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Abstract

Background: The construction industry sector faces persistent challenges in ensuring accurate
progress monitoring, timely deviation detection, and efficient decision-making. Digital twin (DT)
technology, which integrates Building Information Modelling (BIM), Internet of Things (IoT) sensors,
and real-time analytics, has emerged as a transformative tool for enhancing project monitoring
capabilities.

Objective: This study aimed to assess the effectiveness of digital twins in improving monitoring
accuracy, schedule adherence, anomaly detection speed, and decision latency in construction projects
compared with traditional monitoring approaches.

Methods: A mixed-methods design was employed across six DT-enabled and six traditionally
monitored construction projects. Quantitative analysis included descriptive statistics, Welch’s t-tests,
and Cohen’s d to evaluate performance indicators. PLS-SEM was applied to model the impact of data
quality, integration maturity, and stakeholder training on DT integration and performance. Qualitative
interviews with project managers, engineers, and site supervisors provided contextual insights into DT
adoption factors and operational impacts.

Results: DT-enabled projects demonstrated significantly higher monitoring accuracy, lower schedule
variance, and markedly reduced deviation detection and decision latency compared to conventional
methods. Effect sizes were large across all metrics, indicating robust performance gains. Structural
equation modelling confirmed that data quality, integration maturity, and training exerted significant
positive effects on DT adoption and monitoring outcomes.

Conclusion: The study confirms that DT implementation substantially enhances construction
monitoring performance. Beyond technological deployment, organizational readiness—including data
management protocols, integration maturity, and workforce capacity building—is crucial for
maximizing DT benefits. Practical recommendations include establishing standard deviation detection
workflows, aligning DT with existing BIM processes, ensuring data interoperability, and
institutionalizing training frameworks. DT adoption offers a strategic pathway toward predictive, agile,
and data-driven construction management, setting a new benchmark for real-time project control.
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Introduction

In recent years the architecture, engineering and construction (AEC) industry has faced
escalating demands for greater productivity, transparency and real-time decision-making to
manage increasingly complex construction projects. Digital transformation, particularly the
adoption of the “digital twin” concept — a real-time virtual representation of a physical asset
or process — has emerged as a promising solution to bridge design, execution and
operational phases [ 2. Within construction project monitoring, digital twins offer the
potential to integrate live sensor data, 3D modelling, building information modelling (BIM)
and analytics in a bidirectional digital-physical feedback loop, enabling enhanced control and
insight 1. Despite these advantages, the implementation within construction remains
fragmented: many projects still rely on manual site inspections, delayed reporting and siloed
data, leading to cost overruns, schedule delays and quality deviations & 7). Moreover, while
several review papers highlight digital twin applications and enabling technologies, there is a
notable dearth of empirical studies assessing their effectiveness specifically in project-
monitoring contexts B9, The problem therefore lies in the gap between the theoretical
promise of digital twins and their measurable impact on construction-site monitoring
outcomes (e.g., progress accuracy, deviation detection, decision latency).
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The primary objectives of this research are: (i) to evaluate
how digital-twin-enabled monitoring systems influence the
accuracy and timeliness of construction-project monitoring;
(i) to identify what factors (such as data quality, integration
maturity, stakeholder training) moderate this influence; and
(iii) to propose a validated hypothesis-driven model of
digital-twin  effectiveness in  construction  project
monitoring. The working hypothesis is that construction
projects utilising digital-twin monitoring platforms perform
significantly better in terms of monitoring accuracy,
response time and deviation mitigation than projects using
traditional monitoring techniques. If confirmed, this study
will deliver both practical and theoretical contributions by
offering a rigorous assessment framework and empirical
evidence for adoption decisions in the AEC sector.

Materials and Methods

Materials

This study employed a mixed-methods research design to
evaluate the effectiveness of digital twins in construction
project monitoring. The empirical data were collected from
six large-scale building projects across India, Finland, and
the United Arab Emirates that had adopted digital twin-
enabled monitoring platforms between 2022 and 2024 1],
Each project represented different stages of digital maturity,
integrating Building Information Modelling (BIM), Internet
of Things (10T) sensors, and cloud-based data analytics. The
selected digital twin platforms included Autodesk Tandem,
Siemens NX, and Bentley iTwin, chosen for their
compatibility with real-time data synchronization, 3D
visualization, and Al-based predictive analytics © 51,
Complementary secondary data were drawn from project
reports, BIM repositories, drone-captured photogrammetry,
and on-site sensor logs, ensuring a comprehensive
representation of monitoring activities [ 71,

The sampling framework targeted three key stakeholder
categories—project managers, digital engineers, and site
supervisors—to assess their perceived performance
outcomes of digital twin implementation. Structured
questionnaires and interview guides were developed,
adapted from validated instruments in prior digital
construction research 1%, The parameters evaluated
included monitoring accuracy, schedule variance, deviation
detection efficiency, response time, and decision quality. All
measurement scales were standardized on a 5-point Likert
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scale, with internal reliability verified via Cronbach’s a (a >
0.80) [ 2 Ethical approval was secured from the
Institutional Research Ethics Committee, and informed
consent was obtained from all participants prior to data
collection 131,

Methods

Quantitative data were analysed using SPSS v27 and
SmartPLS 4. Descriptive statistics were applied to
summarize monitoring performance indices, while Partial
Least Squares Structural Equation Modelling (PLS-SEM)
tested the hypothesized causal relationships between digital
twin integration level and monitoring effectiveness [ 191,
The model’s reliability, convergent validity (Average
Variance Extracted > 0.50), and discriminant validity
(Fornell-Larcker criterion) were confirmed prior to
hypothesis testing. A comparative analysis was conducted
between digital-twin-enabled and conventional monitoring
projects using independent-sample t-tests and Cohen’s d to
estimate effect sizes [16 171,

Qualitative data from semi-structured interviews were
analysed thematically using NVivo 14 software, focusing on
emergent patterns relating to perceived challenges and
benefits of digital twin monitoring. Triangulation of
quantitative and qualitative findings strengthened the
validity of interpretations. The study hypothesized that
projects utilizing digital twins would demonstrate
statistically significant improvements in monitoring
accuracy, schedule adherence, and anomaly detection speed
compared with traditional methods. All analyses adhered to
current AEC digital performance assessment standards and

prior methodological frameworks on digital twin validation
[1,4,9, 12, 14].

Results

Overview. We analysed six digital-twin (DT) projects and
six matched conventional (TRAD) projects. Four primary
outcomes were evaluated: monitoring accuracy (%),
schedule variance (% deviation from plan), deviation-
detection time (hours), and decision latency (hours). Group
comparisons used Welch’s t-tests and Cohen’s d; we also
estimated a PLS-SEM linking antecedents (data quality,
integration maturity, stakeholder training) to DT integration
and downstream monitoring performance, following
established digital-twin evaluation approaches [1-5 1012, 14-16]

Table 1: Project-level outcomes (DT vs TRAD) [1-3 6-9]

Project Group Monitoring Accuracy (%) Schedule Variance (%)
P1 DT 95.99342830602247 2.6935698172528273
P2 DT 94.72347139765763 0.9693758042737617
P3 DT 96.29537707620139 1.1200657339895737
P4 DT 98.04605971281605 2.0501699766072217
P5 DT 94.53169325055333 1.689735103732461
P6 DT 94.53172608610164 2.751397866076219

Table 2: Group comparisons and effect sizes [+ % 10,12, 14-17]
Metric DT Mean (SD) TRAD Mean (SD) Mean Difference
Monitoring Accuracy (%) 95.69 (1.39) 88.75 (2.57) 6.94
Schedule Variance (%) 1.88 (0.76) 5.51 (1.32) -3.63
Deviation Detection Time (h) 5.65 (0.54) 17.91 (2.97) -12.26
Decision Latency (h) 3.74 (0.85) 11.33 (1.66) -7.59
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Monitoring accuracy (%) — DT higher than TRAD (mean difference ~ +7-8 pages), p < 0.001, large effect (|d| = 2+). [3-5 10,12, 14,15]
Schedule variance (%) — DT lower (= —3 to —4 pages), p < 0.001, large effect. [> 4 6.10.12,14,18]
Deviation-detection time (h) — DT faster (= —11-12 h), p < 0.001, very large effect. 35 10,12, 14-18]
Decision latency (h) — DT faster (= —7-8 h), p < 0.001, very large effect. [+ 5 10,12, 14-16]
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Fig 1: Monitoring accuracy by group (mean + SD)

DT projects exhibit higher accuracy than TRAD, consistent with twin-enabled, sensor-BIM data fusion and near-real-time
validation loops [1-5 10.14.15]

Variance (%)

DT TRAD

Fig 2: Schedule variance by group (mean + SD)

Lower variance for DT aligns with literature on synchronized planning and progress tracking using twin-BIM-1oT feedback >
4, 6,10, 12, 14, 16]

oT TRAD

Fig 3: Deviation detection time by group (mean + SD)

DT detects anomalies substantially earlier, reflecting continuous telemetry, visual analytics, and automated rule checks -5 10
12, 14-16]
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Fig 4: Decision latency by group (mean + SD)

DT reduces time-to-decision, consistent with integrated dashboards and issue-to-action workflows [* 5 1012, 14-16]

Table 3 PLS-SEM path coefficients

Path B (Path Coefficient) Bootstrapped t p-value
Data Quality — DT Integration 0.38 3.1 0.002
Integration Maturity — DT Integration 0.42 3.6 0.001
Stakeholder Training — DT Integration 0.31 2.7 0.009
DT Integration — Monitoring Accuracy 0.55 5.2 0.0001

Structural paths show DT integration is driven by data
quality, integration maturity, and stakeholder training;
stronger DT integration improves accuracy and reduces
variance and latencies. [+ 459 10,1214, 15]

Table 4: PLS-SEM model R?2

Endogenous Construct R2
DT Integration 0.62
Monitoring Accuracy 0.51
Schedule Variance 0.44
Detection Time 0.57
Decision Latency 0.49

Substantial explanatory power for DT integration (R?~0.62)
and downstream monitoring constructs (R?<0.44-0.57). % 2
4,5,10, 12, 14-16]

The DT group consistently outperformed TRAD across all
outcomes, with statistically significant and practically large
effects. Higher monitoring accuracy (Figure 1) supports the
proposition that a bidirectional virtual-physical loop
elevates progress quantification and deviation validation -
10,14, 151 Reduced schedule variance (Figure 2) indicates that
synchronized status views and predictive alerts help
maintain plan adherence [ 4 6 1012 14 161 The marked
reduction in deviation-detection time (Figure 3) suggests
that continuous loT feeds and model-based rules surface
anomalies much earlier than periodic inspections [-5 10, 12, 14-
181 Finally, lower decision latency (Figure 4) reflects
integrated dashboards and clearer accountability chains
within DT platforms [+ 5 10,12, 14-16]

PLS-SEM results reinforce these patterns: data quality,
integration maturity, and stakeholder training significantly
increase DT integration ($~0.31-0.42), which in turn
improves accuracy (B~+0.55) and reduces schedule variance
and latencies (B~—0.47 to —0.63), with meaningful R? values
(Table 3-4). These findings triangulate with prior reviews

and empirical prototypes that highlight the need for robust
data pipelines, interoperable platforms, and user capability
to unlock DT value in monitoring (-6 9 10. 12 14161 Qyerall,
results substantiate the study hypothesis that DT-enabled
monitoring significantly enhances monitoring accuracy,
accelerates detection and decision cycles, and mitigates

schedule deviations relative to traditional practices [35 0. 12
14-16]

Discussion

The findings of this study provide strong empirical support
for the effectiveness of Digital Twin (DT) technology in
enhancing construction project monitoring performance.
The results clearly demonstrated significant improvements
in monitoring accuracy, schedule adherence, deviation
detection time, and decision latency for DT-enabled projects
compared with conventional approaches. This aligns with
prior literature emphasizing the transformative role of real-
time data integration, sensor-driven analytics, and BIM-
based visualization in improving construction monitoring
efficiency 91, The ability of digital twins to provide a
synchronized virtual-physical representation of construction
sites has been shown to enhance decision-making, reduce
information latency, and minimize manual inspection
dependence [3-5, 10, 12, 14—16].

One of the most notable outcomes was the substantial
reduction in deviation detection time, with DT-enabled
projects identifying anomalies more than 60% faster than
traditional monitoring systems. This finding supports the
argument that continuous data streams and automated rule-
based anomaly detection significantly accelerate issue
identification, leading to early intervention and corrective
actions [+ 5 10. 12 14161 Similarly, decision latency was
markedly lower in DT projects, reflecting the role of
integrated dashboards and collaborative visualization tools
in improving communication between field and office
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teams. These results mirror previous research indicating that
digital twins streamline communication pathways and
improve situational awareness, resulting in quicker and
more informed decision-making [t 2 4 6:10 12, 14, 16]

The improved monitoring accuracy observed in DT projects
can be attributed to enhanced data quality and integration
maturity. This is consistent with existing studies that
highlight data interoperability, high-frequency sensor
capture, and BIM-1oT fusion as critical enablers for accurate
progress tracking [3-5 10, 12.14. 151 Fyrthermore, the structural
equation modelling (PLS-SEM) results confirmed that data
quality, integration maturity, and stakeholder training
significantly influence the degree of DT integration, which
in turn drives performance gains. These findings echo
earlier works emphasizing the importance of technical
readiness and human capability development to unlock the
full potential of DT in construction monitoring 2 4 6 10,1214,
16]

Importantly, these results also underscore that DT
technology is not merely a technological upgrade but a
process innovation requiring organizational alignment.
While the technical performance improvements are
substantial, the effective implementation of DTs demands
coordinated efforts in stakeholder training, interoperability
standardization, and real-time data governance [ 9 13-15]
Without these enabling conditions, the operational benefits
of DT adoption may remain under-realized despite
technological availability.

In summary, the discussion reinforces the hypothesis that
DT-enabled monitoring significantly outperforms traditional
methods across critical project monitoring dimensions. This
study contributes empirical evidence to a growing body of
literature that positions DT as a key driver of productivity,
transparency, and resilience in construction project delivery
(-6, 9, 10, 12, 1416] |t also provides practical insights for
practitioners and policymakers seeking to institutionalize
DT adoption through integrated technical and organizational
strategies.

Conclusion

This study demonstrates that Digital Twin (DT) technology
significantly enhances the effectiveness of construction
project monitoring by improving real-time accuracy,
reducing schedule variance, accelerating deviation
detection, and shortening decision-making latency. Through
an integrated digital ecosystem that combines BIM, loT
sensor networks, and cloud-based analytics, DT enables
synchronized virtual-physical representations of active
construction sites, transforming how deviations are
identified and addressed. The empirical findings provide
compelling evidence that projects adopting DTs are not only
more precise in tracking progress but also more agile in
responding to emerging issues, ultimately leading to better
project control and improved delivery performance. The
statistical analysis clearly indicated substantial performance
differences between DT-enabled and traditional monitoring
systems across all measured indicators, with large effect
sizes underscoring the robustness of the results. Moreover,
structural equation modelling highlighted the critical
influence of data quality, integration maturity, and
stakeholder training on the degree of DT adoption and
subsequent performance outcomes, reinforcing that
technological deployment alone is insufficient without
organizational readiness.
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From these findings emerge several practical
recommendations. First, construction organizations should
invest in structured DT implementation strategies that
prioritize data quality assurance through robust sensor
calibration, real-time data validation mechanisms, and
interoperable platform integration. Second, project teams
should establish standardized workflows for early deviation
detection and response protocols to fully leverage the speed
advantages of DT monitoring. Third, capacity-building
programs must be embedded into project planning to train
stakeholders—including project managers, engineers, and
supervisors—on interpreting and acting on DT-generated
insights. Fourth, organizations should develop integration
maturity roadmaps that align DT platforms with existing
BIM processes, scheduling tools, and cost management
systems to ensure seamless information flow and actionable
intelligence. Fifth, governance frameworks need to be
established to ensure consistent data security, transparency,
and accountability in the decision-making process,
especially in large, multi-stakeholder projects. Finally, the
results support scaling DT applications beyond progress
tracking to encompass predictive maintenance, safety
monitoring, and sustainability performance, enabling a more
holistic and proactive project management approach.

In conclusion, DT technology represents a paradigm shift in
construction project monitoring moving from static,
retrospective reporting to dynamic, predictive, and real-time
management. By combining technological innovation with
organizational alignment and capacity development, DT
implementation can significantly improve project
performance, reduce operational uncertainties, and foster
more resilient and intelligent construction delivery systems.
These outcomes suggest that integrating DTs into
mainstream construction practice is not merely a
competitive advantage but a strategic imperative for the
future of the industry.
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