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The construction industry in Indonesia continues to face persistent structural 

challenges, including project delays and low productivity. Infrastructure Digital 

Twins (IDTs) have emerged as strategic innovations to support project automation 

through real-time data integration; however, their adoption remains significantly 

limited. This study aims to identify and model the determinants of IDTs adoption by 

integrating the Technology-Organization-Environment (TOE) framework and the 

Technology Acceptance Model (TAM). A mixed-methods sequential explanatory 

approach was employed, consisting of a quantitative phase involving 75 construction 

practitioners analyzed using Structural Equation Modeling-Partial Least Squares 

(SEM-PLS), followed by a qualitative phase involving in-depth interviews with five 

industry experts to validate and contextualize the statistical results. The quantitative 

analysis reveals that Organizational Factors are the strongest predictors of Adoption 

Intention, while Technical Factors serve as essential operational prerequisites that 

directly influence the actual level of adoption. Although External Factors 

significantly trigger intention, they fail to exert a direct executive impact in the field. 

Furthermore, the qualitative findings demonstrate that IDTs' adoption is 

economically sustainable only when corporations transform from mere general 

contractors into integrated asset lifecycle managers. This research contributes to the 

Construction 4.0 literature and provides strategic managerial guidance for both 

government and industry stakeholders in formulating national construction digital 

transformation policies. 

 

INTRODUCTION 

The construction industry is globally known as one of the sectors with the highest level of 

complexity and relatively stagnant performance compared to other industry sectors (Rianti, 2025). 

Various studies show that project delays, cost overruns, low productivity, and high occupational 

safety risks are still chronic problems that are difficult to overcome systemically. These challenges 

are further exacerbated by the demands of sustainable development, energy efficiency, and carbon 

emission reduction, which require the construction sector to fundamentally transform, not only at 

the operational level but also at the level of decision-making and project governance (van der 

Heijden, 2023 ; Jaiswal et al., 2024) 

In response to these challenges, the Construction 4.0 paradigm has developed by 

emphasizing the use of digital technologies such as Building Information Modeling (BIM), 

Internet of Things (IoT), Artificial Intelligence (AI), as well as data-based sensor and automation 

systems (Wang et al., 2023; Vitente et al., 2024;Ndwandwe et al., 2024). The integration of this 

technology allows for real-time monitoring of project conditions, predictive analysis of project 
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performance, and increased transparency and accountability in construction management. 

However, although the adoption of digital technology shows significant progress in developed 

countries, its implementation in developing countries still tends to be partial, fragmented, and not 

yet thoroughly integrated into project management systems (Van Tam et al., 2024 ; Opoku et al., 

2023). 

In the Indonesian context, these problems are becoming increasingly relevant considering 

the scale and complexity of infrastructure projects that are being and will be developed, such as 

the development of the Ibu Kota Nusantara (IKN), national toll road networks, ports, dams, and 

mass transportation systems. These projects demand a high level of cross-stakeholder 

coordination, strict risk control, and fast, data-driven decision-making capabilities. However, field 

practices still show limitations in project data integration, low levels of automation, and reliance 

on conventional control systems that are reactive. This condition indicates a gap between the needs 

of modern project management and the digital capacity available in the national construction 

industry (Pramudita et al., 2024). 

Within the framework of the development of digital technology, Infrastructure Digital Twins 

(IDTs) emerged as a more advanced and holistic approach than previous digital technologies. IDTs 

serve not only as a static representation of physical assets, but as dynamic digital systems that 

integrate real-time data, information models, and analytics capabilities to support monitoring, 

simulation, prediction, and optimization of infrastructure performance throughout the project 

lifecycle (Moshood et al., 2024). This functional integration is visualized in Figure 1, which 

illustrates how IDTs operate as dynamic systems, transforming real-time data into actionable 

insights for predictive and intelligent infrastructure outcomes. Various studies show that the 

implementation of Digital Twins has the potential to increase productivity, reduce safety risks, 

improve cost and time control, and support decision-making automation in large-scale and 

complex construction projects (Omrany et al., 2023; Saif et al., 2024) 

 
Figure 1. Digital Twins for Predictive and Intelligent Infrastructure 
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Despite this potential being increasingly recognized globally, the adoption of IDTs in 

developing countries, including Indonesia, is still very limited. The obstacles faced are not only 

related to technical aspects, but also include high initial investment costs, limited digital 

competencies of human resources, weak regulatory frameworks and implementation standards, 

and concerns related to project data governance and security (Daniel et al., 2024; Zio & Miqueles, 

2024). In addition, most previous studies still focused on the technical development of Digital 

Twins, system architectures, or case studies in developed countries with relatively mature digital 

ecosystems. Empirical studies that systematically analyze the determinants of IDTs adoption at the 

organizational and construction project level in developing countries are still relatively limited. 

Furthermore, the literature generally does not comprehensively integrate the perspectives of 

technological readiness, organizational readiness, and external environmental pressures in a single 

comprehensive analytical framework, nor has it explicitly linked the adoption of IDTs to the 

strategic goal of increasing the level of automation of construction projects. In fact, the success of 

the implementation of IDTs is not only determined by the availability of technology, but also by 

organizational readiness, regulatory support, perception of benefits, and the industry's ability to 

manage changes towards a more digital and automated construction system (Raflis & Rayshanda, 

2018). 

Based on this description, there is a clear research gap, namely the lack of an empirical model 

that is able to comprehensively explain the factors influencing the adoption of Infrastructure 

Digital Twins in the context of construction projects in developing countries, especially Indonesia, 

as well as their relationship with construction project automation (Sacks et al., 2020;Venkatesh et 

al., 2016). Therefore, this study aims to develop and test an empirical model of the adoption of 

IDTs by integrating technical, organizational, and external environmental factors, as well as 

analyzing their influence on the adoption intention and utilization rate of IDTs in supporting the 

automation of construction projects. Thus, this research is expected to make an academic 

contribution in the form of enriching the literature on the adoption of digital technology in 

construction management, as well as a practical contribution for the government and industry 

players in formulating strategies to accelerate the digital transformation of the national 

construction sector. 

Based on the background description, the research problem can be formulated in the 

following questions: (1) What are the factors influencing the adoption of Infrastructure Digital 

Twins (IDTs) in construction projects in Indonesia?, (2) What is the form of an empirical model 

based on SEM-PLS that represents the interconnectedness of factors that affect the use of IDTs in 

construction projects in Indonesia? (3) What strategic recommendations can be formulated to 

encourage the optimal use of IDTs in supporting digital transformation and sustainable 

infrastructure development at the national level? 

Based on the explanation of the problem formulation above, the research objectives to be 

achieved are as follows: 
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1. Identify and analyze the factors influencing the adoption of Infrastructure Digital Twins (IDTs) 

in construction projects in Indonesia. 

2. Build and test an empirical model based on SEM PLS that represents the causal relationship 

between factors influencing the utilization of IDTs, as well as measuring their influence on the 

intention of adoption and utilization rate of IDTs in construction projects. 

3. Formulate strategic recommendations for industry stakeholders and governments to encourage 

optimal use of IDTs, thereby accelerating digital transformation, increasing project efficiency, 

and supporting sustainable infrastructure development in Indonesia. 

 

METHOD 

Types and Approaches to Research  

 This study employs a mixed-methods sequential explanatory design. This approach was 

chosen to provide a comprehensive understanding of Infrastructure Digital Twins (IDTs) adoption 

by integrating quantitative statistical testing with qualitative contextual validation. First, the 

quantitative phase serves to empirically test the theoretical model of factors influencing IDT 

adoption. A confirmatory approach is applied to examine causal relationships between latent 

constructs, specifically technical, organizational, and environmental factors, and their influence on 

adoption intention and actual usage behavior. This technique was selected for its robustness in 

handling complex models with abstract constructs and its reliability in analyzing data from 

specific, targeted samples. Confirmatory Factor Analysis (CFA) is performed to validate the 

indicators’ representativeness for each latent construct. The data were collected through a Likert-

scale questionnaire (1–5) distributed to 75 construction professionals, including contractors, 

consultants, and project owners, selected through purposive sampling. To complement the 

statistical findings, the qualitative phase utilizes in-depth interviews with five industry experts 

occupying strategic managerial positions within national construction firms. This phase is 

designed to translate abstract statistical coefficients into concrete, applicable strategic 

recommendations. By engaging these experts, the study captures the "why" and "how" behind the 

quantitative trends, ensuring that the research findings are highly relevant to construction 

stakeholders, regulatory bodies, and industry practitioners. The qualitative data were analyzed 

using thematic analysis, encompassing open, axial, and selective coding processes to identify 

critical patterns and newly emergent latent variables. 

Literature Study 

The literature study in this study aims to build a strong theoretical and methodological 

foundation to examine the adoption of Infrastructure Digital Twins (IDTs) in construction projects. 

The study focused on five main groups of literature. First, the literature on construction project 

management and Construction 4.0 is reviewed to understand the role of digital transformation and 

automation in overcoming project performance problems. Second, the literature related to Digital 

Twins and Infrastructure Digital Twins is studied to understand their characteristics, architecture, 

and role in supporting data-driven monitoring and decision-making. Third, technology adoption 

theories, including Technology–Organization–Environment (TOE), Innovation Diffusion Theory 
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(IDT), as well as Technology Acceptance Model (TAM) and Unified Theory of Acceptance and 

Use of Technology (UTAUT), are used as a conceptual basis in modeling the determinants of 

adoption and mechanisms of intention and use of technology. Fourth, previous empirical research 

on the adoption of digital technology in the construction sector, especially in the context of 

developing countries, was reviewed to identify patterns of research findings and gaps. Fifth, the 

literature on SEM PLS was studied as the basis for the development and testing of the research 

model. Through this literature study, the research obtained a relevant and integrated conceptual 

framework to support the analysis of the adoption of IDTs in construction project automation in 

Indonesia. 

Variable Identification  

The variables and indicators in this study are grouped based on the synthesis of three main 

theoretical frameworks, namely Technology-Organization-Environment (TOE), Technology 

Acceptance Model TAM/UTAUT, and Innovation Diffusion Theory (IDT). The grouping process 

is carried out by mapping the operational characteristics of construction projects into the following 

theoretical dimensions:  

1. Technical Factors: Grouped based on the Technology dimension in the TOE and the 

characteristics of innovation in the IDT. The P1-P3 (Infrastructure, Interoperability, and Data 

Security) indicators were chosen because they reflect the technical readiness and relative 

advantages of IDTs' technology over conventional systems. 

2. Organizational Factor: Refers to the Organization dimension in the TOE. The P4-P6 indicators 

(Management Support, Human Resource Competence, and Culture) reflect the organization's 

internal capacity and managerial readiness in managing digital change. 

3. External Factors: Based on the Environment dimension of the TOE and institutional 

perspective. The P10-P12 indicators (Regulation, Competitive Pressure, and Ecosystem) 

capture the influence of the industrial environment and government policies on adoption 

decisions. 

4. Intent and Adoption Rate: Grouped based on behavioral mechanisms in TAM/UTAUT. The 

P7-P9 indicator focuses on the perception of benefits and intent (intention), while the P13-P15 

measures the actual implementation and sustainability of use as a result of the adoption process. 

Details of the variables, indicators, and their operational descriptions are presented in the 

following Table 1: 

 

Table 1 Research Variables and Indicators 

Factor 

(Construct) 

Indicator Code Variable 

Type 

Operational Description 

Technical 

Factors 

Digital 

Infrastructure 

Readiness 

P1 Exogenous Availability and adequacy of 

technology infrastructure (hardware, 

software, network) to support the 

implementation of Infrastructure 

Digital Twins (IDTs). 
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Factor 

(Construct) 

Indicator Code Variable 

Type 

Operational Description 

 
System 

Interoperability 

P2 Exogenous Ability to effectively integrate and 

exchange data between project digital 

systems (BIM, IoT, sensors, data 

platforms).  
Data Security and 

Quality 

P3 Exogenous The level of reliability, security, and 

quality of digital data used in the 

operation of IDTs. 

Organizational 

Factors 

Top Management 

Support 

P4 Exogenous The level of commitment and support 

of the organization's leadership to the 

adoption and investment in IDTs 

technology.  
HR 

Competencies 

P5 Exogenous The level of ability, skills, and 

knowledge of human resources in 

operating digital technology and IDTs.  
Organizational 

Culture and 

Readiness 

P6 Exogenous The level of readiness of the 

organization in accepting digital 

changes and innovations in the 

construction project process. 

External 

Factors 

Regulatory 

Support 

P10 Exogenous The existence and effectiveness of 

government policies and regulations 

that encourage the adoption of digital 

technology in construction.  
Competitive 

Pressure 

P11 Exogenous The influence of market pressures, 

industry competition, and project 

owners' demands on the use of IDT 

technology.  
Ecosystem and 

External 

Incentives 

P12 Exogenous The availability of incentives, industry-

academia partnerships, and digital 

ecosystem support in the 

implementation of IDTs. 

IDTs Adoption 

Intention 

Perception of 

Benefits 

P7 Endogenous Organizational perception of the 

strategic benefits of IDTs in improving 

project efficiency, quality, and 

performance.  
Intent of Use P8 Endogenous The level of intent and willingness of 

the organization to adopt and use IDTs 

in construction projects.  
Readiness of 

Adoption 

Decision 

P9 Endogenous The level of confidence and readiness 

of the organization in making decisions 

on the implementation of IDTs. 
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Factor 

(Construct) 

Indicator Code Variable 

Type 

Operational Description 

IDTs Adoption 

Rate 

Actual 

Implementation 

P13 Endogenous The level of real implementation of 

IDTs in project planning, 

implementation, and control activities.  
Utilization 

Intensity 

P14 Endogenous The breadth and depth of use of IDTs in 

supporting automation and data-driven 

decision-making.  
Sustainability of 

Use  

P15 Endogenous Consistency and sustainability of the 

use of IDTs as part of the project 

management system. 

 

Population, Sample, and Sampling Techniques 

 The population in this study is the main stakeholders of the construction sector in Indonesia, 

which includes contractors, consultants, project owners, and government agencies involved in the 

planning, implementation, or decision-making of construction projects. The sampling technique 

used is purposive sampling with the respondent criteria. The minimum sample size in PLS-SEM 

suggests a ratio of 5 to 10 times the total study indicators. With 15 indicators, the ideal sample 

target is 75 to 150 respondents to minimize sampling errors. 

Validity and Reliability Tests 

Validity Test 

Validity is the level of accuracy of an instrument in measuring what should be measured. A 

questionnaire is declared valid if the question items are able to represent the concepts or variables 

that are being researched appropriately. In other words, validity indicates the extent to which the 

instrument can generate data that is accurate, relevant, and capable of distinguishing small 

variations in the attributes being measured. In the validity testing of questionnaires, two main types 

are known: factor validity and item validity. Factor validity is done by correlating the score of a 

factor with the total score of all factors, while the validity of the item is done by correlating the 

score of each item with the total score of the item or the score of the factor. A commonly used 

analysis technique is Pearson Product-Moment correlation. An item is declared valid if it has a 

significant correlation to the total score at a significance level of 0.05, i.e., if the calculated r value 

is greater than or equal to the r of the table. These results show that the item is feasible to be used 

to validly measure research variables. 

Reliability Test 

Reliability is a measure of the consistency of an instrument in producing stable and reliable 

data. A questionnaire is said to be reliable if it produces consistent answers over time to the same 

measurements. According to Sugiharto and Sitinjak (2006), reliability shows the extent to which 

a measuring instrument can be trusted as a data collection tool that is able to reveal actual 

information in the field. Ghozali (2009) emphasized that reliability is used to test the consistency 

of answers between items in a questionnaire that represent a construct. Thus, a reliable instrument 

is an instrument that provides steady, stable, and reliable measurement results. In practice, 
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reliability is tested using Cronbach's Alpha coefficient to assess the internal consistency between 

items. An alpha value ≥ 0.70 is considered to indicate a sufficient level of reliability, while a value 

above 0.80 indicates high reliability. If the alpha value < 0.50, then the reliability is considered 

low, and the items in the instrument need to be reviewed. The closer the value is to 1.00, the higher 

the reliability of a measuring instrument. Therefore, in this study, reliability tests were performed 

to ensure that all items in the questionnaire were consistent in measuring the same construct. 

 

RESULTS AND DISCUSSION 

Discussions, Discussions, and Managerial Implications 

Discussion and Discussion 

The structural relationships between the identified factors and their impact on adoption 

intention and adoption rate were modeled using PLS-SEM. The resulting path coefficients and 

significant paths are visually depicted in the path diagram shown in Figure 2, illustrating the direct 

and indirect effects of technical, organizational, and external variables. 

 
Figure 2. Path Diagram of IDTs Adoption Determinants Based on 

Statistical Significance 

 

This study reveals a comprehensive mechanism for the adoption of Infrastructure Digital 

Twins (IDTs) in Indonesia, a sector characterized by structural complexities and a transition 

toward Construction 4.0. Our results demonstrate that Organizational Factors are the most 

dominant predictor of adoption intention (H3: p=0.000), confirming that in the top-down 

environment of the Indonesian construction industry, top management commitment serves as the 

primary foundation for digital transformation. Concurrently, External Factors (i.e., regulations and 

market pressures) significantly trigger adoption intention (H1: p=0.001), yet they fail to directly 

influence actual adoption levels (H2: p=0.479). This indicates that external regulatory mandates 

require internal strategic intent as a full mediator to be translated into tangible operational actions. 
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Furthermore, Technical Factors play a unique role in this model; while they are not 

significant in fostering intention (H4: p=0.456), they act as an essential prerequisite that directly 

impacts the actual level of adoption (H5: p=0.000). The inability of intention to mediate the 

relationship between technical factors and adoption levels (H9: p=0.457) reinforces that 

technological infrastructure functions as a physical execution tool rather than a psychological 

motivational driver. These findings are supported by the significant role of Adoption Intention as 

a mediator between external factors (H7: p=0.039) and organizational factors (H8: p=0.011) 

regarding adoption levels, proving that structured managerial decision-making is a vital bridge for 

successful technology implementation in the field. 

The most critical finding of this study is the identification of Hulu-Hilir (Upstream-

Downstream) Business Model Integration as an additional latent variable explaining the 

sustainability of IDT adoption. Qualitative analysis indicates that pure-play execution contractors 

tend to view IDTs as an administrative burden, whereas companies integrated with long-term asset 

management (such as Toll Road Business Entities/BUJT) can justify the high investment in IDTs 

through long-term Operation and Maintenance (O&M) cost efficiencies. The synthesis of 

quantitative results and qualitative insights enriches the Construction 4.0 discourse by emphasizing 

that successful digital transformation in developing countries relies not only on sophisticated tools 

but on the alignment of business models with the infrastructure asset lifecycle. 

Managerial Implications 

Managerially, this study directs stakeholders to shift the paradigm of digital investment from 

burdening Operational Expenditure (Opex) toward corporate Capital Expenditure (Capex) 

supported by rigorous Cost-Benefit Analysis. Firms are advised to establish a dedicated division 

or a Center of Excellence to oversee the incremental implementation of technology and provide 

hands-on mentoring to overcome technical skill gaps in the field. Regarding policy, collaboration 

between construction associations and regulators is crucial to reform administrative laws, 

specifically concerning the legal validity of digital documentation and electronic signatures, to 

eliminate the inefficiencies of double work that currently hinder project automation. 

 

CONCLUSION 

This study successfully models the adoption mechanism of Infrastructure Digital Twins 

(IDTs) in the Indonesian construction sector by integrating the TOE, TAM/UTAUT, and 

Innovation Diffusion frameworks. Our empirical findings demonstrate that Organizational Factors 

and External Factors are the primary drivers of adoption intention, which subsequently mediates 

their impact on actual adoption levels. Conversely, Technical Factors serve as a non-mediating, 

direct prerequisite for operational execution, highlighting that technology readiness alone is 

insufficient without strong managerial intent and strategic organizational backing. 

A significant contribution of this research is the Upstream-Downstream Business Model 

Integration as a vital latent variable for sustainable adoption. The study concludes that IDT 

implementation is most effective when project stakeholders, particularly those involved in long-

term asset management, align their business models to capture the economic benefits of O&M 
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lifecycle efficiencies. This challenges the common industry perception that IDTs are merely an 

additional administrative burden, repositioning them as a strategic asset for project automation and 

long-term sustainability. 

The study provides a robust framework for digital transformation. By triangulating SEM-

PLS statistical results with qualitative expert insights, it can be concluded that future adoption in 

Indonesia depends on a three-pronged approach: strengthening leadership-driven digital culture at 

the organizational level, synchronizing workflows to eliminate double work at the operational 

level, and driving legislative reform for digital documentation at the policy level. These insights 

offer a clear trajectory for stakeholders to navigate the complexities of Construction 4.0 and 

optimize the value of digital assets in national infrastructure development 

The strategic framework for IDTs adoption in the Indonesian construction industry consists 

of three phases. Phase I (Short-term) focuses on the organizational foundation by establishing a 

Digital Center of Excellence (CoE) and implementing Train-the-Trainer programs to cultivate 

digital leadership and overcome human resource competency gaps. Phase II (Mid-term) prioritizes 

operational synchronization through aligning SOPs and integrating GeoBIM systems with Project 

Management Information Systems (PMIS) to eliminate operational inefficiencies, such as double 

work, and streamline digital workflows. Finally, Phase III (Long-term) centers on legislative and 

ecosystem reform by advocating for the legal validity of digital documentation and shifting toward 

Asset Lifecycle Management to achieve sustainable adoption through an integrated Upstream-

Downstream business model. 
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