
importance of these factors in influencing the successful adoption of IoT technologies in construction resource management.

e H1b-1 to H1b-3: Investigating the influence of IoT-based resource management on machine, man, and material management, these
hypotheses reveal statistically significant positive links. Efficient resource management positively contributes to the utilization and
management of equipment, labor force, and materials in construction projects.

Taken together, these findings emphasize the relevance of variables such as data analytics, data security, integration, scalability,
and resource management for the practical application of IoT technologies in the construction sector. This nuanced understanding

loT-DA1 loT-DA2 [Equi Tracking 1 [Equi Tracking 2
0.825 (18.528
0822 (20014) HAS28H 0818 (13.340) 0.731(7.178)
! 0.798 (16.480) 12301

0.803 (18.412)

0.781 (16.240) Data Analytics &
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Insights .
—
Flexibility
0.395 (0.628) 0.416(5.317) 0.844 (17.080)
0.310 (8.064)
Imp_lementatlon _of loT 0.932 (80.402) Resource 0.380 (4.976)
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0.846 (16.071)

0.153 (3.811) 0.858 (27.938)

Integration &
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Data Security
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Fig. 4. Path loadings with T-stat value.
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provides significant insights for practitioners and policymakers in the industry. Fig. 4 is indicating the relationship between imple-
mentation of IoT and resource management considering man machine and materials management.

5.4. Predictive Relevance

The predictive relevance findings are shown in Table 8, and they illustrate that the model displays a modest degree of predictive
ability for IoT Implementation and Resource Management. It explains roughly 35.5 % of the variability in Resource Management and
approximately 17.9 % in IoT Implementation. These results demonstrate that the model has crucial predictive relevance, indicating
that it can give valuable insights into the link between IoT installation and resource management related to the research setting.

6. Discussion

The findings of this research provide convincing evidence to demonstrate the significant influence that the introduction of IoT has
had on the resource management practices of the construction sector. According to the results, there is a significant and favourable
association between resource management and IoT adoption. The evidence supports the idea that there is a beneficial connection
between deploying IoT technologies and effective resource management. The statistical study demonstrates a substantial positive
correlation coefficient of 0.932 (p 0.001) between the adoption of IoT and resource management. This indicates that there is a strong
link between the two. This data lends credence to the hypothesis that integrating IoT technology into the building and construction
sector benefits resource management.

Resource management in construction is a multifaceted process integral to project success, encompassing the efficient allocation
and utilization of human, mechanical, and material resources. In the context of IoT implementation, resource management takes on a
transformative dimension, driven by real-time data and insights [16,33]. Human resources, including skilled labor, benefit from
IoT-enabled systems that provide real-time monitoring, facilitating optimized task allocation and productivity tracking. Mechanical
resources, such as equipment and machinery, experience enhanced efficiency through predictive analytics and preventative main-
tenance enabled by IoT sensors [7,12]. Material resources benefit from improved inventory control and logistics, minimizing waste
and ensuring timely restocking. The integration of IoT technologies contributes to proactive decision-making in resource allocation,
enabling project managers to adapt dynamically to changing conditions. Real-time monitoring of resources ensures that projects stay
on schedule and within budget, fostering overall project success [9,19]. Predictive analytics, driven by IoT data, aids in forecasting
potential resource issues, allowing for preventative measures and minimizing downtime [6,15]. Moreover, the use of IoT in resource
management enhances supply chain efficiency in the construction industry. Real-time data from IoT devices provides insights into
inventory levels, enabling timely replenishment and reducing the risk of delays. Monitoring tools also contribute to reducing theft and
improving logistical processes in the movement of supplies and tools around construction sites.

When thinking about how the Internet of Things (IoT) will affect the building industry, it is critical to remember that different
elements will have different degrees of influence. Research shows that different criteria, including DA (Data Analytics & Actionable
Insights), DP (Data Security and Privacy), II (Integration & Interoperability), and SF (Scalability & Flexibility), have different impacts
on the rollout of IoT solutions. While all of these things help with resource management and Internet of Things adoption, their effects
are different. For example, the importance of flawless integration across various [oT devices and systems is shown by the significant
association between Integration & Interoperability and IoT implementation. On the other hand, Scalability & Flexibility’s somewhat
lower correlation highlights its significance while implying a subtle impact. Stakeholders in the industry must have this detailed
knowledge since it suggests that optimizing the effect of Internet of Things (IoT) applications in construction resource management
may need a customised strategy to handle certain elements. Practitioners and legislators may improve plans for the construction
industry’s use of IoT technology by acknowledging the variable relevance of these elements [6,9].

The outcomes of this research, taken as a whole, provide credence to the hypothesized connections between the adoption of IoT,
resource management, and the elements that underlie both of these processes. To facilitate the practical application of IoT technologies
in the construction sector, the findings emphasize the relevance of variables such as data analytics, data security, integration, scal-
ability, and resource management [7,15]. These results lead to a better knowledge of the essential aspects and their influence on
resource management via the adoption of 10T, giving significant insights for practitioners and policymakers in the construction sector
who work in the industry<.

It is critical to recognise certain limitations, despite the fact that this research offers helpful insights into the impact of the internet
of things on building resource management. Quantitatively evaluating the effect of Internet of Things technology on operational
optimization is complicated by the technique, especially when surveys are used. The depth of quantitative insights might be limited
due to the difficulty in accessing precise operational data for a full study. Furthermore, there are inherent constraints to generalising
results to wider settings, as is the case with every case study. Despite these limitations, the research intends to fill knowledge gaps by
providing a qualitative analysis of the topic and useful takeaways that add to the continuing conversation about Internet of Things

Table 8

Predictive relevance of the study.
Constructs SSO SSE Q2 (=1-SSE/SS0O)
IoT Implementation 4922.000 4043.374 0.179
Resource Management 642.000 414.339 0.355
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integration in the building industry.
7. Conclusion

This research unveils the substantial impact of IoT implementation on resource management within the construction sector. The
results unequivocally establish a positive correlation between IoT utilization and resource management practices, marking a trans-
formative shift in the way resources are handled in construction projects. Through the statistical validation of all hypotheses, this study
contributes vital new insights into the essential elements of IoT deployment and their profound implications for resource management.
The findings underscore the imperative for the construction industry to adopt IoT technology, emphasizing its potential to optimize
resource utilization, enhance project efficiency, and yield superior project outcomes. The practical implications of these results extend
to industry professionals, policymakers, and stakeholders, urging them to embrace IoT technologies for bolstering resource man-
agement practices in construction projects. As a pathway for future research, further exploration into specific facets of IoT deployment
and resource management will deepen our understanding of the potential benefits and challenges associated with integrating this
disruptive technology in the construction sector.
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Appendix

e Profession
0 Quantity Surveyor

oArchitect
oCivil Engineer
oM&E Engineer
oProject Manager
oOther

e Organization
oContractor
oConsultant
oClient

e Construction Experience in Malaysia
00-5 Years
06-10 Years
011-15 Years
016-20 Years
oOver 20 Years

o Knowledge of Digital Technologies (IoT)
oYes
oNo/Maybe
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Sr. Critical Factors for IoT Implementation Strongly Agree Neutral Disagree Strongly
# Agree (5) 4 3) (2) Disagree (1)
1 In IoT implementation, integration and interoperability enable seamless data
transfer between IoT devices, sensors, and construction management systems.
2 They enable centralized monitoring and control of Internet of Things devices,
which promotes effective project management.
3 In construction initiatives, IoT real-time data integration enables timely
decision-making and proactive problem-solving.
4 In the implementation of IoT, data analytics provides construction
professionals with valuable insights for making informed decisions.
5 Applying data analytics to IoT data improves safety by identifying potential
hazards and enhancing compliance.
6 It facilitates process optimization by analyzing data to identify improvement
opportunities and enhance productivity.
7 Scalability guarantees that the IoT solution can accommodate large-scale and
complex projects.
8 As project requirements evolve, adaptability makes integrating new devices
and technologies possible.
9 Scalability and adaptability allow for the expansion and modification of the IoT
infrastructure without interruption.
10 Data security and privacy are crucial for protecting sensitive construction
project data from unauthorized access and cyber threats.
11 Robust security measures mitigate the financial and legal repercussions of data
breaches.
12 Data security measures foster confidence among clients, partners, and
stakeholders, augmenting the company’s standing.
13 IoT enables real-time material monitoring, providing accurate inventory data
and decreasing material loss and theft.
14 The Internet of Things facilitates demand forecasting, enabling construction
companies to optimize material planning and procurement, thereby
minimizing superfluous inventory and stockouts.
15 10T provides real-time surveillance and monitoring of construction employees,
allowing for the more efficient man- and resource management.
16 IoT enables enhanced communication and coordination among construction
teams, facilitating efficient human resource management and project
collaboration.
17 IoT enables remote machine monitoring and control, facilitating efficient
scheduling, troubleshooting, and optimization of construction machine
operations.
8 The Internet of Things enables real-time monitoring of machine performance,
utilization, and maintenance requirements, thereby enabling efficient machine
management.
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