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Abstract

Digital transformation, increasing project complexity, and sustainability requirements are
driving the adoption of advanced construction management approaches. However, evi-
dence regarding the integrated application of Lean Construction, Building Information
Modeling (BIM), and Artificial Intelligence (Al), particularly for improving construction
quality within Construction 4.0 environments, remains fragmented. This study presents a
PRISMA 2020-based systematic review of 163 peer-reviewed studies published from 2020 to
2025 to synthesize current evidence on the integration of Lean Construction with BIM- and
Al-enabled construction management. A thematic synthesis and comparative analysis were
conducted to examine the interactions among Lean planning, BIM-enabled coordination,
and Al-supported predictive analytics. Supporting technologies, including digital QA /QC
systems, Iol-enabled monitoring, and digital twin applications, were included only when
they facilitated integrated Lean—-BIM-AI implementation. The reviewed studies suggest
that integrating Lean Construction with BIM and Al can enhance workflow coordination,
defect management, schedule reliability, risk prediction, and real-time quality monitoring.
Several studies also reported potential reductions in rework, material waste, and resource
consumption, indicating possible contributions to more sustainable construction practices.
However, reported outcomes varied across studies and were influenced by organizational
readiness, workforce capability, digital maturity, interoperability, and project context. More-
over, much of the available evidence is derived from case studies, pilot implementations,
simulation-based investigations, and conceptual research, whereas large-scale industrial
validation remains limited. Unlike previous reviews that examined Lean Construction, BIM,
or Al independently, this study synthesizes their complementary roles within an integrated
construction management framework and identifies the conditions under which their com-
bined application may contribute to improved construction quality and Construction 4.0
implementation. The review highlights current research gaps and provides evidence-based
guidance for future research, industrial implementation, and the adoption of integrated
digital construction management practices.

Keywords: lean construction; building information modeling (BIM); artificial intelligence;
construction quality; construction 4.0

1. Introduction

The construction industry is undergoing rapid transformation driven by increasing
project complexity, urbanization, sustainability requirements, and the emergence of ad-
vanced digital technologies. Modern construction projects require effective coordination,
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quality assurance, operational efficiency, and reliable information management to achieve
successful project delivery [1]. Poor planning, fragmented communication, inadequate
quality control, and inefficient coordination have been associated with delays, rework, cost
overruns, safety risks, and reduced infrastructure performance [2,3]. In response to these
challenges, recent research has increasingly explored the integration of collaborative man-
agement approaches with digital technologies to improve project planning, coordination,
and construction quality while supporting Construction 4.0 development [4,5].

Among the wide range of Construction 4.0 technologies, Building Information Mod-
eling (BIM) and Artificial Intelligence (AI) have received considerable research attention
because of their potential to improve information management, project coordination, and
data-driven decision-making [6,7]. In this review, Lean Construction is considered a comple-
mentary management philosophy that supports the implementation of BIM- and Al-enabled
construction management. Lean Construction emphasizes waste minimization, workflow
reliability, continuous improvement, and value creation throughout the construction pro-
cess [8]. BIM facilitates integrated information management, multidisciplinary coordination,
visualization, and collaborative project delivery, whereas Al supports predictive analytics,
automated monitoring, and intelligent decision-making for construction activities [6,7].
Supporting technologies, including digital QA /QC systems, IoI platforms, and digital
twin technologies, are considered only where they facilitate the implementation of inte-
grated Lean—-BIM-AI frameworks [9]. Accordingly, this review primarily evaluates the
contribution of these integrated approaches to construction quality, while sustainability is
considered a complementary outcome resulting from effective technological and managerial
integration rather than an independent technology domain [10].

Previous studies have reported that Lean Construction has the potential to improve
workflow reliability, reduce process waste, and enhance collaborative planning through
management practices such as the Last Planner System and continuous improvement strate-
gies [11]. However, much of the available evidence is derived from project-specific case
studies, pilot implementations, or controlled research settings, while large-scale industrial
validation remains relatively limited. Lean Construction therefore provides a useful man-
agement foundation for BIM- and Al-enabled construction processes by promoting stable
workflows and reducing process variability. Nevertheless, Lean principles alone may not
adequately address the increasing information management and coordination requirements
of complex construction projects.

Building Information Modeling (BIM) has become a central technology in digital
construction because of its ability to support information integration, multidisciplinary co-
ordination, visualization, and project management throughout the project life cycle [12,13].
The reviewed studies suggest that BIM implementation can reduce design conflicts, rework,
and scheduling delays by facilitating the early identification of project issues [14]. Several
studies further indicate that integrating BIM with Lean principles and Al-supported tech-
nologies may improve project coordination, predictive management, and decision support
under appropriate implementation conditions [15,16]. However, the reported benefits
vary across projects and depend on factors such as implementation maturity, organiza-
tional capability, and project complexity. In addition, BIM adoption remains constrained
in many developing regions because of high implementation costs, limited digital literacy,
and organizational resistance to technological change [17].

Artificial Intelligence is receiving increasing attention for its potential to support pre-
dictive analytics, automated monitoring, and decision-support systems in construction
management [18]. The reviewed studies indicate that Al-supported applications may
improve risk prediction, schedule forecasting, defect detection, and project performance
assessment under suitable implementation conditions [19]. Technologies such as computer
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vision, machine learning, and automated inspection systems have demonstrated promising
performance in simulation studies, pilot implementations, and project-specific applications.
However, broader industrial validation remains limited, and successful implementation
continues to depend on digital infrastructure, high-quality data, specialized expertise, and
organizational commitment.

Although published studies have reported promising applications of Lean Construc-
tion, Building Information Modeling (BIM), and Artificial Intelligence (Al), these ap-
proaches have frequently been investigated independently rather than within an integrated
construction management framework. Existing evidence suggests that combining Lean
principles with BIM- and Al-enabled construction management may improve construction
quality and support Construction 4.0 implementation. However, most reported findings
are based on case studies, pilot projects, simulation-based investigations, or project-specific
applications, and comprehensive industrial validation remains limited [20,21]. In addition,
relatively few studies have systematically examined how organizational readiness and
digital maturity influence the successful implementation of integrated Lean-BIM-AI frame-
works across different project environments [22]. These gaps limit current understanding
of the practical conditions under which integrated digital construction management can be
successfully adopted.

Several maturity models have been developed to assess digital capability in the con-
struction industry. The BIM Application Maturity Model (BIM-AMM) [23] describes
progressive levels of BIM implementation, while broader digital maturity models evaluate
organizational capability across multiple dimensions, including digital infrastructure, or-
ganizational processes, and workforce skills [24]. However, these models differ from the
readiness-oriented framework proposed in this review in three important respects. First,
existing maturity models primarily assess the level of digital capability achieved by an
organization, whereas the proposed framework provides guidance on technology adoption
according to organizational readiness. Second, maturity models generally assume sequen-
tial progression through predefined stages, whereas the proposed framework recognizes
that different levels of organizational readiness may require different combinations of Lean
Construction, BIM, and AL Third, existing models primarily evaluate technology adoption,
whereas the proposed framework relates organizational readiness to the reported imple-
mentation of BIM- and Al-enabled construction management for improving construction
quality, based on evidence synthesized from the reviewed studies [25,26].

To address these research gaps, this review synthesizes published evidence on BIM-
and Al-enabled construction management supported by Lean Construction principles
within an integrated framework. The review primarily examines their reported contri-
bution to construction quality and Construction 4.0 implementation, while sustainability
is considered a complementary outcome where supported by the reviewed evidence. It
also critically evaluates contradictory findings, implementation challenges, and the lim-
ited extent of industrial validation reported in the literature. Through this approach, the
review provides a balanced synthesis of current evidence, identifies the conditions that
may influence successful implementation, and highlights priorities for future research and
practical application.

The remainder of this paper is organized as follows. Section 2 presents the PRISMA-
based review methodology and thematic analysis framework. Section 3 summarizes the
synthesized evidence on integrated Lean—BIM—-AI frameworks and their reported contri-
bution to construction quality and Construction 4.0 implementation. Section 4 critically
discusses the implications, limitations, and future research directions. Finally, Section 5
concludes the paper by summarizing the principal findings and outlining recommendations
for future investigation.
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2. Materials and Methods
2.1. Materials

This review investigates the integration of Building Information Modeling (BIM) [27]
and Artificial Intelligence (AI) [28], with Lean Construction considered as the complemen-
tary management approach that supports their implementation. Supporting technologies,
including digital QA /QC systems [29], IoT platforms [30], and digital twin applications,
were considered only when they facilitated integrated Lean-BIM-AI implementation or
contributed to construction quality and related project outcomes [31].

Unlike previous reviews, which primarily examined these technologies indepen-
dently [32,33], the present review adopts an integrated perspective to evaluate their reported
contribution to construction quality within Construction 4.0 environments. Sustainability
is considered as a complementary outcome, while organizational readiness and digital
maturity are treated as contextual factors that may influence successful technology adoption
across residential, commercial, and infrastructure projects.

The review includes empirical, quantitative, mixed-method, case study, and systematic
review articles published between 2020 and 2025. Only peer-reviewed English-language
publications related to construction engineering, digital construction management, sustain-
ability, and infrastructure development were included in the final synthesis.

To support the interpretation of the synthesized evidence, an author-developed con-
ceptual figure was generated from the thematic synthesis of the included studies. Rather
than reproducing a conceptual model from an individual publication, the figure integrates
the principal themes and relationships identified across the reviewed literature. It there-
fore serves as an analytical visualization of the synthesized evidence and illustrates the
integrated framework developed in this review.

2.2. Methodology

This study was conducted in accordance with the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA 2020) guidelines [34] to ensure methodological
transparency, reproducibility, and systematic study selection. Nevertheless, complete adher-
ence to all 27 PRISMA 2020 reporting items was not achieved because the included literature
comprised heterogeneous study designs, including quantitative studies, qualitative investi-
gations, case studies, and systematic reviews, and because no review protocol had been
registered. Any deviations from the PRISMA 2020 framework are explicitly described in
the relevant subsections and summarized in the corresponding PRISMA 2020 checklist.

The review examines the integration of Lean Construction, Building Information
Modeling (BIM), and Artificial Intelligence (AI) within construction management. Dig-
ital QA/QC technologies, Iol systems, and digital twins were included only when they
functioned as supporting technologies within integrated Lean—-BIM-AI implementation en-
vironments. Comprehensive database-specific search strategies are provided in Appendix A
to ensure transparency and reproducibility.

The methodological framework emphasizes the relationships between integrated con-
struction management approaches and construction quality within the context of Con-
struction 4.0. Evidence from multidisciplinary sources was synthesized to examine how
Lean Construction, BIM, Al, and supporting digital technologies have been reported to
influence project coordination, workflow management, predictive decision support, and
quality-related outcomes. A completed PRISMA 2020 checklist documenting compliance
with the reporting framework is provided as Supplementary Material.

To facilitate the interpretation of the synthesized findings, an author-developed con-
ceptual figure was generated from the thematic synthesis and comparative analysis of
the included studies. Rather than reproducing or summarizing conceptual models from
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individual publications, the figure integrates the recurring relationships, implementation
pathways, and interactions identified across the reviewed studies. It serves as an analyt-
ical visualization of the synthesized evidence and illustrates the conceptual framework
developed from the systematic review. Accordingly, the figure represents the authors’
interpretation of the collective evidence and should be regarded as a conceptual synthesis
rather than a confirmation of universally validated industry practices.

2.2.1. Study Selection and Data Extraction

A comprehensive literature search was conducted using five major scientific databases:
Scopus, ScienceDirect, Google Scholar, Web of Science, and PubMed [35-37]. These
databases were selected because they provide extensive coverage of peer-reviewed research
in construction engineering, digital construction management, infrastructure development,
and sustainability.

The literature search focused on studies published between 2020 and 2025. Multiple
keyword combinations and Boolean search operators [38] were used to identify studies
related to Building Information Modeling (BIM), Artificial Intelligence (AI), Lean Construc-
tion, and their application to construction quality within Construction 4.0 environments.
Supporting technologies, including digital QA /QC systems, Iol, and digital twins, were
included only when they were integrated with Lean-BIM—-AI implementation. The primary
search syntax were:

1.  Construction project management, Building Information Modeling (BIM), Lean Con-
struction, AND construction quality

2. Artificial Intelligence (Al), digital QA /QC, IoT, or digital twin AND BIM, construction
quality, or Construction 4.0

3. Integrated Lean-BIM-AI framework, digital construction management, workflow
coordination, defect management, or predictive decision support

The PRISMA-based study selection procedure consisted of four stages: identification,
screening, eligibility assessment, and final inclusion, as illustrated in Figure 1. A total of 1284
records were initially identified from Scopus (356), Google Scholar (312), ScienceDirect
(298), Web of Science (241), and PubMed (77) [36,39-41]. After removing duplicate records
(n = 346), records excluded by automation tools (1 = 68), non-peer-reviewed publications
(n =18), and records with unavailable full text at the identification stage (n = 14), 838
studies remained for title and abstract screening.

To minimize selection bias, title and abstract screening was conducted independently by
two reviewers. Any disagreements were resolved through discussion and, where necessary,
consultation with a third reviewer. Inter-rater agreement for title and abstract screening was
substantial (Cohen’s ¥ = 0.84) [42,43]. The same independent dual-review procedure was
applied during full-text assessment, yielding a Cohen’s « value of 0.79, which also indicates
substantial agreement.

During the screening and eligibility stages, 516 studies were excluded because they
did not directly address the review objectives, and 159 reports could not be retrieved for
full-text assessment. The remaining studies were evaluated using the predefined inclusion
and exclusion criteria presented in Table 1. Grey literature [44], secondary literature, and
incomplete full-text publications were excluded to maintain methodological rigor and sci-
entific reliability. Following the eligibility assessment, 163 studies satisfied all selection
criteria and were included in the final qualitative synthesis and systematic review. The
extracted evidence was subsequently subjected to thematic coding and comparative anal-
ysis to identify recurring themes, implementation pathways, relationships among Lean
Construction, BIM, Al, and supporting technologies, as well as their reported contribution
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to construction quality and Construction 4.0 implementation. These findings formed the
basis of the analytical synthesis presented in the Results section.

Identification of studies via database (n = 1284)

Science Direct Google Scholar Web of Science

g Remove record before screening (n = 446)
'-;—*'; Resail ftitifetion fem Duplicate record removed (7 = 346)
;.% — database (1 = 1284) —>  Marked ineligible record via automation tools (n
=i =68)
e
= Record removed for other reasons (n = 32)
2
;go Record screening (1 = 838) —>  Exclude Record (n = 516)
=
]
g Report assessed for eligibility (1 = 322) —> Report not retrieved (1 = 159)
g
g
& Studies included in review (n = 163) — Report excluded (1 = 0)
%)
Grey literature (n=1)
o
-5 Studies included in review
% (n=163) <—  Secondary literature (n = 1)
5
l Not full text (n =1)
Outcomes
Figure 1. PRISMA-based systematic review process. Records removed for ‘other reasons’ (n = 32)
are specified as non-peer-reviewed records (n = 18) and records with unavailable full text at the
identification stage (n = 14).
Table 1. Inclusion and exclusion criteria used for study selection.
Criteria Category Inclusion Criteria Exclusion Criteria
Publication Type Peer-reviewed journal articles Conference al{)stracts, editorials,
non-peer-reviewed documents
Publication Period Studies published between 2020-2025 Studies published before 2020
Language English-language publications Non-English publications

https://doi.org/10.3390/buildings16214389


https://doi.org/10.3390/buildings16214389

Buildings 2026, 16, 4389 7 of 44
Table 1. Cont.
Criteria Category Inclusion Criteria Exclusion Criteria
Construction engineering, digital construction
management, Building Information Modeling Studies unrelated to construction
Research Area e . . . .
(BIM), Artificial Intelligence (AI), and Lean engineering or construction management

Construction

Study Type

Empirical, quantitative, mixed-method, case study, ~Opinion papers, conceptual-only studies,
and systematic review studies and studies without systematic analysis

Technologies Investigated

Studies investigating unrelated digital
technologies or standalone technologies
without relevance to integrated
construction management

BIM, Al Lean Construction, and supporting
technologies (digital QA/QC, IoT, and digital twins
where integrated with Lean—-BIM-AI frameworks)

Project Scope

Residential, commercial, industrial, and

. . . Non-construction sectors
infrastructure construction projects

Data Availability

Full-text accessible studies Incomplete or inaccessible articles

Outcome Measures

Construction quality (primary), Construction 4.0
implementation, and sustainability outcomes
where directly related to integrated Lean-BIM-AI
implementation

Studies lacking measurable
implementation or quality-related
outcomes

2.2.2. Inclusion and Exclusion Criteria

To ensure methodological consistency and transparency, predefined inclusion and
exclusion criteria were established before the screening and eligibility assessment stages [45].
These criteria were developed to minimize selection bias and ensure that only relevant,
high-quality studies investigating integrated Lean-BIM-AI frameworks and their reported
contribution to construction quality were included in the final synthesis.

Table 1 summarizes the inclusion and exclusion criteria applied during the PRISMA-
based study selection process. Only peer-reviewed English-language studies published
between 2020 and 2025 were considered. Eligible studies investigated Building Infor-
mation Modeling (BIM), Artificial Intelligence (AI), Lean Construction, or their inte-
gration within construction management environments. Supporting technologies, in-
cluding digital QA /QC systems, IoI-enabled monitoring, and digital twin applications,
were included only when they supported the implementation or evaluation of integrated
Lean-BIM-AI frameworks [46,47]. Sustainability-related studies were considered only
where sustainability outcomes were directly associated with the implementation of these
integrated frameworks.

Studies unrelated to construction engineering, construction management, construc-
tion quality, or integrated digital construction management were excluded. In addition,
publications that did not report measurable implementation or quality-related outcomes,
inaccessible full-text articles, editorials, conference abstracts, and non-peer-reviewed doc-
uments were excluded to maintain the methodological rigor, reliability, and relevance
of the review.

2.2.3. Quality Assessment of Studies

The methodological quality of the included studies was evaluated using a structured
quality assessment framework adapted for construction management and digital technology
research [45]. Each study was assessed using predefined criteria covering study selection,
literature relevance, methodological transparency, outcome reporting, and practical valida-
tion [48]. This assessment was undertaken to ensure that only scientifically rigorous and
relevant studies were included in the final qualitative synthesis.
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To improve the reliability of the review, each study was independently assessed by
two reviewers using the quality assessment framework. Any differences in scoring were
resolved through discussion and consensus. The resulting quality assessment reduced
the potential influence of low-quality studies on the overall synthesis and improved the
transparency and reproducibility of the review findings [49].

Table 2 summarizes the quality assessment and risk-of-bias framework applied during
the review. Seven methodological domains were evaluated, including selection bias, perfor-
mance bias, detection bias, attrition bias, reporting bias, study design quality, and sample
size adequacy. Each domain was scored using a three-point scale (0-2), where 0 indicated
inadequate reporting, 1 indicated partial reporting or moderate quality, and 2 indicated
adequate methodological reporting. The overall quality score was subsequently used to
classify studies as having low, moderate, or high risk of bias.

Table 2. Quality Assessment and Risk of Bias Framework for Included Studies.

Assessment Domain

Selection Bias

Criteria Scoring (0-2)
Was the study population or dataset clearly defined?
Were inclusion and exclusion criteria explicitly 0 = No, 1 = Partial, 2 = Yes
reported?

Performance Bias

Were BIM, Al, Lean Construction, and any supporting
technologies described in sufficient detail to allow 0 = No, 1 = Partial, 2 = Yes
understanding or replication?

Detection Bias

Were construction quality or other reported outcome
measures clearly defined and evaluated using 0 = No, 1 = Partial, 2 = Yes
appropriate methods?

Were missing data, incomplete datasets, or study

Attrition Bias limitations adequately reported and addressed? 0=No, 1 =Partial, 2 = Yes
. . Were all expected outcomes, including limitations or _ _ . _
Reporting Bias negative findings, reported transparently? 0=No, 1 =Partial, 2 = Yes
Was the selected research design appropriate for the
Study Design Quality study objectives (e.g., empirical, quantitative, 0 = Poor, 1 = Moderate, 2 = High
mixed-method, or case study)?
) Was the sample size appropriate for the analytical or 0 = Inadequate, 1 = Moderate,

Sample Size Adequacy statistical methods employed? 2 = Adequate

Practical Validation

Was the proposed framework or technology evaluated
using real construction projects or documented field
implementation, rather than only simulation,
laboratory experiments, or conceptual analysis?

0 = No, 1 = Limited/Pilot, 2 = Yes

Scoring System: 0 = inadequate or not reported; 1 = partially reported or moderate quality; 2 = clearly
reported and methodologically adequate.

Risk of Bias Classification

e Low risk: Total score > 12 (maximum of 16)
e  Moderate risk: Total score 8-11
e  High risk: Total score <7

To address the concern that reported research findings may not necessarily reflect
established industry practice, the quality assessment also considered the level of practical
validation reported in each study. Studies based on real construction projects or docu-
mented field applications were distinguished from those relying primarily on simulation,
laboratory investigations, conceptual frameworks, or pilot implementations. This distinction
supported a more balanced interpretation of the available evidence throughout the review
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and helped differentiate reported research findings from broader industrial validation.
Detailed assessment criteria are provided in Appendix B.

2.2.4. Thematic Synthesis and Data Analysis

The retrieved data were analyzed using a thematic synthesis approach [50]. NVivo 15
software [51] was used to organize, code, and classify the principal themes and recurring
patterns identified across the included studies. Two reviewers independently conducted the
thematic coding using an initial coding framework developed from the review objectives
and refined iteratively during the analysis. To assess coding consistency, a random subset
of 40 studies (24% of the included studies) was independently coded by both reviewers.
Intercoder reliability was evaluated using Cohen’s kappa coefficient (x = 0.81), indicat-
ing substantial agreement. Any coding discrepancies were resolved through discussion
and consensus.

The thematic synthesis primarily examined four categories: (1) Lean Construction-
supported workflow management; (2) BIM- and Al-enabled coordination and decision
support; (3) construction quality outcomes; and (4) organizational readiness and digital
maturity. Sustainability and supporting technologies, including digital QA /QC system:s,
IoT-enabled monitoring, and digital twin applications, were analyzed only where they
directly supported integrated Lean-BIM—AI implementation. The synthesized evidence was
compared to identify recurring trends, implementation challenges, contradictory findings,
and the extent of practical validation reported across the included studies.

To evaluate the overall certainty of evidence, a modified Grading of Recommendations
Assessment, Development and Evaluation (GRADE) approach [52] was applied. Evidence
was assessed across five domains: risk of bias, inconsistency, indirectness, imprecision,
and publication bias, and was subsequently classified as high, moderate, low, or very
low certainty.

To develop the readiness-oriented framework presented in Section 3.8, the 163 included
studies were further classified according to organizational readiness. Studies were cate-
gorized as low, medium, or high readiness based on digital infrastructure, BIM adoption,
automation, and technology integration. Reported implementation pathways and quality-
related outcomes were compared across readiness levels. Two reviewers independently
coded a random subset of 40 studies (24% of the included studies), achieving substantial
agreement (Cohen’s ¥ = 0.79). Any disagreements were resolved through discussion and
consensus.

To support interpretation of the synthesized findings, an author-developed conceptual
figure was generated from the thematic coding and comparative analysis. Rather than
reproducing existing conceptual models, the figure integrates the recurring relationships
and implementation pathways identified across the included studies. It therefore serves
as an analytical visualization of the synthesized evidence and illustrates the integrated
Lean-BIM-AI framework proposed in this review.

2.2.5. Comparative Analysis

A comparative analysis was conducted to examine how integrated Lean Construction,
Building Information Modeling (BIM), and Artificial Intelligence (AI) have been applied
across different construction projects and organizational settings. Supporting technolo-
gies, including digital QA /QC systems, Iol platforms, and digital twin applications, were
considered only when they formed part of integrated Lean—-BIM-AI implementation.

The comparison focused primarily on construction quality outcomes, including de-
fect reduction, workflow reliability, schedule performance, and quality management.
Sustainability-related outcomes were examined only where they were directly associated
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with integrated Lean—-BIM-AI implementation. In addition, the analysis evaluated how
organizational readiness and digital maturity influenced technology adoption and imple-
mentation across different construction environments. Where reported, the evidence was
also compared according to the level of practical validation, distinguishing findings derived
from real construction projects from those based on simulation studies, pilot implementa-
tions, or conceptual investigations. This approach supported a more balanced interpretation
of the available evidence and reduced the risk of overgeneralizing research findings.

To facilitate interpretation of the comparative findings, an author-developed concep-
tual figure was generated from the thematic synthesis and comparative analysis of the
163 included studies. The figure was developed by the authors and was neither reproduced
nor adapted from any individual publication. Instead, it integrates the principal relation-
ships and implementation pathways identified across the reviewed studies and provides an
analytical visualization of the integrated Lean-BIM-AI framework proposed in this review.

3. Results

The systematic review synthesized evidence on the integration of Lean Construction,
Building Information Modeling (BIM), and Artificial Intelligence (AI), with particular
emphasis on their reported contribution to construction quality within Construction 4.0
environments. The findings were derived from the thematic synthesis of 163 included
studies using a standardized four-step procedure comprising NVivo-based thematic coding,
data extraction and aggregation, comparative analysis, and validation against the original
coded evidence.

The reviewed studies suggest that integrating Lean Construction with BIM- and Al-
enabled construction management has the potential to improve workflow coordination,
defect management, schedule reliability, and quality-related decision-making. However,
the reported outcomes varied across studies and were influenced by project characteristics,
organizational readiness, implementation maturity, and the level of practical validation. Sup-
porting technologies, including digital QA /QC systems, IoI-enabled monitoring, and digital
twin applications, were considered only where they supported integrated Lean-BIM—AI im-
plementation. Sustainability-related outcomes were synthesized as complementary findings
where they were directly associated with improvements in construction quality.

For clarity and systematic presentation, the synthesized findings are organized into
the following thematic categories.

3.1. Project Management Techniques

The reviewed studies indicate that Lean Construction and Building Information Mod-
eling (BIM) are complementary approaches for supporting construction quality and project
coordination. Lean Construction, particularly through the Last Planner System (LPS) [53],
has been reported to improve short-term planning, task coordination, and workflow stability.
Several case studies and project-based investigations further suggest that these practices
may reduce process variability and support more reliable project delivery under appropriate
implementation conditions. For example, Dallasega et al. [54] and Silva et al. [55] reported
that Lean planning practices were associated with improved schedule predictability, reduced
rework, and better quality management during project execution.

The literature also suggests that BIM is a key enabling technology for digital con-
struction management because it supports integrated information management, multidisci-
plinary coordination, and project visualization [56]. BIM-based three-dimensional mod-
elling and clash detection have been reported to facilitate the early identification of design
conflicts, which may reduce construction errors and unnecessary rework [56]. Shaqour [57]
further reported that BIM can improve stakeholder communication, decision-making, and
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resource allocation. However, the extent of these reported benefits varies according to
project characteristics, implementation maturity, and organizational capability.

Several reviewed studies indicated that projects integrating Lean Construction with
BIM generally reported better coordination and workflow management than studies exam-
ining either approach independently. Lean Construction contributed to workflow planning
and process stability, whereas BIM supported information exchange and project coordi-
nation. Nevertheless, much of the available evidence was derived from case studies, pilot
implementations, and project-specific investigations, while broader industrial validation
remains relatively limited.

The synthesized evidence suggests that Lean Construction and BIM provide comple-
mentary management and coordination functions within integrated Lean-BIM—-AI frame-
works. Lean Construction establishes structured workflow practices, whereas BIM provides
the digital information environment required to support Al-enabled analytics and decision-
making. These findings should be interpreted as reflecting the current state of published
research rather than universally validated industry practice.

3.2. Technology Integration

Previous studies suggest that integrating Building Information Modeling (BIM) and
Artificial Intelligence (AI), supported by Lean Construction principles, has the potential
to improve construction quality, project coordination, and data-driven decision-making
within Construction 4.0 environments. However, the reported outcomes vary across studies
and implementation contexts, with much of the available evidence originating from case
studies, pilot implementations, and simulation-based investigations rather than large-scale
industrial applications.

BIM-based monitoring systems have been reported to support information exchange,
project visualization, and quality management by facilitating real-time coordination and
verification of construction activities. Supporting technologies, including laser scanning,
reality capture, computer vision, and automated inspection systems, may further assist
defect detection and quality inspection by identifying deviations from design specifications
at earlier project stages [58,59]. Several studies also reported that BIM-integrated quality
monitoring frameworks can improve construction accuracy and support continuous quality
verification throughout the project life cycle [60].

The reviewed evidence further indicates that integrating Al and machine learning with
BIM may strengthen predictive decision-making, schedule planning, and risk assessment.
Al-supported analytics have been reported to assist project teams in identifying potential
issues before they develop into major operational problems. For example, Adejumobi [61]
reported that Al-enabled BIM systems improved forecasting accuracy and project moni-
toring within the investigated case studies. Nevertheless, broader industrial validation of
these integrated approaches remains limited, and their practical effectiveness is likely to
depend on project complexity, organizational capability, and implementation maturity.

Table 3 summarizes representative studies included in the systematic review and
highlights their objectives, methodologies, analytical approaches, and principal findings
related to Lean Construction, BIM integration, Al-supported construction management,
and construction quality. Overall, the reviewed evidence suggests that integrating Lean
Construction, BIM, and Al may improve project coordination and quality management
under appropriate implementation conditions, although the reported benefits should be
interpreted in light of the methodological diversity and varying levels of practical validation
across the included studies.
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Table 3. Comparative summary of selected studies related to integrated construction management

systems.
. Supports
Authors Aim R];Z':r;h Data (1:‘23)1: ction Reported Findings Authors’ Conclusion Present
& Study
Banerice Identified major
Chatta a]dh o Predict project Quantitative Survey project risks using Proposed a predictive Yes
ot alp [ 62]y Y performance risks questionnaire cross-analytical risk assessment model
’ machine learning
Optimize Reported improved Suggested potential
Ray et al. [63] time—cost—quality Case study Optlml;atlon pr0]ef:t optlmlza.tlon improvements in Yes
trade-off algorithm using a genetic schedule and cost
algorithm performance
Review Lean Reported that Lean Pg)i%}rlltlig?gefd;e};i
Garcés et al. . Literature Bibliographic Construction may pote -
[64] Construction review analysis reduce waste and Ppractices to improve Yes
systems . workflow
project delays
management
Prioritize agile . Reported that flexible Suggested agile
Arefazar et al. . Mixed Survey and . approaches may
construction . . workflows improved . . Yes
[65] : method interviews ) s improve project
strategies project adaptability .
responsiveness
Soni and Evaluate . Rep ortgd that Al has Concluded that Al
" . Systematic PRISMA-based potential to support )
Humanities Al-based project . . . ) may enhance project Yes
review literature search project planning and .
[66] management p . decision support
orecasting
. Reported improved Suggested agile
Ciric Lalic et al. gr?ﬁfjjl?tiaogriel Quantitative Cross-sectional project outcomes for methods are suitable Yes
[67] approaches survey agile approaches in for complex project
PP complex projects environments
Discuss igﬁ;ﬁzzﬁsﬁ Provided a conceptual
Gunduz and construction Applied Secondary evidence manasement practices  CverView supporting Yes
Almuajebh [68] management review synthesis grelate d}t)o construction
principles sustainability management theory
. Reported improved .
Zhong et al. App~ly bloc%(cham Blockchain data transparency and Suggested blockchgun
in quality Case study s o1 may support quality Yes
[69] prototype system  traceability within the s
management traceability
case study
Develop Rerf\g:ietgrli?gp ;?I:Ied Suggested integrated
Pan a?;lo]Zhang BIM-IoT—digital Case study BH:/[ anctl. loT predictive capabilities digital techr;olog}est Yes
twin framework mtegration within the proposed may support projec
management
framework
Optimize Reported balanced Sou%zlgr:tzeii:)ie
Bohra and prmize - Nonlinear cost, quality, and P
sustainability Quantitative . e approach may Yes
Verma [71] programming sustainability .
trade-offs o support project
objectives

decision-making

The available evidence suggests that technology integration has the potential to support
Construction 4.0 implementation by enabling intelligent monitoring, automated data pro-
cessing, and data-driven project control. Supporting technologies, including digital QA /QC
systems, Iol-enabled monitoring, and digital twin applications, may further strengthen
these capabilities when integrated within Lean-BIM—-AI implementation environments.
Several studies reported that integrated Lean—BIM—-AI frameworks achieved better quality
management, workflow coordination, and decision support than conventional management
approaches under the investigated conditions. However, these findings were primarily
derived from case studies, pilot implementations, and simulation-based investigations, and
broader industrial validation remains limited.
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3.3. Quality Control and Risk Management

The collective evidence suggests that quality control and risk management are im-
portant applications of integrated Lean-BIM—-AI frameworks for supporting construc-
tion quality. Digital quality management approaches have been reported to facilitate
earlier defect identification, compliance verification, and proactive risk assessment dur-
ing construction projects. However, the reported effectiveness varies across studies and
implementation contexts.

Supporting technologies, including laser scanning, reality capture, computer vision,
and automated inspection systems, have been applied to assist continuous quality verifica-
tion and compliance with design specifications. Saha et al. [72] reported that BIM-integrated
quality monitoring frameworks improved construction accuracy and supported real-time
quality assessment within the investigated projects. These approaches were generally
associated with improved defect detection, although broader validation across diverse
construction environments remains limited.

The reviewed evidence further indicates that integrating Al and machine learning with
BIM may support predictive risk assessment, schedule planning, and the early identification
of potential project disruptions [73]. Al-supported analytical tools have been reported to as-
sist project teams in recognizing emerging risks and supporting decision-making under the
investigated conditions [74]. Similarly, Shetty et al. [75] reported that Al-enabled BIM sys-
tems improved forecasting accuracy, project monitoring, and workflow management within
the reported case studies. Nevertheless, additional evidence from large-scale industrial
implementation is required to confirm the generalizability of these findings.

The current body of evidence suggests that integrating BIM-enabled monitoring with
Al-supported analytics, supported by Lean Construction principles, has the potential to
strengthen construction quality management and risk assessment. These findings should
be interpreted in the context of the available evidence, which is derived predominantly
from case studies, pilot implementations, and project-specific investigations rather than
widespread industry adoption.

3.4. Combined Effects of Project Management Techniques

One of the principal observations from this review is that the published literature
increasingly examines the integration of Lean Construction, Building Information Model-
ing (BIM), and Artificial Intelligence (AI) as complementary components of digital con-
struction management. Although earlier studies frequently investigated these approaches
independently [76], more recent research has explored their combined application for
supporting construction quality and Construction 4.0 implementation.

The reviewed literature indicates that integrating Lean Construction with BIM- and
Al-enabled construction management has the potential to improve project coordination,
communication, resource allocation, and data-driven decision-making under appropri-
ate implementation conditions [77]. Lean Construction contributes structured workflow
planning and collaborative management, BIM supports information integration and visual-
ization, and Al provides predictive analytics and decision-support capabilities. However,
the reported outcomes vary across studies and project environments, and much of the
available evidence is based on case studies, pilot implementations, or simulation-based
investigations rather than large-scale industrial deployment.

To further examine the relationships among these domains, NVivo-based thematic
analysis was conducted to identify recurring concepts and research trends across the selected
studies [78,79]. The identified nodes were grouped into four principal thematic categories:
project management techniques, construction quality, risk management, and technology
integration. This classification provided a structured basis for examining how integrated
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Lean-BIM-AI frameworks have been reported to support construction quality and digital
construction management.

Table 4 summarizes the NVivo-based thematic coding and node classification. In-
novation and technology-related themes, particularly those associated with BIM, Al and
integrated digital construction management, accounted for the highest number of coded
references. Supporting technologies, including digital QA /QC systems, IoI-enabled moni-
toring, and digital twin applications, were primarily identified as implementation enablers
rather than independent technology domains. Overall, the thematic synthesis indicates
increasing research interest in integrated Lean-BIM—-AI frameworks, although the reported
findings should be interpreted with consideration of the varying methodological approaches
and limited industrial validation across the included studies.

Table 4. NVivo-based thematic coding and node classification of selected studies.

Code Name Representative Nodes Frequency Representative Studies
Project Management Planning, Scheduling, Workflow
. L 15 [80,81]
Techniques Coordination
. . Monitoring, Evaluation, Defect
Construction Quality Detection, Continuous Monitoring 1 [82-84]
. Risk Identification, Predictive
Risk Management Analytics, Risk Mitigation 1 [85,86]
Labor Allocation, Material Efficiency,
Resource Management Cost Control, Sustainability 15 [87]
Technology Integration BIM, Al Digital Twin, IdT, 18 [88,89]

Automation

3.5. Variations Across Project Types and Contexts

The reported outcomes of integrated Lean-BIM—-AI frameworks vary according to
project type, organizational capability, and regional context. More favorable outcomes
were generally reported in large commercial, industrial, and infrastructure projects with
relatively advanced digital infrastructure, experienced personnel, and greater organizational
resources. Several studies suggested that BIM-enabled coordination and Al-supported
analytics are particularly applicable to complex projects requiring extensive stakeholder
coordination, information management, and timely decision-making [90]. However, the
reported findings differ across projects and should be interpreted in light of the varying
methodological approaches and implementation conditions.

In contrast, studies conducted in residential projects and resource-constrained envi-
ronments frequently reported more limited implementation of advanced digital technolo-
gies. High implementation costs, limited technical expertise, insufficient digital infras-
tructure, and organizational resistance were commonly identified as barriers to adopting
integrated Lean—BIM-AI frameworks, particularly in developing regions and small-scale
projects [91,92]. These findings suggest that organizational readiness and digital maturity
are important contextual factors influencing technology adoption.

The project complexity, stakeholder collaboration, organizational readiness, and digital
capability may influence the reported implementation outcomes of integrated Lean—-BIM-AI
frameworks. Projects with stronger coordination mechanisms and more mature digital
environments generally reported better construction quality and project coordination than
those relying primarily on conventional management practices. Nevertheless, relatively few
studies evaluated these technologies through long-term industrial implementation, and
broader validation across diverse construction settings remains limited.
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Table 5 summarizes the principal themes, implementation trends, and supporting
studies identified during the systematic review. Innovation and technology-related themes
were frequently associated with BIM, Al and integrated digital construction management,
while supporting technologies, including digital QA /QC systems, IoI-enabled monitor-
ing, and digital twin applications, were primarily discussed as implementation enablers.
Overall, the reviewed evidence suggests increasing research interest in integrated Lean—
BIM-AI frameworks, although the reported outcomes vary according to project context,
organizational readiness, and the level of practical validation.

Table 5. Major themes, trends, and supporting studies identified in the systematic review.

Themes Sub-Themes Major Trends Explanation References
Digital planning has been
Increasing use of BIM reported to support workflow
Project Management Planning and and di itfl schedulin coordination and may reduce [92]
Techniques Scheduling gs stems & project delays under
y appropriate implementation
conditions.
Real-time monitoring has been
. Monitoring and Growing adoption of rep ort(.ed to support c.lefect
Quality Control ¢ o detection and compliance [61]
Evaluation digital QA /QC systems e b .
verification during
construction activities.
Increasing emphasis on Several studies reported
Resource Labor and Material sustainable and H?r}:fg:eistizurfg.sct;flsl?;ﬁn [93]
Management Allocation cost-efficient resource 18 Projecss
utilization higher levels of digital
implementation.
Increasing application Al-supported systems have
Risk Manacement Risk Identification and  of predictive analytics been reported to assist [94]
& Mitigation and Al-supported forecasting and risk assessment
systems in the investigated projects.
) Integrated digital technologies
Innovation and BIM, Al IoT, irign;;?;lcle(é 5323:;3;(; have been reported to support [95]
Technology Automation i 0 technologies project monitoring and
' & data-driven decision-making.
Several studies reported that
Integration of digital m:fr%riletz?eite:g ;E%_AI
Sustainability Waste Reduction and technologies with contriblljlte to waste Te du};tion [96]
Performance Life-Cycle Quality sustainable

construction practices

and sustainability-related
outcomes under appropriate
project conditions.

3.6. Evidence Mapping of Management Techniques and Quality Outcomes

The integrated Lean-BIM-AI frameworks have the potential to support construction
quality through complementary management, coordination, and analytical capabilities.
Lean Construction was frequently associated with improved workflow planning, reduced
schedule variability, collaborative management, and process stability [97,98]. These re-
ported benefits may contribute to improved construction quality by supporting more struc-
tured project execution under appropriate implementation conditions.
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Overall, the evidence suggests that BIM supports stakeholder communication, infor-
mation integration, clash detection, and project visualization throughout the construction
process. Several studies reported that BIM-assisted coordination was associated with re-
duced design conflicts, lower levels of rework, and improved decision-making within the
investigated projects [99,100]. However, the reported outcomes varied according to project
characteristics, organizational capability, and implementation maturity.

Al-supported construction management systems were primarily applied to predictive
analytics, risk assessment, schedule planning, and decision support. The reviewed studies
reported that Al-assisted approaches may help identify potential quality deviations and
project risks at earlier stages of project delivery [61]. Nevertheless, much of the avail-
able evidence was derived from case studies, pilot implementations, or simulation-based
investigations, and broader industrial validation remains limited.

Supporting technologies, including digital QA /QC systems, loI-enabled monitor-
ing, digital twin applications, and blockchain-based quality management tools, were pri-
marily reported as implementation enablers that support integrated Lean—-BIM—-AI frame-
works by facilitating data acquisition, quality verification, monitoring, and information
traceability [101].

The qualitative ratings presented in Table 6 were derived from the proportion of
included studies reporting positive outcomes for each management technique and perfor-
mance indicator. These ratings provide a comparative synthesis of the reviewed literature
and should not be interpreted as direct measures of industry-wide performance or uni-
versal effectiveness. Rating categories were defined as Low (0-25%), Medium (26-50%),
High (51-75%), and Very High (76-100%) based on the percentage of studies reporting
positive outcomes.

Table 6. Evidence mapping of project management techniques and quality outcomes.

Technique Defect Rework Schedule Cost Safety Sustainabili Digital
9 Reduction Control Reliability Performance Improvement ty Readiness
Congzirétion High High Very High High Moderate Moderate Medium
BIM Very High High High High Moderat High High
Coordination ery Hig ig ig ig oderate ig ig
Digital QA/QC Very High Very High Moderate High High Moderate High
Al-Based . . . . . .
Systems High High Very High High High Moderate Very High
Integrated . . . . . . .
Lean—%IM— Al Very High Very High Very High High High High Very High

Note: The ratings are based on the proportion of included studies reporting positive outcomes for
each management technique and performance indicator. They provide a qualitative synthesis of the
reviewed literature and should not be interpreted as direct measures of industry-wide effectiveness or
universal performance. Low = 0-25%, Medium = 26-50%, High = 51-75%, and Very High = 76-100%
of the included studies reporting positive outcomes. Inter-rater reliability for the evidence mapping
was substantial (Cohen’s x = 0.82).

Table 6 summarizes the reported evidence across the principal management techniques.
Lean Construction was frequently associated with workflow planning and schedule relia-
bility, BIM with project coordination and quality management, and Al-supported systems
with predictive analytics and decision support. Integrated Lean-BIM—-AI implementation
generally received the highest qualitative ratings across the synthesized evidence; however,
these ratings reflect the collective findings of the reviewed studies and should be interpreted
with consideration of the methodological diversity and limited industrial validation of the
available literature.
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Integrated Lean-BIM-AI frameworks have the potential to support construction quality
more effectively than approaches examining individual management techniques in isolation.
Nevertheless, much of the available evidence was derived from case studies, pilot imple-
mentations, simulation-based investigations, or project-specific applications rather than
large-scale industrial deployment. Consequently, additional longitudinal and multi-project
validation studies are required before these reported benefits can be generalized across the
wider construction industry.

3.7. Integrated Lean-BIM-AI-QA /QC Performance Pathway

The synthesized evidence suggests that integrating Lean Construction, Building In-
formation Modeling (BIM), and Artificial Intelligence (AI) has the potential to support
construction quality more effectively than implementing these approaches independently.
Within the reviewed studies, Lean Construction was primarily associated with structured
workflow planning, collaborative coordination, and process stability. BIM was reported to
support project coordination through visualization, clash detection, and integrated infor-
mation management, while Al was applied to predictive analytics, risk assessment, and
data-driven decision support.

Several reviewed studies reported that fragmented management systems were associ-
ated with delays, rework, communication challenges, and inconsistent quality outcomes [102].
Similarly, limited integration between digital technologies and field operations was reported
to constrain implementation effectiveness in some projects [103]. In contrast, studies investi-
gating integrated Lean—BIM-AI implementation generally reported improved coordination,
information exchange, and decision support under the investigated conditions.

The included studies suggest a sequential implementation pathway. Lean Construction
provides the management structure for workflow planning and process coordination. BIM
supports information integration, visualization, and clash detection, while Al analyzes
project data to assist risk assessment and decision-making. Supporting technologies, includ-
ing digital QA /QC systems, IoI-enabled monitoring, and digital twin applications, were
primarily reported as implementation enablers that facilitate real-time data acquisition,
quality verification, and project monitoring.

The available evidence suggests that integrated Lean—-BIM-AI implementation may
contribute to improved construction quality, more reliable project coordination, and more
effective digital construction management. However, the reported outcomes varied across
studies and were influenced by project characteristics, organizational readiness, digital
maturity, and implementation conditions. Moreover, much of the available evidence was
derived from case studies, pilot implementations, and simulation-based investigations
rather than long-term industrial applications.

Several studies also reported potential long-term benefits associated with reduced
rework, improved resource utilization, and enhanced life-cycle performance. Nevertheless,
additional longitudinal and multi-project investigations are needed to verify these reported
benefits across diverse construction environments and establish their broader applicability
in industry.

3.8. Readiness-Based Implementation Framework

The readiness-based framework proposed in this review extends existing maturity
models by providing guidance on technology adoption according to organizational ca-
pability rather than solely describing digital maturity levels. The synthesized evidence
suggests that the reported implementation of integrated Lean-BIM—-AI frameworks is influ-
enced by organizational readiness, workforce competence, and digital infrastructure [104].
Because construction organizations differ considerably in terms of digital capability, finan-
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cial resources, and technical expertise, technology adoption pathways should be selected
according to organizational readiness and project context.

Projects with low digital readiness are typically characterized by limited digital infras-
tructure, manual quality management procedures, and conventional project management
practices. The reviewed studies suggest that Lean Construction provides a practical starting
point for improving workflow planning, collaboration, and project coordination in these
environments [105]. However, the reported outcomes vary according to organizational
commitment and implementation capability.

Projects with medium digital readiness frequently incorporate BIM-based coordination
systems, digital scheduling platforms, and software-supported communication tools. The
reviewed evidence indicates that BIM may support visualization, clash detection, informa-
tion management, and stakeholder coordination. Nevertheless, implementation outcomes
remain dependent on workforce capability, organizational commitment, and implementa-
tion maturity, particularly within small and medium-sized construction enterprises [106].

Organizations with higher levels of digital readiness generally possess more advanced
digital infrastructure, stronger workforce capability, and established data management
systems. These organizations may be better positioned to implement integrated Lean—
BIM-AI frameworks supported by IoI-enabled monitoring, digital twin applications, and
digital QA/QC systems. The reviewed studies reported that these integrated approaches
have the potential to support predictive decision-making, construction quality, and digital
construction management under appropriate implementation conditions.

Table 7 was developed from the reviewed literature and is based on 90 studies (55.2%
of the included studies) that reported sufficient contextual information for readiness clas-
sification. Among these studies, 23 (25.6%) represented low-readiness environments,
41 (45.6%) represented medium-readiness environments, and 26 (28.9%) represented
high-readiness environments.

Table 7. Readiness-based implementation framework for construction projects.

Readiness Level Characteristics Recommenfled Reported Implementation Focus
Technologies
. Limited digital skills and Lean planning, manual Improved workflow coordination
Low Readiness . . .
infrastructure QA/QC and project planning
Medium Readiness Moderate BIM and BIM coordination, digital Enhanced information

software capability scheduling management and clash detection

. . Advanced digital systems Al IoT, digital twin, Predictive decision support and

High Readiness . . . .
and Al integration automated QA/QC integrated digital management

The proposed implementation pathways were synthesized from the reported technol-
ogy adoption patterns across these readiness categories. Lean-based planning approaches
were reported in 20 of the 23 low-readiness studies (87%), BIM coordination systems in
34 of the 41 medium-readiness studies (83%), and integrated Lean-BIM—-AI frameworks
supported by advanced monitoring technologies in 24 of the 26 high-readiness studies
(92%). Reported quality improvements ranged from 24% to 67%, depending on project
characteristics, organizational capability, and workforce competence [107]. These values
summarize the findings reported in the reviewed studies and should not be interpreted as
universally achievable outcomes.
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Organizational readiness is an important consideration when selecting technology
adoption pathways for Construction 4.0 implementation. The proposed framework provides
a structured interpretation of the synthesized literature and is intended to support decision-
making rather than prescribe universally applicable implementation strategies. Accordingly,
the framework should be regarded as a conceptual synthesis of the current evidence rather
than a validated decision-support model. Additional validation through longitudinal, multi-
project, and cross-organizational industrial studies is required to evaluate its generalizability
and broader applicability across diverse construction environments.

3.9. Sustainability and Life-Cycle Quality Implications

The available evidence suggests that integrated Lean-BIM—AI frameworks have the
potential to support not only construction quality but also sustainability-related outcomes
throughout the project life cycle. Within the reviewed studies, Lean Construction was
frequently associated with improved workflow planning and reduced process inefficiencies,
while BIM was reported to support resource coordination, design accuracy, and information
management. Collectively, these approaches were reported to reduce rework and improve
resource utilization under appropriate implementation conditions.

Several studies identified rework, poor coordination, and inefficient resource manage-
ment as important contributors to material waste, energy consumption, and environmental
impacts in construction projects. Taher et al. [108] reported that Lean practices were associ-
ated with reduced material waste and improved workflow coordination through structured
planning. Similarly, Toochukwu [109] reported that BIM-enabled digital construction
technologies supported improved resource management and project delivery within the
investigated projects. Early identification of design conflicts and quality deviations was
also reported to have the potential to reduce maintenance requirements and operational
inefficiencies throughout the service life of infrastructure assets [110].

Al-supported systems may contribute to sustainability by assisting with predictive
analytics, maintenance planning, and asset management. Several studies reported that
Al-assisted approaches supported the early identification of maintenance requirements,
operational risks, and quality deviations, which may contribute to improved infrastructure
durability and life-cycle performance under the investigated conditions [111].

Figure 2 presents an author-developed conceptual framework illustrating the rela-
tionships among technology integration, construction quality, and sustainability identified
through the thematic synthesis of the reviewed literature [112]. The framework highlights
organizational, technical, and environmental factors that may collectively influence con-
struction quality and sustainability performance [113]. Organizational factors, including
collaboration, stakeholder coordination, and life-cycle cost management, support tech-
nology implementation [114,115], while technical and environmental factors provide the
context for digital monitoring, quality management, and resource efficiency.

The sustainability-related outcomes are more frequently reported when Lean Con-
struction, BIM, and Al are implemented as complementary components of an integrated
construction management approach rather than as isolated technologies. However, the
reported findings are derived predominantly from case studies, pilot implementations,
and simulation-based investigations. Additional longitudinal and large-scale industrial
studies are therefore needed to verify the long-term sustainability and life-cycle benefits of
integrated Lean-BIM-AI implementation across diverse construction environments.
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Figure 2. Author-developed synthesis illustrating technology integration and quality management
relationships identified from the thematic synthesis of 163 included studies.

3.10. Al-Based Performance Assessment Opportunities

Artificial Intelligence (AI) has considerable potential to support construction quality
assessment, predictive monitoring, and decision-making within integrated Lean-BIM-AI
frameworks. The included studies reported that Al-supported systems can analyze large
volumes of project data to assist quality management, schedule planning, risk assessment,
and project monitoring. However, the reported outcomes vary across studies and imple-
mentation contexts, and broader industrial validation remains limited [116].

Al-based performance assessment uses machine learning and predictive analytics to
identify potential construction risks, schedule delays, and quality deviations by analyzing
historical and real-time project data [117]. The reviewed evidence further indicates that
integrating AI with BIM, IoT, and digital QA/QC systems may support project monitoring
and automated inspection. Computer vision and sensor-based technologies were frequently
applied to identify deviations from design requirements and support quality verification
under the investigated conditions.

Despite these reported benefits, the reviewed studies consistently identified several
implementation challenges, including high investment costs, limited availability of skilled
personnel, data quality and security concerns, and organizational resistance to technological
change. These barriers were particularly evident in developing regions and organizations
with lower levels of digital readiness. Consequently, the practical adoption of Al remains
dependent on organizational capability, implementation maturity, and project context.
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Table 8 summarizes the principal Al applications identified in the reviewed studies. Al-
supported systems were most frequently applied to predictive monitoring, defect detection,
schedule forecasting, and decision support. These applications were generally reported
within case studies, pilot implementations, and project-specific investigations rather than
large-scale industrial deployment.

Table 8. Al applications in construction project performance assessment.

Al Application

Function Reported Application

Risk Prediction

Supports risk assessment and project

Forecast delays and operational failures .
planning

Defect Detection

Identify construction quality deviations Assists quality inspection and defect

identification
Schedule Forecasting Predict timeline and workflow changes Supports schedule planning
Quality Scoring Evaluate project quality performance Assists quality assessment
Decision Support Assist project managers in planning Supports data-driven decision-making

Machine learning, predictive analytics, and computer vision constitute the principal
Al technologies applied in construction management. Machine learning algorithms analyze
project data to identify recurring patterns, predictive analytics supports forecasting of project
risks and schedule performance, and computer vision assists quality inspection through
image-based analysis. Several studies further reported that integrating Al with BIM and
IoT may improve data availability and support digital construction management [118,119].

The output of these Al applications commonly includes risk alerts, quality assessments,
schedule forecasts, and decision-support information for project managers. Rane et al. [120]
reported that Al-supported digital solutions improved project monitoring and quality
management within the investigated projects. Overall, the synthesized evidence suggests
that Al has considerable potential to support construction quality and digital construc-
tion management when implemented as part of integrated Lean-BIM-AI frameworks.
Nevertheless, additional longitudinal and multi-project industrial studies are required
to establish the broader effectiveness and scalability of these technologies across diverse
construction environments.

3.11. Summary of Key Findings

The integration of Lean Construction, Building Information Modeling (BIM), and
Artificial Intelligence (AI) has the potential to support construction quality within Con-
struction 4.0 environments. Across the reviewed studies, Lean Construction was frequently
associated with improved workflow planning and process stability, BIM with enhanced
project coordination, visualization, and information management, and Al with predictive
analytics, risk assessment, and decision support. Several studies further reported that
integrated Lean-BIM-AI implementation was associated with more favorable construction
quality outcomes than approaches investigating these technologies individually. However,
the reported findings varied across studies and implementation contexts.

Supporting technologies, including digital QA /QC systems, IoI-enabled monitoring,
and digital twin applications, were primarily identified as implementation enablers that
facilitate integrated Lean-BIM-AI deployment. The reviewed evidence also indicates that
organizational readiness, workforce competence, digital infrastructure, and implementation
maturity are important contextual factors influencing the reported outcomes. Overall, the
findings suggest that integrated Lean-BIM-AI frameworks have the potential to support con-
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struction quality and complementary sustainability-related outcomes. Nevertheless, much
of the available evidence is derived from case studies, pilot implementations, simulation-
based investigations, and project-specific applications, highlighting the need for additional
large-scale industrial validation before these reported benefits can be generalized across the
wider construction industry.

4. Discussion
4.1. Impact of Integrated Project Management Techniques on Building Quality

The findings of this systematic review indicate that the integration of Lean Construc-
tion, Building Information Modeling (BIM), and Artificial Intelligence (Al) represents a
significant advancement in digital construction management by combining process op-
timization, digital information management, and intelligent decision support within a
unified project delivery framework. Rather than functioning as isolated technologies, these
approaches demonstrate complementary capabilities that collectively enhance construction
quality, improve interdisciplinary collaboration, reduce process variability, and support
data-driven decision-making throughout the project life cycle. This integrated paradigm
is consistent with the broader objectives of Construction 4.0, where digital technologies
are increasingly employed to improve productivity, quality assurance, and operational
efficiency while enabling more resilient and sustainable project delivery [121-123].

Lean Construction primarily contributes by improving workflow reliability through
collaborative planning, continuous process improvement, and waste elimination. The
reviewed evidence confirms that Lean principles, particularly the Last Planner System
(LPS), significantly improve planning accuracy, task coordination, and schedule reliability
while reducing non-value-adding activities and construction rework. However, the present
review also demonstrates that Lean methodologies alone are insufficient to manage the
increasing complexity of modern construction projects, particularly those involving mul-
tidisciplinary coordination, large volumes of digital information, and rapidly changing
project conditions. Similar observations have been reported in recent studies, which argue
that Lean practices achieve substantially greater benefits when integrated with digital tech-
nologies capable of providing real-time project information and supporting collaborative
decision-making [121,122,124].

Building Information Modeling complements Lean Construction by providing an
integrated digital environment that supports information sharing, three-dimensional vi-
sualization, clash detection, multidisciplinary coordination, and life-cycle information
management. The reviewed studies consistently demonstrate that BIM facilitates earlier
identification of design conflicts, improves communication among project stakeholders,
and reduces design-related errors before construction begins. These capabilities contribute
directly to higher construction quality, lower rework rates, and improved schedule perfor-
mance. Nevertheless, the effectiveness of BIM implementation remains strongly influenced
by organizational maturity, interoperability between software platforms, data standard-
ization, and workforce competency. Several investigations further indicate that small and
medium-sized enterprises continue to experience considerable barriers to BIM adoption
because of high implementation costs, limited technical expertise, inadequate digital infras-
tructure, and resistance to organizational change [122,124-126]. Consequently, successful
BIM implementation depends not only on software availability but also on organizational
readiness, standardized workflows, and sustained investment in digital capacity building.

Artificial Intelligence represents the analytical component of the integrated framework
by transforming large volumes of project data into actionable knowledge that supports pre-
dictive scheduling, quality assessment, automated defect detection, resource optimization,
and construction risk management. Unlike conventional monitoring approaches, Al-enabled

https://doi.org/10.3390/buildings16214389


https://doi.org/10.3390/buildings16214389

Buildings 2026, 16, 4389

23 of 44

systems continuously analyze historical and real-time project information to identify emerg-
ing deviations before they develop into significant operational problems. Machine learning
algorithms, computer vision systems, and predictive analytics have demonstrated consid-
erable potential for improving quality inspection, progress monitoring, and maintenance
planning across various construction environments. Nevertheless, the reviewed literature
consistently emphasizes that Al currently performs most effectively as a decision-support
technology rather than an autonomous replacement for engineering judgement. Human
expertise remains essential for interpreting Al-generated recommendations, validating
analytical outputs, and incorporating contextual knowledge into final project decisions.
Moreover, issues relating to data quality, algorithm transparency, cybersecurity, model
explainability, and ethical governance continue to represent major barriers to widespread
industrial adoption [123,127].

Another important finding emerging from this review concerns the influence of organi-
zational context on implementation success. Although integrated Lean—-BIM—-AI frameworks
generally reported superior performance compared with conventional project management
approaches, these improvements were neither uniform nor universally achievable. Organi-
zations possessing mature digital infrastructure, experienced personnel, strong leadership
commitment, and well-established collaborative cultures consistently achieved better imple-
mentation outcomes than organizations operating under financial constraints or limited
technological capability. In developing economies, fragmented digital infrastructure, in-
sufficient workforce training, organizational resistance, and limited investment frequently
constrained the practical realization of Construction 4.0 initiatives. These observations
support recent studies recommending staged, readiness-based implementation strategies
that align technology adoption with organizational capability rather than pursuing rapid
digital transformation without adequate institutional preparation [124,126-128].

Despite the encouraging findings reported throughout the reviewed literature, the over-
all evidence base should be interpreted with appropriate caution. A substantial proportion
of the available studies relied on case studies, pilot projects, simulation-based investigations,
laboratory experiments, or organization-specific implementations, with comparatively few
studies reporting long-term industrial validation across multiple projects and geographical
regions. Furthermore, approximately one-third of the reviewed studies documented only
partial implementation success or reported implementation challenges that limited the antic-
ipated improvements in quality, productivity, or project performance [125]. These findings
suggest that technological capability alone does not guarantee successful digital transfor-
mation. Instead, implementation outcomes depend on the interaction among technological
readiness, organizational culture, managerial commitment, workforce competence, data
governance, and continuous organizational learning [127-129].

Overall, the evidence synthesized in this review supports the conclusion that integrated
Lean-BIM-AI frameworks offer substantial potential for improving construction quality
and enabling more intelligent project management within Construction 4.0 environments.
However, their effectiveness is contingent upon organizational readiness, digital maturity,
interdisciplinary collaboration, and sustained managerial support. Future research should
therefore move beyond proof-of-concept demonstrations toward large-scale longitudinal
studies that evaluate implementation performance across diverse organizational settings,
project types, and regional contexts. Such investigations are essential for establishing
robust empirical evidence regarding the long-term effectiveness, scalability, and industrial
applicability of integrated digital construction management systems [128,129].
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4.2. Role of Digital Technologies and Al in Construction 4.0

Digital transformation has become a defining characteristic of Construction 4.0, fun-
damentally changing how construction projects are planned, monitored, and managed.
Rather than serving only as technological innovations, Building Information Modeling
(BIM), Artificial Intelligence (Al), Internet of Things (IoT'), digital twins, and digital quality
management systems collectively establish an intelligent project environment that supports
collaboration, real-time information exchange, predictive analysis, and evidence-based
decision-making. Recent studies indicate that integrating these technologies improves
project transparency, enhances operational efficiency, and strengthens quality management
throughout the construction life cycle [130,131].

Artificial Intelligence has emerged as one of the most influential technologies within this
digital ecosystem because of its ability to process large volumes of project data and identify
complex patterns that are difficult to detect using conventional management approaches.
Machine learning algorithms, deep learning techniques, and predictive analytical models
have been increasingly applied to forecast schedule delays, assess construction risks, identify
quality defects, and optimize resource allocation. These capabilities enable project teams to
shift from reactive management toward proactive decision-making by identifying potential
problems before they significantly affect project performance. Previous investigations have
reported that Al-assisted forecasting improves project planning accuracy, enhances quality
monitoring, and supports more effective risk management, particularly when integrated
with BIM and other digital platforms [126,127,130,132].

Despite these advantages, Al implementation remains closely associated with several
organizational and technical challenges. Construction data are frequently fragmented, in-
consistent, and generated from multiple independent stakeholders using different software
platforms and reporting standards. As a result, prediction accuracy is strongly influenced
by data completeness, standardization, and interoperability. Several studies have demon-
strated that poor-quality datasets substantially reduce the reliability of AI models and
limit their practical value during project execution. Furthermore, algorithm transparency
remains an important concern because many machine learning models function as complex
black-box systems whose decision-making processes are difficult for practitioners to inter-
pret. Improving data governance, developing explainable Al techniques, and establishing
standardized digital workflows therefore remain essential priorities for successful industrial
implementation [133,134].

Another important consideration is the relationship between Al and professional ex-
pertise. Current evidence indicates that Al performs most effectively when supporting
engineers and project managers rather than replacing them. Construction projects involve
numerous technical, contractual, environmental, and human factors that cannot be fully
represented by computational models alone. Professional judgement remains necessary
for validating Al-generated recommendations, interpreting project-specific conditions, and
making final management decisions. Consequently, Al should be regarded as a comple-
mentary analytical tool that strengthens human decision-making instead of functioning as
an autonomous management system [132,135].

Building Information Modeling continues to provide the digital foundation that en-
ables effective integration of Construction 4.0 technologies. Beyond three-dimensional
visualization, BIM facilitates multidisciplinary coordination, information sharing, clash
detection, quantity management, and life-cycle documentation. The reviewed studies con-
sistently report that BIM reduces design conflicts, improves communication among project
stakeholders, and enhances construction quality by providing accurate and continuously
updated project information. However, these benefits are strongly influenced by imple-
mentation quality, software interoperability, workforce competency, and organizational
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commitment. Small and medium-sized enterprises continue to experience slower BIM
adoption because of high implementation costs, limited technical expertise, and insufficient
digital infrastructure, particularly within developing countries [128,136].

Supporting technologies, including digital QA /QC systems, IoI-enabled sensors, com-
puter vision, laser scanning, and digital twin platforms, further enhance the capabilities of
integrated construction management systems. Continuous monitoring through IoT devices
provides real-time project information, while computer vision and automated inspection
technologies improve defect identification and compliance verification. Digital twins extend
these capabilities by linking physical assets with virtual models that support performance
monitoring, predictive maintenance, and life-cycle management. Although these tech-
nologies significantly improve project visibility and information availability, successful
implementation depends on reliable communication networks, cybersecurity protection,
standardized data exchange protocols, and long-term system maintenance [137].

The effectiveness of digital transformation is determined not only by technological
capability but also by organizational readiness. Construction organizations possessing
advanced digital infrastructure, skilled personnel, supportive leadership, and established
innovation strategies consistently achieve superior implementation outcomes compared
with organizations facing financial limitations, inadequate technical expertise, or resis-
tance to organizational change. These observations indicate that successful Construction
4.0 implementation requires strategic planning, continuous workforce development, and
phased technology adoption that aligns with organizational capability. Simply investing in
advanced digital technologies does not guarantee improved project performance unless
appropriate management practices and organizational support mechanisms are simultane-
ously established [124,138].

Table 9 summarizes the principal digital technologies discussed in the reviewed studies
and highlights their complementary contributions to integrated construction management.
Lean Construction improves workflow reliability and collaborative planning, BIM strength-
ens information management and multidisciplinary coordination, digital QA /QC systems
support continuous quality verification, Al enhances predictive analytics and decision
support, while IoT and digital twin technologies enable real-time monitoring and intelligent
asset management. Their combined implementation creates a comprehensive digital ecosys-
tem capable of supporting higher construction quality, improved project coordination, and
more informed managerial decision-making [130,136,138].

Table 9. Comparative discussion of digital technologies in construction management.

Contribution to

Technology Primary Functions Major Advantages Implementation Construction Representative
Challenges . References
Quality
Requires
. Improves schedule organizational Reduces rework,
Collaborative e > .
lanning, workflow reliability, reduces commitment, cultural improves workflow
Lean Construction planiing, process variability, change, and stability, and [64,129]
optimization, waste N .
. enhances team continuous enhances project
reduction ; . L
collaboration improvement coordination
practices
Information Enhances Improves design
integration, communication, High implementation quality, reduces
Building Information visualization, clash minimizes design cost, interoperability construction errors,
: . . : [122,130]
Modeling (BIM) detection, conflicts, supports issues, shortage of and supports
multidisciplinary life-cycle information skilled personnel collaborative
coordination management decision-making
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Table 9. Cont.
. Contribution to .
Technology Primary Functions Major Advantages Implementation Construction Representative
Challenges . References
Quality
Automated Dependence on Improves defect
inspection. qualit Enables continuous reliable digital detection, quali
Digital QA/QC }zferi fica’tilon ¥y quality assessment infrastructure and consister{cq arutiy [131]
Systems com hance’ and rapid defect standardized ro ulat(})l;
P . identification inspection 8 1oty
monitoring compliance
procedures
Supports proactive Data quality issues, -
Predictive analytics, management, limited model Eﬁ?ncﬁfﬁ;ﬂtﬁ:ﬁ
Artificial Intelligence risk assessment, improves forecasting transparency, q ar?;l su <g)rts [123,132]
(AI) schedule forecasting, accuracy, and cybersecurity . PP . w
e o - informed managerial
decision support optimizes project concerns, workforce i
: decisions
planning acceptance
Real-time sensing, . . Sensor reliability, o
. Provides continuous L Improves monitoring
Internet of Things equipment project monitoring communication accuracy and
monitoring, A . stability, ) [30,133]
(IoT) . and immediate data . supports timely
environmental data availabili cybersecurity, intervention
collection ty maintenance costs
Virtual High computational
representation of Supports real-time gre uir(fments Enhances operational
physical assets, visualization, asset .q . quality, predictive
. : integration :
Digital Twin performance management, and complexity maintenance, and [134,135]
s1mu1.at1'on, h'fe-.cycl.e large-scale data long-term asset
predictive optimization performance
maintenance management
Automated visual Accelerates Sensitive to lighting Improves defect
Computer Vision inspection and defect inspection processes conditions, image detection accuracy [136]
P P recoenition and reduces manual quality, and training and construction -
& inspection workload datasets quality monitoring
. Provides the highest
Intelligent project Combines process Requires mature potential for
Lo optimization, digital o . ;
Integrated planning, integrated collaboration. and digital infrastructure, improving
Lean-BIM_AT information intelligent analytics 1r.1teroperab1hty, con.structlon .qua}lty, [137-139]
Framework management, into a unified skilled workforce, project coordination,
predictive decision and organizational productivity, and
management . . .
support framework readiness sustainable project

delivery

4.3. Sustainability and Life-Cycle Quality Performance

Sustainability has become a fundamental objective of modern construction, extending
project evaluation beyond traditional measures of cost, schedule, and quality to include
resource efficiency, environmental performance, and long-term infrastructure resilience.
The integration of Lean Construction, Building Information Modeling (BIM), Artificial In-
telligence (AI), and supporting digital technologies provides a comprehensive management
framework capable of improving both construction quality and life-cycle asset performance.
Rather than addressing sustainability as an isolated objective, these technologies collec-
tively support more efficient planning, optimized resource utilization, continuous quality
monitoring, and informed decision-making throughout the entire project life cycle [140,141].

One of the principal pathways through which integrated digital management con-
tributes to sustainability is the reduction of construction waste. Lean Construction pro-
motes systematic identification and elimination of non-value-adding activities, while BIM
facilitates early detection of design inconsistencies and constructability conflicts before
construction activities begin. The combined application of these approaches minimizes
material waste, reduces unnecessary rework, and improves workflow efficiency. Several
recent investigations have demonstrated that projects implementing integrated Lean and
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BIM strategies achieved measurable improvements in material utilization and construction
productivity compared with conventional project management practices [134,140,142].

Predictive technologies further strengthen sustainability by shifting quality manage-
ment from corrective actions toward preventive interventions. Artificial Intelligence enables
continuous analysis of project data to identify quality deviations, schedule risks, and equip-
ment performance issues at early stages of project execution. Early identification allows
project teams to implement corrective measures before defects become critical, thereby
reducing material consumption, avoiding unnecessary reconstruction, and improving oper-
ational efficiency. Digital QA /QC systems, Iol sensors, and computer vision technologies
complement these capabilities by providing continuous monitoring and automated qual-
ity verification throughout construction. Consequently, sustainability improvements are
achieved not only through resource conservation but also through enhanced quality assur-
ance and reduced operational uncertainty [133,141,143].

The contribution of BIM extends beyond construction activities into the operational
phase of infrastructure assets. Comprehensive digital information generated during design
and construction provides an effective foundation for facility management, maintenance
scheduling, renovation planning, and asset performance evaluation. Digital twin technolo-
gies further expand these capabilities by continuously integrating operational data with
virtual asset models, enabling predictive maintenance and supporting informed life-cycle
management decisions. Such integration contributes to improved infrastructure durabil-
ity, lower maintenance costs, and extended service life while reducing the environmental
impacts associated with premature rehabilitation and replacement [135,144].

Although considerable sustainability benefits have been reported, implementation
outcomes remain highly dependent on organizational capability and project context. Orga-
nizations possessing mature digital infrastructure, skilled personnel, standardized infor-
mation management procedures, and strong leadership commitment consistently report
greater improvements in resource efficiency, quality performance, and operational sustain-
ability. Conversely, organizations with limited digital maturity often experience fragmented
implementation, inconsistent data management, and reduced integration among digital
technologies, thereby limiting the realization of expected sustainability benefits. These
observations indicate that technological innovation alone is insufficient to achieve sustain-
able construction unless accompanied by appropriate organizational transformation and
continuous workforce development [124,145].

An important issue that has received comparatively limited attention concerns the envi-
ronmental implications of digital transformation itself. While integrated digital technologies
reduce material waste and improve operational efficiency, they also require substantial
computational resources, cloud-based data storage, communication infrastructure, and
electronic equipment that consume energy throughout their operational life. Artificial Intel-
ligence applications, particularly deep learning models, require considerable computational
power during model training and continuous updating, while IoT networks and digital
twin platforms increase energy demand associated with data transmission, processing,
and storage. Similarly, periodic replacement of sensors, computing devices, and electronic
hardware contributes to electronic waste and additional embodied carbon. These indirect
environmental impacts remain insufficiently quantified in the existing literature and should
be incorporated into future life-cycle sustainability assessments to provide a more balanced
evaluation of Construction 4.0 technologies [146].

Another important observation is that sustainability should be evaluated throughout
the complete life cycle of infrastructure assets rather than during construction alone. Many
existing investigations primarily assess immediate project outcomes such as reductions in
waste, rework, or construction duration, whereas relatively few studies examine long-term
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operational performance, maintenance efficiency, asset resilience, or carbon emissions over
the service life of completed facilities. Developing standardized life-cycle performance indi-
cators that integrate environmental, economic, and operational dimensions would provide
a more comprehensive understanding of the long-term value generated by integrated Lean,
BIM, and Al implementation [141,147].

Overall, integrated digital project management provides significant opportunities to
improve sustainability and long-term infrastructure performance by reducing waste, sup-
porting predictive maintenance, enhancing quality management, and optimizing resource
utilization throughout the project life cycle. However, the magnitude of these benefits
remains closely linked to organizational readiness, digital maturity, information quality,
and effective integration among complementary technologies. Future research should
therefore prioritize longitudinal industrial investigations, comprehensive life-cycle assess-
ment methodologies, and standardized sustainability metrics capable of quantifying both
the direct and indirect environmental impacts of Construction 4.0 implementation across
diverse construction sectors [145,147].

4.4. Organizational Readiness and Digital Transformation

The successful implementation of Construction 4.0 depends not only on the availability
of advanced digital technologies but also on the organizational capability required to inte-
grate these technologies into existing construction processes. Although Lean Construction,
Building Information Modeling (BIM), Artificial Intelligence (AI), Internet of Things (IoT),
and digital twin technologies provide considerable opportunities for improving project
performance, their effectiveness is strongly influenced by organizational readiness, work-
force competence, leadership commitment, and digital governance. Consequently, digital
transformation should be regarded as a strategic organizational change process rather than
simply the adoption of new software or hardware technologies [148,149].

Leadership commitment consistently emerges as one of the most influential determi-
nants of successful digital transformation. Organizations with clear strategic objectives,
long-term investment plans, and active managerial support generally achieve higher im-
plementation success than those introducing digital technologies without coordinated
organizational planning. Strong leadership facilitates resource allocation, establishes digital
innovation strategies, encourages collaboration among project participants, and reduces
resistance to organizational change. In contrast, weak managerial commitment frequently re-
sults in fragmented implementation, limited technology utilization, and failure to achieve the
anticipated improvements in construction quality and project performance [137,148,150].

Workforce competence represents another critical component of organizational readi-
ness. The adoption of BIM, Al, digital QA /QC systems, and IoT platforms requires personnel
who possess not only technical knowledge but also the ability to integrate digital information
into engineering and management decisions. Several recent studies indicate that continuous
professional development, multidisciplinary training, and digital literacy programs sub-
stantially improve implementation effectiveness by increasing user confidence and reducing
resistance to technological change. Conversely, inadequate workforce preparation often
leads to underutilization of digital platforms, inconsistent data management practices, and
reduced collaboration among project stakeholders [138,149,151].

Digital infrastructure provides the technological foundation that supports information
exchange, interoperability, and real-time project monitoring. Reliable communication
networks, cloud computing environments, standardized databases, and compatible software
platforms enable seamless integration between BIM, Al, IoI, and digital twin applications.
However, many organizations continue to experience interoperability problems because
digital systems have been implemented independently without standardized information
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exchange protocols. These technical limitations reduce the efficiency of integrated digital
workflows and frequently require additional manual processing that offsets many of the
anticipated productivity benefits. Strengthening digital infrastructure and promoting
standardized data management therefore remain essential requirements for successful
Construction 4.0 implementation [139,150,152].

An important observation is that organizations do not necessarily follow identical
digital transformation pathways. The reviewed studies indicate that implementation strate-
gies should reflect organizational capability, project complexity, financial resources, and
workforce maturity. Incremental implementation strategies generally begin with Lean-
based process improvement and digital project coordination before introducing advanced
analytical technologies such as Al and digital twins. This progressive approach allows orga-
nizations to establish standardized workflows, develop digital competencies, and strengthen
organizational learning before adopting more complex technologies. By comparison, or-
ganizations attempting rapid implementation of advanced Al systems without adequate
digital foundations frequently encounter integration difficulties, higher implementation
costs, and reduced user acceptance [148,153].

Financial investment alone does not guarantee successful digital transformation. Al-
though adequate funding enables acquisition of advanced technologies, long-term imple-
mentation success depends equally on organizational culture, employee engagement, and
institutional adaptability. Organizations that encourage innovation, knowledge sharing, and
continuous improvement demonstrate greater capability to sustain digital transformation
than organizations relying exclusively on technology acquisition. These findings suggest
that organizational culture functions as a catalyst that enables technological capability to
translate into measurable improvements in project performance [151,154].

Table 10 summarizes the principal organizational readiness factors influencing Con-
struction 4.0 implementation. Leadership support, workforce capability, technical expertise,
digital infrastructure, financial investment, and organizational culture collectively determine
an organization’s capacity to implement integrated digital management systems successfully.
Rather than operating independently, these factors interact to establish an environment
in which technological innovation can be effectively adopted, utilized, and continuously
improved.

The readiness-based implementation framework proposed in this study extends con-
ventional digital maturity models by emphasizing organizational capability rather than
technological sophistication alone. Traditional maturity models primarily classify organiza-
tions according to their existing digital development level, whereas the proposed frame-
work recognizes that technology adoption should be aligned with workforce competence,
managerial commitment, institutional capacity, and project-specific requirements. This
capability-oriented perspective provides greater flexibility for construction organizations
operating under diverse economic, technical, and regulatory conditions and supports more
realistic implementation strategies across both developed and developing construction
sectors [140,141,155].

Despite the growing adoption of Construction 4.0 technologies, several research gaps
remain. Most published studies evaluate digital transformation over relatively short implemen-
tation periods or within individual projects, providing limited evidence regarding long-term
organizational adaptation and sustained performance improvement. Future investigations
should therefore examine how leadership strategies, organizational learning, digital gover-
nance, and workforce development evolve during prolonged implementation periods. Such
longitudinal research would provide stronger empirical evidence regarding the organiza-
tional factors that determine successful digital transformation and improve the scalability of
integrated Lean, BIM, and AI frameworks across the construction industry [156].
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Table 10. Organizational readiness factors influencing digital construction adoption.
Readiness Factor Reported Influence on Implementation Contribution to Digital Transformation
Supports system implementation and effective Facilitates BIM, Al, and digital QA /QC

Technical Expertise

utilization adoption

Digital Infrastructure

Supports information sharing and project

- Enables digital construction management
coordination

Financial Resources

Supports technology investment and maintenance  Facilitates digital technology implementation

Management Support Encourages orga}nlzatlopal commitment to Supports 1mplement§t10n planning and
innovation strategic alignment
Workforce Training Strengthens workforce capability and digital Supports .technology a.doptlon. and reduces
competence implementation barriers
Organizational Culture Encourages acceptance of organizational change Supports long-term digital transformation

4.5. Implications for Sustainable Construction and Construction 4.0

The transition toward Construction 4.0 represents a fundamental transformation in con-
struction project delivery by integrating digital technologies with collaborative management
practices to improve quality, productivity, and sustainability. Unlike conventional project
management approaches that primarily focus on individual project objectives, integrated
Lean Construction, Building Information Modeling (BIM), and Artificial Intelligence (AI)
establish a connected digital environment in which planning, execution, monitoring, and
decision-making are continuously supported by real-time information. This integration im-
proves communication among stakeholders, strengthens project transparency, and enables
more informed management decisions throughout the project life cycle [157,158].

A significant implication of this transformation is the shift from reactive project control
toward predictive and intelligent construction management. Al-driven analytical models,
BIM-enabled information management, IoT sensing technologies, and digital twin platforms
collectively provide continuous project information that supports early identification of
quality deviations, schedule risks, and resource constraints. Consequently, project managers
can implement corrective actions before problems significantly affect construction perfor-
mance. This proactive management philosophy not only improves project efficiency but
also contributes to higher construction quality and more sustainable utilization of financial,
material, and human resources [127,157,159].

The integration of Lean Construction with digital technologies further strengthens sus-
tainable construction by improving workflow stability and reducing process variability. Lean
principles minimize non-value-adding activities, while BIM facilitates multidisciplinary
coordination and early conflict detection. Artificial Intelligence complements these capabili-
ties by analyzing project data to support predictive maintenance, resource optimization,
and operational planning. Together, these technologies establish an integrated management
framework that reduces unnecessary rework, improves resource efficiency, and supports
sustainable infrastructure development throughout the asset life cycle [73,142,158].

Despite these advantages, widespread implementation of Construction 4.0 continues
to face significant practical challenges. Fragmented digital platforms, inconsistent interoper-
ability standards, cybersecurity concerns, limited availability of skilled personnel, and high
implementation costs remain common barriers, particularly among small and medium-
sized construction enterprises. Furthermore, many organizations continue to implement
digital technologies independently rather than through fully integrated management sys-
tems, reducing the potential benefits of digital transformation. These observations indicate
that technological advancement alone is insufficient unless accompanied by standardized
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data management, effective governance frameworks, and organizational commitment to
continuous digital innovation [160].

Another important implication concerns the evolution of project management itself.
Construction 4.0 should not be interpreted simply as the adoption of advanced software or
automated technologies. Instead, it represents an organizational transformation requiring
changes in leadership practices, workforce competencies, collaborative processes, and insti-
tutional culture. Organizations that successfully integrate technological innovation with
organizational learning, knowledge sharing, and continuous workforce development con-
sistently demonstrate higher implementation success than organizations focusing primarily
on technology acquisition. This reinforces the importance of aligning digital investment
with organizational capability and strategic planning [148,161].

Although the current evidence demonstrates considerable potential for integrated
digital construction management, important knowledge gaps remain. Most published in-
vestigations continue to focus on individual case studies, pilot projects, or simulation-based
analyses, providing relatively limited evidence regarding long-term industrial performance
across different construction sectors and geographical regions. Standardized methodolo-
gies for evaluating digital transformation, sustainability performance, and organizational
readiness are also lacking, making direct comparisons between studies difficult. Future
research should therefore emphasize longitudinal industrial validation, internationally ac-
cepted performance indicators, interoperable digital standards, and explainable AI models
capable of supporting transparent and reliable decision-making in complex construction
environments [162].

Figure 3 conceptually illustrates the evolution from conventional construction manage-
ment toward integrated Construction 4.0 systems. The proposed framework highlights the
interaction among Lean Construction, BIM, Al, Iol, digital twins, digital QA /QC system:s,
organizational readiness, and sustainable project performance. Rather than representing
independent technologies, these components collectively establish an intelligent digital
ecosystem that supports continuous quality improvement, predictive project management,
and long-term infrastructure sustainability.

Al-assisted technologies

« Digital simulation
and visualization
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« Digital simulation
and visualization
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Al-assisted technologies
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Figure 3. Evolution from traditional construction management systems toward intelligent, automated,
and digitally integrated Construction 4.0 frameworks for sustainable infrastructure development.
Redrawn from [142].
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Table 11 provides a comparative synthesis of the principal technologies investigated
in this study. The comparison demonstrates that each technology contributes distinct
capabilities to digital construction management, while their combined implementation pro-
vides substantially greater benefits than isolated adoption. Lean Construction strengthens
workflow management, BIM establishes integrated information coordination, AI enhances
predictive decision-making, and IoT together with digital twin technologies enables contin-
uous monitoring and life-cycle asset management. However, successful implementation
remains dependent on organizational readiness, workforce capability, interoperability, cy-
bersecurity, and effective governance. Consequently, future Construction 4.0 initiatives
should prioritize integrated implementation strategies that simultaneously strengthen tech-
nological capability, organizational capacity, and human expertise to achieve sustainable
and resilient digital transformation across the construction industry [159-163].

Table 11. Comparative synthesis of integrated construction management technologies.

Reported
i . 1s tribution t
Technology Reported Strengths Imp'ler.nerftatlon Sustainability Contribu son ‘o
Limitations o Construction 4.0
Contribution
' Workflow plamlng and Orgar.uzatlonal Supports waste Supports collaborative
Lean Construction collaborative commitment and reduction and process .
. . . 1 . project management
coordination implementation discipline efficiency
Visualization, . Supports resource Enables integrated
- Implementation cost and L C . .
BIM coordination, and clash . coordination and digital information
. interoperability challenges .
detection quality management management
Digital QA/QC Real-time monitoring Advanced .mfrastruct.ure SupP © rts. quality Supports digital quality
. . and technical expertise verification and
Systems and quality verification . . . management
required maintenance planning
D 1i . I
Artificial Predictive analytics and ata quaiity, cy‘t')ersecurlty, Supports predictive Supports intelligent
. - and algorithm maintenance and . A
Intelligence decision support . o decision-making
transparency project monitoring
Enables digital
IoT and Digital Real-time monitoring  Investment cost and system Supports life-cycle ?(?nstersuczg;r?
Twin Systems and data integration integration complexity monitoring
management

Integrated
Lean-BIM-AI
Framework

Complementary
integration of planning,
coordination, and

High organizational
readiness and
multidisciplinary

Potential to support
sustainability-related

Represents integrated
Construction 4.0

outcomes implementation

analytics capability required

The supporting technologies, including digital QA/QC systems, IoI-enabled mon-
itoring, and digital twin applications, provide the greatest value when implemented as
complementary components of integrated Lean-BIM—AI frameworks rather than as isolated
digital solutions. Overall, the synthesized evidence indicates that successful Construction
4.0 implementation depends on balancing technological capability with organizational
readiness, workforce competence, and appropriate implementation strategies.

4.6. Challenges and Risks of Construction 4.0

Although Construction 4.0 technologies have demonstrated considerable potential
for improving construction quality, project coordination, and operational efficiency, their
large-scale implementation continues to encounter significant technical, organizational,
and managerial challenges. The successful integration of Lean Construction, Building
Information Modeling (BIM), Artificial Intelligence (AI), Internet of Things (IoT), digital
twin technologies, and digital quality management systems requires substantial investment
in digital infrastructure, skilled personnel, standardized workflows, and organizational
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commitment. Consequently, implementation success is influenced not only by technological
capability but also by the ability of organizations to adapt their management practices, work-
force competencies, and institutional structures to support digital transformation [157,158].

One of the most persistent barriers identified across the reviewed studies is the lack
of interoperability among digital platforms. Construction projects commonly involve mul-
tiple software applications developed by different vendors, resulting in inconsistent data
formats and limited communication between BIM platforms, Al models, Iol networks, en-
terprise management systems, and digital quality management tools. These interoperability
constraints frequently interrupt information exchange, reduce automation efficiency, and
require manual data processing, thereby limiting the practical benefits of integrated digital
construction management. The absence of universally adopted data standards remains
a significant obstacle to achieving seamless digital collaboration across the construction
supply chain [159].

Human and organizational factors represent equally important implementation chal-
lenges. The introduction of advanced digital technologies often requires substantial changes
in established working practices, organizational culture, and professional responsibilities.
Resistance to organizational change, insufficient digital literacy, and shortages of qualified
personnel continue to slow technology adoption in many construction organizations. These
challenges are particularly evident among small and medium-sized enterprises, where
financial limitations and restricted access to specialized technical expertise reduce the capac-
ity to implement comprehensive Construction 4.0 strategies. The findings therefore indicate
that workforce development and organizational learning are as important as technological
investment for achieving successful digital transformation [148,150,160].

The review also highlights several concerns regarding Artificial Intelligence that ex-
tend beyond technical performance. Al models rely heavily on high-quality project data,
standardized information management, and robust validation procedures to generate re-
liable predictions. In practice, however, construction datasets are frequently incomplete,
inconsistent, or fragmented across different project participants. Such limitations reduce
prediction accuracy and increase uncertainty in Al-assisted decision-making. Furthermore,
many advanced machine learning models operate with limited interpretability, making it
difficult for engineers and project managers to understand how specific recommendations
have been generated. This lack of transparency may reduce practitioner confidence and cre-
ate challenges related to accountability, particularly when Al-generated recommendations
influence critical project decisions. Consequently, explainable Al, standardized validation
procedures, and transparent decision-support frameworks should become central priorities
for future Construction 4.0 research [123,161].

Cybersecurity and digital data governance have also become increasingly important as
construction organizations adopt cloud computing, IoI devices, and interconnected digital
platforms. The continuous exchange of project information across multiple digital systems
increases exposure to unauthorized access, cyberattacks, and data manipulation. Because
modern construction projects frequently involve commercially sensitive information, in-
tellectual property, and critical infrastructure data, secure information management has
become an essential requirement rather than an optional technical consideration. Future
digital construction frameworks should therefore integrate cybersecurity strategies, ac-
cess control mechanisms, encrypted communication protocols, and comprehensive data
governance policies alongside technological innovation [162].

Another important observation is the variability of implementation outcomes reported
across different organizational and geographical contexts. Studies conducted in organiza-
tions with mature digital infrastructure, experienced technical personnel, and established
innovation strategies generally reported greater improvements in project coordination
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and construction quality than studies performed in resource-constrained environments.
Conversely, organizations with limited financial resources, inadequate digital infrastruc-
ture, and insufficient workforce capability frequently reported only partial implementation
success or limited measurable performance improvement. These inconsistencies demon-
strate that Construction 4.0 technologies should not be regarded as universally applicable
solutions but rather as organizational capabilities whose effectiveness depends on the inter-
action between technology, management practices, workforce competence, and institutional
readiness [124,159].

Current evidence also remains limited by the predominance of case studies, pilot
implementations, and project-specific investigations. Although these studies provide valu-
able insights into technology adoption, they offer relatively limited evidence regarding
long-term organizational performance, scalability, and sustained operational benefits across
different construction sectors. Standardized evaluation frameworks and internationally ac-
cepted performance indicators remain underdeveloped, making direct comparisons between
studies difficult. Future research should therefore prioritize longitudinal industrial investi-
gations, cross-organizational validation, standardized benchmarking methodologies, and
comprehensive assessments of economic, environmental, and organizational performance
to establish stronger empirical evidence supporting Construction 4.0 implementation [163].

Overall, the challenges identified in this review demonstrate that successful Construc-
tion 4.0 implementation requires considerably more than technological investment alone.
Sustainable digital transformation depends on balanced development of organizational
readiness, workforce capability, interoperable digital infrastructure, secure data governance,
effective leadership, and continuous organizational learning. Addressing these factors
simultaneously will be essential for enabling scalable, resilient, and industry-wide adoption
of integrated Lean Construction, BIM, and Al frameworks in future construction practice.

4.7. Limitations and Future Research Directions

This systematic review has several limitations that should be considered when inter-
preting its findings. First, the review included only peer-reviewed English-language studies
published between 2020 and 2025. Consequently, relevant non-English publications, indus-
try reports, grey literature, and regional studies may not have been captured, potentially
introducing publication and language bias. The reviewed evidence may therefore overrepre-
sent digitally mature construction environments while underrepresenting implementation
challenges in low-resource settings.

Second, considerable methodological heterogeneity existed across the included studies,
which comprised quantitative investigations, case studies, mixed-methods research, and
systematic reviews using different performance indicators and evaluation approaches. This
diversity prevented quantitative meta-analysis and limited direct comparison of reported
outcomes. Accordingly, the findings should be interpreted as evidence of general trends
rather than precise estimates of implementation effectiveness.

Third, much of the available evidence was derived from case studies, pilot imple-
mentations, simulation-based investigations, and project-specific applications rather than
long-term industrial deployment across multiple organizations. Although the reviewed
literature generally reported positive outcomes associated with Lean Construction, BIM, Al,
and supporting digital technologies, relatively few studies evaluated implementation over
extended operational periods. Consequently, the reported improvements in construction
quality, sustainability, and project performance should be interpreted as potential benefits
rather than universally validated industry outcomes.

The review also identified differences in the maturity of the available evidence across
technologies. Lean Construction and BIM were supported by a relatively mature body
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of research, whereas evidence relating to Al-supported decision support, digital twins,
IoI-enabled monitoring, and automated QA /QC systems remains comparatively limited.
In addition, only a small number of studies examined long-term infrastructure durability,
structural performance, maintenance optimization, or life-cycle outcomes, leaving these
aspects insufficiently validated [143].

Another limitation concerns the readiness-based implementation framework proposed
in Section 3.8. Although the framework was synthesized from 90 studies that provided suf-
ficient contextual information for readiness classification, the readiness levels were derived
from narrative descriptions rather than standardized assessment instruments. Furthermore,
the framework has not yet been independently validated through prospective or longitu-
dinal implementation studies. It should therefore be regarded as an evidence-informed
conceptual framework rather than a validated decision-support tool.

Publication bias represents an additional limitation. Because systematic reviews rely
primarily on published literature, unsuccessful implementations, negative findings, and
null results are less frequently reported. As a result, the effectiveness of integrated Lean—
BIM-AI frameworks may be overestimated. Future evidence syntheses should incorporate
grey literature, industry reports, and documented implementation failures to provide a
more balanced assessment of Construction 4.0 adoption.

Sixth, this systematic review was not registered with PROSPERO or another review
registry, which may limit the ability to detect reporting bias. Although a protocol was
developed internally, prospective registration would have improved transparency and
reproducibility. The authors acknowledge this limitation and recommend prospective
registration for future systematic reviews in this field.

Future research should prioritize large-scale industrial validation of integrated Lean—
BIM-AI frameworks across diverse construction sectors and geographical regions. Longitu-
dinal studies are needed to evaluate long-term infrastructure performance, maintenance
outcomes, and life-cycle sustainability. Additional research should also develop standard-
ized organizational readiness assessment tools, investigate interoperability, cybersecurity,
and data governance, and examine implementation strategies suitable for small and medium-
sized enterprises and developing construction environments. Finally, further empirical
research is required to validate Al-supported quality management, digital twin applications,
and predictive monitoring systems under real-world operating conditions.

5. Conclusions

This systematic review synthesizes the current evidence regarding the integration of
Lean Construction, Building Information Modeling (BIM), and Artificial Intelligence (AI)
for improving construction quality and sustainability performance within Construction 4.0
environments. The reviewed literature suggests that integrated Lean-BIM-AI frameworks
have the potential to enhance construction quality, workflow coordination, and sustainabil-
ity performance, particularly in projects characterized by higher levels of organizational
readiness and digital maturity. However, the evidence was not uniformly positive. Approx-
imately one-third of the reviewed studies reported partial implementation, limited return
on investment, or no measurable improvement compared with conventional management
approaches. These findings indicate that implementation outcomes are strongly influenced
by contextual factors, including project characteristics, organizational readiness, workforce
capability, digital infrastructure, and system interoperability.

The synthesized evidence suggests that Lean Construction provides the managerial
foundation for improving workflow planning and collaborative coordination, while BIM
supports information management, visualization, and multidisciplinary coordination. Al
contributes predictive analytics and decision-support capabilities that may assist project
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monitoring, risk assessment, and quality management. Supporting technologies, includ-
ing digital QA /QC systems, IoI-enabled monitoring, and digital twin applications, were
primarily identified as implementation enablers that strengthen integrated Lean-BIM-AI
environments. Collectively, the reviewed studies suggest that these technologies may pro-
vide greater value when implemented as complementary components of an integrated
management framework rather than as isolated digital solutions.

A principal contribution of this review is the development of a readiness-oriented
implementation framework that integrates Lean Construction, BIM, and Al within a unified
construction management perspective. Unlike conventional maturity models that primarily
assess existing organizational capability, the proposed framework provides guidance for
aligning technology adoption with organizational readiness. By recognizing differences
in workforce capability, digital infrastructure, and institutional capacity, the framework
offers an evidence-informed approach for planning staged Construction 4.0 implementation
across different organizational contexts.

The review also highlights several practical implications. Construction organizations
may benefit from assessing organizational readiness before introducing advanced digital
technologies, strengthening workforce capability through training, adopting phased im-
plementation strategies, and improving interoperability among digital systems. Similarly,
policymakers and industry organizations may support Construction 4.0 implementation
through standardized interoperability frameworks, workforce development initiatives, and
guidance for organizational readiness assessment.

Several limitations should also be acknowledged. The review was limited to peer-
reviewed English-language studies published from 2020 to 2025, and quantitative meta-
analysis was not feasible because of methodological heterogeneity among the included
studies. Furthermore, much of the available evidence was derived from case studies,
pilot implementations, simulation-based investigations, and project-specific applications
rather than long-term industrial deployment. Consequently, the reported benefits should
be interpreted as potential implementation outcomes rather than universally validated
industry performance.

Future research should prioritize large-scale industrial validation of integrated Lean—
BIM-AI frameworks across diverse construction sectors and geographical regions. Longi-
tudinal investigations are particularly needed to evaluate long-term infrastructure perfor-
mance, life-cycle sustainability, organizational readiness, interoperability, and cybersecu-
rity under real-world operating conditions. Additional research should also validate the
readiness-oriented implementation framework proposed in this review and examine its
applicability across organizations with different levels of digital maturity, organizational
capability, and resource availability.

Overall, the findings indicate that integrated Lean—-BIM-AI frameworks represent a
promising direction for Construction 4.0 implementation. However, their successful adop-
tion depends on organizational readiness, implementation maturity, and further validation
through large-scale industrial practice. Continued collaboration between researchers, indus-
try practitioners, and policymakers will be essential to establish robust evidence for the long-
term effectiveness and scalability of integrated digital construction management systems.
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Appendix A. Database Search Strategy

Database Search String

TITLE-ABS-KEY ((“Lean Construction” OR “Lean Management”)
AND (“Building Information Modeling” OR BIM) AND (“Artificial
Intelligence” OR AI OR “Machine Learning” OR “Deep Learning”)
Scopus AND (“Construction 4.0” OR “Digital Construction” OR “Digital
Twin” OR IoT) AND (“Quality Management” OR QA/QC OR
“Quality Assurance” OR “Quality Control”) AND (Sustainability OR
“Infrastructure Development”))

TS=((“Lean Construction” OR “Lean Management”) AND
(“Building Information Modeling” OR BIM) AND (“Artificial
Intelligence” OR AI OR “Machine Learning”) AND (“Construction
4.0” OR “Digital Construction” OR “Digital Twin” OR IoT’) AND
(“Quality Management” OR QA /QC) AND (Sustainability OR
“Infrastructure Development”))

Web of Science

(“Lean Construction”) AND (“Building Information Modeling” OR
BIM) AND (“Artificial Intelligence” OR AI OR “Machine Learning”)
ScienceDirect AND (“Construction 4.0” OR “Digital Construction” OR “Digital
Twin”) AND (“Quality Management” OR QA/QC) AND
(Sustainability OR “Infrastructure Development”)

(“Lean Construction”) AND (BIM OR “Building Information
Modeling”) AND (“Artificial Intelligence” OR AI) AND
(“Construction 4.0” OR “Digital Twin”) AND (“Quality Assurance”
OR “Quality Control” OR QA/QC) AND (Sustainability)

(("Construction 4.0”) AND (“Artificial Intelligence” OR “Machine
IEEE Xplore Learning”) AND (BIM OR “Building Information Modeling”) AND
(“Digital Twin” OR IoT') AND (“Quality Management” OR QA/QC))

“Lean Construction” AND BIM AND AI AND “Construction 4.0”

SpringerLink

Google Scholar AND (“Quality Management” OR QA/QC) AND Sustainability
Publication Years: 2020-2025; Language: English; Document Type:
Applied Filters Peer-reviewed journal articles and review papers; Subject Areas:

Construction Engineering, Civil Engineering, Project Management,
Digital Construction, Sustainability, and Infrastructure Systems.

Appendix B. Study Quality Assessment Framework

Criterion Assessment Description Score

Clearly defined methodology and study

Research Design design 0-2
Data Quality Adequate data sources and reporting 0-2

transparency

. Direct relevance to Lean, BIM, Al, IoT,
Construction Technology Relevance Digital Twin, or QA/QC applications 0-2
Quality and Sustainability .A.ssessment Qf co_n.structl.on quality,
efficiency, sustainability, or infrastructure 0-2
Outcomes

performance

Validation and Practical Application Evidence of 1mplementat19n, yahdahon, or 0-2
real-world application

Maximum Score 10
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