
ABSTRACT  

CHEN, GONGFAN. Enhance Collaboration Reliability at Task Level for Construction Projects 

Using Blockchain Technology. (Under the direction of Dr. Min Liu). 

 

Reliable workflow is critical in enhancing the construction industryôs overall productivity. 

A reliable workflow can be achieved by ensuring that communication flows smoothly between all 

specialty trades involved, constraints are removed, and instant feedback is available. Moreover, a 

transparent and accountable environment can uphold a reliable workflow because all parties can 

understand their responsibilities, risks, and expected outcomes unambiguously. Recently, the 

adoption of blockchain technology in construction has emerged as a disruptive trend, providing 

opportunities to facilitate and decentralize production management through the power of smart 

contracts. However, the following questions are yet to know: (1) how to investigate the impacts of 

constraints arising from the specialty tradesô variations in terms of project outcomes, (2) how to 

derive fair profit allocation contract consensus among specialty trades when working in the 

coalition, and (3) how to integrate semantically rich as-built data to provide automatic project 

appraisals and instant decision-making to enhance a reliable workflow. This research aims to 

provide contextualization, incentivization, and digitalization to enhance task-level collaboration 

reliability using blockchain-enabled smart contracts. Three primary goals are to (1) quantify the 

interdependent interrelated impacts of project constraints arising from variations in specialty trades 

on project outcomes, (2) derive a fair benefit distribution method among specialty trades when 

working in a collaborative work setting, and (3) integrate semantically rich as-built images to 

automate smart contract executions.  

First, the research selected a modular construction project to investigate the impact of 

specialty tradesô variations on the project's duration and costs. A simulation model was deployed, 

and the resulting profits were encoded in smart contracts as incentive-penalty sharing rules. These 



rules were designed to enforce a higher level of performance among specialty trades, thereby 

ensuring reliable constraint removal. To record and share as-built images as unique evidence for 

performance verification, an InterPlanetary File System (IPFS)-based approach was integrated into 

the framework. Next, the research combined and permutated various collaborative variables for 

three specialty trades, generating 27 scenarios in simulation. The Shapley value was then applied 

to aggregate the outcomes and determine the fair benefit-sharing mechanism, which was 

subsequently embedded in smart contracts and tested in various scenarios to validate the 

effectiveness and efficiency of the developed framework. Lastly, a high-rise residential building 

was selected, and as-built image data was collected. To classify the as-built image into different 

progress categories, a deep learning model was developed for blockchain oracle development. 

Furthermore, the research analyzed the various impacts of prerequisite delays in-depth and 

identified optimal mitigation strategies. Ultimately, a decentralized application was developed, 

which synchronizes as-built images, classified results, and mitigation strategies to enable 

automatic smart contract executions. 

The first case study revealed that reliable constraint removal leads to substantial reductions 

in wait time for equipment and labor, resulting in an overall cost savings of 4.7% compared to the 

benchmark scenario. For example, the removal of material constraints resulted in a 45.7% and 

78.5% reduction in equipment and labor wait times, respectively. Additionally, the use of 

simulation to convert implicit construction dynamics into explicit contract consensus facilitated 

the adoption of smart contracts in the construction industry. IPFS-enabled data sharing allowed for 

distributed file storage on construction projects. The second case study demonstrated that 

collaborating at the highest reliability level can lead to savings of 17.1% in project duration and 

2.8% in overall project costs compared to scenarios where all parties performed at the middle 



reliability level. The benefit-sharing rules developed in the study provided incentives for reliable 

collaboration, and blockchain validation ensured that smart contracts could guarantee 

corresponding payments based on the consensus, ensuring fairness. The third case study showed 

an accuracy of 97% in the automated smart contract execution process. The study identified 

bottleneck activities for smart contract execution and recommended optimal mitigation strategies 

to manage various prerequisite delay risks. A decentralized application was developed to 

synchronize as-built images, monitor progress, and mitigate risks, providing a user-friendly 

interface for construction stakeholders to interact with smart contracts and blockchain. 

This PhD research develops an innovative framework to quantify the interdependent 

relationships of project constraints, facilitating risk prognosis and diagnosis for decision-making. 

Furthermore, this research advances a new benefit-sharing mechanism for project participants who 

worked in a coalition toward a common project goal, which incentivizes bottom-up negotiation 

and decision-making, to promote a reliable workflow. Additionally, the integration of as-built 

images enhances automation and fosters trust among specialty trades. As a result, the framework 

can generate an automatic and reliable workflow by utilizing pre-defined consensus to shape 

collaborative behaviors and employing blockchain to enforce instant mitigations. The research also 

benefits construction professionals by providing them with user-friendly decentralized application 

tools for interacting with blockchain and smart contracts, as well as knowledge of identifying 

bottleneck activities for project executions. Ultimately, this research aims to shift current 

centralized construction management into a decentralized approach. The findings of this research 

can facilitate automation, improve production efficiency, and establish trust within the 

construction industry.  
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CHAPTER 1 INTRODUCTION  

The goal of this research is to provide contextualization, incentivization, and digitalization 

for task-level production management using blockchain-enabled smart contracts to nurture a more 

collaborative and decentralized decision-making environment for construction projects. This 

chapter presents the research background and questions, identifies the research objectives, 

highlights the point of departure and overall research design, defines the research scope, and 

discusses the structure of the dissertation. 

1.1. Background and Research Need 

The construction industry is a vital sector that plays a crucial role in supporting economic 

growth and development. It is a labor-intensive industry that involves the collaboration of various 

specialty trades or subcontractors. These trades perform a series of interdependent and sequential 

tasks that are essential to achieve the desired outcome. However, the complexity of the 

construction industry is not limited to the intricacy of the tasks but also the interaction between the 

specialty trades and the interplay of various constraints. According to the (US Bureau of Labor 

Statistics 2023), construction on-site labor productivity shows an annual average increase of 0% 

from 2001 to 2021, it even shows an annual average decline of 2.1% and 3.8% from 2017 to 2019 

and 2020 to 2021, respectively, which are shown in Figure 1.1. To address these challenges, 

reliable workflow management is critical in enhancing the industryôs overall productivity (Han 

and Park 2011; Liu et al. 2011; Sacks et al. 2013). Workflow is defined as the movement of 

information and materials through a network of production units, each of which processes them 

before releasing them downstream (Ballard 2000). Workflow reliability is defined as the extent to 

which a construction plan is an accurate forecast of future events (Javanmardi 2019). 
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Figure 1.1. Construction labor productivity data from 2001 to 2021.  

Construction constraints are one of the key factors affecting reliable workflow. Constraints 

existed endogenous and exogenous during the construction process. There is a lack of a method to 

quantify the impacts of interrelated and interdependent constraints on the overall project outcomes. 

(Koskela 1999) identified at least seven types of constraints that must be removed to achieve a 

smooth and predictable workflow. These constraints include design and working methods, 

components and materials, laborers, equipment and tools, space, prerequisite work, and external 

conditions. (Zakeri et al. 1996) found that constraints can lead to an overall 51% of hour loss per 

operative per site per week. Their activity sampling results showed 24-46% unproductive time 

variation on the construction sites. The impacts of these constraints are not linear, and the 

proportional effect of a single constraint in production or management is difficult to quantify as it 

spreads throughout the system. Consequently, construction project managers must dedicate 

significant amounts of time to planning meetings, where they discuss, analyze, and remove 

constraints (Javanmardi et al. 2020). However, the severity levels of these constraints, their 

combined impacts, and the effects of reliable constraint removals are often unknown, making it 
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challenging to plan a predictable workflow ex-ante. It is not an easy task for a single central 

manager to effectively evaluate and address complex constraint interactions that exist throughout 

the construction process. As such, there is an urgent need for a more nuanced understanding of 

how to quantify constraints and provide contextualization that can support task-level decision-

making and achieve reliable workflow. A summary of current state-of-art research on construction 

constraints is shown in  Table 1.1.
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Table 1.1. Selected publications of state-of-art constraint research in construction. 

Reference Country  Research Topic Research Type Limitation s 

(Roofigari-

Esfahan and 

Razavi 2017) 

Canada 

Present an uncertainty-aware framework to 

optimize time-space constraints for linear 

projects 

Framework; Case 

study 

Cost factor was not integrated 

in the time-space optimization 

model 

(Liu and Lu 

2018) 
Canada 

Material logistics constraints in 

construction scheduling of modular 

construction projects 

Case study; 

Analytical approach 

The sequence and quality of 

material delivery were not 

considered 

(Wang et al. 

2019a) 
China 

Systemic approach for constraint-free 

computer maintenance management system 

Framework; 

Questionnaire 

survey 

Constraints were evaluated 

based on the answers from 

questionnaire survey 

(Abbasi et al. 

2020) 
Iran 

Building Information Modeling (BIM)-

based combination of takt time and discrete 

event simulation for implementing just in 

time in construction scheduling under 

constraints 

Conceptual 

framework; Case 

study 

The effects of time delay were 

not considered in the research  

(Javanmardi et al. 

2020) 
USA 

An information-theoretic approach to 

quantify the constraints and optimize 

constraint removal sequence 

Framework; Case 

study 

The constraints measurement 

did not consider the constraint 

severity  

(Soman et al. 

2020) 
UK 

Present a Linked-Data based Constraint-

Checking approach to check for constraint 

violation in distributed construction data 

Conceptual 

framework; Proof 

of Concept (PoC) 

Space constraints, safety 

constraints, and site layout 

constraints were not fully 

considered in the model 

(Mahdavian and 

Shojaei 2020) 
USA 

Hybrid genetic algorithm and constraint-

based simulation framework for building 

construction project planning and control 

Framework; Case 

study 

Material and equipment with 

their associated uncertainties 

were not fully integrated in the 

developed system 

(Lagos and 

Alarcón 2021) 
Chile 

Investigate the relevance of work 

preparation and the relationship between 

constraint management and project 

performance 

Survey; Analytical 

approach 

Performance assessment was 

limited to schedule metrics 
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Table 1.1. (continued). 

(Kong et al. 

2021) 
China 

Investigate the resource input optimization 

problem with combined time constraints 

Conceptual 

framework; Case 

study 

The multi-skilled resources 

were neglected 

(Wu et al. 2021a) Australia 

Hybrid deep learning model for automating 

constraint modelling in advanced working 

packaging (AWP) 

Conceptual 

framework; PoC 

The proposed model cannot 

achieve fully automated 

constraint modelling, is limited 

in Chinese, and the created 

AWP graphs can be incomplete 

(Wu et al. 2021b) Australia 

A hybrid approach to automatically extract 

and integrate constraint information from 

texts and encode it to ontologies 

Conceptual 

framework; PoC 

The model might produce 

wrong relation establishment 

and generate duplicated entities 

(Zhang and Yu 

2021) 
China 

Solve the dynamic prefabricated 

component site layout problem subject to 

the site constraints, component constraints, 

construction schedule and component 

arrival schedule constraints and their 

interactive constraints 

Case study; 

Analytical approach 

The uncertainties inherent in 

construction activity durations 

and component arrival schedule 

were not considered 

(Soman and 

Molina-Solana 

2022) 

UK 

Automating look-ahead schedule 

generation for construction using linked-

data based constraint checking and 

reinforcement learning 

Conceptual 

framework; PoC 

Modelling standard 

construction constraints using 

the proposed method is not 

ideal 
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Furthermore, reliable workflow depends on the collaborative efforts by various teams of 

specialty trades toward a common goal. However, no mechanism was found to for fair benefits 

sharing to incentivize collaborative efforts towards achieving a reliable workflow. The 

construction industry has long struggled with the issue of fair payments (Bolton et al. 2022; Peters 

et al. 2019). Task-level specialty trades are typically comprised of diverse parties with distinct 

professional backgrounds who seek to maximize their individual benefits without necessarily 

considering the impact on other specialty tradesô work or overall project performance (Sacks and 

Harel 2006; Sun et al. 2016; Walker 2002). The contractual relationships between these specialty 

trades primarily influence their interactions (Assaad et al. 2020). However, given the complexity 

of the construction process and the numerous uncertainties it entails, it is challenging to establish 

responsibility and accurately identify payment amounts for the involved specialty trades 

beforehand. Consequently, payment enforcement in construction projects does not occur until 

project completion, resulting in disputes and unfairness in assigning compensations and penalties 

to responsible parties (Li et al. 2023). Therefore, it is critical to establish equitable and reasonable 

risk/benefit sharing terms for specialty trades, which provides incentives to motivate collaborative 

behaviors towards collective project outcomes. Researchers have argued providing incentives for 

specialty trades is crucial because it can enable bottom-up decision-making to absorb task-level 

uncertainties and reduce the need for centralized governance to assign risk compensations 

aftermath (Hall et al. 2022; Hunhevicz et al. 2022). A summary of current state-of-art research on 

profit sharing mechanisms is shown in  Table 1.2.
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Table 1.2. Selected publications of state-of-art profit sharing mechanisms research in construction. 

Reference Country  Research Topic Research Type Limitations  

(Xie and Liu 

2017) 
USA 

Contract provisions of the shared 

responsibilities and their relationship with 

financial incentives in Integrated Project 

Delivery (IPD) projects 

Case study; 

Analytical 

approach; Survey 

The designs of detailed risk-

reward sharing mechanisms 

were missing 

(El-adaway et al. 

2017) 
USA 

A framework for multi-party relational 

contracting whereby the owner, contractor, 

suppliers, and manufacturers 

collaboratively work together under similar 

terms and conditions 

Conceptual 

framework; 

Literature Review 

(LR); Case study 

Incentives and goal 

compensations that were not 

clear and/or agreed on early 

enough in the proposed 

contractual framework 

(Liu et al. 2017) China 

Assessment framework for revenue risk 

sharing mechanisms in transportation 

public-private partnerships 

Conceptual 

framework; Case 

study 

The developed framework did 

not address explicit marginal 

benefit/risk analysis of 

alternative mechanisms to 

allocate or share revenue risk 

(Yao et al. 

2020b) 
China 

Optimal incentive contract determined by 

the saved time relative to the predetermined 

deadline 

Framework; 

Analytical approach 

Multiple contractorsô 

involvement scenarios were not 

considered 

(Chen et al. 2020) China 

Novel probabilistic cost estimation model 

integrating risk allocation and claim based 

on bargaining game and Monte Carlo-based 

probabilistic cost risk simulation 

Conceptual 

framework; Case 

study 

This research only optimized 

the negative uncertainty of 

probabilistic cost estimation 

     

(Jin et al. 2020) China 

An effective methodological framework for 

the probabilistic evaluation of the excess 

profit allocation as well as the 

corresponding subsidy mechanism. 

Framework; Case 

study 

Some uncertain factors, such as 

the effort level or the service 

quality are not explicitly 

addressed in the profit risk-

sharing model 
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Table 1.2. (continued). 

(Hosseinian et al. 

2020) 
Iran 

The optimum multiagent/multioutcome 

sharing model in incentive contracts with a 

risk-neutral owner and risk-averse agents 

(contractors, consultants) 

Framework; PoC 

The relation between outcome 

and agentsô effort was assumed 

to be linear in this study, which 

might not be practical 

     

(Zhang et al. 2021) China 

Swing option approach to allocate revenue 

risks in the Public-Private Partnership 

projects 

Framework; Case 

study 

The developed model is based 

on the implicit assumption that 

the revenue information is 

symmetric to the public and 

private partners, which might 

not be true 

(Su et al. 2021) China 

Risk sharing strategies for IPD projects 

based on project participantsô decision- 

making through game theory and 

simulation 

Conceptual 

framework; 

Analytical 

approach; PoC 

How participantsô decision-

making can affect others were 

not discussed 

(Eissa et al. 2021b) Egypt 

Shapley value approach for conceptual 

profit allocation framework for 

construction joint ventures 

Conceptual 

framework; Case 

study 

The uncertainty associated with 

cost estimates were not 

considered, the collaboration 

parties needed to be further 

generalized 

     

(Guo et al. 2021) China 

Profit distribution of IPD projects using 

fuzzy alliance based on Shapley value of 

the cooperative fuzzy game 

Framework; Case 

study 

The model only considered 

three partiesô interactions. 

Extending to other parties was 

needed 

(Hosseinian et al. 

2021) 
Iran 

An optimum form of incentive contracts 

with multiple outcomes and multiple agents 

using utility theory and principal-agent 

theory 

Conceptual 

framework; Case 

study  

A linear relationship is 

considered for agentsô fees and 

project outcomes 
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Table 1.2. (continued). 

(Shehadeh et al. 

2022) 
Jordan 

Risk assessment model for optimal gain- 

pain share ratio in target cost contract for 

construction projects 

Framework; Case 

study 

The effect of loss avoidance 

behavior and behavioral 

economic evaluation of the risk 

propensity of the contracting 

parties were not fully 

considered 

(Wang et al. 2022) China 

A practical and effective risk sharing and 

income distribution model to achieve win-

win situation among different stakeholders 

using best-worst multi-criteria decision-

making and Shapley value 

Framework; Case 

study 

. The data of the proposed 

model can only be obtained by 

expert interview 

(Guo et al. 2022) China 
The influence of effort level on profit 

distribution strategies in IPD projects 

Framework; Case 

study 

This paper did not consider the 

influence of other participants 

on the decisions of key parties 
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Blockchain-enabled smart contracts can streamline the work process that has great 

potentials to facilitate reliable workflow executions. Blockchain has been considered a disruptive 

technology for the fourth industrial revolution (Industry 4.0)(Wu et al. 2022a). Currently, a 

primary challenge hindering the deployment of blockchain technology in the construction industry 

pertains to its inability to interact with real-world data, thereby limiting the potential for the 

automatic execution of smart contracts. Notably, no existing framework was found for harnessing 

as-built images to activate smart contract automation. Essentially, blockchain is a continuously 

growing record, called blocks that are linked and secured using cryptography proof instead of a 

central authority (Nakamoto 2008). It is a decentralized, distributed, shared, and immutable 

database ledger that stores a registry of assets and transactions across a peer-to-peer (P2P) network 

(Khan and Salah 2017). The smart contract is a set of computer codes defining the responsibility 

and risks between two or more parties, which works by ñif/whenéthenéò statements (Vitalik 

2014). It operates in blockchain and can monitor external inputs from trusted sources to settle 

predefined stipulations without a trusted third party. Blockchain will benefit from incentivization 

and contextualization to enable a Decentralized Autonomous Organization (DAO) that can self-

manage, self-operate, and self-adjust without centralized governance, which can facilitate various 

management tasks. 

Blockchainôs decentralization aligns with lean principles by enabling a more agile and 

responsive organizational structure. Decentralization allows for a distributed network of decision-

makers who can act autonomously and collaboratively, reducing the need for hierarchical 

structures and enabling faster decision-making. A summary of current state-of-art research on 

blockchain and smart contract applications in the construction industry is shown in Table 1.3. The 

early blockchain investigations in the construction industry started in 2017 (Scott et al. 2021; 
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Zhang et al. 2023), emerging at an average annual growth rate of 184%. Blockchain and smart 

contracts have been investigated in the construction industry in different aspects, such as enabling 

a transparent and traceable supply chain (Tezel et al. 2021; Wang et al. 2020), documenting 

uniform BIM data (Xue and Lu 2020; Zheng et al. 2019), and automating progress payments 

(Ahmadisheykhsarmast and Sonmez 2020; Elghaish et al. 2020). (Ameyaw et al. 2023) pointed 

out that trialability, relative advantage, competitive advantage, and compatibility of blockchain-

enabled smart contracts are important predictors of the adoption of such contracts. Blockchain 

shows great potential to share encrypted and authenticated data to establish trust (Hijazi et al. 2021; 

Lu et al. 2021a). Therefore, project participants can follow a well-defined single source of truth to 

track and monitor project performance. Furthermore, blockchain-enabled smart contracts can also 

achieve workflow automation because once a condition is met, the contract is executed 

immediately without the tedious paperwork processing (Das et al. 2020; Wu et al. 2021c). Besides, 

blockchain-enabled smart contracts also facilitate communication and collaboration in 

construction (Li et al. 2019; Tao et al. 2021). Despite the tremendous potential of blockchain 

technology and smart contracts, the current implementations are still in the nascent stage. The 

current generation of blockchain-enabled smart contracts are limited in their ability to deal with 

unexpected situations that arise during construction (He et al. 2022a), and they fall short in their 

ability to fully realize automation. These limitations have not been adequately addressed in the 

context of the construction industry, and difficulties persist in integrating off- and on-chain events 

and processing off-chain data efficiently (Adel et al. 2022). The achievement of this goal remains 

a significant challenge and requires further research and development efforts.
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Table 1.3. Selected publications of state-of-art blockchain and smart contract research in construction. 

Reference Country  Research Topic Research Type Limitations  

(Mason 2017) UK 
Business automation using smart 

contracts 

Survey; 

Discussion 

Limited data samples for 

analysis 

(Turk and Klinc 2017) Slovenia BIM and blockchain integration PoC 
Incapability to store large BIM 

files 

(Lanko et al. 2018) Russia 

Blockchain and Radio-Frequency 

Identification (RFID) in logistics 

management 

PoC Lack of validation 

(Li et al. 2019) UK 
Blockchain potentials in built 

environment 
LR 

Lack of socio-technical 

regulations 

(Nawari and Ravindran 2019) US Blockchain in BIM workflow LR Lack of quantitative data 

(Singh and Ashuri 2019) US 
Blockchain integration in design 

phase 

Conceptual 

model 
Data interoperability issues 

(Mason 2019) UK BIM and smart contract integration Case study 
Lack response for a new 

contractual model 

(Xue and Lu 2020) China 
Blockchain and BIM integration 

using semantic difference 

Framework; 

Case study 

Unsatisfactory computation run 

time 

(Das et al. 2020) China Secure Interim Payments 
Conceptual 

framework 

Smart contract fails to respond 

to the change 

(Elghaish et al. 2020) UK IPD and blockchain integration 
Framework; 

Case study 

Semi-automated process for 

linking BIM data and 

blockchain 

(Wang et al. 2020) China 
Blockchain and supply chain 

traceability 

Framework; 

Case study 
Lack of pilot study 

(Yang et al. 2020) Australia 
Business process and information 

management 

Framework; 

Case study 

Lack of governance model and 

data interoperability method 

(Sheng et al. 2020) China Quality information management 
Framework; 

Case study 

The proposed framework is 

only supported by limited 

estimation 

(Ahmadisheykhsarmast and 

Sonmez 2020) 
Turkey Payment management 

Framework; 

Case study 
Lack of usability testing 
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Table 1.3. (continued). 

(Lu et al. 2021a) China Supply chain management PoC The framework is conceptual 

(Li and Kassem 

2021) 
UK 

Distributed Ledger Technology (DLT) 

and smart contract applications in 

construction 

LR; Discussion The searching criteria were broad 

(Hunhevicz et al. 

2021a) 
Switzerland 

Digital twin and performance-based 

smart contracts 
PoC 

Difficulty to define fair contract 

logic 

(Hijazi et al. 2021) Australia 
BIM and blockchain integration in 

supply chain management 
LR 

Lack of efficient data storage in 

blockchain  

(Lee et al. 2021) US 
Digital twin and blockchain integration 

in information management 

Framework; 

Case study 

Scalability, security, and 

decentralization were not well 

addressed 

(Das et al. 2021) China BIM security  LR Lack of validation 

(Hamledari and 

Fischer 2021a) 
US 

Blockchain in physical and financial 

supply chain management 

Framework; 

Case study 

Lack regulations and security and 

suffer from crypto price volatility 

(Hamledari and 

Fischer 2021b) 
US Automatic progress payments 

Conceptual 

model 

Needs robust smart contract design 

and maintenance strategy 

(Hamledari and 

Fischer 2021c) 
US 

Integration of blockchain and robotic 

reality capture 

Framework; 

Case study 

Lack standardized and formally 

verified smart contract design 

(Lu et al. 2021b) China Blockchain for government supervision 
Conceptual 

model 

Lack of incentive mechanism and 

validation 

(Elghaish et al. 

2021) 
UK 

Blockchain and Internet of Things (IoT) 

integration 
LR Lack of validation 

(Tezel et al. 2021) UK Supply chain management 
Survey; 

Discussion 
Lack of real-life implementation 

(Wu et al. 2021c) China Quality inspection 
Conceptual 

model 

Lack of actual construction 

validation 

(Erri Pradeep et al. 

2021) 

New 

Zealand 

Information management for design 

liability and security 

Conceptual 

model 

Laboratory environment and 

simulated scenario were limited 
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Table 1.3. (continued). 

(Tao et al. 2021) China 
Blockchain and InterPlanetary File 

System (IPFS) for BIM design 

Framework; 

Case study 

Technical difficulties might lead 

to extra management efforts 

(Wu et al. 2022b) China 
Information management for on-site 

modular assembly 

Conceptual 

model 
Manual input to the blockchain 

(Lu et al. 2022) China E-inspection during COVID-19 
Framework; 

Case study 

Lack of integration to existing 

contractual requirements 

(Yoon and Pishdad-

Bozorgi 2022) 
US Supply chain management LR 

Lack of case study to evaluate 

impacts 

(Wu et al. 2022a) China 
Blockchain in construction 

challenges, and future trends 
LR The review scope was limited 

(Li et al. 2022) China Blockchain and IoT-BIM integration 
Framework; 

Case study 

Lack of consideration of risks and 

uncertainties from practice 

(Groesen and 

Pauwels 2022) 
Netherlands 

Compliance checking using 

blockchain and QR codes 
PoC 

The developed application was 

limited in functionality 

(Pan et al. 2022) China Equipment information management 
Conceptual 

model 
Need more datasets to test 

(Jeoung et al. 2022) Korea 
Blockchain-based IoT for indoor 

temperature control 

Framework; 

Case study 

Thermal comfort of the occupant 

group was not considered 

(Adel et al. 2022) Egypt 
Blockchain-based chatbot for 

construction firmsô communication 

Framework; 

Case study 

Raw and duplicated data input to 

the blockchain 

(Mahmudnia et al. 

2022) 
Iran 

Advantages and limitations of 

blockchain application 
LR 

Lack of professional training, 

regulatory and trust 
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1.2. Research Questions 

The construction industry is characterized by dynamic and complex environments due to 

various uncertainties and risks that arise from subcontractor variations (Howell and Ballard 1994; 

Russell et al. 2014; Wong et al. 2008) or project constraints (Javanmardi et al. 2020; Koskela 

2000). Understanding the interrelated and interdependent relationships among different constraints 

is crucial to identifying bottleneck operations and prioritizing resource allocations. Notably, 

frontline specialty trades bear the direct responsibility for removing constraints, and they cannot 

effectively address these constraints without a comprehensive understanding of their nature. 

Discrete event simulation (DES) is a process that codifies the behavior of a complex system as an 

ordered sequence of well-defined, discrete events, including activity scanning, event scheduling, 

and process interaction ((Mcgregor and Cain 2004) (Kang et al. 2015). DES has proven to be an 

effective approach in absorbing complex interactions and uncertainties in construction operations 

(Abbasi et al. 2020). Despite its potential benefits, there are several difficulties in quantifying the 

interactive relationships of different constraints using DES. First, construction projects typically 

involve numerous variables and factors, which can make it challenging to identify the most 

significant constraints and their interactive effects. Second, the nature of construction projects is 

inherently unpredictable, and there may be a significant amount of variability in the behavior of 

subcontractors and other stakeholders. In addition, DES requires prior knowledge and expertise, 

which may not always be available in construction project management teams. Previous research 

has not fully considered the use of DES to quantify Koskelaôs seven types of constraints and 

investigate their interactive effects on project outcomes. This represents a significant gap in the 

literature, as understanding the interactive effects of different constraints is essential to achieving 

a predictable workflow. Overcoming these challenges and incorporating DES into construction 
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project management can provide valuable insights into the behavior of complex systems and 

improve cognitive situational awareness at the task level and help develop effective strategies to 

mitigate risks and uncertainties. Therefore, the first research question is: 

How to quantify the impacts of project constraints arising from variations in specialty 

trades on project outcomes? 

Current projects have traditionally relied on a centralized layer for project management and 

control, while each specialty tradeôs operational performance inspection is carried out through a 

distributed layer (Kim and Ballard 2010; Kim and Rhee 2020). In the distributed layer, interactions 

between specialty trades are primarily influenced by their contractual relationships (Assaad et al. 

2020). However, hierarchical authority or contractual terms have been found to be insufficient in 

ensuring reliable collaboration or reducing opportunistic behaviors (Henisz et al. 2012). This is 

due to task-level specialty trades coming from different parties with varying professional 

backgrounds, all of whom seek to maximize their individual benefits without necessarily 

considering the effects on other specialty tradesô work or the overall project performance (Sacks 

and Harel 2006; Sun et al. 2016; Walker 2002). Some researchers have suggested that a relational 

contract based on norms of obligation and reciprocity can enhance collaborative behaviors among 

rational participants (Bradach and Eccles 1989; Lahdenperä 2012; Rahman and Kumaraswamy 

2002, 2004). Such contracts require sharing reasonable profits or risks that can steer specialty 

trades behaviors towards value contributions. This is crucial because incentives can motivate 

project stakeholders to continuously contribute to the networks despite adversarial environments 

attempting to disrupt the projects (Voshmgir and Kalinov 2017). As a result, specialty trades can 

engage in bottom-up decision-making to absorb task-level uncertainties and reduce the need for 

centralized governance in overall project control. However, the precise formulation of fair benefit-
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sharing rules remains elusive due to the inherent complexity and uncertainty of project contexts, 

which impedes the efficiency in shaping specialty tradesô collective behaviors. Therefore, the 

second research question focused on: 

How to fairly distribute rewards and penalties when specialty trades can perform at a 

different reliability level? 

The fourth industrial revolution (Industry 4.0) has propelled blockchain technology to the 

forefront as a disruptive innovation that promises to revolutionize various sectors. As businesses 

continue to seek ways to secure and authenticate data, provenance has emerged as the primary 

driver of blockchain adoption (PwC 2020). Secure information exchange, which is blockchainôs 

most significant use case, is critical to enhancing trust, privacy, and security in data management 

(Deloitte 2021). In this context, smart contracts offer a reliable mechanism for automating 

management stipulations in a decentralized environment without centralized governance. 

However, despite the significant potential of smart contracts, automating their executions remains 

a daunting challenge, with most studies remaining theoretical and lacking empirical validation 

(Shojaei et al. 2020; Tao et al. 2021). One of the fundamental obstacles to the broad adoption of 

blockchain-enabled smart contracts is the oracle problem, which arises from their inherent inability 

to interact with external data and systems beyond their native blockchain environment. Oracles, 

middleware agents that can capture and represent the physical state of building objects, hold the 

key to bridging the gap between smart contracts and external data and systems contracts (Lu et al. 

2021a). Successful smart contract execution relies on the reliable synthesis of on-chain and off-

chain data. With the increasing availability of semantically rich as-built progress data, facilitated 

by reality capture technologies, machine learning, and building information models, there is a 

unique opportunity to bridge the communication gap between blockchains and real-life 
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construction processes through the automatic assessment of the as-built data. By leveraging deep 

learning algorithms, these data can be automatically evaluated and interpreted to extract valuable 

information and knowledge to support smart contract decision-making. Nonetheless, this research 

area is still largely uncharted territory, presenting exciting prospects for future research and 

development. Accordingly, the third research question can be elaborated as follows: 

How to integrate semantically rich as-built images to automate smart contract executions? 

The investigation of the research questions presented herein has the potential to pave the 

way for an automated decentralized construction management system. Firstly, incentives can serve 

as a motivating factor for different specialty trades to coordinate and communicate with each other, 

leading to optimized project outcomes and decreased need for centralized inspection. This 

incentivization scheme guides the specialty trades to act as autonomous agents and contribute 

collectively to project value generation, enabling to promptly absorb dynamic uncertainties. 

Secondly, by addressing task-level constraints through visualization and quantification, specialty 

trades can potentially gain situational awareness to overcome bottlenecks and execute workflows 

more reliably and continuously. Additionally, constraint removal strategies can be incorporated 

into smart contracts to ensure that responsible parties adhere to compliance rules, providing a more 

dependable and consistent approach to enforcing performance standards. Thirdly, the automated 

assessment of the physical state of building objects enables a timely feedback system from the real 

world to smart contracts. The methods eliminate the centralized subjective evaluation and data 

input, guaranteeing a single point of truth that governs the contract executions, facilitating a 

closed-loop decentralized management system that eliminates the need for centralized managers' 

involvement. Ultimately, addressing these research questions has the potential to transform the 

construction industry by reshaping hierarchical structures from top-down centralized management 
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to bottom-up decentralized management, resulting in increased efficiency, reduced costs, and 

reliable workflow execution. Centralized management employs push control where decisions are 

made by project managers, whereas decentralized managers can switch to pull control by 

delegating decision-making power to specialized trades teams or individuals. 

 

Figure 1.2. Organizational structure of construction management for task-level activities.  

1.3. Research Objectives 

The goal of this study is to foster contextualization, incentivization, and digitalization to 

enhance task-level task management, which will result in a decentralized and collaborative 

working environment with minimum management intervention, thus enabling the realization of 

production efficiency. Centralized project managers play a vital role in analyzing deficiencies and 

providing feedback to make informed decisions. However, current construction payments are not 

enforced until project completion, resulting in unfairness (Li et al. 2023). The complexity of the 

construction process, with numerous uncertainties, makes it difficult to define responsibility and 

risk response ex-ante (Hunhevicz et al. 2021a). While previous studies have been undertaken to 

reduce process variations (Ballard 2000; Wambeke et al. 2012) and to develop digital solutions 



 

20 

 

that eliminate constraints in the make-ready process (Sacks et al. 2009, 2013), little research has 

successfully quantified the impacts of constraints on overall project outcomes and understood 

resource prioritization (He et al. 2022b, 2023) for constraint removal.  Identifying fair 

compensations for involved parties is challenging, leading to disputes and ultimately negative 

impacts on construction stakeholders. The process of obtaining, interpreting, planning, and making 

decisions is fragmented, and different software, platforms, and algorithms lack integration. 

Automating compliance checks and executing optimal strategies without centralized human 

involvement remains a distant reality. Therefore, nine objectives were defined to fulfill the primary 

objective and answer the research questions, as illustrated Figure 1.3. 

 

Figure 1.3. Research objectives.  

1. Understand the relationships between participantsô work plan reliability and project 

performance to motivate reliable completion. 
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In construction projects, an unreliable work plan causes unstable workflow, which often 

results in task completion delays, system throughput decrease, and waste increase. 

Investing in a higher work plan reliability can effectively remove constraints in time to 

motivate reliable task completion (Abbasian-Hosseini et al. 2018; Hamzeh et al. 2015). A 

simulation system is effective in modeling different project constraints while also defining 

various levels of variations for specialties. This approach enables individuals to 

comprehend the relationships between participantsô work plan reliability and project 

performance ex-ante. Therefore, project managers can develop effective management 

strategies to support reliable task completions unambiguously. Ultimately, the 

development of such a system can significantly enhance the efficiency and effectiveness 

of construction decision-making, yielding a better project outcome. 

2. Establish a blockchain platform to enforce the smart contract rules execution. 

Despite the widespread interest in blockchain technology, the industry continues to face a 

significant gap in the practical application of this technology, particularly in the context of 

smart contract deployment. In light of this, the objective is to establish a minimum 

workflow that can ensure the construction of a blockchain network with well-grounded 

functionality. The proposed workflow comprises several essential components, including 

the creation of a private blockchain network, the initiation of accounts, the programming 

of smart contracts, the deployment of these contracts to the targeted blockchain, and their 

subsequent execution. Of equal importance, the study emphasizes the critical role of 

specialty trades, who will leverage a digital wallet with a unique digital identification to 

interact with blockchain information and other blockchain nodes.  
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3. Integrate on-site images as external oracles for progress tracking and smart contract 

verification. 

The accessibility of as-built images presents an opportunity to obtain critical information 

for benchmarking project progress and as-performed status. However, the current 

limitations of blockchain technology, which cannot store large file data, means that smart 

contract executions must rely on manual information input. To address this challenge, this 

research objective seeks to harness the value of as-built images as an accurate 

representation of the as-performed status for project verification. To achieve this, an IPFS-

based file-sharing approach is deployed to convert the image to a unique hash string and 

store it in a distributed way for smart contract verification and validation. This approach 

ensures that different stakeholders can access a single point of truth from the blockchain 

for decentralized project supervision. Furthermore, a user-friendly tool has been developed 

to facilitate seamless image data upload and storage, allowing for swift and efficient 

verification of project progress.  

4. Quantify subcontractorsô marginal contributions to the project through a simulation 

model. 

The reality of construction management reveals a complex and interrelated network of 

constraints that cannot be viewed in isolation. In practice, successful project delivery 

depends on reliable work release from upstream to downstream specialty trades, which 

makes it challenging to write a binding contract that accounts for all the variables involved. 

To address this issue, this objective introduces a sophisticated approach that classifies each 

constraint into three different variability levels, with each level representing a distinct level 

of impact on project outcomes. By using permutation and combination in simulation, 27 
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different scenarios are generated that represent various specialty contractors working in 

coalition, rather than individually, to address responsible constraints. The resulting model 

can identify the marginal contributions of each specialty in terms of project costs when 

working together, providing a more comprehensive understanding of the interdependent 

nature of constraints in construction projects. This approach highlights the importance of 

collaborative teamwork and coordination in bottom-up construction management. 

5. Establish fair incentive-penalty sharing stipulations for subcontractors using Shapley 

value under multi-party collaborative scenarios. 

In construction management, the issue of delayed completion is a common problem that 

can lead to significant financial losses and damage to the reputation of the parties involved. 

One of the main challenges in addressing this issue is the difficulty of motivating reliable 

project delivery and patching damages ex-post. Therefore, it is critical to establish fair and 

reasonable risk/benefit sharing terms in contracts ex-ante to ensure fairness and guide 

responsible parties to make collective efforts. This objective seeks to derive a fair reward-

penalty sharing framework that considers the marginal contributions of each specialty 

using the Shapley value, a cooperative game theory model. By analyzing the trade-offs 

between investing in higher reliability and reward/penalty sharing, this approach provides 

insights into the incentives for reliable collaboration and can guide the development of 

more effective contract structures. Ultimately, this can help to mitigate the risks associated 

uncertainties between hand-offs and promote decentralized decision-making in the 

construction industry. 

6. Develop the smart contract and a blockchain network to monitor, track, enforce, automate 

and record the project executions. 
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Developing a smart contract and a blockchain network can revolutionize the construction 

industry by providing a reliable, secure, and transparent means to monitor, track, enforce, 

automate and record project executions. To achieve this, it is critical to align incentives 

with the functions of the smart contracts, which can effectively bind different specialties 

by specifying inputs, outputs, data flow logic, and deployment environments. The success 

of decentralized executions of smart contracts relies on the accuracy and efficiency of the 

contract functions presented in the network. Thus, this objective goes beyond mere 

functionality and establishes a safe and deterministic environment for local simulation of 

different nodesô interactions in a blockchain network. Through the implementation of 

various contract testing, compiling, and migrating procedures, a comprehensive approach 

is taken to identify the optimal configurable build pipeline that can seamlessly transfer 

human-readable contract documentation to machine-executable codes. This rigorous and 

meticulous approach is crucial to ensure the integrity and security of the smart contract 

ecosystem while enhancing the transparency and accountability of the construction 

management process. 

7. Leverage image-based deep learning models to present images and classification labels in 

the blockchain. 

Although objective 3 addressed the challenge of efficiently storing as-built image data, it 

remains that the final decisions are often dependent on the project manager's subjective 

interpretation, resulting in a centralized decision-making process. The data captured 

through as-built images, in itself, does not hold much significance unless it is processed 

and valuable information is extracted to aid in decision-making. This objective endeavors 

to bridge this gap by leveraging deep learning techniques to classify the as-built images 
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into different categories. The resulting classification label is then stored on the blockchain 

for audit purposes, thereby reducing the need for centralized decision-making and 

facilitating event synchronization both on- and off-chain. The integration of Bayesian 

network helps to eliminate any unreliable classification outcomes, ensuring the accuracy 

and reliability of the model. The successful implementation of this objective significantly 

enhances the transparency and accountability of the construction management process 

while minimizing the risk of biased decision-making. 

8. Elaborate potential delays and identify optimal mitigation stipulations through a 

simulation model. 

The management of prerequisite work delays represents a crucial challenge for 

construction projects. To address this issue, it is essential to increase the on-site workforce 

through measures such as longer work hours or adding more laborers (Hanna et al. 2008). 

However, these actions come with associated costs, making it necessary to identify optimal 

action items that streamline downstream performance and mitigate risk impacts. This 

objective aims to address this issue by leveraging automatic progress tracking to capture 

different levels of delay and analyzing ñwhat-ifò scenarios in simulation modeling to 

identify the most effective mitigation strategies. By using the Return on Investment (ROI) 

and the Gaussian Mixture Model to analyze the trade-offs between different mitigation 

strategies, this objective provides a comprehensive approach to mitigate delays and achieve 

schedule compression. The results can potentially enable an automated Plan-Do-Check-

Act (PDCA) system that can identify bottleneck activities and enforce Just-in-Time (JIT) 

interventions, streamlining workflow and minimizing interruptions to the construction 
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process. This approach highlights the importance of strategic planning and data-driven 

decision-making in construction management to ensure project success. 

9. Implement a Decentralized Application (dApp) to synchronize detection results and 

automate smart contract executions. 

The integration of smart contract automation and synchronization into a single platform is 

essential to enable a more efficient and transparent construction management process. 

DApps represent a promising solution that combines a smart contract backend with a user-

friendly frontend to facilitate easy access to uniform project performance data. To achieve 

this goal, this objective focused on the development of a dApp using web3.js. The dApp 

allows for seamless interactions between local or remote Ethereum nodes using HTTP or 

other web technologies, providing construction stakeholders with a convenient and 

intuitive interface for accessing and analyzing project data. This integration not only 

streamlines communication and coordination between stakeholders but also helps to 

overcome technical barriers and knowledge gaps, promoting greater collaboration and 

efficiency in construction management. By enabling real-time monitoring and reporting of 

project performance, the dApp represents a significant step towards achieving more 

effective and reliable construction project delivery and represent the disruptive way of 

building future software applications. 

Realizing the above objectives can empower a decision support system to facilitate 

automatic and decentralized process management. The construction industry, by its very nature, is 

complex and dynamic, with numerous interacting variables that are often hard to manage. 

Automating construction processes using blockchain-enabled smart contracts is an ambitious goal 

that requires the integration of advanced technologies and the collaborative behaviors of multiple 
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stakeholders. This research has demonstrated that while human intervention is essential in 

providing decision support in a digital environment, embedding ñintelligenceò in the technology 

implementation cycle can gradually lead to an automatic system without human involvement. By 

diagnosing and prognosing uncertainties, the research has provided a solid foundation for enabling 

situation awareness in task-level task performance, while the fair reward/penalty-sharing 

mechanism aims to guide specialty trades to autonomously join to make collective contributions 

to self-manage, self-operate, and self-adjust even under adverse conditions. The developed 

blockchain-empower smart contracts have the potential to transform traditional organizational 

structures in the construction industry, by enabling the formation of a DAO. In traditional 

organizations, all agents are required to have an employment contract that clearly defines their 

roles and responsibilities, with salaries serving as the primary incentives, and top-down 

coordination and enforcement mechanisms being essential for successful management processes. 

DAO is an innovative organizational structure that is not governed by a central authority, but rather 

by a set of rules encoded in smart contracts on a blockchain. The use of smart contracts to establish 

a contract consensus and incentivize stakeholders can facilitate bottom-up self-coordination and 

self-governance, while the integration of real-world data, algorithms, and software can provide 

automated solutions for verification and decision-making. By implementing a DAO, construction 

professionals can potentially realize a more efficient and equitable project management system 

that is less susceptible to human errors and biases. This approach has the potential to revolutionize 

the construction industry by promoting transparency, accountability, and collaboration among 

stakeholders, ultimately resulting in better project outcomes and increased trust in the construction 

process. The research outcomes can serve as the basis for a more comprehensive information 
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management system that can help construction professionals optimize their operations, reduce 

costs, and enhance their overall efficiency.  

 

Figure 1.4. Comparison of traditional organization and DAO. 

1.4. Research Scope 

This research will focus on planning and controlling production using blockchain and smart 

contract technologies to minimize the uncertainty and interdependencies that interrupt the smooth 

flow of work in projects. According to the (Koskela 1999) production theory, there are seven types 

of preconditions to enable construction transformations of flows, and they are design and working 

method, components and materials, laborers, equipment and tools, space, prerequisite work, and 

external conditions. Values can only be created if none of the seven flows stops. Specifically, the 

scope of this research will focus on the flow of components and materials, laborers, equipment and 

tools, and prerequisite work during the construction phase from the point of view of building 

commissioning. In addition, this research elaborates on how to use blockchain and smart contracts 
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to facilitate task-level construction coordination from the perspective of the PDCA cycle. A 

summarized research scope is shown in Table 1.4. 

Table 1.4. Research scope. 

 
PRE-DESIGN 

PHASE 

DESIGN 

PHASE 

CONSTRUCTION 

PHASE 

BUILDING 

START-UP 

PEOPLE 
    

INFORMATION  
    

EQUIPMENT  
    

MATERIAL  
    

PRIOR WORK  
    

SAFE SPACE 
    

EXTERNAL 

CONDITIONS  

    

 

The case study presented in Chapter 2 and Chapter 3 illustrated a real construction project 

using modular construction techniques. The main involved participants were material pre-

fabricators, crane operators, and installation workers. Upstream and downstream coordination was 

also discussed in these two chapters. The case study presented in Chapter 4 exhibited a high-rise 

residential building using a repetitive floor design method, where every floor had the same critical 

path activities. Different levels of prior work released were demonstrated to identify the bottleneck 

activity for project success. Blockchain and smart contracts exert influence in both case studies in 

visualizing the planning, doing, checking information transparently, and enforcing the optimal 

action items to motivate collaborations and realize a reliable workflow automatically. The research 

on enabling an automated and reliable workflow is focused on typical building projects because of 

their universality and generalizability. 
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1.5. Research Framework 

The research outline is shown in Figure 1.5. Three research questions were proposed and 

nine objectives were identified. Three case studies were performed using the real-world project to 

cultivate and motivate task-level reliable project delivery using blockchain-enabled smart 

contracts. The case study method reflects the real-world construction questions and the empirical 

data can approximate the facts of the real-world performance.  

The simulation approach was developed to determine various possible scenarios when 

different constraints existed at different variability levels. The simulation model provided a 

quantification method to benchmark tolerance intervals for different constraints. Next, to 

overcome the technical barriers for the industry in smart contract adoptions, a minimum workflow 

was identified to form the smart contract and deploy it in the target blockchain, including 

transforming human-understandable consensus to machine-executable codes, interacting with 

decentralized nodes, and testing framework reliability. The process involves each specialty 

responsible for the related constraint as a digital agent in the decentralized network to simulate the 

real-world blockchain implementation. An IPFS-based distributed file-sharing method was 

integrated to enable large-size file storage in the blockchain for better validation and verification. 

To further motivate decentralization and collaboration for task-level tasks, interactive and 

interrelated scenarios for material, equipment, and worker specialties were simulated by 

combining and permutating various reliability levels. Then, the Shapley value approach was 

leveraged to determine the rewards and penalties for each specialty under different situations. 

Shapley value will be a good fit to align incentives because it determines how to share the benefits 

fairly and efficiently under well-defined objectives by competing or collaborating with other 
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players. It can visualize the marginal contributions of each specialty, and reward or penalty 

amounts have incentives to push higher reliability with collaborative consciousness.  

To abridge the disconnection of blockchain events and real-world events, the as-built image 

and productivity were collected in the second real-world case. A deep neural network was 

developed to classify different as-built images into different construction progress. The 

classification was further optimized using the Bayesian network, where a real-time construction 

schedule served as prior knowledge for the classification problem. Next, a simulation model was 

deployed to generate all possible delay scenarios on the critical path to accommodate various real-

world progress scenarios and derive mitigation strategies when facing prerequisite work delays. A 

Gaussian mixture model was used to prognose and diagnose possible risks and yield optimal risk 

response strategies. Lastly, the research culminated with web3-based decentralized application 

development, where the interpreted real-world results will be fed into the smart contract and 

activate the optimal smart contract executions. Meanwhile, the as-built image, interpreted results 

by deep neural networks, and executed transactions will be synchronized and recorded in the 

blockchain automatically. 

The validation of the research framework was accomplished through the utilization of three 

distinct case studies. A modeling and simulation approach was devised to generate near-real 

scenarios utilizing empirical data. Furthermore, detailed statistical analyses were performed to 

ensure the generalizability and representativeness of the results derived from the simulation and 

related assumptions. Additionally, blockchain-based software was developed to test smart contract 

execution scenarios and assess the effectiveness of the proposed framework. 
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Figure 1.5. Research framework. 
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With the above-discussed procedures, the research can also establish and enable a 

decentralized PDCA cycle shown in Figure 1.6. Blockchain-enabled smart contracts took a role in 

streamlining the PDCA process by integrating human intelligence, technologies, and analytical 

methods for task-level coordination. In the Plan stage, strategies mainly focus on combining and 

permutating all possible scenarios to enable a make-ready process for subsequent activity 

executions. This stage will analyze productivity, quantify and visualize construction constraints, 

establish a simulation model, and initiate a smart contract to motivate reliable commitments for 

different stakeholders. In the Do stage, the specialties might perform at their own variabilities 

based on their customized needs. Meanwhile, because of the incentive consensus and transparent 

verification mechanisms, the specialties will potentially negotiate with each other to achieve the 

common goal, enabling decentralized pull scheduling without central control. In the Check stage, 

different technologies integrated with blockchain-enabled smart contracts can readily fetch as-built 

data to reflect the as-performed situations. The captured data are extracted and interpreted using 

machine learning algorithms and artificial intelligence to check contract compliance and 

benchmark deviations automatically. Blockchain provides transparent and automatic 

documentation so that project information is collectively stored for future business development. 

In the Act stage, project stakeholders can communicate uniform and trustworthy data from the 

blockchain to enable learning. Smart contracts will prioritize resource allocation and enforce risk 

response with automatic reward/penalty to motivate next-cycle reliable commitments. 

Epistemologically, new knowledge will be generated by comparing monitored data against the 

designed and planned. This is embodied by modeling, simulation, and analysis to facilitate learning 

because predicted outcomes can be compared with actual outcomes in the PDCA cycle. 
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Figure 1.6. Decentralized PDCA. 

1.6. Dissertation Structure 

The research presented in this dissertation is organized into chapters by key topics. The 

detailed organization is as follows.  

Chapter 2 presents a case study to investigate how different constraints impact project 

overall performance, to derive situation-awareness smart contracts, and to integrate distributed 

file-sharing systems for project supervision and smart contract verification. This chapter aims to 

address research objectives 1-3, which aims to enhance situation awareness. Chapter 2 is published 

in the Canadian Journal of Civil Engineering (Chen et al. 2022). 
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Chapter 3 extends the case study in Chapter 2 and develops novel methods to quantify the 

marginal contributions for each specialty when working in coalitions, to derive fair risk/reward 

sharing stipulations under uncertainties, and to motivate collaborations with decentralized 

decision-making in smart contract networks. This chapter aims to address research objectives 4-6, 

which aims to develop collaboration mechanisms. Chapter 3 was accepted by the ASCE Journal 

of Management in Engineering (Chen et al. 2023b). The first two case studies focused on internal 

collaboration rules development for construction organizations. 

Chapter 4 builds upon the case study in Chapter 2 and Chapter 3 and leverages as-built 

images to automatically process and extract progress information of real-world events, to prognose 

and diagnose potential risks and optimal mitigations based on captured progress, and to enable 

smart contract automation by synchronizing off- and on-chain events. This chapter aims to address 

research objectives 7-9, which aims to realize data synchronization. Chapter 4 is published in the 

ASCE Journal of Management in Engineering (Chen et al. 2023c). The third case study focused 

on external compliance checks for validating rule executions. The ultimate goal is to decentralize 

construction management. Chapters 2-4 are self-contained with introductions, literature review, 

methodology, results and analysis, and conclusions sections.  
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Figure 1.7. Case study overview. 

Chapter 5 summarizes the research findings, contributions, limitations, and 

recommendations for future study of this research. 
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2.1. Abstract 

This research aims to develop an automatic incentiveïpenalty enforcement system for 

modular construction. Smart contract rules were developed for a project of 120 prefabricated bath 

units. The results show that the smart contract can automatically enforce rewards and penalties for 

all 19 scenarios. The findings can help project managers detect and reject any inappropriate or 

malicious operations deviated from predefined rules efficiently. The results show that if the 

Prefabricated Bathroom Unit (PBU) fabricator can perform at the highest reliability level 

following the smart contract rules, the project can save 4.7% overall cost compared with the 

benchmark scenario. The findings will be beneficial to modular construction project by ensuring 
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efficient monitoring, motivating reliable performance, and improving productivity and project 

documentation. 

2.2. Introduction  

In many construction projects, the modular construction approach is used to save time and 

cost, reduce safety risks, improve quality, and reduce waste (Said 2015). Modular construction 

can be described as a composite construction of parts produced in factories for installation on-site 

(Wong et al. 2017). Prefabricated construction components are produced in off-site factories and 

then shipped to the construction site, hoisted, and installed, in order to improve on-site installation 

efficiency. However, the success of modular construction requires additional effort in the form of 

coordination among multiple participants, such as designers, suppliers, prefabricators, and 

contractors. When seeking to achieve a high level of productivity in modular construction, 

construction site managers face three constant challenges: how to develop reward and penalty rules 

to motivate reliable work plan completion, how to enforce the rule execution timely and 

transparently, and how to utilize visual data to help managers to automatically monitor the 

performance. Because progress tracking is done in the ever-changing environments of job sites, 

obtaining accurate records is both time consuming and difficult. In current construction practices, 

rewards for on-time performance and penalties for delayed completion are usually not enforced 

until a project is either completed or near completion, making it difficult to encourage adherence 

to the schedule and work plan during the project. It is also time consuming to pinpoint and quantify 

the cause and scope of delays retrospectively.  

Accordingly, project managers need a tool to improve productivity and enforce reliable 

performance in modular construction. Blockchain and smart contracts are rising technologies that 

can be used to solve problems within the construction industry due their ability to create, verify, 
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and audit contract obligations in real time between companies, without the need for third-party 

authentication (Li et al. 2019). Blockchain is a globally consistent, decentralized, and distributed 

database formed of a growing list (i.e., chain) of records (i.e., blocks) that are secured using 

cryptographic proof (Ahmadisheykhsarmast and Sonmez 2020). Each block contains a timestamp, 

the unique hash value of the previous block, a nonce, and transactions. The main benefits of using 

blockchain technology are providing transparency, traceability, immutability, and decentralization 

in the system (Lu et al. 2021a; Venkatesh et al. 2020). A smart contract can be defined as ñself-

enforcing, monitoring external inputs from trusted sources to settle according to the contractôs 

stipulationsò (Peters and Panayi 2015). Smart contracts work on an ñif/when, thenò principle. The 

benefits of using smart contract are enabling tracking on-chain or cross-chain data changes and 

off-chain data sources in real time and automatically executing contract clauses, resulting in 

savings in transaction fees and administrative costs, and expediting the transaction process 

(Fanning and Centers 2016; Uriarte et al. 2020). Conventionally, a smart contract can outline a 

projectôs detailed steps chronologically. A contractualized budget for every step of the project is 

determined, and the entire projectôs funds are gathered and deposited into a cryptocurrency-based 

wallet (Elghaish et al. 2020)(Ahmadisheykhsarmast and Sonmez 2020)(Hamledari and Fischer 

2021a). Once the completion status is detected, the funds are paid to the corresponding parties 

from the project wallet, and the unique execution records are documented in the blockchain. 

However, there is currently a lack of research into how to instantly track progress and 

integrate real-time inspection results with a motiving mechanism to encourage reliable delivery 

and installation for modular construction projects. Therefore, the objectives of this research are to 

1) understand the relationships between participantsô work plan reliability and project performance 

and establish smart contract rules to motivate reliable completion; 2) establish blockchain platform 
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to enforce the smart contract rules execution; and 3) integrate on-site images as external oracles 

for progress tracking and smart contract verification.  

This research features a residential high-rise project in Singapore as a case study. Within 

this project, prefabricated bathroom units (PBUs) were ordered from overseas and installed on-

site. The research established a STROBOSCOPE-based computer simulation model to study 

productivity performance under different delivery and installation scenarios. Smart contracts and 

a blockchain platform were built to facilitate and motivate the reliable performance of each 

participant. Last, a blockchain oracle was constructed to explore the use of construction images 

for monitoring subcontractorsô performance. The developed framework can be used as a guideline 

and provide insights to help other scholars or practitioners design a situationally aware smart 

contract so that it is more plausible to adopt this technology and handle complicated construction 

dynamics. The developed method is not limited to implementation in modular construction. With 

appropriate adjustments of simulation and smart contract rules for particular project needs, the 

method can be applied to other types of construction project as well. 

2.3. Literature Review 

2.3.1. Simulation of the Dynamics between Delivery and On-Site Installation 

DES is the process of codifying the behavior of a complex system as an ordered sequence 

of well-defined, discrete events (i.e., activity scanning, event scheduling, and process interaction) 

(Kang et al. 2015; Mcgregor and Cain 2004). It has been widely used as an effective approach to 

better absorb complex interactions and uncertainties in construction operations (Abbasi et al. 

2020). DES can be used to investigate the characteristics of variability (Abbasian-Hosseini et al. 

2018) and optimum trade-off (Hajifathalian et al. 2016), in order to evaluate the effectiveness of a 

control policy and deal with unexpected variability prior to its implementation in a real project 
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(Han and Park 2011). For example, (Bamana et al. 2019) and (Goh and Goh 2019) constructed a 

simulation model to assess the impacts of projects with and without JIT deliveries. Their results 

revealed a reduction in cycle time and improvements in labour productivity when implementing 

JIT deliveries. (Liu et al. 2020) used DES to evaluate various supply chain configurations and their 

impacts on the overall project, and the results indicated the importance of supply chain 

configurations and of having multiple suppliers to boost manufacturing efficiency and consistency. 

The work of (Jung et al. 2018) revealed that construction and material supply processes should be 

viewed as one system and that on-site storage is a good choice for contractors when suppliersô 

capabilities are uncertain.  

DES is an effective method to employ when studying the dynamics of and coordination 

between delivery and on-site installation, if empirical data is available. The simulation results for 

each participantôs performance and the overall project productivity based on different scenarios 

can provide a good foundation for smart contract rule development. 

2.3.2. Blockchain and Smart Contracts  

Blockchain technology provides a globally consistent, decentralized, and distributed 

database that is formed of a growing list (i.e., chain) of records (i.e., blocks) that are secured using 

cryptographic proof instead of a central authority (Ahmadisheykhsarmast and Sonmez 2020). 

Blockchain became well known because of the digital currency bitcoin (Nakamoto 2008), which 

illustrated a peer-to-peer electronic cash system in which transactions are hashed and recorded into 

an ongoing chain. Blocks can be validated by the network using cryptographic means. In addition 

to the transactions, each block contains a timestamp, the hash value of the previous block, and a 

nonce, which is a random number for verifying the hash (Nofer et al. 2017). Because hash values 

are unique, fraud can be effectively prevented, as changes to a block in the chain immediately 
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change the respective hash value. Therefore, blockchains are resistant to the modification of their 

data; once recorded, the data in any given block cannot be altered retroactively without altering all 

subsequent blocks (Das et al. 2020)(Zheng et al. 2017). For a block to be added to a chain, a 

majority of the nodes in the network must agree, using a consensus mechanism, upon the validity 

of the transactions in the block and of the block itself. A blockchain is extended by each additional 

block and, hence, represents a complete ledger of the transaction history. Every node in a 

blockchain network keeps and maintains the same ledger, which guarantees transparency, 

traceability, immutability, and decentralization (Venkatesh et al. 2020) (Lu et al. 2021a).  

There are two blockchain categories: public blockchain and private blockchain (also called 

permissionless blockchain and permissioned blockchain). A public blockchain can be accessed 

publicly under the generic consensus mechanism, and it is nearly impossible to change a block due 

to visibility across the network (Li et al. 2019). In comparison, a private blockchain is designed 

for a certain organization, wherein data are centralized and can be changed when all nodes agree 

within the organization. However, data exchange across organizations is still decentralized 

(Elghaish et al. 2020). Therefore, public blockchains highlight openness and decentralization, 

while private blockchains can provide higher throughputs by designing deterministic consensus 

protocols (Gupta et al. 2020). 

Smart contracts can support customized scripts for more complicated transactions. A smart 

contract can be defined as ñself-enforcing, monitoring external inputs from trusted sources to settle 

according to the contractôs stipulationsò (Peters and Panayi 2015). The general objectives when 

designing smart contracts are to satisfy common contractual conditions (such as payment terms), 

to minimize expectations, and to minimize the need for trusted intermediaries (Mason 2019). Smart 

contracts work on an ñif/when, thenò principle. They can track on-chain or cross-chain data 
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changes and off-chain data sources in real time and automatically execute contract clauses, 

resulting in savings in transaction fees and administrative costs, and expediting the transaction 

process (Fanning and Centers 2016) (Uriarte et al. 2020). 

2.3.3. Blockchain and Smart Contract Application in Construction 

Construction projects are a natural fit for blockchain-based project management because 

projects are well structured and based on contracts (Tapscott and Vargas 2019). Smart contracts 

can be either deterministic or non-deterministic (Kosba et al. 2016). Deterministic smart contracts 

involve the tokenization of assets, which can be independently executed in the blockchain without 

interaction with the external world. In contrast, non-deterministic smart contracts need to integrate 

off-chain data to trigger transactions (Lu et al. 2021a). When applied in the construction industry, 

smart contract execution relies on the timely capturing of real-world changes to trigger execution. 

For example, a combination of RFID and the IoT can be used to synchronize real-time delivery 

information with the details of the delivered materials, such as the original fabricator factories, the 

amounts arriving, and the sequence of arrival (Khan and Salah 2017). (Ahmadisheykhsarmast and 

Sonmez 2020) linked cost and schedule data from Microsoft Project to the Ethereum smart contract 

for secure payments. Despite of the potential for secure payments and cutting fees in intermediaries, 

the case study failed to present an automated progress payment system due to the continuous data 

governance from a centralized project management software. 

Researchers have also investigated the feasibility of integrating as-built data to 

automatically infer payment conditions. (Hamledari and Fischer 2021b) proposed using reality 

capture technologies (e.g., unmanned aerial vehicles [UAVs]) to fetch as-built data as input to 

trigger smart contract progress payments. (Lee et al. 2021) integrated digital twins and blockchain 

to make as-built information traceable and comparable to facilitate collaboration and 
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communication among project stakeholders. While both studies proposed using advanced 

technologies to connect the blockchain network and the real world, they did not develop concrete 

smart contract rules to respond based on real project performance. Because smart contract 

executions are irreversible and immutable, it is important to consider all possible scenarios and 

outcomes when implementing smart contracts in the ever-changing construction environment.  

There is a gap in the body of knowledge in understanding the relationship between 

individual participantôs work plan reliability and project performance and developing smart 

contract rules to motivate reliable completion based on various possible scenarios. There is a need 

for developing a method to construct situation-awareness-based smart contracts for better promise 

in the context of progress payment automation. 

2.3.4. Blockchain Oracles and Data Sharing 

In blockchains, an oracle is used to bridge the blockchain and real-world projects. It is a 

middleware agent that queries and endorses data from external systems to the blockchain, 

including for use in smart contracts (Kochovski and Stankovski 2021). Oracles can also be 

classified according to the source of the data (e.g., software, hardware, or human), information 

flow direction (e.g., inbound or outbound), design pattern (e.g., request-response, publish-

subscribe, or immediate-read models), and trust model (e.g., centralized or decentralized; (Lu et 

al. 2021a). Oracles retrieve and verify external data for blockchains and smart contracts through 

web applications or market data feeds. Those data are recorded in the blockchain for auditing 

purposes. 

Data from oracles also allow smart contracts to monitor project performance and facilitate 

payments when tasks completed are completed (Li and Kassem 2021). For example, (Lu et al. 

2021a) explored smart construction objects as blockchain oracles to enhance construction supply 
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chain collaboration. (Hunhevicz et al. 2021a) investigated the use of digital twins-based oracles to 

construct performance-based smart contracts intended to financially incentivize parties to deliver 

construction projects that meet the targeted performance levels. Both studies used IoT-based or 

human-created data to form a massive data pool. However, a precise interplay between the real 

world and the trusted and decentralized blockchain environment relies heavily on well-developed 

and maintained data oracles to extract necessary information. The smart contract can be 

overinformed when constant live-data stream IoT data are fed in. It remains unclear how to 

leverage and organize massive data from oracles to achieve precise interactions using smart 

contract rules. 

Meanwhile, blockchains cannot store large data files, such as BIM files, images, and digital 

twins because of the high expense and latency issues (Tao et al. 2021). (Zheng et al. 2019), and 

(Xue and Lu 2020) investigated reducing the size of BIM files to make them inexpensive to store 

in the blockchain. Another promising solution to storing large files as blockchain oracles is using 

the IPFS, a peer-to-peer distributed (i.e., without a centralized server) file system arrangement that 

is expected to be a suitable technical complement to blockchain for securely storing and 

distributing large files. Further, (Tao et al. 2021) developed an integrated blockchainïIPFS method 

to solve the problem of storing design files when applying blockchain in BIM-based collaborative 

design. Little research was found in utilizing images as blockchain oracles to condition smart 

contract payments. Therefore, this research aimed at investigating the implementation of a 

decentralized, IPFS-based image-sharing application as a reliable oracle for promptly monitoring 

subcontractorsô performance. 
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2.4. Methodology 

Figure 2.1 illustrates the research framework applied in this study, which involves two 

phases: A and B. In phase A, we collected modular delivery and on-site installation data from a 

residential high-rise project in Singapore. Then, we established a STROBOSCOPE simulation 

model to quantify the impact of PBU delivery variabilities, crane availability, and worker 

availability, according to the projectôs schedule and cost parameters. Smart contract scenarios and 

action items can then be derived based on the simulation results, to motivate reliable task 

executions for each crew. In phase B, a decentralized IPFS-based application was constructed that 

allows managers to upload real-time construction images in a blockchain to reflect real-time 

performance. The images uploaded by managers should match the items listed in the smart 

contracts. The double lines mean that smart contracts can pull the image data recorded in the 

blockchain to infer the performance level. These shared image data that was already authenticated 

by the blockchain network users when uploading can provide strong evidence to trigger the 

corresponding clauses in the smart contract and assign payments automatically.  
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Figure 2.1. The research framework of this study. 

2.4.1. Data Collection 

This study collected data from a residential building project in Singapore that utilized the 

modular construction method for PBU installation. The project has multiple buildings with a total 

gross floor area (GFA) of 48,235 m2. The entire work scope induces installing 942 PBUs in 626 

apartment units. The building which was selected for this study has 10 floors. Each floor contains 

4 apartment units. Each unit contains three different types of PBUs: PBUA, PBUB, and PBUC. A 

PBU fabricator from China was selected. The PBUs were then shipped from China to Singapore 

oversea. The PBU prefabrication productivity, delivery sequence and timing, and on-site 

installation productivity played important roles in the overall performance. But because a lack of 

an effective mechanism to motivate reliable commitment from the various participants, the project 

encountered challenges in the above areas. 
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Data were collected by one of the authors, who was part of the main contractor (MC) team 

for this project. In total, 74 PBU loading platform (PBU_LP) assembly durations and 139 PBU 

hoist-up durations were collected. The distributions of collected PBU_LP assembly durations and 

PBU hoist-up durations were fitted using Excel Solver. PBU_LP assembly followed a Practical 

Beta (PERT) distribution with the minimum, most likely, and maximum values of 50, 55, and 60 

minutes, respectively. PBU hoisting up fit a distribution of GAMMA(3,6). The project manager 

estimated that installing a PBU required 90 to 100 minutes. Meanwhile, the collected data showed 

that there was a 30% chance of rework being required for PBU_LP installation and a 10% chance 

of rework being required for PBU installation. The results were validated through meetings and 

discussions with the project managers. 

In addition, 1 batch of 18 PBUs was delivered per week. One truck carried three PBUs, 

meaning that it took six trucks to deliver each batch. Further, 1 batch could be unloaded in 30 

minutes. Three types of PBUs were identified in this project, referred to herein as types A, B, and 

C. There was large variability in the delivery of these PBU types. For instance, in the best-case 

scenario, a batch would contain an equal number of each PBU type (i.e., six of type A, six of type 

B, and six of type C). However, in some cases, a batch would contain uneven numbers of the 

various types (e.g., 14 of type A, 4 of type B, and 0 of type C).  

2.4.2. Simulation Modelling 

A STROBOSCOPE simulation (Martínez 1996) model was built to aid in understanding 

the impact of delivery on trade productivity and project performance. The building in the current 

case study had 11 floors; for the 10 floors above the ground, each floor featured 4 apartment units, 

and each unit required the installation of 3 different types of PBU. As shown in Figure 2.2, i 

represents the apartment unit number of each floor which has the integer value of 1, 2, 3, and 4; j 
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represents the floor number which has the integer value vary from 2 to 11. K represents the PBU 

number in each apartment unit with an integer value of 1, 2, and 3. The workers needed to install 

a PBU_LP before working on each unit, for safety reasons. Once the PBUs were delivered to the 

job site, they were unloaded and stored on-site if there was enough space. After that, if the crane 

was ready, the PBUs were lifted by the crane and installed by a group of workers. When all three 

PBUs were finished in one unit, the workers dismantled the platform and moved on to another 

unit, one floor above. At most, the workers could work on four units simultaneously, due to safety 

restrictions. The installation priority assigned to the PBU types was, in order, A, B, and C. When 

a certain type of PBU was unavailable, the crane hoisted up the available PBUs for the remaining 

units and then waited until the favoured type became available. This process was repeated until all 

the PBUs were hoisted up. According to our observations, the crane was available 70% of the time, 

and 5 workers were assigned to the project. 
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Figure 2.2. Simulation flowchart. 

2.4.2.1 PBU Delivery Scenario Design 

PBU scenario design focused on deriving different variability of PBU delivery types. Each 

delivery batch contains 18 PBUs. In the best-scenario, every delivery contains equal number of 

three types of PBUs. While in the worst-scenario, it contains only one type of PBUs (e.g: 18 PBUA 

and none of PBUB or PBUC). We measured the PBU delivery variability based on the cumulative 

deviations from the best-scenario. For instance, the variability is |6ī6| + |6ī6| + |6-6| = 0 in the 
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best scenario, while the variability is |18ī6| + |0ī6| + |0-6| = 24 in the worst-scenario. Another 

example can be that when 8 type A, 8 type B, and 2 type C PBUs were delivered, the variability 

was calculated as |8ī6| + |8ī6| + |2-6| = 8. Therefore, when permutating and combining different 

PBU deliveries, the variability level can vary from 0 to 24. We used the k-means cluster algorithm 

to classify the variability into five levels, as shown in Table 2.1. In this research, we assumed the 

delivery pattern remaining consistent for the entire project duration. 

Table 2.1. Five PBU arrival scenarios tested in this study. 

Scenario Variability 

1 (0, 6) 

2 (6, 12) 

3 (12, 16) 

4 (16, 22) 

5 (22, 24) 

2.4.2.2 Crane Scenario Design 

Crane availability was designed using 7 levels of crane availability. According to the on-

site data collection, crane has 80% of time available at maximum and 50% of time available at 

minimum. Therefore, we designed crane scenario that reducing from 80% to 50% at 5% intervals. 

This design was based upon the PBU arrival being 100% correct and the there are 5 workers 

available per day. Because PBU installation is a critical activity, it generally commands a high 

priority for lifting. 

2.4.2.3 Installation Scenario Design  

Worker assignment was designed according to various availability levels. According to the 

on-site data collection, there are 10 workers assigned at maximum and 4 workers assigned at 

minimum. Therefore, we designed worker assignment that reducing from 10 to 4, decreasing by 1 

worker at a time. This design was based upon the PBU arrival being 100% correct and the crane 

being available 70% of the time. The PBU installation time depended on the number of workers 
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assigned, which was estimated by the project manager from the MC team. Increasing the number 

of workers assigned would speed up the installation, but this would also result in a higher labour 

cost. 

2.4.2.4 Simulation Outputs 

Based on the constructed model, this research used the planned value as the default scenario 

for the simulation model. The default inputs were that the delivery of each batch had an equal 

number of each PBU type, the crane was available 70% of the time to lift the PBUs, and 5 workers 

were assigned to install the PBUs. According to these parameters, this research investigates each 

participantôs reliability and impact on the projectôs overall performance independently. The 

simulation ran 100 times for each scenario. The working time was 6 days per week and 10 hours 

per day. The simulation clock elapsed by minutes. The outputs of the simulation model were as 

follows: 

(1) Project duration: the time it takes to complete the installation of 120 PBUs. 

(2) Crane idle time: the idle time that occurs as a crane installs a PBU. 

(3) Worker idle time: the idle time for each worker group when installing a PBU. 

(4) Total project cost: includes the cost of the PBUs, the crane operation cost, the workersô 

salaries, and indirect costs. From the project managerôs perspective, the cost of each PBU is 

US$5,400, including fabrication, shipping, and delivery. The cost of a crane per day is US$1,200, 

including the crane rental, crane operator, and maintenance costs. A subcontractor team per day is 

US$1,000, while the indirect cost is US$2,000 per working day. We add these up to provide total 

project cost. 
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2.4.2.5 Simulation Calibration 

The simulation was calibrated through a verification and validation process. Verification 

involves ensuring that the conceptual model is correctly reflected in the simulation model, while 

validation focuses on ensuring that the simulation model provides an accurate representation of 

the system. (Shi 2002) proposed examining simulation activities in chronological order to verify 

that they have been initiated and advanced in the correct sequence. As such, a chronological 

simulation report was generated using the STROBOSCOPE Trace function and contrasted with 

the actual data collected during the lifting and installation operations. The results verified the 

correctness of the simulation model, indicated that it does reflect the real construction sequence. 

The validation process involves (1) validating model assumptions and (2) comparing model 

inputïoutput transformations for the real system, as proposed by (Naylor and Finger 1967). Model 

assumptions can be categorized into structural and data assumptions. In this study, the structural 

assumptions, such as delivery patterns, were verified with the project manager in the conceptual 

model validation stage. Conversely, the data assumptions were based on collecting reliable data 

and using this data to determine the appropriate distributions, which were carried out as described 

above. To compare the inputïoutput transformations between the model and actual process, the 

confidence interval approach was used. In this research, the mean of the actual observations fell 

within the confidence interval constructed from a sample of replicated means. Therefore, it can be 

deduced that the actual and simulated population distributions are adequately similar and that the 

model is valid (Law and Kelton 2014). 

2.4.3. Smart Contract Scenario Design 

The Ethereum blockchain was adopted in this research because it is a decentralized, open-

source blockchain featuring smart contract functionality, and it is the most widely adopted 
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platform for developing smart contracts. This research deployed the Ethereum smart contract in 

Remix ï Ethereum, which is a powerful open-source tool for writing smart contracts directly in a 

browser. The incentives and penalties generated from the simulation results could then be 

programmed into the smart contract to promote a higher delivery level. For example, when 

deriving the PBU delivery scenarios, five variability levels were defined as ñIFò conditions, and 

the cost outcomes based on the simulation results were defined as ñTHENò conditions. 

The project managers suggested using scenario 2 as the benchmark because PBU delivery 

is key to project success. This research assumes that the MC initiates and manages the blockchain 

system. The steps for constructing a contract are shown in Figure 2.3. Initially, we defined that 

only the MC can invoke a smart contract, as a contract requires the MC to input the transaction 

parties (e.g., the MC and PBU supplier) and the performance level of the PBU supplier. If the 

detected scenario is 1, then the corresponding incentives will automatically be assigned to the PBU 

supplier. If the detected scenario is 3, 4, or 5, then the contract will require the PBU supplier to 

pay the associated penalty, which is determined by the simulation results. A similar smart contract 

execution process can be applied to the crane and workers. The quantification method developed 

in this research and the transparency of smart contracts can help crews comprehend their 

contributions and the payment outcomes ahead of time. The transactions enforced by smart 

contracts also facilitate reliable contract compliance by different subcontractors. 
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Figure 2.3. PBU supplier smart contract scenario design. 

2.4.4. Decentralized Storage Development 

In this research, an IPFS-based distributed system was developed to allow smart contracts 

to interact with real-world data. Figure 2.4 shows the framework of decentralized storage 

development. Web3.js is an Ethereum JavaScript Application Programming Interface (API) that 

allows users to develop applications or platforms to interact with the Ethereum blockchain. In other 

words, web3.js assists in connecting real-world content sharing and enables blockchain-based fact-

checking. React is a JavaScript library for building user interfaces, and it allows users to develop 
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their projects by fetching data from different sources. The IPFS is a protocol and peer-to-peer 

network for storing and sharing data in a distributed file system. A file uploaded to the IPFS is 

published and returns a unique hash, which can be fetched by smart contracts and recorded on the 

blockchain.  

Initially, construction managers can prepare some images at every checkpoint to record 

subcontractorsô performance. Managers can then upload the images to a decentralized application 

developed in React that can connect to Ethereum smart contracts through web3.js. The uploaded 

images are then published and hashed through the IPFS. Smart contract functions mainly focus on 

fetching the image name, image uploading timestamp, uploader address, and image hash link. 

Further, every upload requires the blockchain usersô approvals; the successful approval of an 

upload adds the file hash and uploader address to the smart contracts, and the execution 

information is then packed and added to the blockchain. Construction stakeholders can pull the 

image information through decentralized applications at any time. Those images are unique 

identifiers for project auditing documentation in the blockchain, which can reduce potential 

arguments regarding payment conditions and obligations. 
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Figure 2.4. Framework for adding images to blockchain documentation. 

2.5. Results and Discussion 

2.5.1. Simulation Result 

2.5.1.1 PBU Arrival Sequence 

The simulation results are shown in  

Table 2.2. The project durations were measured by working days. The crane idle time 

indicates the number of minutes that the crane needed to wait to install each PBU. In reality, 

because the crane was serving two buildings simultaneously, the expected results should be half 

of the simulation results shown in the table. The worker idle time is the number of minutes that a 

group of workers needed to wait to install each PBU. The simulation results show that the arrival 

sequence had a significant impact on project success. When the variability fell between 0 and 6, 

the project took 40.93 working days to finish, with the crane idle time and worker idle time being 

10.30 minutes/PBU and 5.58 minutes/PBU, respectively. In contrast, the project took 50.79 
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working days to finish in the worst-case scenario, with the crane idle time and worker idle time 

being 15.27 minutes/PBU and 10.62 minutes/PBU, respectively. The severity became more 

evident as the number of out-of-sequence events increased. When the PBU deliveries occurred out 

of sequence, the project missed some specific types of PBU. Consequently, the crane and workers 

had to wait until the right types of PBU arrived. The accumulated effects of out-of-sequence 

deliveries disrupted the balance of unloading, hoisting, and installing, and had the potential to 

endanger the completion of the project itself. 

The benchmark scenario took 41.54 working days to finish. The results consolidated that 

the project manager used scenario 2 as the benchmark because it was found that the severity of the 

effects on the overall schedule suddenly increased when the variability level exceeded 12. 

Compared with the benchmark scenario, a level 1 variability could help the project save US$2,562. 

Assuming that the smart contract used a monthly payment format (i.e., with 24 working 

days/month), the supplier should receive US$2,562 / 40.93 * 24 = US$1,502 in incentives in this 

situation. Assuming that, in a private construction blockchain, 1 ETH (Ether, the Ethereum 

cryptocurrency) = US$1, the supplier would receive 1,502 ETH in this scenario. In contrast, when 

the variability fell between 12 and 16, 16 and 22, and 22 and 24, the PBU supplier received 

penalties of 8,732, 12,999, and 18,358 ETH, respectively. The results show that if the PBU 

fabricator can perform at the highest reliability level following the smart contract rules, the project 

can save 4.7% overall cost compared with the benchmark scenario. 
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Table 2.2. Simulation results for different PBU arrival variabilities. 

Scenario 
PBU 

Variability 

Project 

Duration 

Crane Idle 

Time 

Worker 

Idle Time 

Total Cost 

(US$) 

Cost 

Difference 

(US$) 

Monthly 

Payment 

(US$) 

1 (0, 6) 40.93 10.30 5.58 $819,906 $2,562 $1,502 

2* (6, 12) 41.54 10.48 6.04 $822,468 $0 $0 

3 (12, 16) 45.48 12.61 7.95 $839,016 ī$16,548 ī$8,732 

4 (16, 22) 47.69 13.80 9.05 $848,298 ī$25,830 ī$12,999 

5 (22, 24) 50.79 15.27 10.62 $861,318 ī$38,850 ī$18,358 

*Benchmark scenario 

 

2.5.1.2 Crane Availability 

Table 2.3 shows that the craneôs priorities when completing PBU activities also influenced 

the projectôs schedule. A higher availability of the crane helped to shorten the projectôs duration 

and reduce the wait time for workers. However, a higher availability of the crane also resulted in 

a higher idle time for the crane. The reason for this is that once the crane became more available 

for PBU activities, the crane needed to wait for the workers to also become available. In contrast, 

when the crane became more involved in other activities, the workers needed to wait until the 

crane became available. We set scenario 3 as our benchmark in the smart contract because it 

complies with the original project plans. Any crane with an availability level of less than 70% 

would get penalties in the smart contract, while any crane with an availability level of higher than 

70% would receive a reward. 
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Table 2.3. Simulation results for different crane availabilities. 

Scenario 
Crane 

Availability 

Project 

Duration 

Crane 

Idle Time 

Worker 

Idle Time 

Total Cost 

(US$) 

Cost Difference 

(US$) 

Monthly 

Payment (US$) 

1 80% 40.80 12.72 5.58 $819,360 $1,848 $1,087 

2 75% 40.90 11.54 5.63 $819,780 $1,428 $838 

3* 70% 41.24 10.47 5.81 $821,208 $0 $0 

4 65% 41.49 8.88 5.92 $822,258 ī$1,050 ī$607 

5 60% 41.56 7.41 6.00 $822,552 ī$1,344 ī$776 

6 55% 42.29 5.89 6.38 $825,618 ī$4,410 ī$2,503 

7 50% 43.07 3.77 6.68 $828,894 ī$7,686 ī$4,283 

*Benchmark scenario 

 

2.5.1.3 Worker Assignment 

Table 2.4 shows that assigning more workers helped shorten the project duration and 

reduce the crane idle time. Having more workers sped up the installation cycle, as each PBU could 

be placed in a shorter duration. However, more workers could also lead to a higher worker idle 

time, for two reasons: (1) the crane is not always available, even when PBU installation is done 

quickly, and (2) the current on-site PBU inventories may not be enough to keep up with the 

installation speed. Therefore, in such a case, the craneôs availability and the PBU quantities do not 

align with the workersô capacity, meaning that the benefits of assigning more workers are not 

realized. According to the projectôs current plans, we set scenario 6 (i.e., with 5 installation 

workers) as our smart contract benchmark. 
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Table 2.4. Simulation results for different numbers of workers. 

Scenario Workers 
Installation 

Time / PBU 

Project 

Duration 

Crane 

Idle 

Time 

Worker 

Idle 

Time 

Total Cost 

(US$) 

Cost 

Difference 

(US$) 

Monthly 

Payment 

(US$) 

1 10 [60, 70] 39.97 9.79 8.53 $815,874 $5,334 $3,203 

2 9 [62, 72] 40.09 9.85 8.37 $816,378 $4,830 $2,891 

3 8 [66, 76] 40.19 10.00 7.91 $816,798 $4,410 $2,633 

4 7 [72, 82] 40.52 10.17 7.43 $818,184 $3,024 $1,791 

5 6 [80, 90] 41.00 10.39 6.81 $820,200 $1,008 $590 

6* 5 [90, 100] 41.24 10.47 5.81 $821,208 $0 $0 

7 4 [100, 111] 41.54 10.60 4.91 $822,468 ī$1,260 ī$728 

*Benchmark scenario 

 

2.5.2. Smart Contract Execution 

Figure 2.5 shows the process flow of the smart contracts. Once on-site cameras capture 

PBU deliveries and record the images in the blockchain, MC can monitor PBU delivery based on 

the image data. For example, if every delivery contains six type A, six type B, and six type C 

PBUs, then MC can determine that the PBU supplier performs at level 1. Then MC can invoke the 

smart contract, input the PBU supplier accounts, and enter performance level 1 on the smart 

contract page. This results in a reward of 1,502 ETH to be transferred to the PBU supplier accounts 

automatically. The performance level and assigned corresponding rewards or penalties can be 

found in  

Table 2.2. In a worse case when a batch contains uneven numbers of the various types (e.g., 

a batch contains 14 type A and four type B), the PBU supplier will be requested to pay 8,732 ETH. 
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Figure 2.5. Smart contract process flow. 

Figure 2.6 shows the smart contract validation results from the software. Red  shows 

that each account has 100,000 ETH initiated. Red  is for MC to use the accounts to activate the 

smart contract transactions by entering involved parties: MC and the PBU supplier. MC also stores 

5,000 ETH in the smart contract initially for assigning payments. Once the contract confirms the 

correct message sender and contract address, there will then be a success mark.  Red  shows 

MC manually inputs performance level 1 from evaluation results. Red  is for the smart contract 

to automatically transfer 1,502 ETH directly to the PBU supplierôs account based on the input 

information. Red  shows that the information about the transactions is immediately 

synchronized in the blockchain network. The transaction informationðsuch as the transaction 

parties, performance level, and timestampsðare packed and added to the blockchain. Red  

shows that the balance in the smart contract reduces to 3,498 ETH (i.e., stored 5000 ï 1502 ETH) 

because 1,502 ETH is already transferred to the PBU supplier. 
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Figure 2.6. Smart contract validation process. 

Similarly, the contract requires the PBU supplier to pay the penalty required by the contract 

when undesirable scenarios are detected. For instance, when a level 5 variability is detected, the 

contract requires the PBU supplier to pay 18,358 ETH to the smart contract. Other behaviors will 

return the error signal in the smart contract network. For example, as shown in Figure 2.7, after 

invoking the smart contract, the PBU supplier was required to pay 18,358 ETH when the project 

manager input ñ5ò for the variability level. If the PBU supplier paid less than this, an error signal 

would be returned immediately when the smart contract detected a false execution. False alarms 

are synchronized and distributed to the blockchain network, allowing participants in the network 

to view failed transactions instantly and conveniently. Therefore, no one can manipulate the 

contract once a detected condition is identified. Such a rigorous execution of the smart contract 

enforces the commitment of all parties to reliably adhere to the projectôs overall performance 

targets. 
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Figure 2.7. False alarm for wrong smart contract operations. 

2.5.3. Data Sharing in Blockchain 

This study established a decentralized application that allows construction managers to 

upload image evidence into a blockchain. Smart contracts can retrieve these shreds of evidence at 

any time to audit the project performance and execute transactions. Figure 2.8 shows the key 

features of the developed data-sharing platforms. Project managers can select files to upload and 

add the descriptions of the uploaded files. Once they click ñupload,ò a notification will pop up for 

a confirmation request. As soon as the network users approve the executions, the image 

information is sent to the IPFS to publish, hash, and be added to the smart contract. Columns 1ï4 

in Figure 2.8 show the front-end applications that managers can see and interact with. Specifically, 

column 1 is the specific description of the image, which project managers can write when 

uploading the image; column 2 is the timestamp indicating when the image was successfully 

uploaded; column 3 is the address of the image uploader; and column 4 is the image hash returned 

from the IPFS. Clicking on the hash in column 4 allows users to view the encrypted pictures and 

a unique sharable link. This sharable link is the storage for storing the image, and there is no third 

party governing the image. The image data are managed by the construction stakeholders who are 

involved in the project and the blockchain networks. They can fetch and retrieve these data on 
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their end to appraise project performance. Therefore, each image can act as a unique piece of 

evidence to evaluate crewsô performance. 

In addition, the timestamp can be leveraged to infer the construction progress. For example, 

we can tell from Figure 2.8 that five workers were installing a PBU, and as such, we know that 

this belongs to scenario 6 of the workersô smart contract. When allocating payments, general 

managers can show this picture as unique evidence to demonstrate payment conditions. The 

benefits of the developed decentralized application are as follows: (1) increasing the transparency 

for project monitoring, as everyone in the blockchain has access to and can verify the images and 

are notified when new information is added; (2) improving the poor conventional documentation 

processes for construction data, wherein records are often defectively filed and simply lost after 

project completion; and (3) enhancing project visualization through organized and chronological 

file sharing. The validations employed by the platform promote transparent information sharing, 

which facilitates reliable collaboration and communication among stakeholders. 
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Figure 2.8. Image sharing in the blockchain. 

2.6. Conclusions 

In this study, a blockchain platform was developed to facilitate and motivate reliable 

performance executions within modular construction. Previous research recognized the necessity 

of the design of smart contracts for progress payments and of associated deployment and 

maintenance strategies; however, thus far, the literature has failed to provide a prototype to 

demonstrate the feasibility of such a method. This research provides a situational-awareness-based 

smart contract prototype to promote the reliable performance of subcontractors, based on their 

customized needs. The enforceability of smart contracts facilitates the proper execution of their 

terms and encourages subcontractors to perform at a higher level. Moreover, to address the major 

challenge of connecting smart contracts to real-world detection methods, this research developed 
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an IPFS-based, peer-to-peer distributed file-sharing system that allows construction stakeholders 

to upload daily construction images as forms of smart contract validation and verification 

evidence. 

Assigning payments requires decision support, and the decentralized applications 

developed in this study timestamp the files being uploaded and use the visual data to clearly depict 

performance levels. Due to the uniqueness of the images, it is difficult for subcontractors to argue 

about what has been clearly recorded in the images. The evidence can be conveniently pulled by 

different construction stakeholders in the blockchain network. Conventional, real-time 

performance inspections are not ideal for ensuring that the terms of smart contracts are met, and 

the absence of contractual details about what items to check and how to check them might hinder 

the application of smart contracts. To address these concerns, the current research emphasizes the 

sequence of smart contract derivation and implementation; it is necessary to quantify the 

performance items for subcontractors first and then to use the corresponding technologies to 

capture the items that must be checked. 

The benefits of this studyôs findings are threefold. First, the applications developed in this 

research provide objective and instant feedback on subcontractorsô performance. In many current 

practices, subcontractor performance appraisal tends to be subjective and qualitative, and it is 

difficult to customize the incentives and penalties to reflect various performance levels. Second, 

the methods developed in this research provide an anchor point from which to elaborate on and 

better understand how variations in the performance of construction subcontractors affect the 

overall schedule and costs of a project. Third, the smart contract implementations described in this 

study can be used to identify performance levels and facilitate reliable project delivery, which is 

helpful for reducing the management time and effort required by the current practices. Moreover, 
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at present, construction management lacks efficient documentation to trace records retrospectively; 

the smart contract system described in this chapter allows project managers to review the past 

performance of subcontractors, enabling project managers to learn from previous experiences and 

to seek out the best collaborators. The data recorded in the blockchain are good lessons for 

continuous improvements to carry out the PDCA cycle. Further, with suitable adjustments, the 

smart contract presented herein can be customized to other types of construction projects in 

general. 

Blockchain and smart contract applications in the construction industry are still in the 

nascent stage. As such, there are few limitations to this research. First, this research implemented 

a smart contract in a permissioned blockchain in which the governed parties are responsible for 

the blockchain operation, which is not a fully decentralized system. Therefore, future research can 

investigate the feasibility of implementing private construction blockchains with the minimum 

amount of oversight. Second, the developed smart contract functions as the attachment to the 

conventional contract, it lacks the flexibility to deal with multiple change order scenarios. It is 

recommended to develop the future research to support more rigorous and efficient contract design 

from human logic. Third, the decentralized applications developed in this research still require a 

human appraisal of the performance level. The advantages of exploiting such applications have 

not yet been maximized due to the systemsô inability to automatically interpret image content.  

There are three recommendations for future research. First, future research can investigate 

potential computer vision and machine-learning algorithms to extract, interpret, and organize key 

information from oracle images to achieve fully automatic payments within smart contract. 

Second, integrating BIM design information and participantsô track record in one database can 

help manager obtain the data more efficiently. Third, broadening the application of the analysis 
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and blockchain technology in other types of construction projects with appropriate adjustment to 

help managers motivate and track reliable commitments in the construction industry. 
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3.1. Abstract 

Establishing a fair benefit distribution system for construction projects, in which 

participants often need to work together in a highly uncertain and interrelated environment, is 

challenging. There is a lack of objective mechanism for construction projects to motivate reliable 

workflow automatically and instantly. The objective of this study is to develop Shapley value-

based smart contracts to automatically assign fair rewards/penalties to motivate task-level 

collaborations. The research first developed a simulation model to quantify subcontractorsô 

marginal contributions under different coalitional scenarios. Then, the simulation results were 

aggregated using Shapley value to determine each participantôs reasonable rewards/penalties. 

Lastly, the payment was encoded in the smart contract and then deployed in the blockchain to self-
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enforce consensus executions. The results showed that Shapley value-based smart contracts 

exhibited incentives to motivate reliable contributions and enable peer negotiations to realize task-

level production. The contributions of this study to the body of knowledge are 1) quantify 

subcontractorsô marginal contributions to the project, and 2) determine how to distribute fair 

collaborative outcomes when project participants can perform at different levels of effort. The 

incentives embedded in smart contracts can reshape project participantsô collaborative behaviors 

toward desired outcomes, enabling a self-manage, self-govern, and self-adjust decentralized 

autonomous organization. 

3.2. Introduction  

Successful project completion requires efficient collaboration from various 

multiorganizational and geographically dispersed project stakeholders (Erdogan et al. 2008; Lee 

et al. 2021). Ensuring horizontal collaborations can shift centralized control push to decentralized 

pull (Howell 1999). However, there is a lack of bottom-up collaboration in traditional centralized 

project planning, control, and knowledge-sharing work environments (Forbes and Ahmed 2011; 

Valente et al. 2019). The interactions between the different subcontractors are mainly shaped by 

their contractual relationships (Assaad et al. 2020). They rely on a centralized mechanism for 

overall inspection and coordination to ensure that all contractual requirements are met (Hamledari 

and Fischer 2021c; Kim and Rhee 2020; Wu et al. 2021c). As a result, slow responses may occur 

due to real-time information needing to pass through various vertical tiers and hierarchical 

systems. The complexity and interaction strengths of a project may increase instability in 

centralized control systems (Hunhevicz et al. 2022). It is also possible for a skilled, well-informed, 

and well-intentioned system manager to misjudge situations and lose project control (Helbing 

2013). This is because centralized managers are not physically present on the frontline and lack a 
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fundamental understanding of rapid on-site changes. Therefore, motivating reliable bottom-up 

collaboration is crucial in dealing with the complexity and fragmentation issues in the industry. 

Blockchain introduces decentralization that aligns with lean construction, which has long 

emphasized decentralization as a way of coping with complexity in construction projects 

(Bertelsen and Koskela 2004). Blockchain can track and store the past and present status of an 

event across a peer-to-peer network using cryptography (Lu et al. 2021a). Therefore, it is widely 

used in the construction supply chain to visualize and share delivery information for better on-site 

coordination (Hijazi et al. 2021; Tezel et al. 2021; Wang et al. 2020). Smart contracts provide a 

standardized formula for basic transaction-based interactions without the centralized party (Mason 

2019), which can reduce transaction costs (Elghaish et al. 2020), achieve payment automation (Das 

et al. 2020), improve contract communications (Li and Kassem 2021), and cultivate mutual trust 

(Elghaish et al. 2020; Wu et al. 2022b). It is also argued that blockchain-based governance 

mechanisms could facilitate a project that emphasizes decentralized, self-organized, and shared 

risk based on project outcomes (Hunhevicz et al. 2020). However, implementing smart contracts 

in the construction industry is inherently difficult because smart contracts cannot handle 

unexpected cases (Li et al. 2023). Furthermore, defining coordination mechanisms in smart 

contracts that can align human interests to create collective outcomes represents one of the main 

challenges of implementing blockchains practically (Hunhevicz et al. 2021b). Current projects still 

need a centralized manager to allocate risks and benefits, leading to incompatibility between the 

decentralized nature of smart contracts and centralized management practices (Lu et al. 2021b). It 

is argued that providing tokenized or financial rewards in smart contracts can potentially form a 

self-guided DAO (Hunhevicz et al. 2022), which is a blockchain-powered organization that can 

run independently without any central authority (Wang et al. 2019b). 
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Cooperative game theory has been widely studied in construction contracting to provide 

monetary incentives to motivate collaboration (Pishdad-Bozorgi and Srivastava 2018; Shang and 

Abdel Aziz 2020; Yao et al. 2020a). Cooperative game theory is where different parties collaborate 

to get more benefits and fairly allocate cooperative gains (Asgari and Afshar 2008). Cooperative 

game theory emphasizes reward or risk sharing based on the surplus of the joint performance of 

cooperation (Eissa et al. 2021a). Furthermore, cooperative game theory focuses on what groups of 

players can achieve rather than on the achievements of individual players (Leyton-Brown and 

Shoham 2008). Therefore, relational contracts can be formed based on cooperative game theory 

(Javanmardi et al. 2018). Dounas and Lombardi (2022) stated that game theory can be used to 

support cryptoeconomics development. Developers can encode incentives in smart contracts to 

enable bottom-up coordination and shape collective efforts toward a desired project goal (Dounas 

et al. 2022; Hunhevicz et al. 2022, 2020). This is crucial because incentives can motivate project 

stakeholders to continuously contribute to reliable smart contract executions despite adversarial 

environments attempting to disrupt the construction process. However, none of the existing 

literature successfully provides solutions to demonstrate this feasibility. It is unclear (1) how smart 

contracts can handle complicated construction scenarios with multi-party involvement, (2) how to 

derive fair incentiveïpenalty sharing stipulations to motivate collaborative behaviors without 

human judgments, and (3) how to decentralize reliable construction management at the task level. 

3.3. Objectives and Methodology 

To address the above-mentioned limitations, this research aims to introduce Shapley value-

based smart contracts to motivate collaboration and enhance decentralized decision-making. 

Shapley value is a solution concept in cooperative game theory that determines the gains or cost 

distribution by studying the joint performance of cooperation. The objectives are to (1) quantify 
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subcontractorsô marginal contributions to the project through a simulation model, (2) establish fair 

incentive-penalty sharing stipulations for subcontractors using Shapley value under multi-party 

collaborative scenarios, and (3) develop a smart contract and a blockchain network to monitor, 

track, enforce, automate, and record the project executions. This research selects a high-rise 

building by applying modular construction (MC) techniques as a case project to collect empirical 

modular delivery and installation data. This study first establishes a simulation model to combine 

and permutate the different planning reliability levels of subcontractors to exhaust all possible 

scenarios. Then, a Shapley value algorithm is applied to determine the rewards and penalty-sharing 

rules for each subcontractor based on the marginal impacts on the projectôs overall costs. Lastly, 

the determined incentive/penalty amounts are encoded in smart contracts to self-enforce 

guaranteed payments. The incentives to support bottom-up collaboration in a decentralized 

mechanism are thoroughly discussed, and the smart contract validations demonstrate feasibility. 

Researchers can leverage the developed framework to decentralize risk allocations and enhance 

collaboration for future smart contract applications. 

3.4. Literature Review 

3.3.1 Collaboration in Construction Projects 

In current construction practices, the interactions between the different project 

subcontractors are mainly shaped by their contractual relationships (Assaad et al. 2020). 

Coordination provisions are often included in contracts, and they define each partyôs responsibility 

and structure the means of efficient collaboration to mitigate potential risks (Salbu 1997). Reliable 

coordination can reduce potential overcommitment and subsequent delays (Forbes and Ahmed 

2011). Current projects rely on a centralized layer for overall project management and control, and 

a distributed layer for each subcontractorôs operational performance inspection (Kim and Ballard 
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2010; Kim and Rhee 2020). The distributed layer emphasizes collaboration, which is important 

for shifting from central controlled push functions to a decentralized pull (Howell 1999; Valente 

et al. 2019). However, it has been argued that coercive forces from hierarchical authority or 

contractual terms cannot guarantee reliable collaboration or reduce opportunistic behaviors 

(Henisz et al. 2012). This is because task-level subcontractors are from different parties with 

different professional backgrounds, all of whom aim to maximize their own benefits without 

considering the effects on the rest of the subcontractorsô works or the overall project performance 

(Javanmardi et al. 2018; Sacks and Harel 2006; Walker 2002; Zhang et al. 2016). 

To change the separation tendency, new integrated forms of agreement based on trust 

emanating from norms of obligation and reciprocity were introduced based on Relational 

Contracting (RC) theory (Bradach and Eccles 1989; Lahdenperä 2012; Rahman and 

Kumaraswamy 2002, 2004). Partnering and integrated project delivery (IPD) are two typical 

examples linked with RC (Che Ibrahim et al. 2018; Costa et al. 2019; Deep et al. 2021; Hall et al. 

2018; Ma et al. 2018). Project teams jointly take responsibility for completing the projects and 

share the achievements or failures of the projects based on the ñpain-share, gain-shareò mentality 

(Yeung et al. 2007). For example, Pishdad-Bozorgi and Srivastava (2018) studied various IPD 

standard contracts and indicated that parties that were financially incentivized would stay in the 

coalition and complete the project satisfactorily with a minimized cost overrun. Hall et al. (2018) 

demonstrated that IPD can create an inter-organizational governance model to enable collaborative 

management across the firmôs boundaries. However, researchers have also acknowledged that 

implementing IPD lacks effective technology and knowledge management systems to enhance 

efficient communication and provide timely feedback for decision-making (Ma et al. 2022; 

Rodrigues and Lindhard 2021; Roy et al. 2018). In addition, determining fair rewards and sharing 
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in the early phases and achieving financial transparency can be challenging (Kahvandi et al. 2019; 

Rodrigues and Lindhard 2021). 

3.3.2 Blockchain and Smart Contracts in Construction Applications 

Blockchain seems the right fit for the fragmented construction industry (Dounas et al. 

2022). Lean construction has long emphasized decentralization as a way of coping with complexity 

in construction projects (Bertelsen and Koskela 2004). Blockchainôs decentralization aligns with 

lean principles by enabling a more agile and responsive organizational structure. Decentralization 

allows for a distributed network of decision-makers who can act autonomously and 

collaboratively, reducing the need for hierarchical structures and enabling faster decision-making. 

Blockchain can bring two revolutionary changes to construction management: (1) bottom-up 

decision-making without the supervision of the central manager, and (2) cultivating advanced 

technology integration to achieve a fully autonomous organization. The decentralized and trustless 

nature of blockchains can effectively record and endorse transactions among participants in a 

shared, secure, and traceable manner (Sheng et al. 2020; Xue and Lu 2020). Each project 

participant is responsible for verifying the transactions, and therefore task-level decentralized 

decision-making and collaboration can be achieved (Hunhevicz et al. 2022; Lee et al. 2021; Lu et 

al. 2021b; Wu et al. 2021c). Decentralized decision-making can optimize rewards (Talebiyan and 

Duenas-Osorio 2020), and it increases production (Howell 1999; Koskela 2000) by leveraging 

ñtransparencyò to support frontline decision-making and reduce the need for central management. 

However, the nature of decentralization seems incompatible with centralized management 

practices (Lu et al. 2021b). Project participants or uncertainties can easily jeopardize and interrupt 

decentralized networks (Hamledari and Fischer 2021c; He et al. 2022a). Moreover, there is still a 

lack of specific legislation and regulations (Elghaish et al. 2021; Werbach 2018), and incentive 
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mechanisms (Hunhevicz et al. 2020, 2021a) to self-regulate and motivate collaborative behaviors 

to form a self-manage, self-operate, and self-adjust DAO. 

Researchers have investigated various incentive mechanisms that motivate the adoption of 

blockchains and smart contracts. For example, Wilson et al. (2020) introduced a framework 

incorporating a distributed ledger for information exchange within a traceability system between 

supply chain participants who are not motivated to share information but may be willing to do so 

under the incentive. Aligning stakeholdersô incentives contributes significantly to the successful 

implementation of blockchain technology (Hamledari and Fischer 2021a; b). However, more 

effective contracting is needed to align incentives (Mckinsey 2020). Lu et al. (2021a) recorded 

reputation scores in a blockchain network with incentive mechanisms to facilitate off-site logistics 

and on-site assembly. They further indicated that game theory can be integrated to improve the 

rating of reputation scores for fairness. Hunhevicz et al. (2021a) constructed performance-based 

smart contracts with financial incentives for the construction and operation of use-phase thermal 

performance. One possible challenge is ensuring smart contractsô flexibility to deal with 

unexpected cases, because it is impossible to patch ex-post when no governance mechanism for 

such adjustments is implemented beforehand in smart contracts. Elghaish et al. (2020) developed 

a smart contract framework for IPD projects by coding three main transactions for risk/reward 

sharing: reimbursed costs, profit, and cost savings. Hunhevicz et al. (2020) also demonstrated that 

building incentives with smart contracts to address human coordinates can be used in IPD projects. 

However, these studies require further validation. The existing literature emphasizes the incentive 

mechanisms to implement blockchain and smart contracts. Nevertheless, none of them presents a 

fair incentive solution to implement blockchains in which win-win situations can be realized to 

support bottom-up collaboration. 
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3.3.3 Game Theory  

Game theory is a mathematical framework for studying conflict and cooperation between 

intelligent, rational decision makers (Myerson 1991; Neumann and Morgenstern 1944) in 

situations where decision makers try to optimize their benefits under well-defined objectives by 

competing or collaborating with other players (Asgari et al. 2014). There are two typical branches 

studied in game theory (Gilles 2010): noncooperative and cooperative. In noncooperative game 

theory, each player focuses only on their own benefits and makes decisions based on the 

individualôs rationality (Madani and Hipel 2011) due to the lack of incentives or social ties, such 

as trust, binding contracts, or credible threats (Axelrod 1984). In cooperative game theory, all 

players collectively make decisions to optimize the groupôs outcomes and determine how to share 

the benefits fairly and efficiently (Parrachino et al. 2006). It is argued that writing a binding 

contract and determining how to share the generated benefits among players can enhance 

cooperation (Javanmardi et al. 2018). Game theory has been widely studied in construction 

projects to motivate collaborative behaviors (Asgari and Afshar 2008; Eissa et al. 2021a; Perng et 

al. 2005; Shang and Abdel Aziz 2020). For example, Fan and Zhai (2014) pointed out that game 

theory helps to reduce project risks and can develop an effective mechanism for win-win 

cooperation in construction contracting. Based on partnering and cooperative game theories, He et 

al. (2016) demonstrated that the degree of willingness to cooperate significantly influences 

cooperation gains, and that incentives can effectively improve participantsô rewards. Pishdad-

Bozorgi and Srivastava (2018) analyzed IPD contracting strategies from the perspective of game 

theory and found that the only contract that can continuously motivate collaboration in the face of 

cost overruns had incentives and shared reward-risk mechanisms. Shang and Abdel Aziz (2020) 

proposed a Stackelberg game theory-based model to design payment mechanisms for public-
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private partnership contracts that can satisfy ownersô requirements and optimize contractorsô 

payments. Game theory-based payment mechanisms can ensure that each subcontractor can gain 

as much or more as it would have from performing independently (Perng et al. 2005). The value 

obtained from collaborative benefits incentivizes collaborations (Eissa et al. 2021a). Recent studies 

have indicated that developers could encode incentives in smart contracts to enable bottom-up 

coordination and shape collective efforts toward a desired project goal (Dounas et al. 2022; 

Hunhevicz et al. 2022, 2020), but none of these studies have gone beyond the theory. 

Shapley value, introduced by Shapley (1953), is a mechanism in cooperative game theory 

that provides a unique and equitable distribution of additional costs when working in a coalition 

(Sharafi et al. 2021). This method adheres to two rationality axioms (Eissa et al. 2021a): (1) players 

should receive a minimum of their individual worth, and (2) a coalition should receive no less than 

the sum of its membersô values. In a collaboration of n players, the Shapley value assumes the 

existence of a set N (of n) and a coalition of players, S, and measures the value of the coalition, 

v(S), which is the sum of the payoffs from cooperation by the members of S. The formula for 

calculating the amount that player i should receive in a given coalitional game (v, N) is:  

• ὺ В
ȿȿȦ ȿȿ Ȧ

Ȧ
ὺὛ᷾ Ὥ ὺὛṖ ͵             (3.1) 

Where n is the total number of players. ὺὛ᷾ Ὥ ὺὛ is the difference in value when 

player i is added to the coalition S. ὛṖὔὭ represents the subset S of N that does not include 

player i. ȿὛȿȦ is the number of permutations before player i joins in. The formula can be interpreted 

as follows: when the coalition is formed sequentially, with each player demanding their 

contribution ὺὛ᷾ Ὥ ὺὛ  as fair compensation, each player takes the average of this 

contribution over the possible different permutations (Ichiishi 1983). 
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3.3.4 Gaps in Knowledge 

The literature review revealed the importance of incentive design in smart contracts to 

motivate collaborative behaviors and ensure the successful implementation of blockchain 

technology (Hamledari and Fischer 2021b; Hunhevicz et al. 2021a). Most studies derive case-

based incentives (Elghaish et al. 2020; Lu et al. 2021a) and need further validation (Tao et al. 

2021). Researchers have mentioned that the coordination mechanisms encoded in smart contracts 

can form a self-guided DAO (Hunhevicz et al. 2022, 2021b) but cannot go further. Embedding 

cooperative game theory incentives in the smart contracts consensus requires exhausting possible 

subcontractorsô coalitions (Eissa et al. 2021a; Javanmardi et al. 2018) and clearly quantifying the 

tasks and returns (Chen et al. 2022; Hamledari and Fischer 2021c; Mason 2019). It is unclear (1) 

how smart contracts can handle complicated construction scenarios with multi-party involvement, 

(2) how to derive fair incentiveïpenalty sharing stipulations to motivate collaborative behaviors 

without human judgments, and (3) how to decentralize reliable construction management at the 

task level. 

3.5. Methodology 

Figure 3.1 illustrates the research framework. The study collected empirical modular 

delivery and installation data from an MC project and defined collaborative reliability for PBU 

fabrication, crane, and workers in Step A. These empirical data were then utilized to establish a 

simulation model in Step B, which elaborated on the possible situations of subcontractorsô 

coalitions. To determine fair incentive/penalty rules for subcontractors based on their marginal 

contributions to the project, Step C employed a Shapley value-based method. In Steps D and E, 

this study developed comprehensive scenarios and incentive/penalty sharing stipulations in the 
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Ethereum smart contract and deployed them in a blockchain environment. Finally, Step F involved 

validation and verification in testing the framework. 

 

Figure 3.1. Research framework. 

3.4.1 Data collection 

Data was collected from a high-rise residential building project in Singapore which utilized 

the MC method for PBU installation. The building consisted of four apartment units on each floor, 

with each unit containing three different types of PBUs, namely PBUA, PBUB, and PBUC. In 

total, 120 PBUs were required for the building, and the general contractor (GC) opted for a PBU 

fabricator based in China to preassemble the PBUs at a lower market price. After preassembly, the 

PBUs were transported from China to Singapore through overseas freight. Figure 3.2 (a) depicts 

the use of a crane to hoist a PBU, while Figure 3.2 (b) shows the congested construction site. Due 

to the limited storage space at the job site, the PBUs, which weighed over five tons each, could not 

be stacked atop one another. If the storage space became full, the PBUs were transported to a 

rented warehouse, which entailed additional rental costs and double handling. 
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(a)                                (b) 

Figure 3.2. (a) PBU hoist-up by crane; (b) Congested site with PBU containers. 

The project faced three challenges in the PBU delivery and installation processes. The first 

challenge was uncertain and out-of-sequence PBU arrival. The PBU fabricator preferred to 

produce the same PBUs at once in a large batch to gain production efficiency. The out-of-sequence 

arrival placed the crane and workers in a disadvantageous situation for installation. Missing a 

particular type of PBUs could put the installation on halt because they could not remove receiving 

platforms and move on to the next unit without completing all PBUs in one unit. The second 

challenge was the limited crane available time. The crane was fully scheduled for various lifting 

activities and may not have been available when PBUs arrived. Each crane served two buildings, 

and the PBUs were installed apartment by apartment. The third challenge came from the 

installation subcontractor. To better exploit workersô time on-site and maximize profitability, the 

subcontractor purposely assigned a minimal number of workers for installation, which worsened 

the vicious cycle of arrival-lifting-installation.  
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 The duration of 74 PBU loading platform (PBU_LP) assemblies and 139 PBU hoisting 

activities were collected. The PBU loading platform assembly durations and PBU hoist-up 

durations were fitted using Excel Solver to identify the duration distribution. The minimum square 

error (MSE) was evaluated to determine the final distribution. The PBU_LP assembly followed a 

PERT distribution with ὥ υπ, ὦ υυ, and ὧ φπ with the minimum, most likely, and 

maximum values of 50, 55, and 60 minutes, respectively. The PBU hoist-up followed a gamma 

distribution, with a shape of 3 and a scale of 6 (GAMMA (3,6)). The time required to install a PBU 

depends on the workers assigned. In a common case, five workers will need about 90ï100 minutes 

to install a PBU. The fitted results were validated by the project managers, who physically worked 

on the project through various meetings. 

3.4.2 Simulation Modeling 

Simulation modeling is used to exhaust all situations based on experience and productivity 

data. This study compared risks and penalties from different trades and identified reward/penalty 

allocation using the Shapley value. This allowed subcontractors to be treated fairly and justified 

reward/penalty. Even though some of the delivery scenarios might not happen (e.g., the actual 

PBU delivery was produced and delivered according to the work plan and schedule in practice), it 

is necessary to assume all situations for comprehensiveness during the rule development stage so 

that smart contracts can handle all possible events without interruptions. 

In this study, the coordination between the PBU fabricator, crane, and workers and its 

impact on the overall project performance was simulated. Figure 3.3 depicts the simulation 

workflow for the PBU project of a single building, where m denotes the apartment unit number on 

each floor, ranging from 1 to 4, and j represents the floor number, which varies from 2 to 11. K 

indicates the PBU number in each apartment unit and takes the integer values of 1, 2, and 3. 
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PBU_LP had to be installed before working on each unit to ensure safety. Upon delivery to the job 

site, the PBUs were unloaded and stored on-site, subject to the availability of sufficient storage 

space. If the crane was ready, the PBUs were lifted by the crane and installed by a group of 

workers. After the completion of all three PBUs in a unit, the workers disassembled the platform 

and moved to the next unit, one floor above. Due to safety constraints, the workers could work on 

a maximum of four units simultaneously. The installation priority assigned to PBU types was A, 

B, and C, respectively. If a particular PBU type was unavailable, the crane lifted the available 

PBUs for the remaining units and waited until the preferred type became available. This process 

was repeated until all the PBUs were hoisted up for one entire building. 
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Figure 3.3. Simulation workflow of the PBU project. 

PBUs were delivered twice a week, and 18 PBUs were delivered by 6 trucks each time. 

Different random weights were assigned to PBU types to determine the probability that a PBU 

type (x) would be delivered. For example, when a vector of [8, 8, 2] was assigned to [PBUA, 

PBUB, PBUC], PBUA and PBUB had a chance of ψȾψ ψ ς zρππ  ττȢυϷ to be 

delivered while PBUC had a chance of ςȾψ ψ ς zρππ  ρρϷ to be delivered. Based on 

data collection and constant interviewing of the on-site managers, the worst modular delivery 

could only contain one type of PBUs, while the best would have an equal type of PBUs; the 

minimum chance of crane availability was 60%, while the maximum was 80%; and the minimum 

number of workers available was 4, while the maximum number of workers available was 10. 
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Based on these facts, as shown in Table 3.1, three levels of planning reliability, high, middle, and 

low, were defined for the PBU fabricator, crane, and worker: 

(1) PBU arrival reliability: This is measured by the total deviation of deliveries from the best 

scenario. For example, when 8 PBUA, 8 PBUB, and 2 PBUC were assigned, the deviation 

was calculated as ȿψ φȿ  ȿψ φȿ  ȿς φȿ  ψ. The lower the deviation of PBU 

delivery, the higher the reliability. In the best case in which 6 PBUA, 6 PBUB, and 6 PBUC 

were delivered, the deviation was ȿφ φȿ  ȿφ φȿ  ȿφ φȿ  π. In the worst case in 

which only one type of PBUs was delivered, for example, 18 PBUA, 0 PBUB, and 0 PBUC, 

the deviation was ȿρψφȿ  ȿπ φȿ  ȿπ φȿ  ςτ. Therefore, the range of PBU 

arrival reliability could vary from 0 to 24. 

(2) Crane availability: In general, 70% of the time availability was observed on-site. The 

expected range was from 60% to 80%. The higher the availability of a crane, the higher 

reliability of completion. Given that PBU installation was a critical activity, it generally 

had a higher priority for lifting.  

(3) Worker availability: In general, five workers were assigned based on the observations. 

According to the safe lifting operations, the maximum number of available workers was 

10, and the minimum number of workers was 4, considering the necessary human force to 

push PBUs into corresponding positions. The more workers assigned for installation, the 

higher the completion reliability. A PBU installation time for each level is also presented 

in the Table. 

Notably, the categorization for different reliability levels can be adjusted based on the 

projectôs needs. Our previous works (Chen et al. 2022; Li et al. 2023) categorized the reliability 
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levels in more detail, and it is plausible to leverage this detailed categorization and develop 

simulation modeling for Shapley value calculations. 

Table 3.1. Reliability level for each collaborator. 

Reliability 

level 

PBU 

Fabricator 
Crane Worker  

Deviation Availability 
Worker 

Assigned 

Installation Time: 

minutes 

High 

Middle 

Low 

(0, 8) 80% (7, 10) (66, 76) 

(8, 14) 70% (4, 7) (80, 90) 

(14, 24) 60% 4 (100, 111) 

 

This study first analyzed each subcontractorôs planning reliability and project outcomes in 

terms of the cost before permutating and combining different subcontractorsô planning reliability 

to investigate their interactive situations and quantify the marginal outcomes. As a result, 27 

combination scenarios were formed. The simulation was run 50 times for each scenario, and the 

working time was 6 days per week and 10 hours per day. The outputs of the simulation model are 

as follows: 

Project duration: This is the time it takes to complete installing 120 PBUs. 

Total project cost: This includes the costs of PBUs, crane operation costs, worker salaries, and 

indirect costs. On average, each PBU costs $5,400, including fabrication, shipping, and 

delivery. A crane per day costs $1,200, including renting, crane operator, and maintenance 

costs. GC needs to pay an installation worker team $1,000 per day. For each subcontractor, a 

higher reliability level requires a higher cost investment. According to the data collection, each 

PBU costs $5,420 if the PBU fabricator performs at high reliability, and $5,380 if it performs 

at low reliability. Crane costs will not change at different reliability levels, although more effort 

will be required for on-site coordination. Installation team costs depend on the number of 

workers assigned to the project. The indirect cost is $2,000 per working day. 
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The simulation underwent calibration via verification and validation procedures. 

Verification confirms accurate reflection of the conceptual model in the simulation, whereas 

validation ensures faithful representation of the system. (Shi 2002) suggested a chronological 

examination of simulation activities for proper sequencing. A simulation report was created using 

STROBOSCOPEôs Trace function and compared against actual data from lifting and installation 

operations. The GC teamôs project managers also verified the simulation model and its 

assumptions to accurately reflect the construction process. 

3.4.3 Shapely Value Calculation 

The PBU installation process involves three types of participants: PBU Fabricator (PBU 

Fab), Crane, and Workers. An example is shown below to explain how to calculate the saved costs 

attributed to the PBU Fab. ὔ  ὖὄὟ ὊὥὦȟὅὶὥὲὩȟὡέὶὯὩὶί, ὲ σ, and Ὥ  ὖὄὟ Ὂὥὦ. The 

first step focuses on excluding the target person, PBU Fab, from the group, resulting 

ὅὶὥὲὩȟὡέὶὯὩὶί. The possible subsets for this remaining group are listed in S = 

ᶮȟὅὶὥὲὩȟὡέὶὯὩὶίȟὅὶὥὲὩ Ǫ ὡέὶὯὩὶί. Then, Ў represents the difference between two 

costs, ὺὛ᷾ Ὥ ὺὛ  is used to calculate the marginal value of adding player Ὥ to that subset, 

representing the fundamental concepts of the Shapley value. Therefore, the four marginal values 

are Ўὺɲȟ  ȟЎὺ ȟ  ȟЎὺ ȟ  ȟЎὺ  Ǫ ȟ  . As shown in Table 

2, the values for 

ὺɲȟὺ  ȟὺ ȟὺ ȟὺ   Ǫ ȟὺ   Ǫ ȟὺ  Ǫ ȟὺ   Ǫ  Ǫ  

are $775,596, $768,876, $772,278, $766,776, $766,650, $760,182, $762,156, and $753,966, 

respectively. Thus, the saved cost Ўὺɲȟ   = - ($768,876 - $775,596) = $6,720. Consequently, 

Ўὺɲȟ  ȟЎὺ ȟ  ȟЎὺ ȟ  ȟЎὺ  Ǫ ȟ   are equal to $6,720, 

$5,628, $6,594, and $8,190, respectively. 
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Next, ȿὛȿȦὲ ȿὛȿ ρȦ is used to calculate the number of permutations for each subset, 

excluding player Ὥ. When ȿὛȿ π, there are ȿπȿȦ ρ way to form set S prior to PBU Fabôs 

addition, and ὲ ȿὛȿ ρȦ ς possible ways to add the remaining players afterward. Now, we 

sum all possible sets Ὓ and average it by dividing by ȿὔȿȦ φ (the number of possible orderings 

of all subcontractors), which yields a scaling factor of  for a subset with size 0. This scaling factor 

averages out the effect that the rest of the team members have for each subset size, so the 

composition of the rest of the team members before the new member joining wonôt impact the 

result. Therefore, the scaling factors for 

Ўὺɲȟ  ȟЎὺ ȟ  ȟЎὺ ȟ  ȟЎὺ  Ǫ ȟ   are , , ,  

accordingly. 

Lastly, the bonus should be distributed to PBU Fab is   Αφȟχςπ   Αυȟφςψ 

  Αφȟυωτ   Αψȟρωπ  Αχȟππχ. The benefits of Crane and Workers can be calculated in 

the same way. As a result, the PBU Fab, Crane, and Workers should receive benefits of $7,007, 

$4,319, and $10,304, respectively.ò 

Table 3.2. An example of a Shapley value calculation. 

Case Performance Reliability Days Total Cost Saved Cost PBU Fab (SV) Crane (SV) Worker (SV) 

1 (M, M, M) 30.4 $ 775,596 $ - $ - $ - $ - 

2 (H, M, M) 28.8 $ 768,876 $ 6,720 $ 6,720 $ - $ - 

3 (M, H, M) 29.6 $ 772,278 $ 3,318 $ - $ 3,318 $ - 

4 (M, M, H) 28.3 $ 766,776 $ 8,820 $ - $ - $ 8,820 

5 (H, H, M) 28.3 $ 766,650 $ 8,946 $ 6,174 $ 2,772 $ - 

6 (H, M, H) 26.7 $ 760,182 $ 15,414 $ 6,657 $ - $ 8,757 

7 (M, H, H) 27.2 $ 762,156 $ 13,440 $ - $ 3,969 $ 9,471 

8 (H, H, H) 25.2 $ 753,966 $ 21,630 $ 7,007 $ 4,319 $ 10,304 

*Note: Performance reliability: (PBU Fab, crane, worker); H: High; M: Middle; SV: Shapley Value 

This study considers (M, M, M) as the base case for all 27 possible coalitions described in 

the Simulation Modeling section. Note that the value obtained from ὺὛ᷾ Ὥ ὺὛ  can be 
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either positive or negative, depending on whether adding playeri increases or decreases project 

profits (Maleki et al. 2020; Nandlall and Millard 2020; Winter 2002). A negative Shapley value 

means that the player makes negative contributions to the overall outcome. Thus, other players 

might consider excluding this player from the game (Hausken 2020). For example, to calculate the 

Shapley value for the case (L, L, H), eight possible scenarios can be formulated as (M, M, M), (L, 

M, M), (M, L, M), (M, M, H), (L, L, M), (L, M, H), (M, L, H), and (L, L, H). Then, the value 

assigned to each participant can be similarly derived as described in this section. 

3.4.4 Smart Contract and Blockchain Development 

Figure 3.4 shows the pseudocodes for translating the developed Shapley value payment 

rules to smart contract executable codes. In general, the inputs for smart contracts represent the 

reliability level of the PBU fabricator, crane, and workers. The outputs are captured scenario 

notifications, automatic rewards transfer, and penalty requests for the PBU fabricator, crane, and 

workers. In total, 27 ñif-thenò conditions are subject to assumed simulation scenarios, and 

corresponding payments to each participant conform to the Shapley value results. Algorithm 1 is 

the smart contract activation function. Algorithms 2 and 3 show an example of the PBU 

fabricatorôs reward and penalty, respectively. The smart contract code was written in Solidity 

language (version 0.8.14). Remix-Ethereum (version 0.11.0) Integrated Development 

Environment (IDE), which is a no-setup tool with a Graphical User Interface (GUI), was used to 

develop smart contracts. 
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(a) 

 

(b) 
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(c) 

Figure 3.4. Pseudocodes of the smart contract function: (a) smart contract activation; (b) PBU 

reward function; (c) PBU penalty function. 

Figure 3.5 shows a framework for developing a blockchain network. Ganache (version 

7.2.0) can create a personal Ethereum blockchain on the local network. Ganache provides a 

Remote Procedure Call (RPC) link that allows smart contracts to run on the fetched blockchain 

network. Ganache can also create a unique identity (called an address) and initiate an account 

balance for each subcontractor. Subcontractors can log in to MetaMask (a decentralized crypto 

wallet, version 10.11.3) and use the PRC link to interact with the target blockchain. The contracts 

were then compiled using an Ethereum compiler called Truffle Suite (version 5.4.8), a framework 

made specifically for blockchain development on Ethereum that converts smart contracts to 

machine-readable code. 



 

93 

 

 

Figure 3.5. Smart contract development workflow. 

3.6. Result and Analysis 

3.5.1 Simulation Results 

Permutating the different reliability levels of each collaborator yielded 27 possible 

situations, as shown in Table 3.3. Based on the collected data, there were no other possibilities. 

Therefore, the reward/penalty calculations were justified fairly. Monthly payments for each 

participant were used for payment consensus. For example, in Case 27, given 24 working days per 

month, the monthly payment for the PBU fabricator was $7,007 / 25.2 * 24 = $6,665.  

The initial results showed that as subcontractors increased their reliability levels, the 

project durations were shortened, and costs were saved. For example, compare Cases 1, 10, and 

19, in which the PBU fabricatorôs reliability increased from low to high, and other subcontractors 

were at low reliability levels. The project durations were 38.9, 34.2, and 33.8 days, and the costs 

were $811,380, $791,808, and $790,128, respectively, indicating improvements when investing in 



 

94 

 

a higher reliability level. The average wait time for the crane and installation workers also 

decreased accordingly. This is because reliable PBU delivery can create a consistent material 

release, which benefits the downstream hoist-up, and installation works. Marginal contributions 

can also be quantified in terms of cost. Similar results were found for cranes and workers. 

However, we found that the marginal benefits of investing in higher reliability decreased, mainly 

due to the limited reliability level of the others. Investing in higher reliability could not maximize 

its benefits without collaboration from others. Figure 3.6 presents the Shapley values for each 

subcontractor under different cases. The value of each column represents the payments based on 

the contributions, providing optimal trade-offs under every possible risk and reward scenario. 

 

Figure 3.6. Shapley values under different cases. 
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Table 3.3. Simulation scenarios and results based on the different levels of performance reliability. 

Case 
(1) 

Performance 
Reliability (2) 

Duration 
(3) 

Cost 
Average Wait Time 

(Hours/PBU) 
Payment Assigned Based on the Shapley 

Value 
Monthly Payment 

   Total (4) Saved (5) Crane (6) Worker (7) PBU Fab (8) Crane (9) 
Worker 

(10) 

PBU Fab. 

(11) 

Crane 

(12) 

Worker 

(13) 

1 (L, L, L) 38.9 $811,380 ($35,784) 1.01 0.55 ($17,661) ($8,421) ($9,702) ($10,896) ($5,195) ($5,986) 

2 (L, L, M) 37.4 $805,080 ($29,484) 0.94 0.80 ($17,472) ($12,012) $ ($11,212) ($7,708) $ 

3 (L, L, H) 35.7 $797,940 ($22,344) 0.79 0.92 ($17,493) ($12,285) $7,434 ($11,760) ($8,259) $4,998 

4 (L, M, L) 37.3 $804,828 ($29,232) 1.40 0.42 ($15,939) $ ($13,293) ($10,245) $ ($8,544) 

5 (L, M, M) 34.3 $792,060 ($16,464) 1.19 0.56 ($16,464) $ $ ($11,520) $ $ 

6 (L, M, H) 32.7 $785,466 ($9,870) 1.04 0.68 ($17,577) $ $7,707 ($12,889) $ $5,651 

7 (L, H, L) 37.8 $806,844 ($31,248) 1.88 0.47 ($17,878) $980 ($14,350) ($11,345) $622 ($9,106) 

8 (L, H, M) 34.1 $791,304 ($15,708) 1.53 0.53 ($17,745) $2,037 $ ($12,482) $1,433 $ 

9 (L, H, H) 31.6 $780,888 ($5,292) 1.35 0.59 ($18,018) $3,528 $9,198 ($13,667) $2,676 $6,977 

10 (M, L, L) 34.2 $791,808 ($16,212) 0.64 0.17 $ ($6,699) ($9,513) $ ($4,696) ($6,668) 

11 (M, L, M) 33.0 $786,600 ($11,004) 0.56 0.44 $ ($11,004) $ $ ($8,003) $ 

12 (M, L, H) 31.6 $780,510 ($4,914) 0.43 0.58 $ ($12,369) $7,455 $ ($9,409) $5,671 

13 (M, M, L) 33.7 $789,414 ($13,818) 1.13 0.11 $ $ ($13,818) $ $ ($9,849) 

14 (M, M, M) 30.4 $775,596 $ 0.84 0.21 $ $ $ $ $ $ 

15 (M, M, H) 28.3 $766,776 $8,820 0.67 0.31 $ $ $8,820 $ $ $7,485 

16 (M, H, L) 33.1 $786,894 ($11,298) 1.48 0.08 $ $2,919 ($14,217) $ $2,118 ($10,318) 

17 (M, H, M) 29.6 $772,278 $3,318 1.18 0.15 $ $3,318 $ $ $2,691 $ 

18 (M, H, H) 27.2 $762,156 $13,440 0.95 0.21 $ $3,969 $9,471 $ $3,505 $8,363 

19 (H, L, L) 33.8 $790,128 ($14,532) 0.64 0.12 $3,969 ($7,434) ($11,067) $2,815 ($5,272) ($7,849) 

20 (H, L, M) 32.0 $782,274 ($6,678) 0.50 0.36 $5,523 ($12,201) $ $4,146 ($9,159) $ 

21 (H, L, H) 30.2 $775,008 $588 0.33 0.47 $5,894 ($13,132) $7,826 $4,678 ($10,422) $6,211 

22 (H, M, L) 33.0 $786,726 ($11,130) 1.06 0.05 $4,707 $ ($15,834) $3,420 $ ($11,505) 

23 (H, M, M) 28.8 $768,876 $6,720 0.74 0.09 $6,720 $ $ $5,604 $ $ 

24 (H, M, H) 26.7 $760,182 $15,414 0.52 0.16 $6,657 $ $8,757 $5,982 $ $7,869 

25 (H, H, L) 32.4 $783,912 ($8,316) 1.42 0.02 $4,620 $2,835 ($15,771) $3,426 $2,103 ($11,697) 

26 (H, H, M) 28.3 $766,650 $8,946 1.07 0.04 $6,174 $2,772 $ $5,245 $2,355 $ 

27 (H, H, H) 25.2 $753,966 $21,630 0.82 0.05 $7,007 $4,319 $10,304 $6,665 $4,108 $9,802 
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3.5.2 Payments and Incentives for Subcontractors 

The Shapley values showed three incentives to motivate collaboration. First, there were 

always penalties for a low reliability level, no payments for a middle reliability level, and rewards 

for a high reliability level. Therefore, a subcontractor might collaborate to avoid penalties. 

Moreover, comparing Cases 1 and 9 in Table 3.3. Simulation scenarios and results based on the 

different levels of performance reliability, the penalties for the PBU fabricator were lower when 

all subcontractors were in low reliability, whereas the penalties were higher when only the PBU 

fabricator was in low reliability. This is because the PBU fabricator becomes the only ñpest playerò 

in the team in Case 9, who should be blamed most for the cost overrun. The project gets worse 

with his/her participation. Figure 3.7 presents the reward/penalty amounts for each subcontractor 

after fixing each subcontractorôs reliability level to low or high. Figure 3.7 (a) indicates that when 

the PBU fabricator performs at low reliability, the penalty amount for the PBU increases as the 

crane and workers perform more reliably. 
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Figure 3.7. Visualizations of payments under different collaborative scenarios. 

Second, individual high performance emerged as the dominant strategy for guiding a 

rational player to perform at a high reliability level. This rational player is also motivated to 

encourage other playersô high performance to achieve high reliability to maximize overall rewards, 

enabling ñpeer production.ò Although in both Cases 19 and 20, the PBU fabricator committed a 

high reliability level, this player gained more profits in Case 20 because installation workers 

committed a higher reliability level to achieve overall cost improvements from collaborations. 

PBU fabricators can negotiate and push installation workers to a higher reliability level to 

maximize their rewards. Conversely, workers also have the same incentives when the PBU 

fabricator can work at a higher reliability level. Figure 3.7 (d) also shows that the reward amount 

for PBU increases as the crane and workers perform more reliably because all project 

subcontractors become ñteam players.ò  

Third, investing in higher reliability can help project participants save overall costs. Table 

3.4 lists the differences from the perspective of trade-offs between investment and return. For 
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example, based on the cost data illustrated in the Simulation Modeling section, the PBU fabricator 

will invest $645,600 ($5,380 × 120) at low reliability and $650,400 at high reliability. Considering 

all the low reliability scenarios for the PBU fabricator in Table 3.4, an average penalty of $17,631 

was assigned to the PBU fabricator. On the contrary, an average reward of $5,697 was assigned to 

the PBU fabricator for high-reliability scenarios. Hence, the total cost when performing at low 

reliability ($662,961) is higher than when performing at middle reliability ($648,000) and high 

reliability ($644,703). Therefore, even though the PBU fabricator saved some initial money when 

planning at low reliability, planning at high reliability generated the lowest overall outcomes when 

the Shapley value was enforced in the contract, which also exhibited another motivation for a 

higher reliability level. 

In summary, the Shapley value method is trustworthy in contracts because rewards and 

penalties can be justified fairly under each scenario. There is no need for a central command to 

allocate risks manually. Therefore, communications and collaborations can occur automatically 

without human judgment, and a win-win situation can be realized.  

Table 3.4. The trade-off between investment and sharable profits for each subcontractor. 

 PBU Fabricator  Crane  Worker 

 Investment SV Sum  Investment SV Sum  Investment SV Sum 

Low $645,600 -$17,361 $662,961  $40,907 -$10,617 $51,524  $13,964 -$13,063 $27,027 

Middle $648,000 $0 $648,000  $38,027 $0 $38,027  $19,193 $0 $19,193 

High $650,400 $5,697 $644,703  $37,240 $2,964 $34,276  $23,929 $8,552 $15,376 

Note: Shapley Value (SV) 

 

3.5.3 Smart Contract Validation 

The reliability data will be automatically obtained and used to trigger the smart contract in 

this chapter. As-built images can be fetched through on-site cameras and uploaded to the 

blockchain through the IPFS system. These images can be used to automatically classify the 
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construction progress through a deep learning framework. The classified results can be leveraged 

to automatically trigger smart contract executions by establishing a dApp. The details of the 

obtaining and triggering process can be found in our previous studies (Chen et al. 2022, 2023c). 

The smart contract validation started with assigning a unique identification of each 

participant in the blockchain network (see Table 3.5). In this study, each subcontractor team had 

one account. Figure 3.8 shows the payment process for each subcontractor. If the PBU fabricator 

delivers six PBUAs, six PBUBs, and six PBUCs per batch, the crane is available 80% of the 

working time, and eight workers are assigned. They are categorized at a high reliability level. In 

this case, the smart contracts need to reward ETH 6665, ETH 4108, and ETH 9802 to the PBU 

fabricator, crane, and worker separately in a monthly payment. 

Table 3.5. Default information for project participants in the blockchain. 

Party Unique Address in the Blockchain Initial Balance (ETH) 

Database 0x68588347fFe54d01DBDFeEf92bB57635dF31b948 1,000,000 

PBU Fabricator 0xE87cC9250AEc8999254bc369866B9F840146Dee0 1,000,000 

Crane 0x6602100D58b03e899088e66E732161Db19C6F214 1,000,000 

Installation Worker 0x3deDD1f592Da7332e053D4a962cA5bE325B51154 1,000,000 

Smart contracts request the addresses of involved participants and that the reliability level 

for each subcontractor processed by the central database for activation ( in Figure 3.8). Once 

successfully triggered, a notification will be sent to the blockchain through the ñSendNoticeò 

function, showing that ñemploy1ò: ñPBU accountò can gain ñamount1ò: ñ6665 ether,ò ñemploy2ò: 

ñcrane accountò can gain ñamount2ò: ñ4108 ether,ò and ñemploy3ò: ñworker accountò can gain 

ñamount3ò: ñ9802 etherò as expected ( in Figure 3.8). These amounts are exactly the same as 

those derived from the Shapley values. Payments for the PBU fabricator can be released through 

the ñPBU_rewardò function to assign 6665 Ether. The same is configured for the crane and 

workers. Blockchain logs show that money has been transferred to the PBU fabricatorôs account 
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(  in Figure 3.8). As payments go through, any operations in the smart contract can be recorded, 

secured, distributed, and traced in the real-time blockchain. It is important to note that any smart 

contract transaction will consume a small amount of gas fees (similar to transaction fees), which 

is the fuel that allows the Ethereum network to operate.  

 

Figure 3.8. Smart contract executions when all subcontractors perform high reliability. 

Figure 3.9 shows that the PBU fabricator, crane, and workers receive the correct amount 

of benefits across multiple platforms (Remix-Ethereum, MetaMask, and Ganache) in the 

blockchain network given the reward scenario described above (PBU: initial 1,000,000 + reward 

6,665; crane: initial 1,000,000 + reward 4,108; worker: initial 1,000,000 + reward 9,802). 

Collaborators can pull data promptly from their crypto wallets and blockchains to trace 

performance and transaction information. Ganache records detailed information about each block, 

transaction, contract, and any events in the blockchain, providing a structured, organized, real-time 

reference for project supervision. Subcontractors can click different icons to visualize and monitor 

project performance.  
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Figure 3.9. Information synchronization in the blockchain system. 

Smart contracts can automatically detect and reject malicious operations. For example, 

Figure 3.10 shows that only ETH 6,000 (  in Figure 3.10) is assigned to the PBU fabricator 

instead of ETH 6,665 through the same ñPBU_rewardò function ( in Figure 3.10). This triggers 

an error window that pops up to indicate the potential failures for transactions ( in Figure 3.10). 

Hence, smart contractsô self-enforcement can guarantee a ñyou earned what you have done, you 

have done what you have earnedò mentality based on the derived Shapley value. All the risks and 

rewards can be judged and enforced without human involvement, yielding an incentive and 

decentralized work environment. 
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Figure 3.10. Malicious smart contract operations detection. 

3.7. Discussion 

Blockchain is essentially a governance tool to realize various rules executions. Blockchains 

introduce decentralization that removes the need for intermediaries that can potentially reshape the 

structure of operational management and information sharing. Classical project delivery is 

managed through ñcommand-and-controlò with layers of contractual and organizational 

hierarchies (Levitt 2011). Therefore, real-time information must pass through multiple vertical 

tiers and hierarchical systems, leading to slow responses. With blockchains, the traditional pyramid 

structure is replaced by a horizontal one, where each actor communicates data in a peer-to-peer 

network to support data-driven bottom-up and collective decision-making. Furthermore, 



 

103 

 

traditional construction management lacks effective strategies and mechanisms to remove project 

constraints promptly when they are detected, resulting in delayed responses until project 

completion. Project managers either accept the outcomes if the loss is tolerable or resort to 

litigation if intolerable. Blockchain can bring out instantaneousness where reliable completion can 

be motivated or enforced. The participants who face instant reward or penalty can improve their 

performance and enable continuous learning, which can have a significant impact on the overall 

performance in the remaining phase of a project. 

Project managers encounter the challenges of determining the amounts of rewards or 

penalties for each participant instantly in the dynamic and uncertain construction environment. 

There is a lack of mechanism for managers to calculate the reward and penalty amount based on 

marginal contribution of each participant to motivate reliable completion. Managers usually have 

to wait until the end of a project to evaluate how severe the problem is and devote a significant 

amount of time and effort to determine the amount and collect evidence to prove it. Project 

participants are usually not motivated to have reliable completion during a project because there 

is a lack of a mechanism to motivate on time completion instantly. 

3.8. Conclusion  

Blockchain and smart contracts have attracted broad attention to facilitating information 

sharing and promoting collaboration. Recent studies have indicated that decentralization could 

align well with the lean approach to support bottom-up collaboration, and the coordination 

mechanisms encoded in smart contracts play a significant role in guiding self-organization. 

However, none of them went beyond the theory. This study introduced a Shapley value-based 

smart contract to achieve its objectives. This study used simulation modeling to exhaust all 

possible collaboration scenarios. Then, a Shapley value was applied to determine the payment 
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rules. Lastly, the payment rules were enforced through a smart contract and blockchain network. 

As a result, all the possible real-world interactions can be standardized and quantified, which 

allows rewards and penalties to be attributed and allocated fairly to different subcontractors. This 

also decentralizes the allocation of risks without central command.  

The contributions of this study to the body of knowledge are 1) quantify subcontractorsô 

marginal contributions to the project through simulation, and 2) determine how to distribute fair 

collaborative outcomes when project participants can perform at different levels of effort. This 

study developed a simulation model to quantify the marginal contributions using empirical data. 

Establishing a fair benefit distribution system for construction projects, in which participants often 

need to work together in a highly uncertain and interrelated environment (He et al. 2022b, 2023), 

is challenging. There is a lack of objective mechanism for construction projects to motivate reliable 

workflow automatically and instantly. This study innovatively developed a Shapley value 

approach to determine fair reward and penalty rules based on participantsô marginal contribution. 

This method allows the fair acknowledgment of different project participantsô efforts, which can 

motivate subcontractorsô collective efforts toward an optimal project outcome. Embedding the 

rules in construction contracts can shape project participantsô collaborative behaviors towards 

desired outcomes, enabling an efficient self-motivated system. Shapley value-based smart 

contracts allow subcontractors to negotiate and achieve bottom-up collaboration and decision-

making rather than traditional top-down controls. This approach can significantly improve trust 

and accountability among project participants since contract enforcement is based on objective 

rules and transparent mechanisms, rather than subjective centralized judgments. Task-level project 

participants can prognose and diagnose task-level uncertainties during collaboration, leading to 
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prompt decision responses and higher ñpeer productionò. It also reduces the need for centralized 

management, which in turn can minimize administrative costs and improve efficiency. 

3.9. Limitations  

 There are several limitations to this study. First, this study is limited to investigating only 

the interaction of three project subcontractors (material, equipment, and worker) in MC. Other 

constraints, such as weather, prerequisite work delays, space availability, and design and work 

methods, are not fully considered in this study. However, the methods developed in this study 

provide a preliminary benchmark for quantifying the dynamic impacts of these interactions. One 

of our ongoing research aims to model Koskelaôs seven types of constraints in smart contracts in 

order to prognose and diagnose uncertainties beforehand (Chen et al. 2023a). More sophisticated 

constraint removal methods can be integrated to handle complex construction dynamics. Second, 

as Grigg (2004) recognized, it is necessary to pair smart contracts and contracts so that the smart 

contract can be consistent with legal enforcement. This study used simulation models to mitigate 

the exception impacts by exhausting all possible situations. Other risk factors, such as change 

orders, can also be quantitatively using simulation modeling to optimize the change order 

management process (Du et al. 2016). One way to address change orders is to simulate each 

participantôs performance when change orders are issued, and then calculate the marginal 

contributions with various change orders. However, there is no such pledge that it can handle an 

event that comes as a surprise but has a major effect, which is categorized as a ñblack swanò event 

that is considered an extreme outlier and collectively plays a vastly larger role than regular 

occurrences (Taleb 2009). In this unreal situation, the smart contract tends to be vulnerable and 

blunt. New smart contract update methods, such as contract migration, data separation, proxy 

patterns, strategy patterns, and diamond patterns (Park 2022), can be considered to minimize 
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turbulence. Third, this study assumed the existence of a trustful central database that is responsible 

for smart contract data input. However, the central database might also suffer from a single point 

of failure in which unreliable data or information might be processed and used for smart contracts. 

Researchers might also consider integrating decentralized databases and information processing 

techniques to minimize such an issue. For example, future studies could develop methods that 

leverage widely distributed sensors and implement federated machine learning to capture and 

process data in a decentralized manner.
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4.1. Abstract 

Reliable construction workflow relies on timely discovery, analysis, and checking of 

compliance with contract terms, which are time-consuming and inefficient tasks. Smart contracts 

enabled by blockchain technology have demonstrated promise in addressing the inefficiencies of 

data communications due to their merits of traceability, immutability, transparency, and self-

enforceability. However, a smart contractôs inability to interact with real-world data is the main 

issue that impedes further implementation. Todayôs increasing availability of as-built data provides 
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automatic condition assessments that have great potential to automate smart contract executions. 

This research area is uncharted territory for industry. This study presents an automatic 

decentralized management framework by exploring image-based deep learning solutions to 

automate and decentralize the conditioning of smart contract executions enabled by a web3.js-

based decentralized blockchain application. It was found that the model can automate management 

intelligence with minimum workflow interruptions by timely identification of bottleneck activities 

and enforcement of mitigation strategies. Project managers can use the blockchain prototype to 

enhance information sharing, remove key risks, and enable a reliable workflow with minimum 

management efforts.  

4.2. Introduction  

Construction processes have long been plagued with problems associated with variations 

that undermine project performance and disrupt workflow, leading to project delays, cost overruns, 

and quality defects (Ballard 2000; Hamzeh et al. 2012; Liu et al. 2011). Timely detection of project 

performance and efficient information sharing are crucial to guaranteeing quality, compliance, and 

progress - factors frequently interconnected in the construction industry (Lu et al. 2022). Current 

construction practice relies on central parties to document work progress (Han et al. 2018), 

organize production planning meetings (Javanmardi et al. 2020), and check compliance with 

contracts (Zhou and El-Gohary 2016). These tasks are often done manually and essentially rely on 

human-centered judgments, which are time consuming, inaccurate, and inefficient. According to 

(McKinsey 2017b), many project stakeholders struggle to identify and use hard data to baseline 

project performance, which is a major factor influencing productivity improvement. Consequently, 

information exchange is poor and inconsistent, leading to late decisions (Talebiyan and Duenas-
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Osorio 2020) and distrust among stakeholders (Tezel et al. 2021). Project managers need a more 

efficient information feedback system to facilitate information sharing and decision-making. 

Smart contracts enabled by blockchain technology have demonstrated promise in 

addressing the inefficiencies of data communications. According to a report by (PwC 2020), 

provenance is the number one factor driving blockchain adoption for business. Secure information 

exchange is a blockchainôs most significant use case (Deloitte 2021). Smart contracts provide a 

reliable means of automating management stipulations based on certain detected events, such as 

assigning payments based on the progress of work (Hamledari and Fischer 2021b), ordering the 

next phase of material delivery when a phase of material is received (Lu et al. 2021a), and 

triggering rework if current work fails a quality inspection check (Wu et al. 2021c). However, 

automating and enforcing reliable smart contract executions is still far from reality, and the current 

smart contract applications neither support the use of the progress data nor can they enable 

automation. This is partly due to the smart contractôs inability to interact with real-world data (Wu 

et al. 2022b) and partly because the decentralized nature of blockchains is seemingly incompatible 

with current centralized construction practices (Lu et al. 2021b). 

Todayôs increasing availability of semantically rich as-built progress data, empowered by 

robotics (Liang et al. 2021), machine learning (Austin et al. 2020; Brilakis et al. 2010; Dimitrov 

and Golparvar-Fard 2014), and BIMs (Braun and Borrmann 2019; Kropp et al. 2018), motivates a 

move toward automatic condition assessments to minimize management efforts in improving 

workflow reliability. The captured as-built data are either compared with one another (Mostafa 

and Hegazy 2021) or against a 4D BIM (Braun and Borrmann 2019; Han and Golparvar-Fard 

2015), providing the estimated state of construction progress. These methods have great potential 

to serve as evaluated conditions and to automate smart contract executions. Opportunities exist to 
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bridge the communication between blockchains and real-life construction processes through the 

automatic assessment of the as-built data. However, this research area is uncharted territory. It is 

not clear (1) how as-built data and its output should be represented universally in the blockchain 

network, (2) what possible smart contract governance mechanisms should develop given potential 

detected results, and (3) how to coordinate as-built data to decentralize smart contract executions 

in the same platform. 

To address these limitations, this chapter introduces an image-based deep learning solution 

to automate and decentralize the conditioning of smart contract executions. The objectives of this 

research were (1) to investigate image-based deep learning methods to evaluate the activitiesô 

performance as smart contract external inputs, (2) to identify smart contract scenarios and optimize 

stipulations through a simulation model, and (3) to implement a dApp to synchronize detection 

results and automate smart contract executions. The study first investigated the feasibility of using 

unordered images and deep learning models to classify critical path activities and their completion 

status into different categories. This integration aimed to declare a human-readable and machine-

understandable format for recording as-built images on the blockchain. Then, a simulation model 

was developed to generate smart contract stipulations, including possible detected progress and 

corresponding risk mitigation strategies. This was followed by the development of a web3.js-based 

decentralized blockchain application to program smart contract stipulations and coordinate with 

the recorded images. Finally, framework applicability and performance were tested using an 

illustrative design example. Project managers can use the developed blockchain prototype to 

enhance information sharing, remove key risks, and enable a reliable workflow with minimum 

management efforts. 
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4.3. Literature Review 

4.3.1. Blockchain and Smart Contract 

A blockchain is a type of DLT where all transactions are digitized and decentralized. A 

blockchain is a database recording all transactions or digital events that are executed and shared 

among the participants in a transparent network (Yang et al. 2020).  

Blockchain networks can be classified into public and private blockchains based on their 

level of openness and governance (Wu et al. 2021c). The main distinction between public and 

private blockchains is who can participate in the network, execute the consensus stipulation, and 

maintain the shared ledger. For example, a public blockchain network is completely openðanyone 

can join and participate in the network. Anyone can see the ledger and take part in the consensus 

process. Bitcoin is one of the largest public blockchain networks in production today. However, 

running a public blockchain requires substantial computational power to maintain a distributed 

ledger on a large scale. No privacy for transactions is another drawback when considering 

blockchain use cases. Conversely, a private blockchain is designed for a specific organization 

where only pre-identified users can see stored information in the blockchain (Elghaish et al. 2021). 

A private blockchain can only achieve a partially decentralized situation but will allow customized 

consensus instead. Since private blockchains have fewer nodes, it is easier to control a bad actor, 

which might be the right fit for construction projects. Furthermore, private blockchains have strong 

data privacy, where any change can be made simple when all nodes agree that the data can be 

changed by consensus (Hamida et al. 2017). Therefore, construction procurement, design, and 

operation data can be stored and fetched readily through a private blockchain. 

Smart contracts are scripts run on the blockchain, and they can implement consensus 

stipulations and allow participants to reach a consensus based on predefined rules without a trusted 
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third party (Lu et al. 2021a). Smart contracts work on the ñIF/WHEN é THENò statement, where 

ñIF/WHENò is the trigger condition for responses, and ñTHENò is the action that needs to be 

executed after the trigger (Sheng et al. 2020). Fundamentally, it is a digital type of contract without 

a central governess. Contractual construction stipulations or clauses can be coded into smart 

contracts in conjunction with cryptocurrencies to improve the insolvency of payments withheld 

and not paid on time (Yang et al. 2020). As a result, the key is to derive smart contract stipulations 

to streamline construction workflow, where few efforts have been made in this field. 

4.3.2. Blockchain Applications in the Construction Industry 

Over the course of several years, new literature emerged at an average annual growth rate 

of 184% for publications on blockchain in construction (Scott et al. 2021). Blockchain has been 

investigated broadly in some specific construction processes, such as supply chain management 

(Hamledari and Fischer 2021a; Wang et al. 2020), progress payments (Das et al. 2020; Elghaish 

et al. 2020), quality evaluation (Sheng et al. 2020; Wu et al. 2021c), and performance inspection 

(Lu et al. 2022). If blockchain-enabled information sharing can decrease 10% occurrence 

frequencies of supply chain material quality problems, then the results will 38% reduction of rate 

of overall costs (Wang et al. 2020). The smart contract-enabled solution was observed to improve 

the accuracy and completeness of information by 200% + compared with state-of-practice 

digitalized payment systems (Hamledari and Fischer 2021c). These use cases essentially can be 

summarized as utilizing two major features of blockchain technology: (1) facilitating data 

management via blockchainôs traceability and transparency and (2) creating improved governance 

models via the use of smart contractsô self-executability. The traceability of the blockchain fosters 

collaboration among construction stakeholders (Nawari and Ravindran 2019; Tao et al. 2021), and 

it increases trust in the data used in construction management applications (Shojaei et al. 2020; 
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Turk and Klinc 2017). Increased transparency and trust are argued to be the key features that 

enhance communication efficiency (Safa et al. 2019; Wang et al. 2020). A case study of 

permissioned and public blockchains found this value proposition particularly important in 

projects where stakeholders are geographically distant and it is hard to naturally establish trust 

(Yang et al. 2020). The industry also needs a more reliable governance model to facilitate smart 

contract executions (Li et al. 2019). Effective governance mechanism specifies each partyôs rights 

and obligations, with sanctions for noncompliance (Yan and Zhang 2020). Lacking a mature and 

consistent governance model is the primary barrier impeding the deployment of smart contracts in 

the industry (Hamledari and Fischer 2021c). It has been argued that blockchains may not promote 

trust at all without effective governance (Werbach 2018). Nevertheless, researchers aim to use 

smart contracts to reduce the administrative load on reporting, governance, monitoring 

responsibilities, and risk transfer (San et al. 2019). 

For transparency, (Erri Pradeep et al. 2021) designed a blockchain prototype for design 

record keeping to improve design liability control and the auditability of the exchange records. 

(Wang et al. 2020) built a novel blockchain-based information management framework for a 

precast supply chain in which the increased accessibility of real-time information can be used to 

reduce supply chain costs by monitoring the execution of production processes and delivery 

schedules. A drawback of such an approach is the lack of construction specifications. (Tao et al. 

2021) proposed a blockchain-based framework to facilitate collaborative BIM designs, minimizing 

the cybersecurity risks of design data manipulation and denial of access. While the inherent 

unsuitableness for storing large-sized design files (e.g: BIMs) hinders blockchains from protecting 

design data integrity. To address the issue, (Xue and Lu 2020) introduced a semantic differential 

approach to record changes of BIM in the blockchain rather than the entire model, reducing data 
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storage needs. Other studies have integrated the Internet of Things, smart contracts, and 

information models to improve the tracking of maintenance and operation records for physical 

assets (Lee et al. 2021; Tao et al. 2021; Wu et al. 2021c). These studies are a great step toward 

creating a shared and transparent view of information; however, they need to go beyond theory 

and pursue further validation in real-world projects. For governance, (Ahmadisheykhsarmast and 

Sonmez 2020) leveraged schedule and payment data (including planned and actual completion 

dates and budgeted and actual payments) by developing an add-on in Microsoft Project to 

condition smart contract payments. The results can protect main contractors, subcontractors, and 

suppliers against the insolvency of the principal or late payments. Usability is one of the limitations 

for their works. (Elghaish et al. 2020) developed a blockchain framework to execute all financial 

transactions automatically, enabling automatic collaborations across the construction value chain 

by reducing reporting overheads and transferring risk. Ensuring the flexibility of smart contracts 

in handling unexpected cases will likely continue to be a significant challenge, because it is 

impossible to patch ex-post when no governance mechanism for such adjustments is implemented 

beforehand in the smart contracts (Hunhevicz et al. 2021a). To address these limitations, (Chen et 

al. 2022; Li et al. 2023) utilized a simulation model to develop possible stipulations, enabling smart 

contracts to deal with dynamic construction scenarios. 

4.3.3. Blockchain Oracles and Image-Based Progress Tracking 

Blockchain oracles outline a fundamental limitation of smart contracts: They cannot 

inherently interact with data and systems existing outside their native blockchain environment. 

Oracles are middleware agents that can capture and validate real-world information and feed it 

into a blockchain for the use of smart contracts (Lu et al. 2021a). There are two main types of 

oracles: hardware and software. Hardware oracles supply information directly from the physical 
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world and consist of, but are not limited to, RFID tags, Bluetooth sensors, and GPS technology 

(Chong and Diamantopoulos 2020). Reality capture technologiesðsuch as on-site robotics, UAV-

based mobile cameras, Light Detection and Ranging (LiDAR), and sensorsðcan also be treated 

as hardware oracles. However, these technologies cannot automatically interpret captured 

information in a language that can be understood by smart contracts. Software oracles, however, 

can extract specific information or data required from online sources for smart contracts (Lee 

2019). Software oracles can automatically retrieve and submit website data (such as weather, 

temperature, wind speed, etc.) to the connected smart contract on a blockchain network (Adler et 

al. 2018). Therefore, an ideal smart contract oracle would help translate non-deterministic external 

information into formats that are explicit, enabling a blockchain to achieve reliable smart contract 

executions.  

The application of image-based methods to evaluate construction progress has drawn much 

attention from practitioners and academia over the past few years. Researchers can easily collect 

time-lapse images from fixed camera viewpoints and use advanced processing algorithms to 

generate a body of operational information for project stakeholders. These methods have proven 

to be cost-effective and efficient for the automated recognition and tracking of resources (Brilakis 

et al. 2011; Golparvar-Fard et al. 2009; Gong and Caldas 2010). These images are either compared 

with one another (Mostafa and Hegazy 2021) (Yang et al. 2015) or against a 4D BIM (Braun and 

Borrmann 2019)  (Han and Golparvar-Fard 2015) (Golparvar-Fard et al. 2011), providing the 

estimated state of construction progress. For example, (Dimitrov and Golparvar-Fard 2014) trained 

a classifier that could identify the surface material of components within an image under unknown 

viewpoints and site illumination conditions. Their models leveraged extra material information 

from time-lapse images to identify the current operation stage. (Kropp et al. 2018) presented a 



 

116 

 

model to recognize the actual state of construction activities from as-built image data based on as-

planned BIM data using computer vision algorithms, increasing the degree of indoor progress 

monitoring automation. Once detection outcomes and processes are assessed, existing knowledge 

management, decision-making, and feedback processes can advance resource and time allocation, 

yielding a more reliable project outcome (Teizer 2015). Therefore, image-based methods can serve 

as blockchain oracles to deliver informative situational information and automate smart contract 

stipulations. 

4.3.4. Gaps in Knowledge 

The literature review reveals a need for increased attention to integrating real-world data 

and governance models to make smart contracts practically implementable (Hunhevicz et al. 

2021a; Lu et al. 2021a). Most studies have remained theoretical (Shojaei et al. 2020) and lack 

validation (Tao et al. 2021). Little research has investigated the feasibility of integrating as-built 

images or explored smart contract stipulations to achieve full automation. Synthesis requires 

communicating and coordinating as-built images in a human-readable and machine-

understandable format without an unambiguous governance mechanism in smart contracts (Wang 

et al. 2017; Wood 2014). It is unclear (1) how as-built data should be represented universally in 

the blockchain network, (2) what possible smart contract stipulations should develop, or (3) how 

to coordinate as-built data to decentralize smart contract executions. 

This study aimed to address the first limitation by investigating image-based deep learning 

methods for automatically transferring as-built images into blockchain usable information. To 

address the second limitation, the authors sought the identification of smart contract stipulations -

specifically, who should be responsible and what optimal action items should be- through a 
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simulation model. Finally, to address the third limitation, a dApp was established to synchronize 

steps 1 and 2 to automate the smart contract self-executions with minimum management efforts. 

4.4. Methodology 

This section outlines the proposed blockchain framework for enhancing reliable 

construction workflows in an automatic, trustworthy, and decentralized manner. The components 

of the blockchain framework include a blockchain oracle, smart contract stipulations, and a 

decentralized blockchain application. As shown in Figure 4.1, the framework components were 

realized through three-stage development. In the first stage, critical path activity images were 

collected and utilized to train a deep learning model in step A. The deep learning model aimed to 

classify real-time images into binary completion status (complete/incomplete) of an activity. The 

classification results can indicate actual construction progress. In step B, the initial classification 

results were further optimized by being subjected to a prerequisite constraint through a Bayesian 

network. In the second stage, a simulation-based method was constructed to derive possible 

scenarios for smart contracts and investigate possible workforce assignments to mitigate the delay 

risks in step C. In step D, different levels of risk and mitigation strategies were analyzed to 

determine the optimal mitigation policy for smart contract implementation. Once the smart 

contract stipulations were derived, this study programmed stipulations in the Ethereum smart 

contract (the third stage). In step E, a dApp, which contained a frontend that linked image 

classification results and a backend that linked the smart contract stipulations, was constructed 

based on web3.js.This dApp was designed to run on the Ethereum blockchain outside the purview 

and control of a single authority, which facilitated the functions of verifying, recording, and 

sharing information.  
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Figure 4.1. Research framework. 

4.4.1 Data Collection 

The case study project was a high-rise building with 33 floors above the ground and a one-

floor underground basement. The project duration was 22 months. The project adopted the 

engineering, procurement, and construction (EPC) project delivery method. The general contractor 

(GC) was responsible for procurement. The GC also hired a labor agent company that provided all 

the labor force for constructing the building structure above the ground. All underground structures 

were subcontracted to specialty subcontractors. This research focused on on-site construction 

activities for building structures above the ground. The specialty trades included 13 bar placers, 

14 carpenters, 7 pipefitters, 6 scaffolders, and 10 concreters. The labor agent company was flexible 

in adding a few workers when acceleration was needed. The trades worked seven days per week 

and ten hours per day, from 6:00 AM to 11:00 AM and 1:00 PM to 6:00 PM.  
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A standard floor included 17 activities. Figure 4.2 shows the critical path diagram of the 

activities. The critical path is highlighted in double lines, and the five crews are color coded. The 

values below each activity are the planned start time, duration, and finish time in hours for a 

standard floor. This study used annotations to differentiate crews working in different activities. 

For example, ñBò meant bar placers and ñ1ò meant they were working on their first activity 

(Erect/Tie Column Rebar). Crews worked on the current standard floor before CA1 

Dismantle/Install Column/Wall Form. After that, they worked on the upper floor, which is the 

ceiling area of the current floor.  

 

Figure 4.2. Critical path diagram. 

Unordered images were also randomly collected for critical path activities every half day 

during rest time. Due to the repetitive building modes, each standard floor had the same building 

activities and schedules. Therefore, the collected images from a lower floor could be leveraged to 

train a deep learning algorithm to classify images into different activitiesô completion categories. 

The trained model could be further applied to the upper floor for real-time image classification as 
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an automatic progress inference. Also, productivity data for each activity were collected and then 

represented as probability distributions through regression analysis. Furthermore, a discrete-event 

simulation was used because it breaks down activities into time-measurable actions similar to 

productivity calculation and, therefore, can produce more accurate results regarding project 

process control (Le et al. 2020). In addition, this type of simulation uses pre-fitted productivity 

distributions to model the construction workflow. Therefore, its results can be compared with 

actual data for validity. 

4.4.2 Data Processing 

4.4.2.1 Data Labeling 

Data labeling is an essential step in training data for supervised learning. Basic domain 

knowledge and contextual understanding are crucial to creating high-quality, structured datasets. 

Because the scope of this study was to offer a conceptualization and formal representation of the 

blockchain framework rather than targeting every activity, only critical path activities were 

labeled. For each activity, two labels were assigned to represent its start and finish status, 

considering whether an object (e.g., a column or wall) had been built up. Also, some stages shared 

the same label because the finish status of an activity is the start status of its successor. For 

example, when filming the Install Floor Rebar (B4) activity, the camera had to go top view to see 

if the floor rebar was present, so labels 7 and 8 were used. When filming the Install Column Rebar 

Stirrup (B5) activity, the camera had to go side view, where the floor rebar might not be present 

in the camera. Therefore, labels 9 and 10 were used. When filming the Install Slab Rebar (B6) 

activity, the camera returned to the top view again, where it was plausible to find the completion 

of B4 (label 8), which was an incomplete status for B6. This study also combined B1 and B2 as 
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one label because these two activities were performed simultaneously in practice. In the end, 10 

activities were labeled, and 17 labels were generated, as shown in Figure 4.3. 

 

Figure 4.3. Labeled images and corresponding activities. 

4.4.2.2 Data Augmentation 

Having a large dataset is crucial for deep learning model development. In total, 1,492 

images were collected on a standard floor. The collected images were in a limited set of conditions 

in a real-world scenario. However, target objects may exist under various conditions, such as 

orientations, locations, scales, brightness, etc. Therefore, gaining enough diverse image sources 

was essential during the model development stage. As such, data augmentation, which is a method 

that increases the amount of data by artificially expanding labeled training datasets by changing 

the original imagesô viewpoints, sizes, or illuminations, is implemented. This research used an 

80/20 split for training and testing on image dataset. Data augmentation was then automatically 
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performed on the training and testing sets independently using the TensorFlow Data Augmentation 

library. Ultimately, 7,210 training sets and 1,492 testing sets were generated separately.  

4.4.3 Image-Based Deep Learning Model for Blockchain Oracle Development 

4.4.3.1 Deep Neural Network Architecture  

Figure 4.4 shows the network architecture of the deep learning module. The model 

contained convolutional layers and a fully connected neural network. Two convolutional layers 

were applied, followed by the Rectified Linear Unit (ReLu) (Agarap 2018) activation function, 

batch normalization, and max pooling to scale down the feature information. Convolutional layers 

aim to find the potential region of interest to recognize specific features in the image and train the 

classifiers to learn these features. The fully connected neural network was connected after stacking 

together the appropriate number of convolution and pooling layers. After the dense layer, a drop-

out layer was applied to reduce model overfitting problems. The final fully connected layer was to 

make classifications regarding different building activities. In the end, the SoftMax function 

assigned decimal probabilities to each class, and those decimal probabilities needed to add up to 

1.0. The class with the highest prediction probability was chosen as the prediction result. The 

model can essentially classify an image into what activity an image indicates and the completion 

status of that activity. In this study, 17 categories were defined, and the detailed labels are shown 

in Figure 4.3. Each predicted class probability was compared to the actual class desired output of 

0 or 1, and a score/loss was calculated that penalized the probability based on how far it was from 

the actual expected value. 
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Figure 4.4. Deep learning neural network structure. 

The categorical cross-entropy loss function was used to train the network, as shown in the 

following equation: 

     *×    ρȾ.  В ÙÌÏÇÙ ρ Ù ÌÏÇρ Ù               (4.1) 

where w refers to the model parameters, Ù is the true label, and Ù is the predicted label.  

The model was trained in the TensorFlow (version 2.6.0-rc1). Each image was resized to 

50 × 50 pixels for training efficiency. This research also tuned the hyperparameters of kernel size 

(kernel), filter size (filter_size), neuron size (neurons_size), dropout rate (drop_out), learning rate 

(lr ), and batch size (batch_size) to generate optimal models. The accuracy, precision, recall, and 

F1-score were used to evaluate the model performance using the following formula: 
















































































































































































