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Abstract. With the rapid development of projects, firms are facing challenges in planning and controlling complex mul-
tiple construction projects. This research, therefore, aims at developing blockchain of optimal scheduling and sequencing 
of multiple construction projects under probabilistic arrival and stochastic durations. Each project task was considered as 
a block. Then, a framework for electronic project recording (EPR) system was developed. The EPRs are records for pro-
ject tasks that make information available directly and securely to authorized users. In this framework, two optimization 
models were developed for scheduling and sequencing project blocks. The scheduling model aims to assign project tasks 
to available resources at minimal total cost and maximal the number of assigned project tasks. On the other hand, the 
sequencing model seeks to determine the start time of block execution while minimizing delay costs and minimizing the 
sum of task’s start times. The project arrival date and the task’s execution duration were assumed probabilistic and stochas-
tic (normally distributed), respectively. The developed EPR system was implemented on a real case study of five projects 
with total of 121 tasks. Further, the system was developed when the task’s execution duration follows the Program Evalua-
tion and Review Technique (PERT) model with four replications. The project costs (idle time and overtime costs) at opti-
mal plan were then compared between the task’s execution duration normally distributed and PERT modelled. The results 
revealed negligible differences between project costs and slight changes in the sequence of project activities. Consequently, 
both distributions can be used interchangeably to model the task’s execution duration. Furthermore, the project costs were 
also compared between four solution replications and were found very close, which indicates the robustness of model so-
lutions to random generation of task’s execution duration at both models. In conclusion, the developed EPR framework 
including the optimization models provided an effective planning and monitoring of construction projects that can be used 
to make decisions through project progress and efficient sharing of project resources at minimal idle and overtime costs. 
Future research considers developing a Blockchain of optimal maintenance planning.

Keywords: blockchain, sequencing, scheduling, optimization, project management.

Introduction

Construction management deals with economical con-
sumption of the resources available in the least possible 
time for successful completion of construction project. 
Rapid development in construction industry led to an in-
creasingly competitive market incentives and required a 
shorter project life cycle, higher completion percentages, 
lower incurred costs, and resources. Hence, many firms 
are facing challenges in planning, executing, controlling, 
and communicating multiple construction projects si-
multaneously while sharing different resource types. In 

fact, more than 33 percent of unsuccessful projects failed 
because of lack planning of project tasks and resources 
(Project Management Institute [PMI], 2021). Managers of 
complex construction projects are, therefore, required to 
have the ability to allocate time and resources efficiently 
to manage costs and keep those projects on their tracks, as 
well as to stay well-organized and communicate effectively 
with project members. 

Effective planning and scheduling of multiple con-
struction projects simultaneously by optimally link and 
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chain project associated tasks are highly desirable but 
challenging at the same time, particularly when using 
limited resources and costs. Fortunately, the application 
of blockchain technology for planning multiple construc-
tion projects might have a profound impact on project 
planning and management. Typically, a construction 
project consists of number tasks and activities that should 
be linked or chained logically to be executed as shown 
in Figure 1, in which each task might be considered as a 
block on distributed database without chains (Alladi et al., 
2019). 

Blockchain might be defined as the decentralized tech-
nology that is used to register, confirm, allocate, and trans-
fer all manner of data (Swan, 2015). Blockchain provides 
the opportunity to traceability aid, record management, 
automation for the supply chain, and other business ap-
plications (Christodoulou et al., 2018; Issaoui et al., 2019). 
In technology circles, the blockchain is used as a perma-
nent distributed directory to record all value activities. 
Each node participating in the activity would have access 
to the ledger from multiple devices. Participants initially 
review all activities connected to the blockchain. Block-
chain technology, sometimes known as distributed ledger 
technology, is a relatively new form of a database for activ-
ity information stored in a decentralized and transparent 
manner (Kawaguchi, 2019; Lee et al., 2019). The database 
is run by a network of computers called nodes, so there 
is no single-point-of-failure, and information can be ac-
cessed in real-time. On any distributed database, each ele-
ment is called block. The structure of the block is mainly 
centered on several components (Singh, 2020; Ullah & Al-
Turjman, 2021). The first component (Data) is the applica-
tion data maintained in the distributed database blocks, 
where the block has the capacity to hold numerous data 
units. The second component (Current hash) is functions 
and values that meet the demands needed to solve for the 
current block computations. The third component (Pre-
vious hash) is values that are used to chain the blocks. 
The fourth component (Timestamp) describes when the 
block was added to the chain. Finally, the fifth compo-
nent contains (Other information) about software used 
and the complexity level. The blocks are chained together 
to ensure synchronization between blocks and avoid sepa-
rating any individual block from the other blocks as also 
presented in Figure 1.

For managing multiple construction projects, the 
move towards EPR systems has been accelerating at high-
rate side by side with Internet of Things (IoT) and smart 
devices due to the significant anticipated advantages to 
projects managers and decision makers. The EPRs are re-
cords for the related tasks in projects that make informa-
tion available directly and securely to authorized users. 
This suggested system will be built to go beyond standard 
approaches for data collection in a project management 
office and can be inclusive of a wider view for project 
management. In these regards, this paper proposes an 
EPR system including two optimization models for the 
scheduling and sequencing of multiple construction proj-
ects under probabilistic project arrival dates and stochastic 
task durations. The EPR system contains projects’ related 
information, tasks, due dates, durations, resources, and 
costs, allows access to digital tools that can be used to 
make decisions through project progress, and streamlines 
and automate project workflow. This system may support 
project managers in increasing resources utilization, re-
ducing costs, and providing effective planning and man-
agement of project activities. The remaining of this paper 
is organized as follows. Section one review relevant litera-
ture on project scheduling and sequencing. Section two 
developed the blockchain design and optimization mod-
els formulation. Section three implements the developed 
models on a real case study and discusses research results. 
Last section summarizes research conclusions.

1. Literature review

Recently, developing optimization models for planning 
projects has significantly received research attention. 

1.1. Resource constrained project planning

Almeida et al. (2016) investigated the multi-skill resource 
constrained project scheduling problem and proposed the 
use of a parallel scheduling scheme. Two new concepts 
were developed: resource weight and activity grouping. A 
series of computational tests were performed using a large 
number of instances and the results showed that the pro-
posed heuristic was very effective in finding high quality 
solutions. Ning et al. (2017) investigated the multi-mode 
cash flow balanced project scheduling problem with sto-
chastic duration of activities. The objective was to generate 
a robust baseline schedule to minimize the contractor’s 
maximal cumulative gap between cash outflows and cash 
inflows. Two metaheuristics, simulated annealing and tabu 
search were developed to solve the problem. Delgoshaei 
et al. (2017) developed a new method for modifying over-
allocated schedules in multi-mode resource constrained 
project scheduling problems with positive cash flows. The 
aim was maximizing net present value or logically mini-
mizing negative cash flows. The proposed method was 
designed to consider all types of activity precedence. In 
this research progress payment method and preemptive 
resources were considered. The proposed approach maxi-Figure 1. Blockchain of project tasks

Project  tasks without chains  tasks with chains
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Data Current hash

Project
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mizes negative cash flows by scheduling activities through 
the resource calendar respecting to the available level of 
pre-emptive resources and activity numbers. The results 
showed that the proposed algorithm can provide modi-
fied schedules with no over-allocated days for experiment 
with 1000 activities and 100 preemptive resources in a 
few seconds. Shu et al. (2018) proposed a mathematical 
optimization model to solve the resource-constrained 
multi-project scheduling problem. The genetic algorithm 
was then designed which used the coding method based 
on priority of activities, combined with the storage ad-
jacency matrix. Besides, this paper applies this model to 
the medical resource scheduling. The objective function 
was to minimize the total durations. The proposed model 
was applied on a case study in the medical field where the 
results showed feasible solutions. Quoc et al. (2019) pre-
sented an optimization model to solve multi-skill resource 
constrained scheduling problem. The objective function 
was built to minimize the time span for projects. They 
also proposed an evolutionary algorithm based on Cuckoo 
Search algorithm. The proposed algorithm showed fast 
convergence and avoided program getting trapped in local 
extremum. de Melo and de Queiroz (2021) introduced an 
integer linear programming model to study the resource 
constrained project planning problem while considering 
multi skill, many nodes, and time delays constraints. The 
objective function was to minimize the make span be-
tween tasks. The formulations are solved with the default 
branch-and-cut algorithm of the solver Gurobi Optimiz-
er. Kadri and Boctor (2018) addressed the resource-con-
strained project scheduling problem with transfer times 
where pre-emption was not allowed, and precedence re-
lations were zero-lag finish-to-start relations. Also, they 
assumed that the durations and resource transfer times 
of activities were known and deterministic. The objective 
was to choose a start time for each activity of the project 
so that the project duration was minimized, while sat-
isfying precedence relations, resource availabilities, and 
resource-transfer time constraints. They proposed a new 
genetic algorithm using a two-point crossover operator. 
Delgoshaei et al. (2019) developed a multi-objective non-
linear mixed integer programming model where resource 
availability was not deterministic and expressed by trian-
gular probability function. In addition, a multi-objective 
weighting genetic algorithm was proposed. To verify the 
performance of the proposed method, a number of ex-
periments were solved. The results indicated that while re-
source uncertainty increases, higher complexity in sched-
ules was observed. Tirkolaee et al. (2019) addressed the 
multi-objective multi-mode resource-constrained project 
scheduling problem with payment planning where the ac-
tivities can be done through one of the possible modes 
and the objectives were to maximize the net present value 
and minimize the completion time concurrently. A non-
linear programming model was proposed to formulate the 
problem based on the suggested assumptions. Two meta-
heuristics of non-dominated sorting genetic algorithm II 

and multi-objective simulated annealing algorithm were 
developed to solve the problem. Finally, the performances 
of the proposed solution techniques were evaluated us-
ing some well-known efficient criteria. Tian et al. (2022) 
proposed a new extension of the multi-skill resource-con-
strained project scheduling problem with skill switches. 
A mixed-integer programming model, which aimed to 
minimize project completion time and total cost, was 
developed. Then, a new flexible solution representation 
scheme with reduced search space and a novel greedy-
like schedule builder scheme that reorders tasks to reduce 
skill switches was proposed. 

1.2. Stochastic resource-constrained  
project scheduling

Stochastic resource-constrained project scheduling has 
received significant research attention. For example, Ball-
estin and Leus (2009) developed a GRASP-heuristic to 
produce high-quality solutions, using so-called descrip-
tive sampling, for resource-constrained project schedul-
ing with stochastic activity durations. Various objective 
functions related to timely project completion were exam-
ined, as well as the correlation between these objectives. 
Deblaere et al. (2011) proposed a stochastic methodology 
that was used to determine criteria for project execution 
policies and predict the project tasks starting times and 
minimize the incurred costs. In a computational experi-
ment, the results showed that the proposed procedure 
greatly outperformed existing algorithms. Abello and Mi-
chalewicz (2014) investigated the dynamic resource-con-
strained project scheduling problem where the number of 
tasks varies in time. the significance of the sub algorithms 
of mapping of task IDs for centroid-based approach with 
random immigrants (McBAR) was investigated. The 
McBAR was compared to a technique called, Estimation 
Distribution Algorithm. Creemers (2015) developed an 
exact procedure to optimally solve the stochastic resource-
constrained scheduling problem for activity durations of 
a moderate-to-high level of variability. The procedure 
aimed to minimizing the expected makespan of a proj-
ect. The study considered exponential activity durations. 
Bruni et al. (2015) overviewed the models and methods 
for the resource-constrained project scheduling under un-
certainty. The case of known deterministic renewable re-
source requirements and random activity durations with a 
known probability distribution function was studied. Joint 
probabilistic constraints were used to generate a feasible 
baseline schedule with minimum makespan. The results 
obtained with the proposed heuristics were discussed and 
compared with two well-known heuristics taken from the 
literature on a set of randomly generated project instances. 
The heuristics were applied on a real construction proj-
ect for students’ apartments at the University of Calabria, 
Italy. Ortiz-Pimiento and Diaz-Serna (2018) presented 
an exhaustive literature review on the project schedul-
ing problem with non-deterministic activities duration. 
the study aimed at identifying the existing models where 
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the activities duration was taken as uncertain or random 
parameters. Huang et  al. (2020) formulated a stochastic 
mixed integer programming to optimize tasks schedules 
that maximizes the net present value of the project and 
minimizes the related risks. A case study on gold min-
ing was implemented to demonstrate the application of 
the model. Ulusoy and Hazır (2021) presented the basic 
scheduling models under uncertainty, considered the vari-
ability of activity durations, and addressed how to rep-
resent the durations using probability distributions. The 
characteristics of the Beta distribution were introduced. 
The Program Evaluation and Review Technique (PERT) 
was used to minimize the expected project duration. Fi-
nally, the PERT-Costing method was considered to mini-
mizing the expected project cost. Monte-Carlo simulation 
was applied to uncertainty both in activity duration and 
activity cost. Al-Refaie et  al. (2021) proposed optimiza-
tion models for task scheduling and sequencing in work-
intensive multiple projects under normal and unexpected 
events. The objective functions model was minimizing the 
total costs and maximizing satisfaction values on tasks due 
dates and processing standard times. Illustrations of the 
proposed scheduling and sequencing optimization models 
were provided where the results showed effective schedul-
ing and sequencing of project tasks at minimal costs and 
achieved the desired satisfaction levels on tasks and proj-
ects. Ansari et al. (2022) proposed a two-stage stochastic 
and multi-objective programming model to determine the 
size of the time buffers in engineering and construction 
projects. The method was compared to the classic and ex-
tended critical chain management approaches.

1.3. Blockchain

Blockchain has received significant research attention. For 
example, Guo and Liang (2016) considered blockchain ap-
plication and outlook in the banking industry. Muzylyov 
and Shramenko (2019) applied blockchain technology in 
transportation as a part of the efficiency in Industry 4.0 
strategy. Zhong et  al. (2019) studied the smart contract 
systems by introducing new system to protect the privacy 
of blockchain and considered the encryption of all data 
within controllable time horizon. The results showed that 
the proposed system could effectively protect data and 
make smart contracts more secure. Zhao et al. (2019) ex-
amined blockchain technology in agri-food value chain 
management. Tanwar et  al. (2020) studied blockchain-
based electronic healthcare record system for healthcare 
4.0 applications. Lohmer and Lasch (2020) identified po-
tential and barriers of blockchain in operations manage-
ment and manufacturing. Furthermore, Su et  al. (2020) 
proposed new solutions for secure data sharing using 
blockchain technology. They proposed data sharing model 
and data sharing protocol. Their model set access control 
strategies with blockchain platform usage and databases 
were distributed to be stored together. The analysis re-
vealed the correctness and validation of the proposed 
scheme. Olawumi et al. (2021) examined the potentiality 

of integrating blockchain and digital tools and technolo-
gies in modular integrated construction projects. Lee et al. 
(2021) developed and tested an integrated digital twin and 
blockchain framework for traceable data communication 
in construction projects. Marinho et al. (2021) performed 
an analysis of the determining factors in the adoption of 
relational contracting in combination with Building In-
formation Modelling (BIM) to reduce asymmetric infor-
mation phenomenon in construction projects in Portugal. 

This research contributes to ongoing research by: (a) 
developing a framework for a blockchain system that can 
be used for effective chaining the tasks of multiple con-
struction projects, (b) proposing two multi-objective opti-
mization models for scheduling and sequencing of project 
tasks, and (c) considering stochastic task durations; mod-
eled by a normal and PERT distributions, and probabilis-
tic arrival project dates. 

2. EPR system development  
and optimization modelling

2.1. EPR system development

The EPR lifecycle is depicted in Figure 2 and detailed as 
follows: 

Step 1: Smart contracts are programs that will be acti-
vated when certain and predetermined conditions stored 
in blockchain are met. Smart contracts simply form the 
relationship between projects’ owner and project man-
ager. They are essential for project management through 
the implementation of blockchain technology. Therefore, 
multiple construction projects are received via the smart 
contract, where each project has a specific due date.

Step 2: After signing the smart contract, the time hori-
zon for project execution will be determined. For practical 
implementation for blockchain technology, probabilistic 
arrival project dates will be generated to adapt the block-
chain to real case scenarios. Typically, the execution of a 
project should be performed after the arrival date of the 
project.

Step 3: Project tasks are next broken down and clas-
sified based on their dependencies. Each project is com-
posed of a known number of tasks which require specific 
resources and skill levels. Each firm resource has a known 
availability and specific skills on project tasks. In this re-
search, each task is treated as a block.

Step 4: Given the block data, scheduling optimization 
model are formulated and then solved to assign project 
tasks to the available resources at minimum incurred 
costs. Then, the assigned schedule will be shared with 
project managers by cloud for validation.

Step 5: After approval of the optimal scheduling of 
project tasks, optimization model is developed to se-
quence project tasks at minimal total of delay costs for 
project and start execution times. The results are then 
stored in each block and shared with project members via 
cloud. Each block is assigned a hash to avoid access to the 
block information by unauthorized persons.
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Step 6: Once the blockchain of project tasks (blocks) 
has been established, the task execution takes place over 
the predetermined time horizon. The data of completed 
blocks are then transferred between project blocks to up-
date the time schedule. With the implementation of IoT, 
the project manager will be able to monitor the progress 
of the execution of project blocks and take any needed ac-
tions. Finally, the completed project will be communicated 
with finance department and project owner to finalize fi-
nancial issues. 

2.2. Application of ERP system

Steps 1 and 2: Smart contracts and project arrivals 
In Steps 1 and 2, assume multiple construction projects 
have arrived via the smart contract. For more practical and 
fully reflecting the real project planning conditions, proj-

ect arrival dates will be treated as probabilistic parameters 
(Pham et al., 2021). Hence discrete possible outcomes will 
be associated with different probabilities for project ar-
rival dates. Suppose that there are t possible project arrival 
dates, where the project arrival has a specific probability 
in each day as illustrated in Figure 3.

Steps 3 and 4: Project breakdown structure  
and optimal blocks scheduling 

In Step 3, the signed construction project j (j = 1, ..., J) 
consists of several tasks. Let k be the index for any task; 
k = 1, ..., K. Initially, it is assumed that the task durations 
are normally distributions (Hong et al., 2019). Further, the 
information about available resources and skill levels are 
known in advance. Each project is then broken down into 
its main tasks. 

Figure 2. Blockchain implementation in project management
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Figure 3. Lingo scenarios for optimal project plan
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Given available block parameters (task duration, the 
required skill level, priority, and dependency), optimiza-
tion models for scheduling and sequencing project blocks 
will be developed as shown in Figure 4. 

Optimization model’s notations
The notations for the assigning and sequencing optimiza-
tion models are listed in Table 1.

Table 1. Model’s notations

Notation Description

TIDT The total idle times in hours
TOVT The total overtime in hours
TDYT The total delay times in intervals
CI The idle time unit cost per idle hour
CO The overtime unit cost per overtime hour
CD The delay time unit cost per interval
IDTC The total idle time costs
OVTC The total overtime costs
DYTC The total delay time costs
zij The possible dates for project j arrival in interval i

λij
The associated probability for project j arrival in 
interval i

ARRji The arrival of project j in interval i
DUEj The due date of project j

STDjk 
The standard time required to execute task k from 
project j

ACTjk 
The actual time required to execute task k from 
project j

DURmi 
The spent duration in executing project tasks by 
member m in interval i

βm Member’s effectiveness

AVBmi 
Binary parameter determines the availability of 
member m in interval i

REG Regular working hours
IDmi The idle time incurred by member m in interval i
OVmi The overtime incurred by member m in interval i
MXID The maximum allowable idle time
MXOV The maximum allowable overtime
SKml Binary parameter determines if member m has skill l

RSKjkl 
Binary parameter determines if task k from project 
j requires skill l

Bjkmi
Binary decision variable determines if task k from 
project j scheduled to member m in interval i

TESjkmi
The execution start time for task k from project j by 
member m in interval i

TEFjkmi
the execution finish time for task k from project j by 
member m in interval i

PFTj The finish time for project j

χ(jk), (jk′)
Binary parameter which determines whether or not 
task k depends on test k’ from project j

Q Very large number

In step 4, the optimization model for scheduling proj-
ect blocks will be developed. The objective functions and 
constraints of the develop scheduling model are formu-
lated as follows.

(a) Objective function: Minimizing incurred costs (idle 
time and overtime)

Let TIDT denotes the total idle times from all mem-
bers in all intervals and let CI denotes the cost per idle 
hour. Then, IDTC is mathematically expressed in Eqn (1):

IDTC TIDT CI= ⋅ . (1)

Let TOVT denotes the total overtime in hours from 
all members in all intervals and let CO denotes the cost 
per overtime hour. Then, OVTC is calculated as stated in 
Eqn (2):

OVTC TOVT CO= ⋅ . (2)

Combining Eqns (1) and (2), the first objective func-
tion is to minimize the total costs of idle time and over-
time, as shown in Eqn (3):

Min   IDTC OVTC+ . (3)

(b) Objective function: Maximizing the number of as-
signed project tasks

Let Bjkmi be a binary decision variable that determines 
whether task k from project j is assigned to member m 
in interval i; where a value of one indicates that task k is 
assigned and zero otherwise. Then, the second objective 
function is to maximize the number of assigned project 
tasks, as stated in Eqn (4):

1 1 1 1
Max 

J K M I
jkmij k m i

B
= = = =∑ ∑ ∑ ∑ . (4)

(c) The objective functions of the scheduling model are 
subjected to the following constraints:

The arrival of each project, ARRji, has different pos-
sible dates of specific corresponding probabilities. Let the 
arrival dates, zji ∈ {zj1, ..., zji} of project j has associated 
probability, λji ∈ {λj1, ..., λji}. That is:

,ji jiARR z≡  ,j i∀ ; (5)

( )Pr ,ji ji jiARR z= = λ  ,j i∀ . (6)

Let STDjk denotes the standard time required to ex-
ecute task k from project j. The STDjk is generated from 
normal distribution with mean, µ, and standard deviation, 
σ, as expressed in Eqn (7). Moreover, STDjk cannot be 
negative or zero value as stated in inequality (8):

( ), ,jkSTD µ σ  ,j k∀ ; (7)

0,jkSTD >  ,j k∀ . (8)

Let ACTjk denotes the actual time consumed to exe-
cute task k from project j. The ACTjk depends on members 
effectiveness, βm, which is different from one member to 
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another. Hence, when the actual time, ACTjk, should equal 
to STDjk, then βm is 100%, but effectiveness is less than 
100%, when ACTjk, is larger than STDjk, then βm is smaller 
than 100%. Mathematically:

1 1

,
M I

jk jkmi
jk

mm i

STD B
ACT

= =

⋅
=

β∑∑  ,j k∀ . (9)

Let DURmi denotes the total of task execution dura-
tions assigned to member m in interval i. Then, DURmi is 
calculated as presented in Eqn (10):

1 1

,
J K

mi jk jkmi
j k

DUR ACT B
= =

= ⋅∑∑  ,m i∀ . (10)

Let IDmi denotes the idle time incurred by member 
m in interval i. Also, let AVBmi be a binary variable that 
indicates the availability of member m in interval i; where 
the value of one means that member m is available in in-
terval i and zero otherwise. Then, the IDmi is calculated by 
DURmi from the regular working hours, REG, times AVBmi 
as presented in Eqn (11):

( ) ,mi m miID REG AVB DUR≥ ⋅ −  ,m i∀ . (11)

The IDmi, should be greater than or equals zero and 
less than or equals the maximum allowable idle time, 
MXID, as presented in inequality (12):

0 ,miID MXID≤ ≤  ,m i∀ . (12)

The total idle time in hours, TIDT, from all members 
in all intervals is calculated as shown in Eqn (13):

1 1
.

M I
mim i

TIDT ID
= =

=∑ ∑  
(13)

Let OVmi denotes the overtime incurred by member m 
in interval I, which is calculated by subtracting REG from 
DURmi; or mathematically: 

( ),mi mi mOV DUR REG AVB≥ − ⋅  ,m i∀ . (14)

The OVmi should be greater than or equals zero and 
less than or equals the maximum allowable overtime, 
MXOV, as presented in inequality (15):

0 ,miOV MXOV≤ ≤  ,m i∀ . (15)

The total overtime in hours, TIDT, from all members 
in all intervals is calculated as shown in Eqn (16):

1 1

M I

mi
m i

TOVT OV
= =

=∑∑ . (16)

Let SKml be a binary parameter that determines wheth-
er member m has skill l, where the value of one indicates 
that member m has skill l and zero otherwise. Also, let 
RSKjkl, be a binary parameter that determines whether 
task k from project j requires skill l; where the value of 
one indicates it requires and zero otherwise. Then, task 
k which requires L skills should be assigned to member 
m who has at least all the same required L skills as in  
Eqn (17):

( )
1

,
L

jkmi ml jml
l

B SK RSK
=

≤ ⋅∑  , , ,j k m i∀ . (17)

Project task k shall be assigned to member m at most 
once in any interval i; as in Eqn (18):

1 1

1,
M I

jkmi
m i

B
= =

=∑∑  ,j k∀ . (18)

The assigning of project task k to member m should be 
implemented after the arrival date of the related project j 
as stated in Eqns (19) and (20):

1,jkmiB ≤  , , , | jij k m i i ARR∀ ≥ ; (19)

0,jkmiB =  , , , | jij k m i i ARR∀ < . (20)

Let χ(jk), (jk′) be a binary variable which determines 
whether task k from project j depends on test k′ from the 
same project j; where χ(jk), (jk′) equals one when the task 
k depends on task k′ and zero otherwise. Conversely, let 
χ(jk′), (jk) be a binary variable which determines whether 
task k′ from project j depends on test k from the same 
project j; where χ(jk′), (jk) equals one when the task k′ 
depends on task k and zero otherwise. Suppose that there 
are two tasks k and k′ from the same project j. Assume 
that task k′ depends on task k (task k should be assigned 
and executed first; χ(jk′), (jk) = 1), if task k has not been 
assigned, then task k′ cannot be assigned to be executed 
as stated in Eqn (21). On the other hand, when task k is 
be executed after task k′ (χ(jk), (jk′) = 1) and task k′ has 
not been executed yet; then task k cannot be assigned as 
shown in Eqn (22). While, if task k depends on task k′ 
(χ(jk), (jk′) = 1) and task k′ has not been assigned; then 
task k might be assigned to be executed as presented in 
Eqn (23). Similarly, if task k′ depends on task k (χ(jk′), 
(jk) = 1) and task k has been assigned to be executed, then 
task k′ might be assigned to be executed as well; math-
ematically, as expressed in Eqn (24).

'
1 1

0,
M I

jk mi
m i

B
= =

=∑∑  

( '),( ), , ' | 1& 0 & 'jk jk jkmij k k B k k∀ χ = = ≠ ; (21)

1 1

0,
M I

jkmi
m i

B
= =

=∑∑  

( ),( ') ', , ' | 1& 0 & 'jk jk jk mij k k B k k∀ χ = = ≠ ; (22)

1 1

1,
M I

jkmi
m i

B
= =

≤∑∑  

( ),( ') ', , ' | 1& 1& 'jk jk jk mij k k B k k∀ χ = = ≠ ; (23)

'
1 1

1,
M I

jk mi
m i

B
= =

≤∑∑  

( '),( ), , ' | 1& 1& 'jk jk jkmij k k B k k∀ χ = = ≠ . (24)
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The variable Bpkmi is binary variable, as stated in 
Eqn (25):

{ }0,1 ,jkmiB ∈  , , ,j k m i∀ . (25)

Solving the scheduling model, the optimal values are 
inserted in project blocks as depicted in Figure 5.

Step 5: Block sequencing 
In particular, the sequencing process aims to complete 
the scheduled tasks in systematic order. Consequently, 
the sequencing optimization model will be developed to 
determine the start and finish times of each project block. 
The objective functions and constraints of the sequencing 
model are formulated as follows.

(i) Minimizing incurred costs (delay time)
The delay costs are incurred because of a delay in the 

execution process. Let TDYT denotes the total delay times 
from all members in all intervals and let CD denotes the 
delay time unit cost per interval. Thus, the delay time 
costs, DYTC, is mathematically expressed in Eqn (26):

DYTC TDYT CD= ⋅ . (26)

Thus, the objective function is to minimize the total 
delay costs, as shown in Eqn (27):

Min DYTC. (27)

(ii)  Minimizing the task’s start times
Let TESjkmi denotes the execution start times of task k 

from project j by member m in interval i. In this regard, 
the execution of project tasks at the earliest possible start 
guarantees lower overtimes. Then, the following objective 
function is to minimize the execution start times, as stated 
in Eqn (28):

1 1 1 1
Min .

J K M I
jkmij k m i

TES
= = = =∑ ∑ ∑ ∑  

(28)

(iii) The main constraints in the sequencing model are:
1. The execution of any task k from project j should 

start after the arrival of project j, as expressed in 
Eqn (29):

   ,jkmi jkmi jiTES B ARR⋅ ≥  , , ,j k m i∀ . (29)

2. Let TEFjkmi denotes the execution finish time of task 
k from project j by member m in interval i. Then, 

the execution finish time of task k from project j 
by member m in interval i, TEFjkmi, is calculated by 
adding the actual time required, ACTjk, to the ex-
ecution start time, TESjkmi, as presented in Eqn (30):

   ( ) ,jkmi jkmi jk jkmiTEF TES ACT B= + ⋅  , , ,j k m i∀ . (30)

3. Let PFTj denotes the finish time for project j. Then, 
PFTj equals the finish time for the latest task k from 
project j and executed by member m in interval i, 
TEFjkmi, as presented in inequality (31):

   1 1 1

,
K M I

j jkmi jkmi
k m i

PFT Max TEF B
= = =

= ⋅∑∑∑  j∀ . (31)

4. Let DUEj denotes the due date for project j. Conse-
quently, the delay times incurred by all members in 
all intervals, TDYT, can be calculated by determin-
ing the difference between the project finish time, 
PFTj, and the project due date, DUEj. Further, the 
difference between the project finish time, PFTj, 
and the project due date, DUEj, should be greater 
or equal to zero as presented in Eqns (32) and (33):

   ( ) 0,j jPFT DUE− ≥  j∀ ; (32)

   
( )

1

,
J

j j
j

TDYT PFT DUE
=

= −∑  j∀ . (33)

5. Member m cannot execute more than one task k 
during the execution of another task k′ at the same 
interval i. For example, suppose that task k from 
project j and task k′ from project j′, were assigned to 
be executed by the same member m at the same in-
terval i. Then, the execution of tasks k and k′ should 
not start at the same time as expressed in Eqn (34):

' '

' ' ' '
1 1 ' 1 ' 1

' '

' ' ' '
1 1 ' 1 ' 1

2 ,

2 ,

, ', , ', , | '& ',
, ', , ', , | '.

J K J K

j k mi jkmi jkmi j k mi
j k j k

J K J K

j k mi jkmi jkmi j k mi
j k j k

TEF TES Q B B

TEF TES Q B B

j j k k m i j j k k
j j k k m i j j

= = = =

= = = =

  
  > − × − −
  

  
  
  < + × − −
  

  
∀ = ≠
∀ ≠

∑∑ ∑∑

∑∑ ∑∑

  
(34)

6. In project j, the label number of tasks should have 
the priority to determine which task k to be exe-
cuted first, unless that task k depends on another 
task k′. For example, suppose that project j has three 
tasks (k = 1, 2, 3). Then, the execution start time for 
task 1 should be before tasks 2 and 3. In the same 
manner, task 2 should be executed before task 3. 
Mathematically, as stated in Eqn (35):

   

' '

' ' ' '
1 1 ' 1 ' 1

2 , , , ', , ', | '
M K M K

jkmi jk m i jkmi jk m i
m k m k

TES TES Q B B j k k m m i k k
= = = =

  
  < + × − − ∀ <

    
∑∑ ∑∑

   

' '

' ' ' '
1 1 ' 1 ' 1

2 , , , ', , ', | '
M K M K

jkmi jk m i jkmi jk m i
m k m k

TES TES Q B B j k k m m i k k
= = = =

  
  < + × − − ∀ <

    
∑∑ ∑∑ .  (35)

 Figure 5. The results of optimal blocks scheduling from Step 4
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7. The dependency should be respected between as-
signed tasks for the execution in the sequencing 
process. For example, suppose that the execution of 
task k′ from project j depends on the execution of 
task k from the same project j; (χ(jk′), (jk) = 1). Also, 
suppose the executions of tasks k and k′ from pro-
ject j have been assigned to members m and m′ in 
interval i, (Bjk′m′i and Bjkmi = 1), respectively. Then, 
the execution start time for task k′, should begin af-
ter finishing the execution of task k, as presented in 
Eqn (36):

   

' '

' ' ' '
1 1 ' 1 ' 1

2 , , , ', , ', | '
M K M K

jkmi jk m i jkmi jk m i
m k m k

TES TES Q B B j k k m m i k k
= = = =

  
  < + × − − ∀ <

    
∑∑ ∑∑ 

  

' '

' ' ' '
1 1 ' 1 ' 1

2 , , , ', , ', | '
M K M K

jkmi jk m i jkmi jk m i
m k m k

TES TES Q B B j k k m m i k k
= = = =

  
  < + × − − ∀ <

    
∑∑ ∑∑ .  (36)

Solving the sequencing model, the additional infor-
mation will be added for each block as depicted in Fig-
ure 6. After storing the new component into the blocks, 
each block will carry the data about the assigned member 
and in which interval to be executed with start and finish 
times. the link between blocks in the same interval can be 
created from the start and finish times. Also, any block 
has start time at time 0, then it will be the first block to 
be executed. For example, block 1 has start time at time 
0 and finish time at time 3 in interval 6. Block 2 has start 
time at time 3 and finish time at 4 in the same interval 
6. Then, logically block 2 should be executed right after 
block 1 has been finished because there were at the same 
interval. In addition, the finish time of block 1 the same 
as the start time of block 2. Suppose there are 3 different 
blocks (1, 2, 3) from project j that were assigned to mem-
ber m at interval i. Block 1 has start time at time 0 and 
finish at time ω, block 2 has start time at time ω and finish 
at time α while block 3 has start time at time α and finish 
at time ξ. Because block 1 has start time at time 0, then it 
will be the first block to be executed. Block 2 has the same 
start time as the finish time of block 1, thus, it will be the 
second block to be executed. If block 3 has start time the 
same as the finish time of block 2 then it will be the third 
block to be executed. In general, block 2 has start time the 
same as the previous block, and the finish time of block 2 
will be the same as the start time of the following block as 
depicted in Figure 6.

Step 6: Block chaining and project executing

The optimal results of the scheduling and sequencing 
models will be shared with the relevant departments 
through computer networks. Once a block execution has 
been started, it is communicated in the blockchain. Pro-
ject team can make necessary amendments to update the 
block data. Project manager can monitor the execution 
progress of project blocks. Figure 7 presents the chaining 
of project blocks.

3. Application of EPR system and research results

The EPR system was implemented on a real case study and 
is presented as follows. 

Steps 1 and 2: Smart contacts and project arrivals
In this case study, a private company received five con-
struction projects via smart contracts technology for spe-
cific time horizon (10 time-intervals). After approving 
the project contacts, five electronic project records were 
created in the EPR system with predetermined due dates. 
Assume that a project j has several possible arrival dates, 
zji ∈ {zj1, ..., zji}, where each arrival has specific probabil-
ity elements, λji ∈ {λj1, ..., λji}, as shown in Table 2. The 
outcomes for arrival dates of each project with their due 
dates are summarized in Table 3.

Step 3: Project breakdown structure
The five construction projects were broken down into 
tasks. A total of 121 tasks were reported. Table 4 summa-
rizes the number of project tasks and resources. The tasks’ 
execution durations were generated from normal distribu-

Figure 6. The sequencing block information from Step 5
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tions with four reptations as presented in Table 5. Further, 
the dependencies between project tasks were considered 
as presented in Table 6. The members’ effectiveness and 
skills are listed in Table 7. Further, the availability matrix 
of members is presented in Table 8.

Table 2. The probabilistic arrival dates with their associated 
probabilities

Probabilistic sets Outcomes
Possible arrival dates, zji zj1 zj2 zj3 

zji ∈ {1, 2, 3} 1 2 3

Associated probability, λji λj1 λj2 λj3

λij 36% 41% 23%

Table 3. The confirmed projects arrival dates

Project 1 2 3 4 5
Arrival date (Interval) 2 2 1 3 1
Due date (Interval) 10 9 9 10 9

Table 4. The project tasks and main resources

Parameter Value Parameter Value
Number of 
projects 

5 Number of 
members

5 members

Number of tasks 
of project 1

15 Number of 
intervals

10 intervals

Number of tasks 
of project 2

23 Cost for overtime 10 $/hour

Number of tasks 
of project 3

28 Cost for idle time 15 $/ hour

Number of tasks 
of project 4

25 Maximum 
allowable overtime

4 hours per 
interval

Number of tasks 
of project 5

30 Maximum 
allowable idle time

3 hours per 
interval

Table 5. The generated replicates of tasks’ durations using 
normal distribution

Project
Task

(µ, σ)
Task duration replicates 

k 1 2 3 4

1

1

(2.5, 0.52)

2.54 2.41 2.39 2.33
2 2.47 2.56 2.77 1.31
3 2.37 2.52 2.42 2.35
4 2.41 2.49 3.02 4.24
5 2.59 2.41 2.75 2.14
6

(4, 0.5)

4.52 3.67 3.36 6.07
7 4.66 4.48 3.96 1.11
8 3.91 4.05 4.42 2.33
9 3.94 3.92 4.13 5.24

10 4.52 3.87 3.38 3.47
11

(5, 0.65)

5.80 5.83 5.27 4.13
12 5.56 5.67 5.07 2.38
13 5.26 5.03 5.52 3.99
14 4.70 4.97 6.29 2.54
15 5.33 5.41 4.23 4.80

Project
Task

(µ, σ)
Task duration replicates 

k 1 2 3 4

2

1

(3, 0.23)

3.19 3.31 3.07 4.05
2 2.89 3.16 3.02 3.30
3 2.84 3.57 2.89 2.47
4 3.07 3.20 3.14 4.00
5

(4.75, 0.5)

4.82 3.92 4.86 3.74
6 3.47 4.90 4.97 3.59
7 4.11 4.84 4.36 2.77
8 3.68 4.50 4.99 4.55
9 5.23 4.24 4.85 3.56

10 4.95 5.19 5.78 4.96
11 5.23 5.24 3.65 3.33
12

(3.5, 0.3)

3.50 3.89 3.73 2.02
13 4.20 3.40 3.68 3.62
14 3.56 3.57 3.42 4.08
15 3.12 3.34 3.55 4.27
16 3.19 3.98 3.38 2.09
17 4.06 3.83 3.41 5.04
18 3.82 3.66 3.34 2.00
19

(5.5, 0.65)

4.66 5.85 5.44 2.06
20 5.21 5.27 4.89 5.53
21 5.13 5.27 5.29 5.52
22 5.79 4.91 4.84 4.64
23 5.94 5.68 6.21 3.71

3

1

(2, 0.12)

2.07 1.73 2.02 2.33
2 1.71 2.26 2.00 3.51
3 1.94 2.05 2.09 2.26
4 2.04 2.07 1.83 2.52
5 2.20 2.09 2.09 2.09
6 2.12 1.95 1.97 3.58
7 2.04 2.00 1.83 3.92
8 2.06 1.76 1.98 3.61
9 2.30 1.75 1.99 2.78

10 1.88 2.14 1.91 3.80
11

(3.35, 0.17)

3.44 3.32 3.32 5.06
12 3.33 3.42 3.33 5.18
13 3.34 3.56 3.20 2.54
14 3.34 3.50 3.42 2.00
15 3.31 3.33 3.20 3.81
16 3.44 3.26 3.36 1.22
17 3.28 3.21 3.05 1.99
18 3.46 3.35 3.60 3.41
19 4.82 1.68 6.06 3.45
20 3.38 3.57 3.53 1.07
21 2.99 3.58 3.11 3.59
22

(4.2, 0.22)

4.21 4.44 4.32 4.63
23 4.24 4.25 4.25 3.34
24 4.40 4.14 3.94 5.63
25 4.24 4.17 4.43 4.63
26 4.30 4.53 4.12 5.11
27 4.04 4.60 4.07 4.12
28 3.97 4.53 4.24 3.98

Continue of  Table 5
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Project
Task

(µ, σ)
Task duration replicates 

k 1 2 3 4

4

1

(2.35, 0.75)

3.90 1.87 3.51 2.75
2 2.68 2.31 2.05 1.09
3 2.18 1.66 2.13 1.02
4 2.23 2.17 2.36 1.76
5

(2.75, 0.19)

2.98 2.82 2.98 2.18
6 2.87 2.72 2.57 1.46
7 2.61 2.68 2.66 3.54
8 2.86 2.78 2.71 2.16
9 2.42 3.07 2.72 3.72

10 2.65 2.70 2.67 2.34
11 2.49 2.57 2.86 2.36
12 2.65 2.62 2.80 2.72
13

(4.1, 0.25)

3.95 4.29 4.05 2.28
14 2.86 1.71 2.46 2.45
15 3.90 3.94 4.22 3.06
16 4.46 3.95 4.08 3.28
17 3.63 4.69 4.67 3.57
18

(1.5, 0.1)

1.68 1.49 1.45 4.13
19 1.64 1.64 1.42 1.99
20 1.49 1.58 1.60 1.24
21 1.44 1.38 1.57 1.27
22 1.50 1.54 1.39 1.98
23 1.46 1.55 1.39 1.72
24 1.59 1.42 1.53 1.98
25 1.46 1.61 1.50 1.54

5

1

(3.1, 0.45)

3.11 2.57 3.18 5.55
2 3.28 2.85 3.66 1.46
3 3.24 3.74 2.63 3.90
4 3.19 2.70 2.81 3.65
5 2.86 3.10 3.29 2.52
6

(6.1, 0.66)

5.49 5.92 6.69 3.94
7 3.21 3.57 3.21 4.00
8 6.15 6.95 6.09 5.52
9 6.05 5.82 5.61 4.73

10 5.56 5.60 6.74 4.64
11 5.07 6.34 6.94 4.43
12

(5.57, 0.3)

5.67 5.37 5.52 3.92
13 5.09 5.74 5.26 3.10
14 5.70 5.42 5.46 5.14
15 5.65 5.14 5.87 4.67
16 5.54 5.88 5.91 3.72
17 5.86 5.45 5.21 4.65
18

(2.9, 0.1)

2.90 2.81 2.92 3.50
19 2.76 2.91 2.79 2.11
20 2.99 2.87 2.87 3.48
21 3.02 3.12 2.94 2.84
22 2.76 2.95 3.14 6.11
23 2.90 2.87 2.95 1.27
24 2.78 2.87 3.04 5.35
25 2.96 2.93 2.82 5.06
26 3.09 2.92 2.75 1.54
27 2.96 2.85 2.99 4.51
28 2.82 2.72 2.95 2.89
29 3.00 2.92 2.82 3.68
30 2.91 3.03 3.01 2.59

End of Table 5 Table 6. Dependency between Task pairs

Project, j Task, k Task, k′ χ(jk), (jk′) χ(jk′), (jk)

1
1 7 1 0

10 4 1 0
13 9 1 0

2

5 18 1 0
15 4 1 0
3 22 1 0

23 2 1 0

3

11 14 1 0
12 10 1 0
21 27 1 0
25 23 1 0

4

24 22 1 0
15 13 1 0
20 9 1 0
17 8 1 0

5

19 15 1 0
24 13 1 0
28 6 1 0
12 2 1 0

Table 7. The matrix of members’ effectiveness and skills

Members Effectiveness
Skills

1 2 3 4 5 6 7
1 90% 1 – 1 1 – 1 1
2 99% 1 1 1 – 1 1 1
3 99% 1 1 1 1 1 – –
4 87% 1 1 – 1 1 1 1
5 92% 1 1 1 1 1 1 1

Table 8. The availability matrix of members

Members
Intervals

1 2 3 4 5 6 7 8 9 10
1 1 1 1 1 0 1 1 1 1 1
2 0 1 1 0 1 1 1 1 1 1
3 1 0 1 0 1 1 1 1 1 1
4 1 1 1 1 1 0 1 1 1 1
5 1 1 0 1 1 1 1 1 1 1

Step 4: Block scheduling
This step assigns project tasks (blocks) to skilled mem-
bers to be executed over ten predetermined intervals. The 
optimization models were coded using LINGO 18.0 us-
ing PC with an Intel Core i7- 7700 CPU of 3.6 GHz. The 
optimal scheduling of 121 blocks from the confirmed five 
projects over ten intervals is obtained, and the results are 
then shown in Table 9. The information on the optimal 
block assignment, such as the allocated member, required 
duration, and the assigned interval, are then attached to 
blocks. For example, block 10 from project 1 of duration 
3.85 hours is assigned to member 1 in interval 3 as shown 
in Figure 8. 
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Step 5: Block sequencing
The main parameters of the block sequencing model pro-
ject include the tasks assignment matrix, actual durations, 
and the dependency between tasks. The optimal sequence 
of the assigned blocks is then solved by minimizing the 
total delay costs and execution start times. The obtained 
optimal results of blocks sequencing are listed in Table 10. 

For example, block 17 (duration = 4.65 hrs in replicate 4 
as stated in Table 5) in project 5 is executed in interval 5 
by member 2 (effectiveness = 99%). Then, the actual ex-
ecution time by member 2 will be 4.7 hrs (= 4.65 / 99%).  
Therefore, the execution process starts at 6.22 and fin-
ishes at 10.92. Next, the optimal sequence information is 
attached to blocks as shown in Figure 9. For illustration, 
the sequence of blocks 13, 24, and 26 in project 5 is shown 
in Figure 10. Note that the finish time of a block is the 
start time of the subsequent block. This information can 
be utilized in hash development block hash and control 
the changes in block information.

Step 6: Block chaining and execution
The blocks’ optimal information was saved of all project 
tasks and then communicated with chained network sta-
tions to form construction projects’ blockchain. For exam-
ple, the blockchain for optimal scheduling and sequencing 
of project 1 is shown Figure 11.

Table 9. The optimal assignment of project blocks to members over ten-time intervals

Project, j Member, m
Interval, i

1 2 3 4 5 6 7 8 9 10

1

1 – – 10 – – – – – – –
2 – 4 – – – – 5 – – –
3 – – 8 – – 6 11 – – 1
4 – 15 14 9, 13 – – 2 – – –
5 – 12 – – – – – 3, 7 – –

2

1 – 18 – 19 – 7 1, 22 6 – 14
2 – – 4, 15 – – 8 3 – – –
3 – – 21 – 20 16 9 – – 11
4 – – – – 12 – 13 – – 2, 23
5 – 5 – – – 17 – – – 10

3

1 4, 5 – – – – 27 – 24 26 –
2 – 6 9 – 3 21 – 10, 12 22 –
3 15 – – – – – – – – –
4 19 1, 7 20 – 8 – 17, 28 14 – –
5 18 16 – 13 23, 25 – – 11 2 –

4

1 – – 22, 24 16 – 11 5 – 14 21
2 – – – – – – – 1 18 –
3 – – 4 – 23 – – 9, 20 – 2
4 – – – – 13, 15 – – 25 8, 17 10
5 – – – 3 6 – 19 – 12 7

5

1 15, 19 13, 24, 
26

– 23 – – – – 10 16

2 – – – – 3, 17 – – – – 14, 22
3 11 – – – – – – 5 27 9
4 30 – 6, 28 7 – – – 21, 29 1 –
5 20 18 – 25 8 4 2, 12 – – –

Figure 8. Example of optimal assignment information  
to blocks

B1,10,1,3 = 1

Task 10, (k = 10) from 
project 1, ( j = 1)

• Required duration, 3.85 hrs.
• Allocated member, m = 1
• Assigned interval, i = 3



28 A. Al-Refaie et al. Blockchain of optimal multiple construction projects planning under probabilistic arrival ...

Table 10. The optimal blocks sequence of each project

Interval, i Member, m Task, k TESjkmi TEFjkmi Interval, i Member, m Task, k TESjkmi TEFjkmi

Project 1
3 1 10 0 3.85 3

4

14 0 2.92
2

2
4 0 4.28

4
9 0 6.02

7 5 0 2.16 13 6.02 10.61
3

3

8 0 2.35 7 2 0 1.51
6 6 0 6.13 2

5
12 0 2.59

7 11 0 4.17
8

3 0 2.55
10 1 0 2.35 7 2.55 3.76
2 4 15 0 5.52 –

Project 2
2

1

18 0 2.22 5

3

20 0 5.59
4 19 0 2.29 6 16 6.13 8.24
6 7 0 3.08 7 9 4.17 7.77

7
1 0 4.5 10 11 3.25 6.61

22 4.5 9.65 5

4

12 0 2.32
8 6 0 3.99 7 13 1.51 5.67

10 14 0 4.53
10

2 0 3.79

3
2

4 0 4.04 23 3.79 8.05
15 4.04 8.35 2

5
5 2.59 6.65

6 8 0 4.6 6 17 0 5.48
7 3 6.16 8.65 10 10 0 5.39
3 3 21 2.35 7.93 –

Project 3

1

1

4 0 2.8
2

4

1 5.52 8.2
5 2.8 5.12 7 8.2 12.71

6 27 3.08 7.66 3 20 2.92 4.15
8 24 3.99 10.25 5 8 2.32 6.47
9 26 0 5.68

7
17 5.67 7.96

2

2

6 4.28 7.9 28 7.96 12.53
3 9 8.35 11.16 8 14 0 2.31
5 3 0 2.28 1

5

18 0 3.71
6 21 4.6 8.23 2 16 4.56 5.89

8
10 0 3.84 4 13 0 2.76
12 3.84 9.07

5
23 0 3.63

9 22 0 4.68 25 3.63 8.67

1
3 15 0 3.85 8 11 3.76 9.26
4 19 0 3.97 9 2 0 3.82

Project 4

3

1

22 3.63 5.83 10 3 2 6.61 7.71
24 5.83 8.03

5

4

13 6.47 9.09
4 16 2.29 5.93 15 9.09 12.61
6 11 4.66 7.28 8 25 2.31 4.08
7 5 5.46 7.88

9
8 0 2.48

9 14 5.68 8.41 17 2.48 6.58
10 21 4.53 5.94 10 10 8.05 10.74
8

2
1 9.07 11.85 4

5

3 2.76 3.87
9 18 4.68 8.85 5 6 8.67 10.26
3

3

4 3.93 5.71 7 19 0 2.16
5 23 5.59 7.33 9 12 3.82 6.78

8
9 0 3.76 10 7 5.39 9.24
20 3.76 5.01 –
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Figure 9. Example of optimal sequencing information to blocks Figure 10. Example of blocks sequence in project 5

Figure 11. Chaining of optimal blocks project 1 using normally distributed durations

Interval, i Member, m Task, k TESjkmi TEFjkmi Interval, i Member, m Task, k TESjkmi TEFjkmi

Project 5

1

1

15 5.12 10.33 10 3 9 7.71 12.49
19 10.33 12.67 1

4

30 6.97 9.95

2
13 2.22 5.64

3
6 4.15 8.68

24 5.64 11.58 28 8.68 12
26 11.58 13.29 4 7 6.61 11.21

4 23 5.93 7.34
8

21 6.08 9.34
9 10 7.41 12.3 29 9.34 13.58

10 16 4.94 9.07 9 1 6.58 12.96

5
2

3 2.28 6.22 1

5

20 6.71 10.49
17 6.22 10.92 2 18 5.89 9.69

10
14 0 5.19 4 25 3.87 9.37
22 5.19 11.36 5 8 6.26 12.26

1
3

11 3.85 8.32 6 4 5.48 9.45
8 5 5.01 7.56

7
2 2.16 3.75

9 27 0 4.56 12 3.75 8.01

End of Table 10

• Required duration, 3.85 hrs.  
• Allocated member, m = 1
• Assigned interval, i = 3

• Start time, TE S1,10,1,3 = 0
• Finish time, TE F1,10,1,3 = 3.85

TEF = 3.63

 

TES = 0

B1,10,1,3 = 1Task 10, (k = 10) from 
project 1, ( j = 1)

1,10,1,3 1,10,1,3 

Block 13 Block 24 Block 26

TES5,13,1,2

 

= 2.22
TEF 5,13,1,2  = 5.64 

B5,13,1,2

 
B5,24,1,2

TES5,24,1,2

 

= 5.64
TEF 5,24,1,2  = 11.58

B5,26,1,2

TES5,26,1,2 = 11.58
TEF5,26,1,2  = 13.29

HR department

Project manager

...
Finance department

4 15 12 10 8 14 9 13 6 5 11 2 3 7 1

Project 1 with 15 tasks

Interval 2 Interval 3 Interval 4 Interval 6 Interval 7 Interval 8 Interval 10
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4. Research results and sensitivity analysis

4.1. Research results

This research developed an optimal blockchain for 121 
tasks of five construction projects. The objective function 
values at the optimal blocks scheduling and sequencing 
using normal distribution are presented in Table 11, where 
the averages of the total overtime cost and idle time costs 
are $ 685.97 and 117.19, respectively. Figures 12 and 13 
depict the numbers of assigned tasks to each member 
in all intervals and assigned tasks in each interval for all 
members, respectively. In Figure 12, the largest numbers 
of executed tasks correspond to member 1 (= 28 blocks) 
and member 4 (30 blocks). Further in Figure 13, the num-
ber of executed blocks in each interval ranges between 9 
and 15. Figure 14 shows the calculated efficiency of each 
member in all intervals, where it is found that the smallest 
efficiency is 95%.

The members’ idle times in all intervals are shown 
in Table 12, where the total idle time is found to be 8.53 
hours. The maximum average idle time is 4.75 hours, 
which corresponds to member 1, while no idle time is in-

curred by member 4 in all intervals. In addition, no idle 
time is incurred in interval 5 by all members. Finally for 
intervals, the largest total idle time is incurred in interval 
7 (= 2.91 hours). 

Figure 12. Number of assigned tasks for each member

Figure 13. Number of assigned tasks in each interval

Figure 14. The efficiency of each member in all intervals

 Table 11. The values of objective functions

Output
Replicate

Average
1 2 3 4

Objective function 794.79 807.46 805.38 789.62 799.31
Total overtime 
(hrs.) 69.27 70.99 67.22 66.91 68.60

Total idle time 
(hrs.) 7.68 7.95 8.09 7.53 7.81

Overtime costs ($) 692.72 709.91 672.19 669.07 685.97
Idle time costs ($) 115.2 119.25 121.35 112.95 117.19

Table 12. The estimated members’ idle times in each interval

Members
Interval

Idle time (hrs.)
1 2 3 4 5 6 7 8 9 10

1 0 0 0 1.39 – 1.45 1.91 0 0 0 4.75
2 – 0.48 0 – 0 0 0 0 0 0 0.48
3 0 – 0 – 0 0 0.31 1.52 0.78 0 2.61
4 0 0 0 0 0 – 0 0 0 0 0
5 0 0 – 0 0 0 0.69 0 0 0 0.69

Total (hrs.) 0 0.48 0 1.39 0 1.45 2.91 1.52 0.78 0 8.53

Table 13. The estimated members’ overtimes in each interval

Members
Interval

Overtime (hrs.)
1 2 3 4 5 6 7 8 9 10

1 3.41 3.97 1.03 0 – 0 0 1.22 3.07 0.17 12.87
2 – 0 3.05 – 2.37 0.84 1.04 3.73 0.76 3.25 15.04
3 1.24 – 0.62 – 2.22 2.16 0 0 0 1.15 7.39
4 0.51 3.05 2.44 1.05 2.97 0 2.9 3.82 3.28 1.35 21.37
5 1.65 0.91 – 2.62 3.28 0.69 0 0.52 0.07 0.5 10.24

Total (hrs.) 6.81 7.93 7.14 3.67 10.84 3.69 3.94 9.29 7.18 6.42 66.91
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On the other hand, the overtime hours of all members 
are listed in Table 13, where the total overtime is 66.91 
hours. The largest total overtime of 21.37 and 10.84 hours 
corresponds to member 4 and interval 5, respectively. 

Table 14 shows the associated incurred delay costs for 
each project, where the total delay cost is $ 700, which is 
incurred due to the delays in only project 2 (= $ 350) and 
project 5 (= $ 350). However, no delay costs are incurred 
in the remaining projects.

Based on the above analyses, it is concluded that the 
optimization models are found effective in scheduling and 
sequencing blocks in multiple construction projects by 
minimizing project costs and efficient utilization of pro-
ject teams. Moreover, the blockchain technology can pro-
vide valuable information to project managers in analys-
ing teams performance, in real-time monitoring of project 
progress, continual reduction of project costs, and saving 
project resources. 

 4.2. Sensitivity analysis

(1) Effect of duration replication 
In this research, four replicates of tasks duration are gen-
erated from a normal distribution. The comparison of 
overtime and idle time in hours and costs between rep-
licates is shown in Figure 15. In this figure, the smallest 
idle time (overtime) corresponds to replicate 4 of 66.91 
(7.52) hours, whereas the largest idle time (overtime) cor-
responds to replicate 2 of 70.99 (7.95) hours. Apparently, 
slight differences (less than 6%) between the idle times 
(overtimes) of 4.08 (0.43) hours are observed which in-
dicates the robustness of the model to replications. Simi-
lar conclusion can be obtained when comparing the idle 
time and overtime costs between replicates. The duration 
replication can provide project planners valuable informa-
tion on the impact of the uncertainty of task duration on 
project plan and progress and enables them to set contin-
gency plans to deal with the negative effects on project 
completion. 

(2) PERT distributed task durations 
Program Evaluation and Review Technique (PERT) model 
predicts the mean and variance of activity duration uti-
lizing higher, lower, and neutral time estimates provided 
by experiments and historical data as the distribution of 
activity duration. To examine the effect of changing the 
duration distribution on the optimal planning of project 

blocks, the tasks’ execution durations are generated from 
PERT distribution with four reptations. Table 15 displays 
the PERT generated duration four replicates of each of the 
15 tasks in project 1. The estimated idle time and overtime 
hours and costs are displayed in Table 16 for all replicates. 
It is obvious that there are negligible differences between 
objective function values between replicates due to un-
certainty. 

Further, the optimal sequence of the blocks for proj-
ect 1 when the tasks durations are generated from PERT 
distribution is depicted in Figure 16. Comparing this se-
quence with the optimal blocks sequence for project 1 us-
ing normally and PERT distributed task durations, slight 
difference in blocks sequence in time intervals is observed. 
To examine the impact of such difference on the estimated 
model outputs, a comparison of estimated objective func-
tions at between normal and PERT distributed task du-

Table 14. The estimated project delay costs

Project, j ARRji (interval) DUEj  (interval) PFTj Delay times (interval) Delay costs ($)
1 2 10 10 0 0
2 2 9 10 1 350
3 1 9 9 0 0
4 3 10 10 0 0
5 1 9 10 1 350

Total TDYT = 2 $ 700

Figure 15. The comparison of overtime and idle time  
between replicates

a) Hours

b) Costs
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rations is conducted and also presented in Table 16. The 
results revealed insignificant differences (less than 5%) in 
the estimated objective functions between normal and 
PERT distributions for all replicated. Consequently, the 

normal or PERT distributions can be employed to gen-
erate task durations because they provide almost similar 
scheduling and sequencing plans at very close estimated 
objective functions. 

Table 15. The PERT generated four replicates of task durations for project 1

Project j Task k Parameters
Task duration replicates

1 2 3 4

1

1
Low = 2.1
Neutral = 2.5
High = 3.02 
α = 2.74
β = 3.26

2.36 2.19 2.32 2.33
2 2.26 2.20 2.38 2.43
3 2.28 2.36 2.16 2.27
4 2.36 2.28 2.33 2.42
5 2.42 2.40 2.29 2.16
6

Low = 3.15
Neutral = 4
High = 5 
α = 2.84
β = 3.16

3.63 3.69 3.49 3.60
7 3.58 3.36 3.31 3.78
8 3.49 3.54 3.42 3.42
9 3.49 3.54 3.70 3.49

10 3.48 3.39 3.52 3.53
11

Low = 4
Neutral = 5
High = 6.5
α = 2.60
β = 3.40

4.41 4.19 4.38 4.61
12 4.27 4.15 4.38 4.47
13 4.51 4.11 4.29 4.19
14 4.19 4.38 4.55 4.33
15 4.49 4.32 4.55 4.16

Table 16. The comparison of objective function values between normal and PERT distributed block durations

Model output
Replicate

Average
1 2 3 4

Objective function using Normal distribution 794.79 807.46 805.38 789.62 799.31
Objective function using PERT distribution 826.72 799.85 821.76 802.59 812.73
% Difference 4.02% 0.94% 2.03% 1.64%
Total overtime using Normal distribution (hrs.) 69.27 70.99 67.22 66.91 68.60
Total overtime using PERT distribution (hrs.) 72.05 70.32 68.59 68.01 69.74
% Difference 4.01% 0.94% 2.03% 1.64%
Total idle time using Normal distribution (hrs.) 7.68 7.95 8.09 7.53 7.81
Total idle time using PERT distribution (hrs.) 8.01 7.86 8.25 7.65 7.94
 % Difference 4.3% 1.13% 1.98% 1.59%

Figure 16. Optimal blocks sequence for project 1

4 15 10 12 8 11 9 13 14 6 5 3 2 7 1

T
as
k
s

a) Normal distributed task durations

b) PERT distributed task durations
Interval 2 Interval 3 Interval 4 Interval 6 Interval 7 Interval 8 Interval 10
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Conclusions

In this research, an EPR system in blockchain was devel-
oped to communicate optimal scheduling and sequenc-
ing of multiple construction projects’ tasks. A real case 
study of five construction projects with total of 121 task 
was provided for illustration. In developed EPR, two op-
timization models were formulated and then implement-
ed to plan multiple projects over ten-time intervals. The 
objective functions mainly minimize the incurred costs 
(idle time costs and overtime costs) in the scheduling 
model, whereas minimizing the total delay costs in the 
sequencing process, and the summation of the start execu-
tion times. The developed optimization model considers 
probabilistic project arrival dates. Further, the model was 
formulated to consider stochastic task durations. The EPR 
and its optimization models were applied on a real case 
study to plan 5 projects of 121 tasks. The models assigned 
and sequencing all project tasks. The calculated idle time 
costs and overtime costs were $ 117.19 and $ 685.97, re-
spectively. In addition, the total delay cost of $ 700 was 
incurred. Sensitivity analyses were performed by using 
PERT instead of normally distributed task durations with 
four replicates. The results showed that both distributions 
provide almost similar sequencing plans and very close 
estimates of objective functions in all replicates. In conclu-
sion, the developed EPRs provides great assistance to pro-
ject managers, as well as to relevant departments, through 
providing complete information on, effective monitoring 
of, and efficient communication for project blocks. Future 
research considers developing electronic record system for 
planning maintenance, port, and health activities.
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