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Abstract 

This meta-analytical study investigates the role and impact of Internet of Things 
(IoT) technologies in enhancing efficiency outcomes within large-scale 
infrastructure construction projects. With the growing complexity, scale, and 
performance demands in the global construction sector, IoT-enabled monitoring 
systems have emerged as a transformative solution for optimizing cost control, 
schedule adherence, resource utilization, safety, and lifecycle asset management. 
To provide a comprehensive understanding of this technological advancement, 
the study systematically reviewed and synthesized findings from 67 empirical 
studies published between 2010 and 2023. The review followed the Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 
framework to ensure methodological rigor and transparency. Key performance 
indicators (KPIs) analyzed included cost variance, schedule performance index 
(SPI), resource usage efficiency, rework incidence, and safety outcomes. The 
findings consistently demonstrated that IoT technologies—such as RFID, 
wireless sensor networks, GPS tracking, wearables, and predictive analytics—
contribute to measurable efficiency gains, including cost savings ranging from 
8% to 27%, time reductions of up to 35%, and rework decreases by as much as 
28%. Furthermore, IoT systems enhanced labor productivity and safety through 
real-time monitoring and biometric-based predictive interventions. The review 
also highlighted critical gaps in the literature, including methodological 
inconsistencies, a lack of standardized metrics, limited longitudinal data, and 
geographic imbalances, with underrepresentation of studies from developing 
countries. These insights underscore the importance of standardized 
frameworks, inclusive research designs, and strategic integration of IoT with BIM 
and digital twin technologies. Overall, this study validates IoT as a key enabler 
of operational efficiency and digital transformation in infrastructure 
construction, providing a foundation for evidence-based policy, investment 
decisions, and future research. 
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INTRODUCTION 
The Internet of Things (IoT) represents a network of physical devices embedded with sensors, 
software, and connectivity technologies, enabling real-time data exchange and autonomous 
interaction with the environment (Kopetz & Steiner, 2022). Within the global construction 
industry, IoT is revolutionizing how infrastructure projects are designed, monitored, and 
delivered (Dai et al., 2020). IoT facilitates the seamless collection of environmental, structural, and 
human-centric data through devices like RFID tags, wireless sensors, GPS units, and cloud 
computing platforms. Large-scale infrastructure projects—such as bridges, tunnels, airports, and 
smart highways—benefit significantly from IoT-enabled digital ecosystems that enhance real-
time communication, safety, and resource utilization (Din et al., 2018). Internationally, countries 
such as China, the United Arab Emirates, Singapore, and Germany have incorporated IoT 
frameworks into national smart infrastructure strategies, positioning IoT as a pillar of 
construction modernization. These frameworks reflect a global shift toward Industry 4.0, where 
cyber-physical systems foster adaptive, data-driven, and intelligent construction environments 
(Marques et al., 2019). As a transformative enabler, IoT supports improved interoperability 
among design, procurement, logistics, labor, and maintenance systems. The deployment of IoT 
in construction is therefore not merely an operational enhancement but a reconfiguration of 
foundational processes that aligns with global demands for sustainable, efficient, and intelligent 
infrastructure delivery (Serpanos & Wolf, 2018). 
 

Figure 1: IoT Infrastructure Monitoring and Efficiency 

 
 
Construction project monitoring refers to the continuous assessment and verification of project 
performance in terms of time, cost, safety, and quality (Silva et al., 2020). In large-scale 
infrastructure initiatives—where operational complexities span geographical zones, multi-year 
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timelines, and high stakeholder engagement—traditional monitoring practices often fall short 
due to their reliance on manual inspections and periodic reporting (Tran-Dang et al., 2020). IoT 
mitigates these limitations by integrating sensor-based monitoring tools that transmit data 
continuously to centralized platforms, enabling real-time visibility and predictive decision-
making (Vermesan, Bröring, et al., 2022). For instance, sensors embedded in structural 
components can measure load, strain, and temperature fluctuations, alerting engineers to 
potential risks before failures occur. Likewise, wearable IoT devices improve safety compliance 
by tracking the location, movement, and health status of workers, especially in hazardous 
environments (Babar & Arif, 2019). In projects like Hong Kong’s Zhuhai-Macau Bridge and 
London's Crossrail, IoT-based monitoring has ensured uninterrupted feedback loops, optimizing 
the deployment of labor and equipment. Moreover, international standards such as ISO 19650 
now advocate the integration of digital technologies, including IoT, to standardize project 
information management. Consequently, construction monitoring in the IoT era transcends 
traditional limitations by delivering real-time, context-aware, and system-integrated oversight 
across all project phases (Kumar et al., 2019). 
Efficiency in construction is broadly defined as the optimal use of time, resources, and labor to 
achieve project goals without waste or delays (Zeadally & Bello, 2021). Within IoT-enabled 
environments, efficiency gains are observed through enhanced productivity, reduction in rework, 
minimized downtime, and improved safety outcomes. Real-time data transmission allows 
decision-makers to monitor task completion, equipment performance, and material logistics 
concurrently, facilitating rapid intervention and task reassignment (Ahmed et al., 2023). For 
example, IoT sensors integrated with GPS allow for precise tracking of construction vehicles and 
materials, reducing idle time and fuel consumption. Furthermore, predictive analytics supported 
by sensor data enables proactive maintenance of equipment, averting unplanned stoppages and 
extending machinery life. Empirical evidence from global megaprojects suggests that IoT 
implementation can reduce material wastage by 20–30% and enhance on-site labor productivity 
by 15–25% (Munirathinam, 2020). These improvements are measurable through key performance 
indicators (KPIs) such as schedule variance, cost deviation, and safety incidents per work hour. 
Therefore, efficiency within IoT-enabled construction systems is not a theoretical construct but a 
tangible outcome derived from interconnected operations, autonomous feedback loops, and 
intelligent resource deployment (Sharma et al., 2018). 
Construction supply chains are inherently fragmented and complex, comprising procurement, 
logistics, warehousing, and on-site inventory management across multiple stakeholders 
(Vermesan, Friess, et al., 2022). IoT technologies facilitate real-time integration of supply chain 
components by enabling end-to-end visibility and automation. Through RFID tagging and GPS-
enabled logistics platforms, materials can be tracked from supplier to site, reducing losses and 
enhancing delivery accuracy. Automated notifications triggered by sensor data help site 
managers reorder supplies just-in-time, minimizing material surplus and space constraints 
(Nagajayanthi, 2022). Moreover, IoT-integrated platforms offer insights into supplier 
performance, fleet utilization, and warehouse conditions, enabling smarter procurement and 
scheduling. Projects like the Dubai Expo and the HS2 railway in the UK have leveraged IoT 
systems for dynamic resource allocation and improved material throughput. Beyond logistics, 
IoT also links BIM models with actual delivery data, allowing for synchronization between digital 
planning and physical execution (Khayyam et al., 2019).  
Safety in construction remains a persistent global concern, particularly in large-scale 
infrastructure projects characterized by high-risk environments and diverse workflows (Son et 
al., 2019). IoT technologies significantly improve safety management by offering real-time data 
on worker movements, environmental hazards, and equipment usage. Wearable IoT devices, 
such as smart helmets and vests, can monitor biometric signals and detect fatigue or stress, 
alerting supervisors to potential health risks (Mohammadi et al., 2018). Similarly, geofencing 
technologies establish virtual safety boundaries and send alerts when workers enter restricted 
zones or operate in proximity to heavy machinery. Environmental sensors detect hazardous 
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conditions like high dust concentration, gas leaks, or unstable temperatures, thereby enhancing 
proactive risk mitigation (Khan et al., 2020). The integration of these safety systems has been 
instrumental in reducing incident rates across megaprojects in Australia, Singapore, and the 
Middle East. Additionally, cloud-based dashboards aggregate safety data, allowing for 
centralized oversight and rapid emergency response coordination (Boyes et al., 2018). This 
systemic approach to safety management, supported by IoT, transitions from static checklists to 
dynamic, data-driven prevention strategies. The implementation of such systems leads not only 
to fewer accidents but also fosters a safety-first culture that aligns with global occupational health 
and safety standards (Javed et al., 2018). 
 
 

 
 
IoT technologies serve as the foundational infrastructure for real-time data analytics in 
construction management, enhancing situational awareness, forecasting, and operational agility 
(Islam et al., 2022). Sensors embedded in assets such as cranes, trucks, and concrete forms 
continuously stream performance data into analytics platforms that assess productivity, wear 
patterns, and operational anomalies. These platforms apply machine learning algorithms to 

predict system failures, optimize crew deployment, and refine scheduling processes. Cloud-
based control centers visualize this data through dashboards and heatmaps, enabling managers 
to prioritize tasks based on urgency, location, or risk (Ryalat et al., 2023). For example, in the 
development of Singapore’s Tuas Mega Port, IoT analytics facilitated the coordination of 400 
concurrent tasks in real time, enhancing throughput and reducing bottlenecks. The integration of 
data analytics also ensures accountability, as deviations in planned versus actual progress are 
logged automatically, supporting claims management and quality audits. Moreover, the 
interoperability of IoT platforms with project management tools such as Primavera, Revit, and 
BIM 360 allows for seamless data exchange between planning and execution layers (Rathore et 
al., 2018).  
 

Figure 2: IoT-Driven Construction Monitoring Architecture 
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The internationalization of IoT in construction reflects a strategic shift toward digital 
transformation within infrastructure sectors across continents (Mahbub et al., 2020). Countries 
such as South Korea, China, Singapore, the United Arab Emirates, and the United Kingdom are 
leading adopters of IoT-driven construction technologies, integrating them into national smart 
city agendas and public infrastructure investments. In these contexts, large-scale projects have 
served as testbeds for IoT deployment, demonstrating measurable benefits in cost savings, project 
acceleration, and risk mitigation (Sisinni et al., 2018). For example, the South Korean Smart 
Construction Technology Roadmap and the UK’s Centre for Digital Built Britain have prioritized 
IoT as a core enabler of infrastructure performance and sustainability (Yu & Wang, 2022). 
Moreover, multilateral organizations such as the World Bank and the Asian Infrastructure 
Investment Bank have begun incorporating digital readiness—including IoT capabilities—into 
funding criteria for large projects. These developments signal a convergence of policy, 
technology, and construction practice at a global level (Yu & Wang, 2020). The result is an 
emerging consensus that intelligent monitoring systems enabled by IoT are not optional upgrades 
but strategic imperatives for modern infrastructure delivery. As digitized project ecosystems gain 
traction, IoT stands at the intersection of productivity, transparency, and resilience—core values 
shaping the future of large-scale infrastructure worldwide  
LITERATURE REVIEW 
The integration of Internet of Things (IoT) technologies within the construction industry has 
catalyzed a shift in project monitoring methodologies, particularly in large-scale infrastructure 
projects where the stakes of delay, cost overrun, and safety breaches are substantially high. 
Literature on this domain has expanded significantly over the past two decades, offering diverse 
insights into how IoT applications enhance visibility, responsiveness, and efficiency across the 
construction lifecycle (Maqbool et al., 2023). This literature review synthesizes key empirical and 
theoretical findings from interdisciplinary research, spanning civil engineering, construction 
management, systems engineering, and information technology. It aims to consolidate 
understanding around the practical deployment, functional impact, and strategic role of IoT-
based monitoring in infrastructure megaprojects. The review is structured to address critical 
domains influencing efficiency gains, including sensing technologies, data integration 
architectures, labor and safety management, predictive analytics, and supply chain 
synchronization. It also distinguishes between the conceptual frameworks and applied outcomes 
of IoT implementation, highlighting both facilitators and constraints observed in empirical 
studies. By organizing the literature thematically and methodologically, the section builds a 
grounded context for the subsequent meta-analytical synthesis. Moreover, it isolates recurring 
efficiency indicators used across studies, such as cost savings, real-time performance monitoring, 
error reduction, and system uptime. The objective is to chart a comprehensive landscape of the 
academic discourse, revealing gaps, contradictions, and convergences that underpin the digital 
transformation of construction monitoring. The structured outline below delineates the thematic 
segments of this review, ensuring analytical coherence and scholarly depth. 
IoT in Construction 
The evolution of digital technologies in the construction industry has been marked by a gradual 
but decisive shift from analog processes to digital automation, beginning with Computer-Aided 
Design (CAD) systems in the 1970s and culminating in the present-day integration of the Internet 
of Things (IoT). Early CAD systems introduced a paradigm change in drafting and visualization, 
streamlining two-dimensional technical drawings into digital blueprints (Khurshid et al., 2023). 
This transformation laid the foundation for the development of Building Information Modeling 
(BIM), which further enhanced the digital representation of physical and functional 
characteristics of construction assets. The subsequent introduction of automation technologies 
and robotics into the construction domain sought to address labor shortages and improve 
consistency in repetitive tasks. However, it was the emergence of sensor networks and wireless 
communication protocols that enabled a real-time connection between construction objects and 
digital systems—a capability that defined the IoT revolution (Lorusso & Celenta, 2023). IoT-
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enabled systems now allow data from site equipment, environmental sensors, and labor 
wearables to be collected and analyzed in real-time. This digital transformation is particularly 
impactful in large-scale infrastructure projects where multiple layers of coordination are required 
over long durations. Studies have shown that IoT adoption increases transparency, enhances 
responsiveness, and reduces errors by synchronizing the physical and digital worlds of 
construction. Hence, the IoT in construction represents a culmination of decades of digital 
innovation, transitioning the sector from isolated digital tools toward a unified, interconnected, 
and intelligent ecosystem (Jia et al., 2019). 
IoT, though often broadly defined, possesses industry-specific typologies that are crucial for 
understanding its role in construction. At its core, IoT refers to a network of physical devices 
equipped with sensors, software, and connectivity that allow for the exchange of data over the 
internet (Chen et al., 2023). In the construction industry, this definition expands to encompass 
embedded systems within building elements, wearable technologies for labor monitoring, and 
sensor networks for equipment and structural health tracking. Typologically, IoT applications in 
construction are categorized into object tracking (e.g., RFID-tagged materials), environmental 
sensing (e.g., dust or gas detectors), process automation (e.g., remote control of machinery), and 
safety management (e.g., geofencing of hazard zones (Shishehgarkhaneh et al., 2022). These 
systems operate across the physical, cyber, and human domains, thereby enabling Cyber-
Physical-Human Systems (CPHS), a refined model of traditional IoT frameworks. Further, 
domain-specific implementations such as Construction 4.0 are rooted in the broader Industry 4.0 
philosophy, which envisions autonomous systems, real-time data flows, and decentralized 
decision-making as central to operational success (Mohammed et al., 2022). The construction-
specific interpretation of IoT, therefore, not only addresses project logistics but also enhances 
lifecycle asset management and sustainability monitoring. 
 

Figure 3: IoT Integration in Construction Framework 

 
 
IoT implementation in construction is supported by several conceptual models, notably Cyber-
Physical Systems (CPS), Smart Construction, and the Industry 4.0 paradigm. CPS forms the 
foundational framework by tightly integrating computational processes with physical operations 
through continuous feedback mechanisms (Subrato, 2018; Zhou et al., 2021). In construction, CPS 
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manifests in the form of real-time data loops linking sensors embedded in physical components—
such as beams or scaffolds—to digital dashboards for performance analysis. Smart Construction 
extends this model by incorporating interoperability, automation, and intelligence into the 
construction value chain, promoting a data-driven culture that enhances productivity, safety, and 
sustainability (Ara et al., 2022; Waqar et al., 2023). Industry 4.0, a broader industrial initiative, 
provides the strategic context in which Smart Construction operates. It emphasizes decentralized 
control, machine learning, and real-time visibility across entire production ecosystems, which 
includes infrastructure project monitoring. Construction 4.0, as a subset of Industry 4.0, 
incorporates tools like IoT, BIM, robotics, and cloud computing to form an integrated 
technological scaffold for modern project execution. These models not only enable technical 
integration but also reshape project governance by introducing predictive control, adaptive 
logistics, and enhanced stakeholder communication. As these frameworks are increasingly 
adopted globally, they form a conceptual backbone that guides both academic inquiry and 
practical implementation of IoT-based solutions in infrastructure construction (Uddin et al., 2022; 
Tang et al., 2019). 
Initial implementations of IoT in construction were often experimental, aimed at demonstrating 
feasibility and deriving metrics for efficiency, safety, and system responsiveness. Early pilot 
projects focused on RFID-based inventory tracking and WSNs for structural health monitoring, 
primarily in bridge and tunnel construction (Akter & Ahad, 2022; Tabatabaee et al., 2022). These 
pilot studies revealed tangible gains in traceability, scheduling, and safety compliance, 
prompting further institutional support and international collaboration. In response, 
governments began embedding digital infrastructure goals into national policy frameworks. For 
instance, the European Union’s BIM mandates under Directive 2014/24/EU emphasize digitized 
design and monitoring practices in public procurement, providing a regulatory gateway for IoT 
integration. Similarly, South Korea’s “Smart Construction 2020” initiative allocates significant 
funding toward the convergence of IoT, robotics, and AI in national infrastructure projects 
(Motlagh et al., 2020; Rahaman, 2022). Singapore’s Tuas Port and the UK’s Crossrail program 
have further illustrated how government-led digital transformation frameworks can catalyze 
widespread adoption of IoT in complex construction scenarios. These international trends not 
only signify political will but also create standardized environments for technology testing, 
scalability, and benchmarking (Malagnino et al., 2021; Masud, 2022). Moreover, global 
institutions such as the World Bank and the Asian Infrastructure Investment Bank are 
increasingly incorporating digital readiness assessments in project funding criteria, further 
institutionalizing the role of IoT in construction modernization (Hossen &Atiqur, 2022; You & 
Feng, 2020). These developments demonstrate that IoT is no longer an experimental luxury but a 
critical infrastructure competency embedded within global policy discourse. 
Sensing Technologies and Data Acquisition Mechanisms 
Sensing hardware forms the foundational layer of IoT-enabled infrastructure monitoring systems 
by enabling the continuous collection of physical and environmental data across construction 
sites. These devices convert real-world phenomena—such as vibration, movement, temperature, 
and pressure—into digital signals for analysis and decision-making. Commonly used sensors 
include Radio-Frequency Identification (RFID) tags for tracking materials and equipment (Sazzad 
& Islam, 2022; Verma et al., 2019), Global Positioning System (GPS) devices for location 
monitoring of assets (Goudarzi et al., 2022; Akter & Razzak, 2022), and Bluetooth Low Energy 
(BLE) beacons for real-time proximity detection in constrained environments. In structural 
applications, LiDAR sensors are employed to generate three-dimensional spatial data for terrain 
and geometry modeling, while infrared and thermal cameras are used for temperature 
surveillance and fault detection in mechanical systems. Strain gauges embedded within steel and 
concrete elements measure deformations under load, which are critical for early warning systems 
in bridge or tunnel structures (Adar & Md, 2023; Ahmed et al., 2023). The synergistic use of 
multiple sensing modalities creates a data-rich ecosystem capable of capturing complex project 
dynamics with high spatial and temporal resolution. These sensors are often designed for rugged 
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environments, ensuring resilience against dust, vibration, and temperature fluctuations common 
to construction sites. Thus, the breadth of sensor technologies available for construction has vastly 
expanded the scope and granularity of project monitoring, enabling predictive, rather than 
reactive, management across the infrastructure lifecycle. 
 

Figure 4: Framework of Sensing Technologies and Data Acquisition Mechanisms 

 
 
Wireless Sensor Networks (WSNs) constitute the backbone of data transmission in IoT-enabled 
construction systems by connecting distributed sensors to centralized or decentralized 
computing units. These networks are composed of sensor nodes equipped with microcontrollers, 
communication modules, and energy sources, allowing them to relay real-time data through 
multi-hop routing mechanisms (Qibria & Hossen, 2023). In construction, WSNs facilitate the 
dynamic collection of environmental, structural, and human activity data, especially in spatially 
expansive or hazardous project areas. A key architectural consideration is the integration of 
WSNs with cloud and edge computing infrastructures, which ensures scalable data processing 
and minimal latency (Maniruzzaman et al., 2023). While cloud platforms support long-term data 
storage and cross-project analytics, edge computing brings intelligence closer to the sensing 
source, enabling real-time alerts and autonomous decision-making. Studies have demonstrated 
that hybrid cloud-edge architectures reduce data congestion and support mission-critical 
applications such as equipment failure prediction or emergency evacuation signaling (Bauer et 
al., 2021; Akter, 2023). Moreover, communication protocols like Zigbee, LoRaWAN, and NB-IoT 
are optimized for construction WSNs, offering low-power, long-range connectivity under 
variable signal conditions. In smart construction projects such as Tuas Port and HS2, WSNs have 
been effectively deployed to manage concrete curing conditions, material deliveries, and worker 
safety. These architectures enhance the responsiveness of construction operations, making WSNs 
an indispensable enabler of digital transformation in infrastructure monitoring. 
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The performance of sensors in construction monitoring systems is assessed using several metrics, 
including latency, accuracy, range, bandwidth, and energy consumption. These factors directly 
influence the efficacy of real-time decision-making and system scalability in large-scale 
infrastructure environments (Masud, Mohammad, & Ara, 2023; Waleed et al., 2023). Latency, the 
delay between data sensing and transmission, must be minimized in critical operations such as 
structural fault detection or hazard warnings (Masud, Mohammad, & Sazzad, 2023; Swamy & 
Kota, 2020). Accuracy pertains to the fidelity of sensor readings, which can be compromised by 
electromagnetic interference, environmental noise, or mechanical wear, especially in rugged 
construction contexts. Range defines the spatial coverage of a sensor, which is crucial for wide-
area monitoring systems such as those used in highway or railway construction. Energy efficiency 
is another paramount consideration, particularly for battery-powered sensors in remote or 
inaccessible locations; low-power communication protocols and solar-powered nodes are often 
used to mitigate frequent battery replacement. Network bandwidth influences how many data 
packets can be transmitted without congestion or loss, which becomes a bottleneck in high-
density sensor deployments. Projects with demanding sensor density—such as smart airports or 
underground tunneling—require a balance between performance parameters to ensure 
robustness and sustainability. Sensor validation through empirical testing and simulation is also 
critical in ensuring operational consistency. These performance metrics collectively determine the 
trustworthiness of the sensor network and, by extension, the reliability of the entire monitoring 
system (Kirmani et al., 2022; Hossen et al., 2023). 
One of the most prominent applications of sensing technologies in construction is Structural 
Health Monitoring (SHM), especially in complex infrastructure like bridges, tunnels, and high-
rise buildings. SHM involves deploying networks of strain gauges, accelerometers, tiltmeters, 
and vibration sensors to continuously assess the structural integrity of built assets. These sensors 
help detect micro-level deformations and stress concentrations, which may precede catastrophic 
failures, thereby facilitating preemptive maintenance and load redistribution. Case studies such 
as the monitoring of the Millau Viaduct in France and the Akashi Kaikyō Bridge in Japan illustrate 
the practical efficacy of large-scale sensor deployments for real-time structural diagnostics. 
However, accurate SHM relies heavily on proper sensor calibration, especially in dynamic 
environments characterized by fluctuating loads, weather conditions, and construction activities. 
Calibration ensures that sensor outputs align with known reference values, mitigating issues of 
signal drift, data bias, and cross-interference (Shamima et al., 2023; Yang et al., 2022). Sensor error 
propagation, particularly in multiplexed environments, can compound minor inaccuracies into 
significant analytical deviations unless accounted for through filtering techniques like Kalman 
filters or machine learning correction algorithms. Moreover, environmental noise—such as 
vibrations from machinery or weather-induced oscillations—necessitates robust data cleaning 
protocols to extract actionable insights. SHM systems, when properly calibrated and 
contextualized, not only enhance infrastructure resilience but also serve as repositories of 
longitudinal data that inform future design and material optimization. 
Real-Time Data Processing and IoT Communication Architectures 
In IoT-enabled construction environments, the selection between cloud-based and edge-based 
data processing architectures significantly affects the performance, responsiveness, and 
scalability of monitoring systems. Cloud computing offers high-capacity storage and centralized 
processing capabilities, which are essential for aggregating and analyzing large volumes of 
project data across multiple locations (Li et al., 2018; Rajesh, 2023). Cloud platforms enable 
advanced analytics, machine learning, and historical trend analysis, making them suitable for 
long-term planning and post-project evaluation. However, reliance on cloud architecture 
introduces latency issues, particularly in real-time monitoring scenarios where immediate 
feedback is required. In contrast, edge computing processes data at or near the source—on local 
gateways, controllers, or embedded devices—thereby minimizing latency and reducing the load 
on network bandwidth (Lin & Cheung, 2020; Ashraf & Ara, 2023). This is critical in safety-critical 
operations such as real-time alert systems or automated machinery controls. Hybrid architectures 
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that combine cloud and edge computing are increasingly being adopted in large infrastructure 
projects to balance processing efficiency with analytical depth. For instance, local edge devices 
may analyze environmental data for immediate hazard detection, while the cloud stores and 
compares long-term structural health records. Studies show that hybrid frameworks enhance 
system resilience and data fidelity, ensuring continuous operation even during intermittent 
internet connectivity—a frequent challenge in remote construction sites. Hence, architecture 
choice is not merely a technical decision but a strategic consideration aligned with project 
complexity, risk profile, and operational timelines (Li et al., 2023; Sanjai et al., 2023). 
 

Figure 5: Edge-Cloud Architecture for IoT   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The efficacy of real-time IoT communication in construction projects is largely determined by the 
underlying protocols that govern data transmission between devices, sensors, and platforms. 
Low-power wide-area network (LPWAN) technologies such as LoRa (Long Range) and NB-IoT 
(Narrowband Internet of Things) are well-suited for large-scale, dispersed construction 
environments due to their long-range capabilities and energy efficiency (Tonmoy & Md Arifur, 
2023; Wangoo & Reddy, 2020). LoRa operates effectively in urban infrastructure sites with high 
signal interference, making it ideal for material tracking and environmental sensing. NB-IoT, 
standardized by 3GPP, provides robust indoor penetration and is increasingly adopted in 
underground tunneling projects and large concrete structures. For short-range communication, 
Zigbee offers mesh networking capabilities that ensure stable transmission across sensor clusters, 
while MQTT (Message Queuing Telemetry Transport) serves as a lightweight protocol optimized 
for constrained networks. These protocols are often integrated through gateway nodes that 
handle routing, filtering, and packet optimization. However, network design must account for 
collision handling, channel saturation, and message duplication, especially in high-density sensor 
deployments common in megaprojects (Al Mamun & Yuce, 2019; Zahir et al., 2023). Protocol 
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selection also depends on project-specific requirements such as latency tolerance, transmission 
range, data packet size, and power availability. For example, safety wearables transmitting 
biometric data require ultra-low latency, favoring Zigbee or Wi-Fi-based protocols over 
LPWANs. The optimal configuration often involves a multi-protocol system that dynamically 
allocates communication resources based on task priority, device capability, and network load 
(Bashir et al., 2020). 
Large-scale infrastructure projects often span expansive, heterogeneous environments that 
present significant challenges to IoT network scalability and data transmission reliability. 
Transmission bottlenecks arise from factors such as signal attenuation, bandwidth saturation, 
device congestion, and environmental interference (Bisadi et al., 2018). In dense deployment 
zones—such as high-rise construction or underground tunneling—sensor collisions and 
overlapping frequency channels can result in packet loss, latency spikes, and system instability. 
Studies indicate that latency exceeding 500 milliseconds can severely compromise real-time 
applications such as hazard alerting, crane automation, or remote equipment shutdowns. 
Bandwidth limitations are further compounded by multimedia data streams, particularly from 
video surveillance and LiDAR-based terrain mapping systems. One effective strategy involves 
hierarchical network segmentation, where edge nodes preprocess and compress data before 
relaying it to central servers, thus reducing overall bandwidth consumption. Mesh networking 
protocols like Zigbee or Thread can mitigate congestion by rerouting data through alternative 
paths when primary nodes fail, enhancing network robustness. Moreover, Quality of Service 
(QoS) protocols are essential in prioritizing time-sensitive data, ensuring that critical alerts are 
transmitted ahead of routine status updates (Kim et al., 2019). Adaptive transmission algorithms 
and self-healing network topologies are increasingly employed to enable IoT scalability across 
multi-phase construction projects. These approaches underscore the necessity of designing 
context-aware network architectures that account for spatial complexity, device density, and data 
urgency in real-time monitoring environments. 
Building Information Modeling (BIM) and Digital Twins represent two pivotal technologies that, 
when integrated with IoT systems, enable real-time visualization, simulation, and control of 
infrastructure projects. BIM provides a structured digital representation of physical and 
functional characteristics of infrastructure assets, which can be dynamically updated with data 
streams from IoT sensors (Peneti et al., 2021). This integration facilitates real-time progress 
tracking, resource allocation, and risk analysis. Digital Twins, on the other hand, create a live 
digital replica of a physical asset, allowing simulation-based forecasting, scenario testing, and 
predictive maintenance using real-time IoT data. When combined with edge-cloud architectures, 
Digital Twins offer two-way communication that enables remote control of site operations based 
on AI-driven decision frameworks (Shahinmoghadam et al., 2021). Case studies from projects 
such as Singapore’s Tuas Mega Port and the UK’s Crossrail illustrate how IoT-BIM-Digital Twin 
ecosystems enable centralized visualization of decentralized operations. A critical advantage of 
these integrations is the ability to align as-built site conditions with planned models, identifying 
deviations in geometry, sequencing, or resource deployment. These systems also facilitate 
enhanced collaboration across multidisciplinary teams through shared digital platforms. 
However, successful implementation requires interoperability standards such as IFC (Industry 
Foundation Classes) and APIs that allow seamless data exchange between IoT devices and 
modeling software. Through these integrations, construction management transcends linear 
workflows and becomes an adaptive, intelligent system capable of real-time learning and 
optimization (Said, 2022). 
IoT for Safety and Workforce Management 
The deployment of wearable IoT devices in construction has significantly enhanced labor safety 
through continuous location tracking and real-time health monitoring. Wearables, including 
smart helmets, vests, wristbands, and boots, are integrated with GPS, Bluetooth Low Energy 
(BLE), and RFID modules to provide real-time data on worker positioning, movement, and status 
(Kanan et al., 2018). This allows for immediate identification of individuals in high-risk zones and 
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ensures compliance with site demarcations and safety protocols. In complex sites such as tunnels 
or high-rise buildings, where visibility and oversight are limited, GPS-integrated wearables 
enable supervisors to monitor labor distribution and proximity to hazardous equipment or areas. 
Furthermore, RFID tags embedded in clothing or helmets are used to automate entry/exit logs, 
enforce access restrictions, and facilitate emergency evacuations (Awolusi et al., 2018). These 
technologies are also instrumental in post-incident analysis, providing timestamped geolocation 
data that help reconstruct events and identify lapses in safety compliance. Projects such as 
Crossrail in the UK and Tuas Port in Singapore have demonstrated large-scale success in using 
wearables to reduce incidents and improve workforce accountability. However, consistent data 
transmission in enclosed environments remains a challenge, often requiring signal repeaters and 
edge-based processing nodes. Despite technical barriers, wearable-enabled IoT systems have 
proven to be a reliable tool for improving situational awareness, enhancing response times, and 
fostering a safety-first culture in large infrastructure projects (Svertoka et al., 2021). 
 
Figure 6: Hierarchical Pyramid of IoT Applications for Safety and Workforce Management in Construction 

 
 
Environmental sensors integrated within IoT frameworks serve as critical tools for real-time 
hazard detection, offering early warnings related to noise, temperature, air quality, and the 
presence of hazardous gases. In construction sites where exposure to particulate matter, volatile 
organic compounds, or carbon monoxide poses severe health risks, IoT sensors detect 
environmental anomalies and activate automated alerts to relevant stakeholders (Chung et al., 
2023). Commonly deployed sensors include dust sensors for PM2.5 and PM10, gas detectors for 
CO, CH₄, and H₂S, as well as noise level monitors to evaluate sound exposure near heavy 
machinery. Real-time data from these devices are often displayed on digital dashboards or 
transmitted to edge processors that trigger sirens, notifications, or automatic shutdown of 
machinery when predefined thresholds are breached (Nnaji et al., 2021). This integration allows 
for immediate corrective actions, minimizing prolonged exposure to harmful conditions. In 
tunnel construction, where ventilation is critical, sensors measure oxygen levels and thermal 
conditions to prevent suffocation or heat-related incidents. Empirical studies have shown that 
hazard detection systems linked to IoT reduce the mean response time during critical incidents 
by up to 40%. Moreover, automated recording of environmental conditions serves as legal 
documentation for compliance with occupational safety regulations and labor protection acts. 
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However, challenges such as sensor calibration, data noise, and power constraints in harsh site 
conditions persist, necessitating ongoing refinement of sensing strategies. Nonetheless, real-time 
environmental monitoring remains central to proactive risk mitigation in IoT-enabled 
construction safety frameworks (Dong et al., 2018). 
Beyond environmental monitoring, IoT-enabled behavioral analytics from wearable sensors offer 
deep insights into worker health, fatigue, motion patterns, and overall physiological well-being. 
Wearable devices are increasingly embedded with accelerometers, gyroscopes, ECG sensors, and 
skin temperature monitors to analyze human activity in real time (Li et al., 2022). These devices 
track posture, motion rhythm, and biometrics to detect indicators of fatigue, dehydration, or high-
stress levels, which are precursors to accidents and reduced productivity. Machine learning 
algorithms process the captured data to classify activities, identify unsafe body mechanics, and 
flag irregularities such as prolonged inactivity or overexertion. Studies have shown that 
predictive fatigue models based on biometric trends can reduce fall-related accidents by 20–30% 
in high-rise and excavation projects (Wu et al., 2018). Additionally, motion analysis helps in 
optimizing ergonomic practices and customizing job assignments based on individual physical 
thresholds (Wu et al., 2018). Behavioral data also inform safety training programs by providing 
objective evidence on risk-prone practices and reinforcing corrective behavior. While this 
approach enhances preventive intervention, it also introduces ethical considerations regarding 
worker surveillance, data privacy, and consent. Addressing these concerns involves 
implementing anonymization protocols, secure data storage, and transparent data governance 
policies (Dogan & Akcamete, 2018). 
The effectiveness of IoT-based safety and workforce management systems is often evaluated 
using a range of performance metrics, including incident rates, compliance rates, and average 
response times. These quantitative indicators provide a framework for assessing the real-world 
impact of sensor-based interventions in reducing hazards and enhancing situational awareness 
(Balamurugan et al., 2022). Incident rate metrics focus on the frequency of injuries or near-miss 
events, with IoT systems contributing to measurable declines through faster response 
mechanisms and real-time decision support. Compliance rates measure adherence to safety 
protocols, including the usage of PPE and restricted area access, which are increasingly 
monitored via RFID and facial recognition systems. Response time, defined as the interval 
between hazard detection and intervention, is a critical benchmark in high-risk environments like 
demolition, excavation, and tunneling (Yang et al., 2020). However, the integration of human-
technology interaction introduces complex ethical and psychological dimensions. Continuous 
monitoring through wearables may induce stress or resistance among workers, particularly in 
cultures where privacy norms are strongly upheld. Moreover, the collection of biometric and 
location data raises questions about surveillance, informed consent, and the potential misuse of 
personal information (Arshad et al., 2023). Addressing these concerns requires robust governance 
frameworks that emphasize transparency, data minimization, and participatory policy design. 
While technological efficiency is crucial, the social acceptability and ethical legitimacy of IoT 
systems ultimately determine their sustainability in workforce management (Yang et al., 2020). 
As such, safety innovations must strike a balance between automation, accountability, and 
respect for worker autonomy in the evolving landscape of smart construction. 
Predictive Maintenance and Equipment Monitoring 
Predictive analytics has emerged as a vital capability in the context of asset lifecycle management, 
particularly for large-scale infrastructure projects where machinery reliability directly impacts 
project timelines and costs. By analyzing historical performance data and identifying degradation 
patterns, predictive models can estimate the remaining useful life (RUL) of critical assets, 
allowing proactive interventions before failures occur (Marquez et al., 2020). These models utilize 
a variety of input sources including sensor data, machine logs, and operator records to develop 
forecasts using algorithms such as regression analysis, decision trees, and artificial neural 
networks. In construction, where equipment such as excavators, cranes, and concrete mixers 
experience varying loads and operational stress, predictive analytics offers a data-driven method 
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for maintaining asset health and reducing downtime. Lifecycle-oriented asset management 
frameworks, such as ISO 55000, increasingly recommend the incorporation of predictive 
capabilities for improving long-term operational sustainability. Empirical evidence from 
megaprojects like HS2 in the UK and the Tuas Port in Singapore demonstrates the effectiveness 
of predictive systems in reducing unplanned equipment failures and extending asset utilization. 
Furthermore, predictive maintenance contributes to environmental goals by reducing 
unnecessary part replacements and lowering carbon emissions through optimized usage cycles 
(Hannila et al., 2022). While implementation challenges remain—such as data integration, model 
calibration, and user training—the potential of predictive analytics to transform asset lifecycle 
strategies is widely acknowledged in both academic and industry circles (Munawar et al., 2020). 
 

Figure 7: IoT-Based Predictive Maintenance Framework 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sensor technologies form the operational backbone of preventive maintenance systems in IoT-
enabled construction environments. By embedding sensors into critical machine components, 
real-time data on wear conditions, lubrication levels, temperature, and pressure can be captured 
and analyzed continuously (Golightly et al., 2018). These sensor outputs feed into preventive 
maintenance schedules, allowing tasks such as oil changes, filter replacements, and part 
inspections to be conducted based on actual need rather than fixed intervals. This condition-based 
maintenance approach contrasts with traditional time-based models, offering greater accuracy in 
predicting failures and reducing redundant maintenance activities. Accelerometers and 
gyroscopes monitor mechanical vibrations and oscillations, helping detect early signs of bearing 
degradation or gear misalignment (Gavrikova et al., 2020). Thermal imaging and infrared sensors 
detect overheating components, while pressure sensors signal hydraulic anomalies in real-time. 
By linking these sensor outputs to automated scheduling platforms, construction managers can 
plan interventions during non-peak hours, thus minimizing operational disruptions. Case studies 
in tunneling and highway projects demonstrate that sensor-based maintenance has led to 
reductions in machine idle time by up to 30% and increased part replacement accuracy by 40% 
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(McMahon et al., 2020). Moreover, sensor logs serve as compliance documentation and warranty 
validation, reinforcing quality assurance practices. Despite concerns over sensor calibration and 
data noise, the benefits of condition-based preventive maintenance supported by IoT remain clear 
and compelling across varied construction contexts (El Bazi et al., 2023). 
Telemetry systems, when integrated with IoT architectures, provide granular insights into 
equipment performance through the real-time transmission of key operational metrics. These 
include vibration amplitude, fuel consumption, engine load, brake temperature, RPM, and 
hydraulic pressure—all of which are critical for assessing the health and efficiency of construction 
machinery (Yitmen et al., 2021). Telemetry sensors installed on assets such as bulldozers, cranes, 
and concrete pumps transmit data to centralized dashboards or edge-based analytic units where 
anomalies can be identified using rule-based or machine learning algorithms. For instance, a 
sudden increase in engine load coupled with abnormal vibrations may indicate drivetrain 
malfunction, prompting early inspection before full-scale breakdown. This operational 
intelligence not only supports predictive maintenance but also enhances fuel efficiency, idle time 
management, and operator performance benchmarking (AlNuaimi et al., 2021). Construction 
firms in South Korea and the UAE have used telemetry systems to monitor fleets across 
geographically distributed sites, achieving synchronized maintenance and fuel savings of up to 
15%. Moreover, telemetry logs can be integrated with GIS data for spatial analysis of equipment 
movements, contributing to theft prevention and route optimization (Maletič et al., 2020). 
Although data bandwidth, power supply, and wireless signal stability pose occasional 
limitations, recent advancements in LoRaWAN and NB-IoT protocols have significantly 
improved telemetry reliability. Overall, equipment telemetry enables a transition from reactive 
asset management to proactive, data-informed decision-making in complex infrastructure 
operations (Bag et al., 2020). 
Comparative evaluations between traditional maintenance practices and IoT-based strategies 
reveal a consistent pattern of improved reliability, reduced downtime, and enhanced cost 
efficiency when IoT systems are adopted. Traditional approaches typically rely on scheduled 
inspections or reactive maintenance after a failure occurs, which often leads to underutilized 
maintenance resources and increased risks of sudden breakdowns (Pinna et al., 2018). In contrast, 
IoT-based maintenance leverages real-time data from equipment sensors to trigger alerts and 
schedule interventions based on actual operating conditions, resulting in a more efficient 
allocation of labor and spare parts. Empirical studies have shown that IoT-enabled predictive 
maintenance can reduce unplanned downtime by 25–40% and overall maintenance costs by 15–
30% compared to traditional methods. Additionally, case analyses from large-scale infrastructure 
projects indicate improvements in asset availability, with machinery uptime exceeding 95% due 
to preemptive interventions driven by IoT analytics. Worker safety also benefits from this 
paradigm shift, as fewer equipment failures translate into lower exposure to hazardous repair 
tasks. However, barriers to adoption remain, including the initial investment in sensor 
infrastructure, the need for skilled personnel to interpret data outputs, and challenges in 
retrofitting older equipment. Nonetheless, longitudinal studies and meta-analyses increasingly 
favor IoT-enhanced strategies for their superior return on investment and alignment with digital 
transformation goals. These findings underscore the growing consensus that IoT-based 
maintenance offers not only technical superiority but also strategic value in modern construction 
project management. 
Construction Supply Chain and Logistics Optimization 
Radio Frequency Identification (RFID) technology has emerged as a cornerstone of material 
tracking and delivery forecasting in IoT-enabled construction supply chains. RFID tags, which 
can be passive, semi-passive, or active, are affixed to materials, equipment, and prefabricated 
components to facilitate automatic identification and location tracking throughout their lifecycle. 
RFID readers stationed at warehouse exits, delivery vehicles, and on-site entry points scan these 
tags, enabling real-time visibility of materials in transit and on-site. This digital tracking system 
reduces reliance on manual inventory checks, minimizes material loss or theft, and accelerates 
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the reconciliation of deliveries with project schedules. In megaprojects involving complex 
logistics, RFID has proven particularly effective in synchronizing procurement with on-site 
needs, enhancing coordination between suppliers, contractors, and project managers. RFID-
enabled delivery forecasting systems also integrate weather, traffic, and site condition data to 
predict delays and reallocate resources dynamically. Studies in tunnel and highway construction 
projects have demonstrated that RFID tracking can reduce delivery errors by up to 35% and 
enhance material handling efficiency by over 25%. Moreover, RFID datasets support long-term 
analytics, revealing supply chain bottlenecks and guiding vendor performance evaluations. 
Despite concerns related to cost, integration complexity, and signal interference in metal-dense 
environments, the value proposition of RFID in enhancing supply chain transparency and 
delivery forecasting remains widely supported in the literature. 
 

Figure 8: Framework of IoT-Enabled Construction Supply Chain and Logistics Optimization 

 
 
The integration of Global Positioning System (GPS) technologies into construction logistics has 
significantly improved fleet routing, delivery scheduling, and overall transportation efficiency. 
GPS-based telematics systems allow project managers to track the precise location, speed, and 
direction of vehicles transporting critical construction materials, equipment, and waste (Allioui 
& Mourdi, 2023). These systems not only enhance route optimization but also allow for dynamic 
rescheduling based on real-time traffic conditions, road closures, and on-site readiness. When 
paired with geofencing tools, GPS can also automate check-ins, trigger arrival alerts, and enforce 
route compliance for subcontracted fleet operators. Case studies from infrastructure projects in 
South Korea and the UAE show that GPS-enabled logistics platforms reduced average material 
delivery delays by 20–30% and cut fuel consumption by up to 15% through optimized routing 
(Gupta & Kumar, 2023). Furthermore, the real-time visibility offered by GPS allows construction 
planners to better align labor deployment with material arrivals, thus reducing site idle time and 
rework. GPS data can also be fed into analytics dashboards to monitor delivery patterns, driver 
behavior, and asset utilization metrics, which inform strategic decisions such as route redesign 
and fleet resizing (Adepoju, 2021). Integration with project management platforms and IoT sensor 
networks further enhances coordination, particularly in multi-site operations and urban 
congestion zones. Despite challenges like signal loss in tunnels or high-rise urban areas, GPS 
remains a central component of intelligent construction logistics, enabling agile, responsive, and 
data-driven material transport systems. 
Just-in-Time (JIT) delivery strategies have been increasingly adopted in construction to minimize 
material inventory, reduce waste, and enhance on-site coordination. The success of JIT depends 
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on precise timing, which is made possible through IoT integration across the supply chain (Ellahi 
et al., 2023). IoT devices, including RFID tags, GPS trackers, and environmental sensors, enable 
end-to-end visibility of material location, condition, and estimated time of arrival. These 
capabilities ensure that components—especially prefabricated items—are delivered exactly when 
required, preventing clutter, theft, and delays due to missing materials. IoT-based JIT systems 
dynamically adjust delivery schedules based on site readiness, storage space availability, and 
labor deployment, thereby improving synchronization between off-site and on-site activities. For 
example, in modular construction projects, IoT systems can trigger real-time alerts when delivery 
sequences deviate from the digital construction schedule, prompting corrective action (Fanoro et 
al., 2021). Data from IoT-enabled JIT operations also support continuous improvement through 
analytics on lead times, deviation frequencies, and inventory turnover rates. Case studies indicate 
that IoT-enhanced JIT delivery can reduce on-site material handling by up to 40% and decrease 
lead time variability by 25%. However, the JIT model’s dependence on reliable connectivity and 
cross-stakeholder coordination poses challenges, especially in complex or remote projects. 
Nevertheless, the precision and agility enabled by IoT make it an indispensable facilitator of 
modern JIT strategies in construction logistics. 
Warehouse automation and predictive inventory modeling represent transformative aspects of 
IoT-enabled construction supply chain resilience. By embedding sensors within storage racks, 
pallets, and mobile shelving units, warehouse managers can track stock levels, expiration dates, 
and environmental conditions in real time. Automated inventory systems equipped with RFID 
scanners and robotic material handlers streamline order picking, receiving, and dispatching 
processes, significantly reducing human error and labor costs. These systems are increasingly 
linked with predictive inventory models that use historical consumption data, supplier lead 
times, and on-site usage patterns to forecast future material needs. Advanced machine learning 
algorithms refine these predictions over time, enabling proactive restocking, emergency buffer 
adjustments, and demand smoothing. In volatile environments affected by supply disruptions or 
labor shortages, such predictive capabilities enhance supply chain resilience by minimizing 
dependency on just-in-time deliveries alone. Construction projects that have implemented 
automated warehouses linked to predictive platforms report up to 50% reductions in material 
waste and significant improvements in on-site productivity. Moreover, real-time integration with 
project management platforms allows for automated procurement approvals, invoice generation, 
and delivery scheduling. Despite high initial investment and system integration costs, the 
operational benefits of predictive, sensor-driven inventory systems position them as strategic 
assets in high-stakes infrastructure construction. These technologies not only support daily 
operations but also enable long-term performance optimization and risk mitigation across the 
supply chain (Fatima et al., 2022). 
Project Performance and Efficiency Metrics 
Key Performance Indicators (KPIs) are essential for evaluating the efficiency and effectiveness of 
construction projects, especially in IoT-integrated infrastructure environments. IoT systems 
facilitate granular tracking of critical KPIs such as cost variance, schedule performance index 
(SPI), and resource utilization rate. Cost variance measures the financial deviation from the 
budget baseline, and real-time data from IoT sensors provide insights into cost drivers such as 
equipment downtime, idle labor, and material wastage (Sarkar et al., 2022). SPI, which assesses 
schedule adherence, is improved through IoT-driven automation of progress tracking, allowing 
instant comparisons between planned and actual activities. IoT-enabled systems also optimize 
resource utilization by monitoring machinery and workforce deployment, ensuring that assets 
are neither over-allocated nor underused. For example, wearable technologies and equipment 
telemetry enable precise monitoring of labor productivity and equipment uptime, translating 
directly into quantifiable metrics. These KPIs, when integrated into dashboards or digital twins, 
provide project managers with real-time decision support, increasing their ability to respond 
quickly to deviations. Studies across international megaprojects have validated the use of these 
indicators in improving transparency, accountability, and performance benchmarking. However, 
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the consistent application of KPIs across projects depends heavily on data standardization and 
interoperability, which remain technical challenges. Despite these issues, the role of IoT in 
enabling dynamic KPI measurement is widely recognized as a transformative leap in construction 
performance management. 
 

Figure 9:  IoT Metrics for Construction Efficiency 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Efficiency benchmarks are increasingly used in scholarly literature and industry practice to 
evaluate the outcomes of IoT integration in construction. Comparative studies across 
infrastructure projects have highlighted consistent improvements in productivity, cost control, 
and task coordination where IoT systems are deployed. For example, it is observed a 22% 
reduction in operational delays through the use of IoT-based scheduling platforms, (Althabatah 
et al., 2023) reported a 30% improvement in equipment utilization due to telemetry-enabled 
monitoring. Cross-study comparisons also show that construction projects using RFID, GPS, and 
sensor networks achieve better delivery accuracy and inventory control, contributing to overall 
efficiency gains. In tunnel and rail projects, wearable sensors and environmental monitors have 
reduced unplanned work stoppages, aligning daily progress with broader milestone objectives. 
Moreover, studies from Wu et al. (2022) illustrate that integrated IoT systems accelerate reporting 
cycles by 40–60%, enhancing agility in response planning. Despite varying project types and 
regional conditions, the consistency of efficiency improvements across case studies affirms the 
strategic role of IoT in construction management. Benchmarking studies also support the 
development of best practices and help create digital maturity models that guide technology 
adoption. Nevertheless, differences in methodological design, data availability, and metric 
definitions present barriers to precise cross-project comparison. Standardizing evaluation criteria 
and measurement baselines remains a key step for enhancing the comparability and replicability 
of IoT-related performance research in construction. 
IoT technologies have demonstrated a measurable impact on core performance metrics such as 
rework reduction, material waste minimization, and construction time savings. Rework—often 
resulting from communication lapses, inaccurate measurements, or late-stage design changes—
accounts for 5–15% of total construction costs in traditional settings (Iqal et al., 2023). IoT systems 
mitigate this through real-time data synchronization between site operations and digital models, 
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allowing for early detection of deviations and timely interventions. For example, sensor-
integrated BIM models and digital twins support error identification and cross-discipline 
coordination, reducing rework incidence by up to 25% in multi-phase projects. Similarly, waste 
minimization is achieved through precise tracking of materials via RFID and IoT-enhanced JIT 
logistics, which reduce over-ordering and material deterioration from prolonged storage. GPS-
enabled routing and automated warehouse management systems have been shown to decrease 
material loss and misuse, contributing to leaner operations. Time savings are also prominent, as 
automated equipment monitoring, wireless inspections, and digital documentation reduce delays 
associated with manual checks and communication breakdowns. Projects implementing full-
scale IoT integration report up to 30% reductions in schedule deviation compared to traditional 
builds. These results affirm that IoT plays a critical role in enhancing workflow efficiency and 
improving construction outcomes, aligning with lean construction and Industry 4.0 principles. 
Estimating return on investment (ROI) for IoT technologies in construction is a complex but 
essential exercise for justifying capital expenditure and guiding strategic adoption. ROI 
calculations typically consider direct cost savings from reduced labor, downtime, and rework, as 
well as indirect benefits such as improved safety, compliance, and stakeholder satisfaction. 
Several models, such as total cost of ownership (TCO) and net present value (NPV), have been 
applied to evaluate IoT projects in construction contexts. For example, studies have shown that 
RFID and telemetry systems offer ROI rates between 120% and 200% over three to five years 
through operational gains and equipment longevity. Predictive maintenance systems alone can 
reduce lifecycle maintenance costs by 30%, enhancing overall asset ROI. However, calculating 
ROI is often hindered by intangible benefits, lack of historical benchmarks, and inconsistent 
measurement practices across firms. Existing performance frameworks often lack provisions for 
contextual variables such as site complexity, weather disruptions, and labor dynamics, which 
limit their accuracy and generalizability). Moreover, fragmented data silos and absence of 
standard data formats hinder the longitudinal analysis required for robust ROI estimations. 
Consequently, many organizations adopt qualitative assessments and pilot implementations as 
proxies for full ROI analysis. The literature underscores the need for more comprehensive, 
standardized, and scalable performance evaluation frameworks that reflect the multifaceted 
value of IoT in construction (Fizza et al., 2022). 
Global Benchmarking 
The United Arab Emirates (UAE), particularly through projects like Masdar City, has emerged as 
a global pioneer in smart construction and urban sustainability, leveraging IoT to optimize 
infrastructure performance and environmental stewardship. Masdar City in Abu Dhabi serves as 
a prototype for integrating advanced construction technologies, including pervasive IoT sensors 
for energy usage, occupancy, and air quality monitoring. The UAE's Ministry of Infrastructure 
Development has encouraged the use of digital twins, RFID-enabled logistics, and real-time 
equipment monitoring in projects spanning transportation, energy, and commercial construction. 
Studies document how IoT-enabled project dashboards and wearable devices have been used to 
track workforce productivity and ensure safety compliance in high-temperature, high-risk 
environments. The strategic inclusion of BIM-IoT integration has allowed for lifecycle 
optimization, with predictive maintenance systems reducing asset degradation across energy-
intensive developments. Furthermore, RFID-driven inventory control has streamlined material 
flows, minimizing idle time and rework in megaprojects such as the Dubai Expo 2020 site. The 
UAE’s economic resources and centralized governance have allowed for top-down policy 
enforcement, enabling consistent digital adoption across public-sector initiatives. However, the 
region also faces challenges such as cybersecurity risks, proprietary platform fragmentation, and 
data localization laws that affect cloud-based IoT systems (Petratos, 2020). Despite these 
constraints, the UAE continues to set benchmarks for smart construction through its alignment 
of national policy with cutting-edge infrastructure development, offering a valuable model for 
IoT adoption in similar socioeconomic contexts (Albreem et al., 2023). 
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Figure 10: Global Benchmarking of IoT Integration in Smart Construction Projects 

 
 
China’s rapid urbanization and massive infrastructure development have positioned the country 
as a major hub for IoT integration in construction, exemplified by initiatives in Shenzhen and 
other key metropolitan areas. Shenzhen, known for its role in China’s “Smart City” movement, 
has deployed IoT technologies extensively in public infrastructure such as subways, bridges, and 
housing complexes. Government-backed programs like “Made in China 2020” and the National 
New Urbanization Plan have institutionalized the use of smart sensors, AI-driven construction 
robotics, and BIM-IoT platforms in both public and private sectors. The use of integrated systems 
in projects like the Qianhai Financial District, where real-time sensor data supports 
environmental control, structural monitoring, and construction safety. Moreover, predictive 
analytics derived from telematics and drone surveillance enhance the scheduling and inspection 
processes. The Shenzhen model also demonstrates how economies of scale enable cost-effective 
deployment of high-density IoT infrastructures, benefiting from local manufacturing and a 
mature digital supply chain. However, challenges include uneven digital literacy among 
construction workers, regional disparities in implementation quality, and limited transparency 
in data governance (Alnaqbi & Alami, 2023). Furthermore, while China’s top-down planning 
facilitates rapid technology deployment, the lack of international interoperability standards may 
hinder global collaboration. Nevertheless, China’s ambitious urban modernization plans and 
technological self-sufficiency provide a compelling case study of how state-driven innovation can 
accelerate IoT diffusion across the construction sector (Noori et al., 2020). 
The United Kingdom’s Crossrail project, now known as the Elizabeth Line, offers a 
comprehensive case study in the deployment of IoT systems for infrastructure monitoring, safety, 
and scheduling in a complex, urban construction context. As Europe’s largest transport 
infrastructure project, Crossrail implemented extensive IoT systems, including vibration sensors, 
RFID tagging, wearable devices, and data-rich BIM platforms for real-time asset tracking. 
(Rahdari et al., 2018)  noted how sensor networks embedded in tunnel linings, ventilation 
systems, and support structures provided early warnings of anomalies, enhancing safety and 
reducing rework. Real-time GPS data was integrated with mobile project management platforms 
to coordinate the movement of materials and workforce across dispersed work sites. Crossrail’s 
digital innovation strategy aligned closely with UK policy frameworks such as the Digital Built 
Britain program and the Construction 2022 strategy, both of which advocate for industry-wide 
IoT and BIM adoption. IoT applications led to a 25% improvement in maintenance planning 
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accuracy and a 30% reduction in site accidents due to enhanced safety monitoring. However, the 
Cross rail experience also revealed systemic challenges, including legacy system incompatibility, 
data silos, and procurement-related delays that impacted real-time interoperability (Zhou et al., 
2017; Cheng et al., 2017). In addition, high upfront investment and the learning curve associated 
with IoT tools created implementation barriers for subcontractors (Lu et al., 2020; Deng et al., 
2019). Nonetheless, the UK’s emphasis on standardized data environments (e.g., ISO 19650) and 
open BIM protocols supports long-term scalability and industry learning from the Cross rail 
model. 
Singapore’s Tuas Port development, one of the most technologically advanced maritime 
infrastructure projects globally, exemplifies the successful integration of IoT technologies in 
construction at scale. The Tuas Port project adopted a full digital twin framework, incorporating 
real-time data from thousands of IoT sensors embedded in cranes, yard systems, structural 
components, and environmental monitoring stations (Kirwan & Zhiyong, 2020). These systems 
were coordinated through a centralized command center where artificial intelligence and edge 
computing tools enabled predictive maintenance, logistics optimization, and safety oversight. 
Singapore’s Smart Nation initiative and Building and Construction Authority’s (BCA) roadmap 
have played instrumental roles in facilitating this digital transformation, offering regulatory 
incentives, funding support, and standardized interoperability frameworks. Wearable IoT 
devices improved workforce safety metrics, while automated concrete curing sensors and RFID-
enabled material logistics reduced rework and time delays. The project achieved scheduling 
precision through the integration of GPS-based fleet tracking, BIM coordination, and machine-
learning-assisted forecasting models. Despite the success, Singapore’s relatively small geographic 
area, centralized planning, and high digital literacy create favorable conditions not easily 
replicable elsewhere. Furthermore, data privacy and cybersecurity remain pressing concerns, 
especially as IoT networks expand across national infrastructure assets. Still, Tuas Port serves as 
a global benchmark for integrating policy, technology, and construction operations, offering a 
model of excellence for nations seeking to modernize through smart infrastructure initiatives. 
Identified Gaps and Directions for Meta-Analysis 
One of the most persistent issues in the current body of literature on IoT in construction is the 
wide-ranging methodological inconsistency across empirical and applied studies. Diverse 
research designs—ranging from single-case studies and pilot demonstrations to simulation-based 
models and survey-based assessments—result in incompatible findings that hinder comparative 
analysis (Tang et al., 2019). Some studies rely heavily on qualitative interviews with project 
managers (Woodhead et al., 2018), while others focus on technical validation of sensor 
performance using lab-based or field data. This heterogeneity limits the ability to draw 
generalizable conclusions or benchmark best practices across projects, regions, or technological 
platforms. Furthermore, varying definitions of efficiency metrics—such as resource utilization, 
productivity rates, and cost savings—add to the problem, making it difficult to synthesize 
outcomes even when similar technologies are deployed (Tabatabaee et al., 2022). Studies also 
differ in terms of their technology scope, with some evaluating entire IoT ecosystems while others 
narrowly assess individual components like RFID or GPS. Additionally, sample sizes are often 
small, projects are region-specific, and reporting formats are inconsistent, complicating any 
attempt to identify statistically meaningful patterns. These discrepancies reveal a clear need for 
meta-analytical methodologies capable of reconciling diverse approaches and aggregating data 
across studies to produce coherent, evidence-based insights. Establishing methodological 
alignment through meta-analysis not only enhances the credibility of cross-study findings but 
also informs standardized data collection frameworks for future research. 
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Figure 11: Gap analysis for this study 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A notable gap in the IoT-construction literature is the substantial underrepresentation of studies 
focused on developing countries. The vast majority of documented IoT deployments and case 
analyses originate from economically advanced nations such as the UK, Singapore, China, South 
Korea, and the United Arab Emirates (Boton et al., 2021). This geographic bias results in a skewed 
understanding of IoT integration, as contextual factors such as labor intensity, digital 
infrastructure, procurement practices, and governance vary significantly between regions. For 
instance, the cost-benefit dynamics of RFID or sensor networks in high-income countries may not 
translate effectively to resource-constrained environments in sub-Saharan Africa, South Asia, or 
Latin America. Moreover, developing countries often face regulatory ambiguity, unstable power 
grids, and limited access to skilled technical labor—all of which impact IoT implementation 
(Omrany et al., 2023). Few empirical studies have examined how local conditions—such as 
informal labor structures, reliance on manual inspection, and weak digital policy—interact with 
IoT adoption strategies. Additionally, funding constraints and limited collaboration between 
academia and industry in these regions impede both experimentation and knowledge 
dissemination (Soltanmohammadlou et al., 2019). As a result, the global literature lacks the 
geographic diversity necessary to develop inclusive models of smart construction. Addressing 
this imbalance through meta-analytic inclusion criteria and weighted geographic representation 
can reveal new insights into adaptive, low-cost IoT strategies that are viable in developing 
contexts (Alaloul et al., 2020). 
Another significant gap in current IoT-construction research is the absence of longitudinal studies 
that capture full lifecycle monitoring across project planning, construction, commissioning, 
operation, and decommissioning phases. Most existing studies focus on short-term deployment 
outcomes—such as real-time scheduling, material tracking, or hazard detection—within isolated 
project phases (Mannino et al., 2021). This narrow temporal scope undermines the evaluation of 
IoT’s cumulative benefits over the entire asset lifecycle, including predictive maintenance, energy 
optimization, and asset valuation. Studies by Khurshid et al. (2023) point to IoT’s potential in 
integrating with BIM and Digital Twin technologies for post-construction monitoring, but 
comprehensive analyses over multi-year periods remain scarce. The lack of time-series data 
inhibits the development of robust forecasting models and limits the ability to verify whether 
early IoT investments yield sustained improvements in performance, cost-efficiency, and safety. 
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Furthermore, lifecycle monitoring is essential for infrastructure asset management under ISO 
19650 and PAS 1192, both of which emphasize data continuity beyond project handover. Without 
longitudinal evidence, decision-makers are left to rely on anecdotal or short-term data, reducing 
the strategic value of IoT integration (Khanna & Kaur, 2020). Meta-analytical synthesis can help 
address this gap by pooling outcome measures across varying time horizons, enabling cross-
project extrapolations and validating long-term value claims. Encouraging the design of 
longitudinal research within IoT deployment studies will contribute to a more comprehensive 
understanding of lifecycle-based construction efficiency. 
A recurring challenge in the IoT-construction literature is the lack of standardized performance 
metrics, which complicates comparison, benchmarking, and policy formulation across projects 
and regions. Various studies use inconsistent definitions and calculation methods for key 
indicators such as cost savings, time efficiency, energy consumption, and rework rates (Aslam et 
al., 2021). For instance, schedule performance index (SPI) is reported differently across studies, 
with some including weather delays while others exclude non-critical path activities. Similarly, 
sensor accuracy and data latency are often evaluated under different environmental conditions, 
further diminishing the reliability of comparative conclusions. This lack of standardization is not 
only methodological but also institutional, as many firms and governments lack unified protocols 
for IoT data governance, making it difficult to enforce consistent reporting (Giovanardi et al., 
2023). In light of these discrepancies, meta-analysis becomes a necessary methodological tool to 
harmonize disparate findings, assess effect sizes, and enhance generalizability across contexts. 
Through careful selection, weighting, and categorization, meta-analyses can control for metric 
inconsistencies and produce aggregated evidence that supports evidence-based decision-making 
(Pan & Zhang, 2023). Moreover, such synthesis helps identify variables that significantly 
influence IoT outcomes, such as site type, project size, or technology maturity level. As IoT 
continues to evolve, a meta-analytical framework can also guide standard-setting bodies and 
academic institutions in developing uniform performance indicators, improving comparability 
and reproducibility in future research (Regona et al., 2022). 
METHOD 
This meta-analysis adhered to the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) 2020 guidelines to ensure methodological transparency, replicability, and 
rigor. A systematic search was conducted across multiple academic databases—Scopus, Web of 
Science, IEEE Xplore, ScienceDirect, and Google Scholar—to identify empirical studies published 
between 2010 and 2023 that examined the impact of IoT technologies on efficiency metrics in 
large-scale construction project monitoring. Inclusion criteria required studies to report 
quantifiable outcomes such as cost variance, schedule performance, resource utilization, or time 
savings resulting from IoT applications. Both peer-reviewed journal articles and credible grey 
literature were considered. The selection process followed the four-phase PRISMA model: 
identification, screening, eligibility assessment, and final inclusion. A total of 1,243 records were 
initially retrieved, with 67 studies meeting all eligibility criteria after full-text review. 
Data were extracted and coded using a structured template, capturing key variables such as 
project type, IoT technologies used, region, and reported performance metrics. Methodological 
quality was assessed using the Joanna Briggs Institute Critical Appraisal Tool. Effect sizes were 
calculated using standardized mean difference (SMD), and a random-effects model was applied 
to account for heterogeneity across studies. Subgroup analyses and publication bias assessments, 
including Egger’s test and funnel plots, were performed to strengthen the reliability of the 
findings. This methodologically rigorous approach provides a synthesized, evidence-based 
understanding of how IoT integration contributes to efficiency gains in infrastructure-scale 
construction projects. 
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Figure 12: Adapted methodology for this study 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FINDINGS 
A major finding of this meta-analysis is the consistently reported cost-efficiency improvements 
resulting from the integration of IoT technologies in large-scale infrastructure projects. Among 
the 67 studies reviewed, 51 (76%) documented measurable reductions in project cost overruns, 
with reported savings ranging from 8% to 27% across various project types including 
transportation, utilities, and public works. The total citations of these 51 studies exceeded 2,100, 
indicating strong academic and professional recognition. These cost savings were primarily 
attributed to improved material tracking using RFID, reductions in idle labor due to real-time 
task allocation, and fewer equipment breakdowns thanks to predictive maintenance systems. 
Several studies reported that IoT-enabled monitoring significantly reduced procurement errors, 
with one cluster of highly cited articles (cited over 600 times collectively) highlighting how RFID-
driven supply chain visibility reduced material loss by up to 22%. Additionally, cost variance was 
effectively managed in projects that employed automated scheduling and performance 
dashboards, enabling real-time budget alignment with on-site operations. In particular, edge 
computing and telematics were linked to energy consumption monitoring, which contributed to 
operational cost reductions through fuel optimization and load balancing. This was especially 
evident in infrastructure projects in regions like the UAE, Singapore, and China, where 
centralized project delivery models enabled seamless IoT implementation. Overall, the evidence 
strongly supports that IoT technologies—when properly integrated—serve as a critical enabler 
for cost-efficient infrastructure delivery. The findings underscore that strategic investment in IoT 
yields long-term financial benefits that significantly outweigh initial capital and operational 
expenditures. 
The analysis revealed that IoT systems have a substantial impact on schedule performance across 
large-scale infrastructure projects. Among the 67 studies, 46 (69%) explicitly reported 
improvements in schedule adherence and reductions in project delays, with combined citations 
exceeding 1,800. The most significant time gains were achieved through real-time progress 
tracking, GPS-based fleet management, and automated milestone verification using sensor data. 
Several high-impact studies—some with over 100 citations each—demonstrated that IoT 
integration led to a reduction in project duration by 10% to 35%, depending on the project 
complexity and the extent of IoT deployment. This was particularly evident in tunneling, airport 
expansion, and railway development projects, where sequencing and interdependency 
management are critical. Real-time data exchange between contractors, suppliers, and managers 
allowed for faster decision-making, thereby minimizing lags caused by approval bottlenecks or 
unplanned field rework. Moreover, the integration of wearable IoT devices provided accurate 
labor hour logging and ensured adherence to shift schedules, contributing to workforce 
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productivity and task-level punctuality. In several smart port and expressway projects, sensor-
triggered alerts for inspection readiness accelerated quality assurance cycles, thereby preventing 
schedule slippage. The automation of reporting and documentation tasks—using IoT-connected 
mobile apps and drones—further compressed timelines by eliminating redundant administrative 
processes. Notably, projects that combined IoT with cloud-based project management platforms 
achieved superior schedule performance metrics compared to those using isolated IoT solutions. 
Overall, these findings illustrate that the temporal advantages of IoT are not incidental but 
structural, driven by enhanced operational visibility, better synchronization, and faster issue 
resolution. 

Figure 13 : IoT Performance Metrics Comparison Chart 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A compelling outcome of the review was the strong evidence indicating that IoT-enabled systems 
contribute significantly to reducing rework and construction waste. Of the 67 articles examined, 
42 (63%) specifically quantified reductions in rework incidents and material wastage, with a 
cumulative citation count surpassing 1,300. These studies provided clear data showing that 
automated monitoring, environmental sensors, and RFID tagging collectively minimized design 
deviations, misplacement of materials, and execution errors. Projects utilizing real-time location 
systems (RTLS) reported up to 28% less rework due to improved coordination of prefabricated 
components and just-in-time delivery accuracy. The use of smart concrete sensors was frequently 
associated with better curing control, reducing instances of structural non-compliance that often 
lead to costly demolition and reconstruction. Several studies—especially those conducted in 
modular construction contexts—demonstrated that IoT systems improved dimensional accuracy 
and material handling, which directly translated to reduced material loss. One frequently cited 
study with over 150 citations documented a 25% decline in unused concrete due to improved 
sensor-based batching control. Additionally, waste was reduced in warehouse environments 
through automated stock monitoring, with embedded IoT devices detecting overstocking and 
spoilage risks in real time. The ability to remotely monitor environmental conditions also 
minimized material degradation on outdoor sites. In every instance, the common denominator 
was the integration of real-time data into decision-making workflows, enabling faster detection 
of discrepancies and more informed interventions. These findings confirm that IoT deployment 
not only enhances sustainability but also improves economic and operational outcomes through 
the mitigation of rework and material waste. 
The meta-analysis found robust evidence supporting the role of IoT in improving labor 
productivity and safety across infrastructure construction projects. Out of the 67 studies 
analyzed, 48 (72%) presented direct evidence of improvements in these areas, with a combined 
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citation footprint of over 1,700. Labor productivity gains were closely linked to the use of 
wearable IoT devices, biometric sensors, and real-time crew tracking systems. These tools enabled 
optimized crew allocation, reduced downtime between task cycles, and ensured that safety 
protocols were adhered to without manual enforcement. In highly cited studies—some receiving 
over 120 citations—IoT-based geofencing technologies prevented workers from entering 
hazardous zones, while fatigue detection wearables reduced incidents related to overexertion. 
Across tunnel and high-rise construction case studies, safety incident rates dropped by 15% to 
40% after the implementation of IoT-based safety systems. Moreover, biometric data analytics 
facilitated predictive health interventions, such as early identification of heat stress or elevated 
heart rates, preventing potential accidents. In addition to health benefits, task assignment through 
IoT dashboards enabled equitable workload distribution and real-time adjustments based on skill 
availability. IoT-based digital attendance systems also enhanced time tracking accuracy, which 
correlated with increased transparency and accountability. The consistent theme among these 
findings was that IoT systems provided construction managers with unprecedented visibility into 
workforce behavior, location, and well-being—enabling proactive safety governance and 
operational efficiency. These benefits were especially pronounced in regions with high labor costs 
or stringent occupational health regulations, demonstrating the dual economic and ethical value 
of IoT in workforce management. 
The final significant finding centers on the return on investment (ROI) and strategic business 
value derived from IoT implementation in construction infrastructure. Among the 67 studies, 39 
(58%) included data-driven ROI assessments, many of which reported payback periods between 
one and three years. Collectively, these articles garnered over 1,500 citations, highlighting their 
relevance to both academia and industry. The studies consistently indicated that the initial capital 
expenditure for IoT technologies—covering sensors, networks, platforms, and training—was 
offset by gains in labor productivity, equipment uptime, material efficiency, and reduced project 
delays. High-impact studies across rail, aviation, and water infrastructure projects detailed ROI 
ratios ranging from 1.5:1 to 3:1, depending on project size and complexity. One of the most cited 
studies in this group (over 200 citations) reported annual cost savings exceeding $2 million on a 
tunnel megaproject after the integration of predictive maintenance and sensor-based inspection 
systems. Another cluster of studies focused on cost avoidance, quantifying the economic impact 
of avoided failures and rework through early detection capabilities. Strategic value was also 
noted in terms of stakeholder confidence, enhanced data transparency, and improved compliance 
reporting, all of which facilitated smoother procurement cycles and better governance. 
Furthermore, many public infrastructure owners emphasized that IoT adoption aligned with 
broader digital transformation agendas and smart city frameworks, contributing to future-
readiness and institutional resilience. While not all studies reported detailed financial returns, the 
overall direction of evidence affirmed that IoT investments yield tangible and strategic benefits 
that justify their adoption in large-scale construction operations. 
DISCUSSION 
The findings of this meta-analysis revealed substantial cost efficiency gains associated with the 
deployment of IoT technologies in large-scale infrastructure construction. These results are 
broadly consistent with earlier studies such as Oprea et al. (2019), which emphasized the cost-
saving potential of RFID and sensor-enabled inventory systems. The reviewed studies in this 
analysis, however, demonstrated a more diverse application of IoT tools, extending beyond 
material management to predictive maintenance, automated quality control, and dynamic 
resource allocation. Compared to prior work, which often limited the discussion to single-use 
case evaluations, this review aggregated evidence across 67 studies and showed a consistent 
pattern of 8% to 27% cost savings. These gains affirm assertions by Hshieh et al. (2018) regarding 
IoT’s capability to reduce inefficiencies and financial leakage in complex construction projects. 
Moreover, while earlier studies like Wang et al. (2019) noted IoT’s influence in localized case 
studies, this meta-analysis consolidates those observations and generalizes them across 
international infrastructure typologies. A notable advancement is the increased maturity in 
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application strategies, such as integrating IoT with ERP and BIM systems for holistic budget 
control—an evolution not widely documented a decade ago. These insights suggest that while 
the conceptual promise of IoT has been well acknowledged in earlier scholarship, its practical, 
quantifiable impact on cost efficiency has now been substantiated across a broader empirical base, 
strengthening the case for IoT as a financially sound investment in infrastructure delivery (Zhao 
et al., 2020). 

Figure 13: Proposed model for this study 

 
 
The improvements in schedule performance observed across reviewed studies align strongly 
with earlier assertions that IoT technologies can accelerate project timelines by automating 
workflow tracking and resource synchronization (Wu et al., 2018). However, the meta-analytic 
findings offer a more nuanced understanding of how these time gains are achieved in large-scale 
infrastructure settings. While early studies often emphasized theoretical models or pilot-scale 
demonstrations, the present analysis aggregates robust, field-based evidence showing reductions 
in project duration ranging from 10% to 35%. This substantiates prior modeling work by Cheng 
et al. (2018), which suggested that IoT-enabled milestone tracking could replace manual progress 
verification, thus reducing bureaucratic lag. Furthermore, the findings demonstrate that IoT’s 
influence on time savings is not uniform but varies with project typology and system 
complexity—a distinction that earlier studies failed to capture in detail. For instance, GPS-based 
logistics tracking had greater schedule impacts in highway and logistics terminal projects, while 
wearable-based time logging was more effective in high-density labor environments such as 
tunnels and ports (Laws et al., 2018). This segmentation clarifies the specific contexts in which 
various IoT modalities yield optimal time efficiencies, building upon generalist claims in earlier 
literature. Moreover, the integration of real-time dashboards and analytics platforms observed in 
the reviewed studies suggests a maturation in digital project control strategies that extends the 
work of Konnopka and König (2020) from visualization into execution monitoring. The 
cumulative evidence confirms that IoT not only enhances planning accuracy but also introduces 
real-time corrective capabilities, redefining the nature of schedule control in modern construction 
management. 
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A core outcome of this meta-analysis is the evidence that IoT technologies significantly reduce 
rework and material waste—areas historically plagued by inefficiencies and poor coordination 
(Zou et al., 2018). These findings echo the early observations of Heo and Park (2022), who 
identified rework as a systemic problem in construction, driven by communication failures and 
insufficient quality controls. The reviewed studies illustrate how IoT-enabled quality assurance 
mechanisms, such as embedded concrete sensors and RFID-tagged prefabricated components, 
have transformed these historically reactive practices into proactive interventions. In contrast to 
earlier research which often stopped at identifying sources of waste, this meta-analysis presents 
empirical evidence of up to 28% reductions in rework and significant savings in raw materials, 
validating the predictive assertions made by Guraya and Barr (2018). Moreover, the depth and 
variety of waste-focused applications—ranging from warehouse stock monitoring to sensor-
based batching control—represent a maturation of IoT implementation not previously captured 
in the literature. These findings also extend the Lean Construction framework, which emphasized 
the importance of value-stream optimization, by providing digital tools that actively enforce Lean 
principles on-site. In contrast to earlier models that lacked real-time feedback loops, the reviewed 
implementations demonstrated IoT’s capacity to intervene autonomously in waste-generating 
workflows, such as over-ordering or redundant material handling. Thus, the study bridges the 
gap between Lean construction theory and digital construction practice, substantiating the 
strategic synergy between IoT and waste minimization through empirically validated 
interventions. 
IoT’s impact on labor productivity and safety was found to be one of the most consistently 
positive outcomes across the studies reviewed. These findings strongly reinforce earlier works by 
Martinengo et al. (2019), which predicted that wearable technologies and geolocation systems 
could enhance construction site safety through improved situational awareness. However, this 
meta-analysis goes further by quantifying reductions in safety incidents and identifying how 
biometric monitoring, fatigue detection, and geofencing mechanisms translate into operational 
performance gains. For instance, while previous research emphasized hypothetical benefits of 
biometric sensors, this review included several studies where such devices were deployed at 
scale, resulting in accident rate reductions of 15% to 40%. The findings also support earlier 
discussions by Castro et al. (2020) on integrating safety data with operational dashboards, 
illustrating how IoT can simultaneously enhance productivity by minimizing downtime due to 
injuries and reallocating labor based on real-time health data. These dual benefits demonstrate a 
shift from traditional safety compliance to predictive safety governance, where systems actively 
identify and preempt potential hazards. Additionally, the evolution from manual timekeeping 
and inspection routines to automated logging and digital access control, as seen in the reviewed 
studies, reveals a broader cultural transformation within construction workforce management 
(Carsley et al., 2018). In contrast to earlier studies that focused on wearable trials or technology 
acceptance, this review confirms the operational normalization of these systems in complex 
infrastructure environments, suggesting a paradigm shift in how labor productivity and well-
being are measured and managed through IoT (Andermo et al., 2020). 
This study revealed clear patterns of strong return on investment (ROI) in IoT-enabled 
infrastructure projects, advancing earlier economic modeling efforts found in the work of Zhu et 
al. (2020). Unlike those earlier studies which often relied on theoretical simulations, the current 
review synthesized data from field-based implementations showing ROI ratios ranging from 
1.5:1 to 3:1 and payback periods of less than three years. These findings corroborate industry 
reports but also provide academic validation for the cost-effectiveness of IoT deployment. The 
evidence collected highlights how cost savings stem from multifactorial sources: reduced rework, 
enhanced productivity, extended equipment lifespan through predictive maintenance, and 
minimized downtime. While past studies speculated on these benefits individually, this meta-
analysis demonstrates their compounding effect in complex project ecosystems (Kothgassner et 
al., 2019). Strategic value was also evident beyond financial metrics, as several studies noted 
improvements in project transparency, stakeholder confidence, and regulatory compliance, 
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contributing to smoother procurement and governance processes. These findings position IoT not 
merely as an operational upgrade, but as a strategic lever that can enhance a firm's 
competitiveness and risk posture (Loyd et al., 2020). By comparing actual field ROI data to 
projected estimates from earlier models, this analysis validates long-held theoretical claims and 
underscores the economic maturity of IoT technologies in construction. The convergence of fiscal 
prudence and digital innovation documented here provides compelling justification for firms and 
governments seeking to institutionalize IoT within their infrastructure development portfolios 
(Schumann et al., 2018). 
Despite the consistent positive outcomes reported, the meta-analysis also uncovered significant 
methodological limitations in the existing body of literature, which align with earlier critiques by 
researchers such as Yen and Chiu (2021). Many studies varied in their definitions and 
measurement of key performance indicators (KPIs), complicating cross-study comparisons and 
meta-analytic synthesis. For example, cost savings were sometimes reported in absolute terms, 
and other times as percentages without baseline data, making normalization difficult (Goldberg 
et al., 2019). Similarly, studies differed in whether they accounted for weather-related delays in 
schedule performance indices. These discrepancies reaffirm the need for standardized metrics 
and reporting protocols—a concern previously noted but insufficiently addressed. Moreover, the 
predominance of short-term, pilot-scale studies limits our understanding of IoT’s long-term 
lifecycle benefits. Only a minority of the reviewed articles followed infrastructure projects from 
inception through operation, leaving a gap in evidence about sustainability, system resilience, 
and asset decommissioning outcomes. While earlier literature recognized this gap, the current 
analysis quantifies its pervasiveness and its implications for policy and investment decisions 
(Basma & Savage, 2018). These methodological inconsistencies highlight the need for broader 
adoption of frameworks like ISO 19650 for information management and PRISMA guidelines for 
systematic evidence synthesis in construction technology research. The findings thus reinforce 
existing concerns but also offer a pathway for methodological improvement through better data 
governance and longitudinal research design. 
The geographic concentration of IoT construction studies in high-income regions such as the UK, 
China, Singapore, and the UAE reveals a major imbalance in the global knowledge base. While 
these regions provide rich data and innovative use cases, they do not represent the technological 
realities of many developing economies. This finding extends earlier observations by Gursoy et 
al. (2019), who noted the global unevenness in digital infrastructure adoption. The meta-analysis 
identified a critical underrepresentation of studies from Africa, South Asia, and Latin America, 
regions where labor-intensive construction and low digital maturity prevail. This gap restricts 
the development of adaptive IoT strategies suitable for low-resource environments and limits the 
global generalizability of current findings (Hedjoudje et al., 2020). Earlier literature often treated 
IoT as a universal solution, but this study demonstrates that contextual factors—such as labor 
cost structures, regulatory environments, and cultural acceptance—profoundly shape the 
effectiveness of IoT tools. The lack of inclusive research frameworks inhibits the formulation of 
equitable policy recommendations and prevents the construction industry from leveraging IoT 
as a truly global innovation. To address this, future meta-analyses must expand their scope, 
applying weighting techniques and context filters to include and compare diverse regions 
meaningfully (Wu et al., 2022). The findings here support the argument for global benchmarking 
systems that include context-specific indicators, enabling more equitable access to IoT’s benefits. 
This discussion, therefore, not only confirms the existing biases in the literature but also calls for 
a concerted scholarly and institutional effort to correct these imbalances through globally 
representative, multi-scalar research designs (Ma et al., 2018). 
CONCLUSION 
The meta-analysis of IoT-enabled construction project monitoring systems in large-scale 
infrastructure reveals a clear and compelling narrative: IoT technologies deliver significant 
efficiency gains across multiple performance dimensions, including cost savings, schedule 
adherence, waste reduction, safety enhancement, and return on investment. Synthesizing 

https://researchinnovationjournal.com/index.php
https://doi.org/10.63125/fb995k33


American Journal of Scholarly Research and Innovation 

Volume 02, Issue 01 (2023) 
Page No:  130-166 
eISSN: 3067-2163 

Doi: 10.63125/fb995k33 

159 
 

evidence from 67 empirical studies with over 3,200 cumulative citations, the review confirms that 
IoT implementations—through tools such as RFID, GPS, wireless sensors, wearable devices, and 
integrated platforms—are not only technologically feasible but operationally transformative. 
Projects leveraging real-time data monitoring, predictive maintenance, and automated 
scheduling consistently outperformed traditional approaches in terms of both productivity and 
precision. Furthermore, the findings highlight the evolution of IoT from isolated applications to 
comprehensive ecosystems integrated with BIM, ERP, and digital twin frameworks, reinforcing 
its strategic role in modern infrastructure delivery. However, the analysis also surfaces persistent 
gaps, including methodological inconsistencies, limited longitudinal evidence, lack of 
standardized metrics, and the underrepresentation of developing countries in the research 
landscape. These limitations underscore the need for harmonized reporting standards and 
inclusive research methodologies to ensure broader applicability and equitable knowledge 
development. Despite these challenges, the collective evidence affirms that IoT is not merely a 
technological add-on but a catalyst for a paradigm shift in construction project management—
facilitating data-driven decision-making, enhancing transparency, and fostering resilience across 
the infrastructure lifecycle. As the industry moves toward smarter, more connected project 
environments, this study provides a validated foundation for advancing IoT as a core enabler of 
efficiency in global infrastructure development. 
RECOMMENDETION: 
The meta-analysis of IoT-enabled construction project monitoring systems in large-scale 
infrastructure reveals a clear and compelling narrative: IoT technologies deliver significant 
efficiency gains across multiple performance dimensions, including cost savings, schedule 
adherence, waste reduction, safety enhancement, and return on investment. Synthesizing 
evidence from 67 empirical studies with over 3,200 cumulative citations, the review confirms that 
IoT implementations—through tools such as RFID, GPS, wireless sensors, wearable devices, and 
integrated platforms—are not only technologically feasible but operationally transformative. 
Projects leveraging real-time data monitoring, predictive maintenance, and automated 
scheduling consistently outperformed traditional approaches in terms of both productivity and 
precision. Furthermore, the findings highlight the evolution of IoT from isolated applications to 
comprehensive ecosystems integrated with BIM, ERP, and digital twin frameworks, reinforcing 
its strategic role in modern infrastructure delivery. However, the analysis also surfaces persistent 
gaps, including methodological inconsistencies, limited longitudinal evidence, lack of 
standardized metrics, and the underrepresentation of developing countries in the research 
landscape. These limitations underscore the need for harmonized reporting standards and 
inclusive research methodologies to ensure broader applicability and equitable knowledge 
development. Despite these challenges, the collective evidence affirms that IoT is not merely a 
technological add-on but a catalyst for a paradigm shift in construction project management—
facilitating data-driven decision-making, enhancing transparency, and fostering resilience across 
the infrastructure lifecycle. As the industry moves toward smarter, more connected project 
environments, this study provides a validated foundation for advancing IoT as a core enabler of 
efficiency in global infrastructure development. 
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