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Many construction organizations struggle with limited resources and tight budgets for project execution. These firms 
often rely on non-renewable resources of inconsistent quality or perform summary task in ways that reduce costs but 
sacrifice accuracy. Consequently, the industry requires a quality management system that tackles resource selection, 
task performance, and cost control in a single framework. Prior studies addressed quality management in segmented 
sections of the project supply chain but rarely treated the entire sequence as an integrated process. This study 
develops a bi-objective linear programming model for a multi-project construction supply chain under two scenarios: 
one with a discount policy applied to selected suppliers and one without. The model covers every phase, from project 
initiation and resource procurement through task scheduling and final delivery. It aims to improve the quality of 
summary task performance, select non-renewable resources that meet specified thresholds, and reduce overall 
logistics costs by jointly integrating supplier selection, inventory management, summary-task scheduling, shared 
renewable resources, and quality within a single framework. In this formulation, the quality metric for each summary 
task corresponds to the level of technology applied; higher‐quality outcomes require more advanced equipment or 
methods. The two‐objective model is solved via the augmented ε-constraint method, and its results are demonstrated 
with a numerical example. Sensitivity analysis examines how changes in cost coefficients and quality thresholds affect 
optimal decisions. Then, the applicability of the proposed model is illustrated through a numerical example, and its 
behavior is further examined by changing the key parameters. The results show that the proposed model reduces 
project delays and improves resource utilization by coordinating supplier selection, procurement timing, and summary-
task scheduling within a unified decision-making framework. The analysis also identifies buying cost, ordering cost, 
inventory holding cost, and required non-renewable resources as the most influential parameters. 

 

 
1. Introduction 
The growth of countries depends significantly on the 
construction sector. There is a belief that a nation's physical 
infrastructure determines how quickly its economy develops 
[1]. Effective cost management is of great importance in the 
construction sector. Builders and academics have expressed 
concerns about construction projects that perform poorly in 
terms of time, cost, and quality, which can significantly affect 
their outcomes. However, many construction projects fail to 
meet expectations, often being late, over budget, and of poor 
quality [2]. In other words, poor quality is common across 
many projects, which can increase costs and delay projects. 

 The final product quality in construction is lower than in 
many other industries [3]. Despite being a critical aspect of 
construction projects, quality has received less attention. 
Conventional approaches to scheduling, budgeting, and 
resource management are often insufficient. Given the 
growing size and complexity of construction projects in terms 
of cost and scope, it is essential to integrate these elements 
into a unified framework [4]. Poor project management can 
lead to wasted time and resources, potentially causing serious 
consequences for the company. In this context, construction 
projects can be seen as supply chains in which all components 
are managed in an integrated manner. 
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 The supply chain is often called the value chain because 
each step adds value to the final product, service, or project. 
The supply chain often involves individuals who directly or 
indirectly contribute to meeting consumer needs [5]. One key 
economic and social challenge is the lack of supply chain 
traceability to verify ethical manufacturing, legal compliance, 
or product reliability [6]. Typically, supply chain managers 
seek to enhance the clarity of information regarding both 
supply and demand. Transparency is characterized by the 
reliability and availability of information [7]. However, most 
construction projects suffer from delays, a widespread issue 
that needs effective planning to overcome [8]. Project 
scheduling is an exhaustive plan that indicates activities' 
beginning and ending times while considering resource 
requirements and relationships between activities [9]. Several 
parameters, including inventory control and material 
ordering, influence the project's timetable [10]. Gradually 
purchasing the necessary raw materials in smaller quantities 
is a viable approach to reducing inventory expenses. 
However, this increases the risk that the activity will be 
delayed and incur higher costs [11]. Therefore, project 
scheduling and procurement decisions should be made 
simultaneously to prevent potential negative impacts [12].  
 In multi-project construction environments, managing 
cost, quality, and shared resources simultaneously poses 
major challenges due to the complexity and 
interdependencies across supply chain stages. Poor quality at 
any point can cause delays, raise costs, and lead to stakeholder 
dissatisfaction. To address these issues, this study presents a 
mathematical model that integrates supplier selection, 
resource allocation, activity scheduling, and quality 
assessment into a single framework. 
 This study develops a bi-objective linear programming 
model to: 
1) A mathematical model with two objectives: maximizing 
quality (in terms of non-renewable resources purchased from 
suppliers and the execution of summary tasks) and 
minimizing supply chain costs (including purchasing, 
ordering, transportation, operation delays, and task 
execution). 
2) Integrated planning of summary tasks across multiple 
projects, supplier selection, discount strategies, and shared 
renewable resources. This integration leads to more efficient 
use of shared capacities, higher resource productivity, and 
improved responsiveness to time and budget constraints. 
3) Incorporating integrated quality management throughout 
the procurement of non-renewable resources, execution of 
summary tasks, and final inspections. The model’s quality-
oriented approach addresses three levels of the supply chain 
to ensure compliance with quality standards and final 
operational requirements. 
 Section 2 reviews the construction sector's supply chain 
and quality principles, overviews quantitative studies, and 
identifies research gaps. Section 3 presents the problem 
description, model assumptions, and mathematical 

formulations for maximizing quality and minimizing supply 
chain cost. Section 4 reports results, examples, managerial 
insights, and sensitivity analyses. Section 5 summarizes key 
findings and suggests directions for future research.  
 
2. Literature Review 
In this section, the related research is categorized into four 
main subsections. 

2.1. Construction project management 
The primary goal of planning any construction project is to 
allocate resources and schedule activities effectively at the 
appropriate times [13]. The dynamic, fragmented, and 
complex structure of the construction industry makes it more 
challenging to succeed than in other businesses, as it requires 
collaboration among several stakeholders and effective 
process management. Therefore, determining the 
fundamental parameters for the project's success is crucial 
[14]. One study analyzes a scheduling problem involving 
various resource-related activities [15]. Enhancing project 
performance relies heavily on contractors' complete 
adherence to performance expectations [16]. Construction 
directors often encounter challenges managing project cash 
flow, necessitating specialized techniques and appropriate 
tools to address negative cash flow [17]. Computer 
simulations are commonly used in scheduling construction 
projects to anticipate operational performance by simulating 
process flows and resource selection [18]. In addition, 
Olubajo and Olubajo reported that integrating construction 
equipment and digital technologies into offsite logistics can 
positively and significantly improve the time performance of 
construction projects [19]. The quality of activities and 
supplier quality management (SQM) are included in quality 
management. Managing quality in the construction business 
is challenging because each project is different, and 
companies must manage large projects [20]. A significant 
concern is the continued increase in energy consumption 
within the construction industry, which poses a significant 
challenge to China's goals of peaking carbon emissions and 
achieving carbon neutrality [21]. 

2.2. Construction supply chain management 
Companies today can be ahead of rivals if their supply chains 
are effective. The construction industry has significant 
potential for growth by adopting supply chain management 
practices. However, there are difficulties in its execution, and 
if they are recognized and overcome, many advantages will 
be realized [22]. The success of a project hinges on factors 
such as time and cost, which can fluctuate depending on the 
resources employed, including the workforce, equipment, and 
supplies. Moreover, implementing resource leveling 
techniques to stabilize resource utilization can impact project 
duration and expenditure [23]. Analyzing the key factors that 
influence the resilience of a prefabricated building supply 
chain can help strengthen the overall system [24]. Rahman et 



M. Izadbakhsh et al.  

677-3 
 

al.’s study aims to identify the optimal set of providers for the 
various renewable resources required for project execution, 
thereby reducing overall supply chain costs. That study also 
considers an integrated scheduling problem within supply 
chain management [25]. Emphasis has been placed on 
supplier selection and project scheduling coordination to 
minimize overall project delays. The study considers a project 
network comprising several simultaneous projects [26]. 
Supply chain integration is a strategic approach, and many 
studies have explored methods to facilitate it. Despite their 
crucial role and extensive marketplace experimentation, 
minimal attention has been devoted to integrating material 
providers [27]. In this regard, Asuquo and Ogwueleka found 
that supply chain integration positively and significantly 
improves cost performance in public-sector construction 
projects, particularly through information sharing, long-term 
collaboration among supply chain partners, and just-in-time 
delivery [28]. Mathematical modeling and visual 
representation play an important role in managing building 
supply chains [29]. One study proposed a construction supply 
chain model that considers economic and environmental 
objectives. The model uses a fuzzy logic approach with 
triangular numbers to represent uncertainty in various factors, 
including costs, task durations, inspection timing, supplier 
capacity, and resource demand [30]. 

2.3. Material supply and procurement 
In traditional project planning, suppliers are selected, 
materials are ordered, and activities are scheduled in advance. 
This approach can result in the organization's expected profit 
loss [31]. The difficulty in planning the delivery of the 
necessary materials and resources is one of the factors 
contributing to project delays. Work disruptions, long-term 
increases in raw material costs, and customer dissatisfaction 
can all result from these issues. As a result, a supply chain 
network with a project warehouse and a sub-warehouse for 
inventory management was proposed [32]. A unified structure 
should be considered to address project scheduling and 
material ordering challenges while incorporating 
environmental concerns [33]. A two-level supply chain for 
construction materials between suppliers and construction 
workshops in an uncertain environment has been examined 
[34]. Order quantity is essential, as ordering materials on time 
can help get started with activities and avoid extra expenses 
[35]. In addition, Polat highlighted that supplier selection is a 
critical decision in construction projects, as the delivery of the 
right quantity of materials at the right time and with the 
desired quality is essential for overall project performance 
[36]. 
 Moreover, a comprehensive evaluation of the inventory 
supply chain is essential for determining the optimal 
production quantity and manufacturing rate [37]. Taleizadeh 
et al. propose an economic model for managing the 
production and inventory of a single product under standard 
demand functions across three scenarios involving a 

distributor, a producer, and a retailer [38]. A behavioral and a 
strategic benefit may be derived from strategic inventories, 
which lower average wholesale prices and lessen the double 
marginalization effect [39]. Automated delivery is a 
commonly adopted sharing approach in supply chains, where 
a provider dispatches goods to a customer based on the 
customer's selection of a fixed shipment amount to be 
delivered on prearranged dates [40]. Chen et al. introduce a 
project supply chain model that spans multiple yields and 
time lengths, considering uncertainties related to provider 
volume and material requests [41]. 

2.4. Quality management in construction projects 
The examination of quality management within the supply 
chain in the construction sector was prompted by the 
heightened public scrutiny in China, particularly in response 
to concerns regarding poor building quality [27]. Expenses 
and quality are fundamental and conflicting factors of 
construction project management. The study indicated that 
enhancing the overall profit of a construction project required 
optimizing the balance between quality and cost [42]. 
Planning is crucial in an environment with several projects. 
As a result, they suggest a method for scheduling numerous 
projects and the issue of ordering materials that also evaluates 
the effectiveness of tasks [12]. Also, research is investigating 
how integrating quality influences the collaborative model of 
material transportation and multi-project planning [43]. 
Based on some studies, an inspection committee should 
review each project's quality at completion [44]. 
 Table 1 outlines recent studies within the domain of 
project supply chain. 
 
3. Research Methodology 
This section presents two mathematical model scenarios 
based on the previously outlined problem. The first scenario 
emphasizes quality-oriented decision-making in a multi-
project supply chain. The second scenario extends the model 
by incorporating supplier discount strategies. The basic 
formulation is adapted from the model proposed by 
RezaHosseini et al. [10]. 

3.1. Problem definition 
The two primary objectives of construction projects are 
quality and cost. Ignoring quality can lead to rework and 
additional expenses for the company. Balancing cost and 
quality are increasingly complex, and most organizations 
struggle to manage both effectively. As a result, there is a 
growing need for a supply chain that integrates supply, 
execution, and project completion. This model considers 
quality management and costs throughout the entire chain. 
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Table 1. The table of previous articles 
Resource Type  Quality management  Decision variables  Number of 

projects 
Year Reference NUM 

Non- 
renewable 

Renewable  Inspection Execution Supply  Discount Project 
scheduling 

Supplier 
selection 

Inventory 
management 

 Multi-
project 

Single 
project 

              2018 Chen et al. 1 

              2019 Golpîra et al. 2 

              2019 Habibi et al. 3 

              2019 Fuad Rahman et al. 4 

              2020 RezaHoseini et al. 5 

              2020 Mohammadnazari et 
al. 6 

              2021 Patoghi et al. 7 

              2021 Mirghaderi et al. 8 

              2021 Asadujjaman et al. 9 

              2022 Abdzadeh et al. 10 

              2023 Habibi et al. 11 

              2023 Abdzadeh et al. 12 

              2024 Chen et al. 13 

              2024 This paper 14 
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 Thus, a network includes several ongoing projects, each 
comprising distinct summary tasks. Each project requires 
non-renewable resources, as well as renewable resources. 
Every non-renewable resource is provided by several 
suppliers, denoted by a specific index in the model. Each 
supplier provides only one resource type, and in the second 
scenario, a specific discount policy is applied. The 
procurement division identifies the resources essential for the 
project by aligning them with the scheduling of summary 
tasks and the project's demand volume. This process ensures 
that summary tasks commence once the required non-
renewable resources become available. 
 Additionally, a suitable supplier must be selected based on 
the quality of the non-renewable resources they provide. Once 
a supplier receives an order for a specific period, preparation 
and delivery time are required. Each period has a different 
cost associated with ordering and purchasing materials, with 
lower costs for earlier purchases. Therefore, supplier 
selection across different projects can reduce costs and 
duration. Multiple projects are managed simultaneously in the 
execution section, each with summary tasks. Distinct quality 
modes can be used for each summary task, each with a 
different cost. The cost of execution rises as execution quality 
increases. Delays in resource delivery may prevent the timely 
start of summary tasks. Therefore, implementing a method to 
minimize delays can significantly improve project 
performance. Each project also has a set of renewable 
resources to share among different summary tasks. However, 
these tasks cannot be conducted concurrently with the same 
renewable resources. In other words, a summary task can 
commence only when all its preceding tasks have been 
completed and all the renewable and non-renewable resources 
linked to it are accessible. Finally, a quality inspection is 
conducted to verify that the final output meets the required 
standards. 
 This study aims to formulate a model for integrated 
quality management within the construction supply chain. 
The proposed model integrates several components, including 
the supply of non-renewable resources, supplier selection 
based on appropriate quality modes, scheduling summary 
tasks for each project, inventory management, and final 
quality inspection. Since the objective is to balance cost and 
quality, the problem is formulated as a bi-objective 
optimization model that maximizes quality and minimizes 
costs. 
 Although procurement decisions constitute an important 
part of the proposed framework, the model is not limited to 
procurement cost minimization. Instead, it minimizes the total 
cost of the entire project system by jointly optimizing 
procurement, inventory, transportation, summary task 
execution, and project scheduling decisions. Since each 
summary task can start only when its required non-renewable 
resources are available and all predecessor constraints are 
satisfied, procurement decisions directly affect the start time 
of successor activities, project completion time, and delay 

penalties. In this way, the model captures the downstream 
impact of procurement on all project summary tasks and 
minimizes the overall project cost across the full construction 
supply chain. 

3.2. Problem assumptions 
• The network is made up of several current projects. This 
assumption reflects the real-world nature of construction 
companies, where multiple projects are often managed 
simultaneously within a shared supply chain network. 
• Each project consists of a collection of summary tasks that 
include predecessors. This structure mirrors typical project 
planning practices in construction, where projects are broken 
down into dependent summary tasks to ensure logical 
sequencing and workflow management. 
• Project summary tasks are independent but face 
predecessors' constraints since they are part of the same 
project. This assumption captures the internal logic of project 
scheduling: summary tasks execute independently but must 
still respect the sequence imposed by their predecessors to 
maintain project integrity. 
• Each project's summary task can be completed using 
different execution modes. This reflects real-world conditions 
where tasks can be executed using various methods or 
technologies, each with different quality, cost, and duration 
implications. 
• In the execution section, the modes of summary tasks are 
defined only based on the level of mechanized tools used. 
Therefore, higher modes correspond to more mechanized 
execution methods, which are assumed to reduce task 
duration in the context of this study. 
• Every project requires all kinds of resources. This 
assumption ensures that the model accounts for 
comprehensive resource planning, as construction projects 
typically depend on a combination of materials, labor, and 
equipment. 
• Each non-renewable resource has a set of predetermined 
providers at its disposal. This list reflects standard 
procurement practices in construction, where approved or 
available suppliers are defined in advance based on contracts, 
quality standards, or market availability. 
• Each resource is associated with distinct supplier groups, 
and each supplier exclusively provides one resource type. 
This assumption simplifies the supply chain structure by 
assigning each supplier to a specific resource type. It reflects 
real practices where suppliers often focus on a single category 
of materials or equipment, making coordination and quality 
control more manageable. This assumption improves model 
tractability; however, it may limit the direct applicability of 
the model in settings where suppliers can provide multiple 
resource types simultaneously. 
• Each supplier provides a required non-renewable resource 
with different quality modes. This assumption reflects real 
procurement scenarios in which suppliers can offer the same 
material or resource at varying quality grades, allowing 
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project managers to choose based on cost, performance, and 
project requirements. 
• Every project possesses a specific array of renewable 
resources that can be utilized across multiple summary tasks. 
This allocation reflects typical resource management 
practices in construction projects, where renewable resources, 
such as labor or equipment, are shared across tasks within the 
same project to maximize utilization and efficiency. 
• Summary tasks utilizing identical renewable resources 
cannot be carried out simultaneously in any project. This 
assumption ensures realistic scheduling by preventing the 
simultaneous use of the same renewable resource across 
tasks, mirroring actual resource constraints and avoiding 
overallocation. 
• A summary task can only be started if all the required 
resources are available. This aligns with practical 
construction constraints: a task cannot begin unless all 
necessary resources—labor, equipment, and materials—are 
fully available, to avoid interruptions or inefficiencies during 
execution. 
• A quality control team can inspect a project once all 
summary tasks have been finished. This assumption reflects 
standard project workflows, in which the final inspection is 
conducted after all major tasks are completed to assess overall 
quality and determine project readiness for handover or 
certification. 
• The general demand must be satisfied in any situation. 
This assumption ensures the fulfillment of project 
requirements and reflects real-world obligations where 
construction projects must meet predefined demands 
regardless of cost or resource constraints. 
• The project's summary tasks continue without 
interruption. This assumption simplifies scheduling by 
excluding potential disruptions and aligns with ideal project 
planning scenarios in which tasks proceed continuously once 
started, ensuring efficient resource use and timely 
completion. While this assumption simplifies the scheduling 
structure, it may reduce the model’s generalizability in real 
construction environments where interruptions, idle times, or 
unexpected stoppages can occur during task execution. 
• In the second scenario, each supplier has a distinct 
discount policy. This assumption reflects real-world 
commercial practices, in which suppliers offer different 
discount strategies to incentivize larger orders or long-term 
contracts, thereby affecting procurement decisions in cost-
sensitive projects. 
• For the distribution of non-renewable resources, only one 
kind of vehicle is considered, which has a specific capacity. 
This assumption simplifies transport modeling by using only 

one vehicle type with a fixed capacity. At the same time, it 
still includes the main limits of transportation in real projects. 
It also shows real cases of companies using their own fixed 
types of vehicles to deliver project materials. This 
simplification facilitates the transportation formulation, but it 
may limit the model’s applicability in projects that use 
heterogeneous fleets with different capacities, costs, and 
availability conditions. 
• Each project has its own warehouse with a different 
capacity. This setup mirrors real-life scenarios in which each 
project site has unique storage space, with its own size 
limitations. This approach facilitates tailored inventory 
management for each project based on available space. 
• Each summary task's requirement for non-renewable 
resources is eliminated from the inventory as soon as it starts. 
When a task starts, the required non-renewable resources are 
immediately removed from inventory. It helps track resource 
usage more clearly and prevents double-counting the same 
resources. 

3.3. Mathematical model for Scenario 1: Quality 
consideration in a multi-project supply chain 

This section presents the first scenario, which focuses on 
incorporating quality considerations into the supply chain 
management of multiple construction projects. The proposed 
framework accounts for key quality-related factors across 
procurement, execution, and final inspection stages. The 
scenario is structured by presenting a comprehensive bi-
objective mathematical model. While the model formulation 
is included in this section, the complete definitions of all 
symbols and notations used are provided in the Appendix for 
clarity and ease of reference. 
 The bi-objective model is solved using the augmented ε-
constraint method. In this approach, the cost objective is 
optimized while the quality objective is converted into a 
bounded constraint with different ε levels to generate Pareto-
optimal solutions. Therefore, the two objectives are not 
merged through direct weighted aggregation, and no 
additional normalization of the objective values is required in 
the present formulation. 

3.3.1. Definition of symbols 
The notations, sets, and indices used in the mathematical 
formulation of Scenario 1 are introduced in this section to 
facilitate understanding of the model structure (Table 2). 

3.3.2. Mathematical model formulation 
In this section, the formula pertaining to Scenario 1 is 
presented with comprehensive and detailed explanation. 

(1) 

𝑀𝑀𝑀𝑀𝑀𝑀 𝑍𝑍1 = � ���𝐶𝐶𝑠𝑠,𝑚𝑚′,𝑡𝑡
𝑏𝑏𝑏𝑏𝑏𝑏

𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝∈𝑃𝑃𝑚𝑚′

𝑞𝑞𝑞𝑞𝑠𝑠,𝑚𝑚′,𝑝𝑝,𝑡𝑡
𝑠𝑠∈𝑆𝑆(𝑟𝑟)

+ � ���𝐶𝐶𝑠𝑠,𝑚𝑚′,𝑡𝑡
𝑜𝑜𝑜𝑜𝑜𝑜

𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝∈𝑃𝑃𝑚𝑚′

𝑥𝑥𝑠𝑠,𝑚𝑚′,𝑝𝑝,𝑡𝑡
𝑠𝑠∈𝑆𝑆(𝑟𝑟)

+ � ��𝑑𝑑𝑑𝑑𝑠𝑠,𝑝𝑝 𝐶𝐶𝑠𝑠,𝑝𝑝
𝑡𝑡𝑡𝑡𝑡𝑡  𝑁𝑁𝑠𝑠,𝑡𝑡,𝑝𝑝

𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠∈𝑆𝑆(𝑟𝑟)

+ �𝐶𝐶𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑(𝑇𝑇𝑇𝑇𝑝𝑝)
𝑝𝑝𝑝𝑝𝑝𝑝

+ ���𝐶𝐶𝑟𝑟,𝑝𝑝,𝑡𝑡
𝑚𝑚𝑚𝑚𝑚𝑚

𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝

  𝐼𝐼𝑟𝑟,𝑝𝑝,𝑡𝑡
𝑟𝑟𝑟𝑟𝑟𝑟

+ ���𝑧𝑧𝑎𝑎,𝑚𝑚,𝑡𝑡 𝐶𝐶𝑎𝑎,𝑚𝑚
𝑒𝑒𝑒𝑒𝑒𝑒

𝑡𝑡∈𝑇𝑇𝑚𝑚𝑎𝑎∈𝐴𝐴
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Table 2. The table of model notation for the first scenario 
Sets and Indices  
𝑝𝑝, 𝑞𝑞 ∈ 𝑃𝑃 A number of current projects 
𝐴𝐴(𝑝𝑝), 𝑝𝑝𝑝𝑝𝑝𝑝 The grouping of summary tasks is essential for the completion of the project 𝑝𝑝 
𝐴𝐴 =∪𝑝𝑝𝑝𝑝𝑃𝑃 ,𝐴𝐴(𝑝𝑝) The collection of all summary tasks 
𝑅𝑅(𝑎𝑎), 𝑎𝑎𝑎𝑎𝑎𝑎 Non-renewable resources needed to complete the summary task 𝑎𝑎 
𝑅𝑅(𝑝𝑝) =∪𝑎𝑎𝑎𝑎𝑎𝑎,𝑅𝑅(𝑎𝑎) The collection of non-renewable resources needed for the project 𝑝𝑝 
𝑅𝑅 =∪𝑎𝑎𝑎𝑎𝑎𝑎,𝑅𝑅(𝑎𝑎) The collection of all non-renewable resources 
𝑆𝑆(𝑟𝑟), 𝑟𝑟 ∈ 𝑅𝑅(𝑝𝑝) The collection of suppliers providing a non-renewable resource 𝑟𝑟 
𝑆𝑆 =∪𝑟𝑟∈𝑅𝑅,𝑆𝑆(𝑟𝑟) The collection of all suppliers providing non-renewable resources 
𝑅𝑅′(𝑝𝑝), 𝑝𝑝𝑝𝑝𝑝𝑝 The grouping of renewable resources utilized within project 𝑝𝑝 
𝐴𝐴′(𝑟𝑟′) ⊂ 𝐴𝐴(𝑝𝑝), 𝑟𝑟′𝜖𝜖𝑅𝑅′(𝑝𝑝) The group of summary tasks within project 𝑝𝑝 that necessitate a renewable resource 𝑟𝑟′ 
𝐸𝐸(𝑝𝑝), 𝑝𝑝𝑝𝑝𝑝𝑝 The set of predecessor constraints for project summary tasks (𝑎𝑎,𝑏𝑏) ∈ 𝐸𝐸(𝑝𝑝)  
𝑡𝑡 𝜖𝜖 𝑇𝑇  Time unit 𝑡𝑡 
𝑀𝑀 The collection of execution modes for each summary task 𝑎𝑎 
𝑀𝑀′ The collection of modes that each non-renewable resource 𝑟𝑟 requires 
Parameters  
𝐷𝐷𝑎𝑎,𝑝𝑝,𝑟𝑟 ,𝑝𝑝𝑝𝑝𝑝𝑝, 𝑟𝑟 ∈ 𝑅𝑅(𝑎𝑎),𝑎𝑎𝜖𝜖𝐴𝐴 The consumption level of non-renewable resource [45] 𝑟𝑟 is contingent upon the type of 

resource required for carrying out summary task 𝑎𝑎 within project 𝑝𝑝  
𝐷𝐷𝐷𝐷𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝  The due date of the project 𝑝𝑝 to finish all summary tasks and perform inspection 
𝐶𝐶𝐶𝐶𝑠𝑠 , 𝑠𝑠𝑠𝑠𝑠𝑠  Supplier capacity 𝑠𝑠  
𝑡𝑡𝑠𝑠
𝑝𝑝𝑝𝑝𝑝𝑝 , 𝑠𝑠𝑠𝑠𝑠𝑠 The preparation time provided by the supplier 𝑠𝑠 
𝑡𝑡𝑠𝑠,𝑝𝑝
𝑡𝑡𝑡𝑡𝑡𝑡, 𝑠𝑠𝑠𝑠𝑠𝑠,𝑝𝑝𝑝𝑝𝑝𝑝 Shipping time from supplier 𝑠𝑠 to project 𝑝𝑝 (The day is considered) 
𝑡𝑡𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟 𝑝𝑝𝑝𝑝𝑝𝑝 Inspection time of project 𝑝𝑝 (The day is considered) 
𝑑𝑑𝑎𝑎,𝑚𝑚, 𝑎𝑎𝑎𝑎𝑎𝑎(𝑝𝑝) The duration needed to complete the summary task 𝑎𝑎 in mode 𝑚𝑚 (The day is 

considered) 
𝐶𝐶𝑠𝑠,𝑚𝑚′,𝑡𝑡
𝑜𝑜𝑜𝑜𝑜𝑜  Ordering cost per time unit 𝑡𝑡 from supplier 𝑠𝑠 in mode 𝑚𝑚′ 

𝐶𝐶𝑟𝑟,𝑝𝑝,𝑡𝑡
𝑚𝑚𝑚𝑚𝑚𝑚  Inventory holding cost of non-renewable resource 𝑟𝑟 over time unit 𝑡𝑡 for project 𝑝𝑝 

𝐶𝐶𝑠𝑠,𝑚𝑚′,𝑡𝑡
𝑏𝑏𝑏𝑏𝑏𝑏  The buying cost per unit in time 𝑡𝑡 from the supplier 𝑠𝑠 in mode 𝑚𝑚′ 

𝐶𝐶𝑠𝑠,𝑝𝑝
𝑡𝑡𝑡𝑡𝑡𝑡 Shipping cost from supplier 𝑠𝑠 to project 𝑝𝑝 

𝐶𝐶𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑 Delay cost of the project 𝑝𝑝 
𝜇𝜇 Big number 
𝐶𝐶𝐶𝐶𝑣𝑣𝑣𝑣𝑣𝑣 The capacity of a vehicle   
𝐶𝐶𝐶𝐶𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 The capacity of a project 𝑝𝑝 
𝐷𝐷𝐷𝐷𝑠𝑠,𝑝𝑝 The distance between supplier 𝑠𝑠 and project 𝑝𝑝 
𝜌𝜌𝑎𝑎,𝑚𝑚, 𝑎𝑎𝑎𝑎𝑎𝑎(𝑃𝑃) Predefined quality score assigned to executing summary task 𝑎𝑎 in mode 𝑚𝑚 
𝜌𝜌′𝑠𝑠,𝑚𝑚′, 𝑠𝑠𝑠𝑠𝑠𝑠(𝑟𝑟) Predefined quality score assigned to supplier S providing a non-renewable resource 𝑟𝑟 in 

mode 𝑚𝑚′ 
𝐶𝐶𝑎𝑎,𝑚𝑚
𝑒𝑒𝑒𝑒𝑒𝑒  Execution cost of each summary task 𝑎𝑎 in mode 𝑚𝑚 

𝐵𝐵𝐵𝐵𝐵𝐵 The total budget allocated for completing all projects 
Decision variables  
𝑥𝑥𝑠𝑠,𝑚𝑚′,𝑝𝑝,𝑡𝑡, 𝑠𝑠𝜖𝜖𝜖𝜖(𝑟𝑟), 𝑝𝑝𝑝𝑝𝑝𝑝, 𝑟𝑟 ∈ 𝑅𝑅(𝑝𝑝), 
𝑡𝑡 𝜖𝜖 𝑇𝑇 

Binary variable, if supplier 𝑠𝑠 over time unit 𝑡𝑡 in mode 𝑚𝑚′ is used for project 𝑝𝑝, 1, 
otherwise 0 

𝑦𝑦𝑎𝑎,𝑏𝑏 , 𝑎𝑎, 𝑏𝑏 ∈ 𝐴𝐴′(𝑟𝑟′), 𝑎𝑎 ≠ 𝑏𝑏, 𝑟𝑟′ ∈ 𝑅𝑅′(𝑝𝑝), 𝑝𝑝 ∈ 𝑃𝑃  The binary variable takes a value of 1 if activity 𝑎𝑎 is scheduled before activity 
𝑏𝑏;  otherwise, it takes a value of 0 when activities 𝑎𝑎 and 𝑏𝑏 share a renewable resource 
𝑙𝑙 in projects 𝑝𝑝 

𝑧𝑧𝑎𝑎,𝑚𝑚,𝑡𝑡 Binary variable, if the summary task 𝑎𝑎 in mode 𝑚𝑚 over time unit 𝑡𝑡 is started, 1, 
otherwise 0 

𝐼𝐼𝑟𝑟,𝑝𝑝,𝑡𝑡 The inventory level of a non-renewable resource 𝑟𝑟 over time unit 𝑡𝑡 for each project 
𝑞𝑞𝑞𝑞𝑠𝑠,𝑚𝑚′,𝑝𝑝,𝑡𝑡 , 𝑠𝑠𝜖𝜖𝜖𝜖, 𝑝𝑝𝑝𝑝𝑝𝑝, 
𝑡𝑡 𝜖𝜖 𝑇𝑇 

The quantity of non-renewable resources that is received from a supplier 𝑠𝑠 in mode 𝑚𝑚′ 
for the project 𝑝𝑝 over time unit 𝑡𝑡 

𝑆𝑆𝑆𝑆𝑎𝑎,𝑎𝑎 ∈ 𝐴𝐴 Start time of a summary task 𝑎𝑎 
𝐶𝐶𝐶𝐶𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝 Completion time of the project 𝑝𝑝 
𝑇𝑇𝑇𝑇𝑝𝑝,𝑝𝑝𝑝𝑝𝑝𝑝 Delay in productivity of project 𝑝𝑝 
𝑁𝑁𝑠𝑠,𝑝𝑝,𝑡𝑡 The quantity of vehicles needed to transport an order from supplier 𝑠𝑠 to project 𝑝𝑝   
𝐷𝐷𝐷𝐷𝑝𝑝 The review completion time for project 𝑝𝑝 project review 𝐷𝐷𝐷𝐷0  indicates the starting 

time of the initial survey 
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(2) 𝑀𝑀𝑀𝑀𝑀𝑀 𝑍𝑍2 = ���𝑧𝑧𝑎𝑎,𝑚𝑚,𝑡𝑡 𝜌𝜌𝑎𝑎,𝑚𝑚
𝑡𝑡∈𝑇𝑇𝑚𝑚𝑎𝑎∈𝐴𝐴

+ � ���𝑥𝑥𝑠𝑠,𝑚𝑚′,𝑝𝑝,𝑡𝑡 𝜌𝜌′𝑠𝑠,𝑚𝑚′
𝑡𝑡∈𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚′𝑠𝑠∈𝑆𝑆(𝑟𝑟)

 

S.T: 

(3) ∀𝑠𝑠 ∈ 𝑆𝑆, 𝑡𝑡𝑡𝑡𝑡𝑡 ��𝑞𝑞𝑞𝑞𝑠𝑠,𝑚𝑚′,𝑝𝑝,𝑡𝑡
𝑚𝑚′𝑝𝑝𝑝𝑝𝑝𝑝

≤ 𝐶𝐶𝐶𝐶𝑠𝑠 

(4) ∀  𝑡𝑡𝑡𝑡𝑡𝑡, 𝑝𝑝 ∈ 𝑃𝑃, 𝑟𝑟 ∈ 𝑅𝑅(𝑃𝑃) 𝐼𝐼𝑟𝑟,𝑝𝑝,𝑡𝑡 =  𝐼𝐼𝑟𝑟,𝑝𝑝,𝑡𝑡−1  +  � �𝑞𝑞𝑞𝑞𝑠𝑠,𝑚𝑚′,𝑝𝑝,𝑡𝑡
𝑚𝑚′𝑠𝑠∈𝑆𝑆(𝑟𝑟)

−  � �𝐷𝐷𝑎𝑎,𝑝𝑝,𝑟𝑟   𝑧𝑧𝑎𝑎,𝑚𝑚,𝑡𝑡
𝑚𝑚𝑎𝑎∈𝐴𝐴(𝑝𝑝)

 

(5) ∀  𝑡𝑡𝑡𝑡𝑡𝑡, 𝑝𝑝 ∈ 𝑃𝑃 � 𝐼𝐼𝑟𝑟,𝑝𝑝,𝑡𝑡
𝑟𝑟𝑟𝑟𝑟𝑟(𝑃𝑃)

 ≤  𝐶𝐶𝐶𝐶𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖  

(6) ∀𝑠𝑠 ∈ 𝑆𝑆(𝑟𝑟), 𝑝𝑝 ∈ 𝑃𝑃, 𝑡𝑡𝑡𝑡𝑡𝑡 �𝑞𝑞𝑞𝑞𝑠𝑠,𝑚𝑚′,𝑝𝑝,𝑡𝑡
𝑚𝑚′

≤ 𝑁𝑁𝑠𝑠,𝑝𝑝,𝑡𝑡 × 𝐶𝐶𝐶𝐶𝑣𝑣𝑣𝑣𝑣𝑣 

(7) 
∀ 𝑝𝑝 ∈ 𝑃𝑃, 𝑠𝑠 ∈ 𝑆𝑆(𝑟𝑟),𝑚𝑚′, 𝑡𝑡

≥ 𝑡𝑡𝑠𝑠
𝑝𝑝𝑝𝑝𝑝𝑝 + 𝑡𝑡𝑠𝑠,𝑝𝑝

𝑡𝑡𝑡𝑡𝑡𝑡

+ 1 
𝑞𝑞𝑞𝑞𝑠𝑠,𝑚𝑚′,𝑝𝑝,𝑡𝑡 ≤ 𝜇𝜇 × 𝑥𝑥𝑠𝑠,𝑚𝑚′ ,𝑝𝑝,𝑡𝑡−(𝑡𝑡𝑠𝑠

𝑝𝑝𝑝𝑝𝑝𝑝+𝑡𝑡𝑠𝑠,𝑝𝑝
𝑡𝑡𝑡𝑡𝑡𝑡) 

(8)  ��� � 𝑞𝑞𝑞𝑞𝑠𝑠,𝑚𝑚′,𝑝𝑝,𝑡𝑡

𝑡𝑡∈𝑡𝑡≤𝑡𝑡𝑠𝑠
𝑝𝑝𝑝𝑝𝑝𝑝+𝑡𝑡𝑠𝑠,𝑝𝑝

𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝𝑚𝑚′𝑠𝑠

= 0 

(9) ∀𝑝𝑝 ∈ 𝑃𝑃, 𝑡𝑡𝑡𝑡𝑡𝑡, 𝑟𝑟 ∈ 𝑅𝑅(𝑃𝑃) � �𝑋𝑋𝑠𝑠,𝑚𝑚′,𝑝𝑝,𝑡𝑡
𝑚𝑚′𝑠𝑠∈𝑆𝑆(𝑟𝑟)

≤ 1 

(10) ∀(𝑎𝑎, 𝑏𝑏) ∈ 𝐸𝐸(𝑝𝑝) 𝑆𝑆𝑆𝑆𝑎𝑎 + ��𝑑𝑑𝑎𝑎,𝑚𝑚 𝑧𝑧𝑎𝑎,𝑚𝑚,𝑡𝑡
𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚

≤ 𝑆𝑆𝑆𝑆𝑏𝑏 

(11) 𝑎𝑎, 𝑏𝑏 ∈ 𝐴𝐴′(𝑟𝑟′), 𝑎𝑎 ≠ 𝑏𝑏, 𝑟𝑟′ ∈ 𝑅𝑅′(𝑝𝑝) 𝑆𝑆𝑆𝑆𝑎𝑎 + ��𝑑𝑑𝑎𝑎,𝑚𝑚 𝑧𝑧𝑎𝑎,𝑚𝑚,𝑡𝑡
𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚

− 𝜇𝜇(1 − 𝑦𝑦𝑎𝑎,𝑏𝑏) ≤ 𝑆𝑆𝑆𝑆𝑏𝑏 

(12) 𝑎𝑎, 𝑏𝑏 ∈ 𝐴𝐴′(𝑟𝑟′), 𝑎𝑎 ≠ 𝑏𝑏, 𝑟𝑟′ ∈ 𝑅𝑅′(𝑝𝑝) 𝑆𝑆𝑆𝑆𝑏𝑏 + ��𝑑𝑑𝑏𝑏,𝑚𝑚 𝑧𝑧𝑏𝑏,𝑚𝑚,𝑡𝑡
𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚

− 𝜇𝜇(𝑦𝑦𝑎𝑎,𝑏𝑏) ≤ 𝑆𝑆𝑆𝑆𝑎𝑎 

(13) ∀𝑎𝑎 ∈ 𝐴𝐴(𝑝𝑝) 𝐶𝐶𝐶𝐶𝑝𝑝 ≥ 𝑆𝑆𝑆𝑆𝑎𝑎 + ��𝑑𝑑𝑎𝑎,𝑚𝑚 𝑧𝑧𝑎𝑎,𝑚𝑚,𝑡𝑡
𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚

 

(14) ∀ 𝑝𝑝 ∈ 𝑃𝑃 𝐷𝐷𝐷𝐷𝑝𝑝 ≥ 𝐶𝐶𝐶𝐶𝑝𝑝 + 𝑡𝑡𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟 
(15) ∀𝑝𝑝 ∈ 𝑃𝑃 𝑇𝑇𝑇𝑇𝑝𝑝 ≥ 𝐷𝐷𝐷𝐷𝑝𝑝 − 𝐷𝐷𝐷𝐷𝑝𝑝 

(16) ∀𝑎𝑎 ∈ 𝐴𝐴(𝑝𝑝), 𝑡𝑡𝑡𝑡𝑡𝑡 𝑆𝑆𝑆𝑆𝑎𝑎 ≤ 𝜇𝜇(1 −�𝑍𝑍𝑎𝑎,𝑚𝑚,𝑡𝑡
𝑚𝑚

) + 𝑡𝑡 

(17) ∀𝑎𝑎 ∈ 𝐴𝐴(𝑝𝑝), 𝑡𝑡𝑡𝑡𝑡𝑡 𝑆𝑆𝑆𝑆𝑎𝑎 ≥ −𝜇𝜇(1 −�𝑍𝑍𝑎𝑎,𝑚𝑚,𝑡𝑡
𝑚𝑚

) + 𝑡𝑡 

(18) ∀𝑎𝑎 ∈ 𝐴𝐴(𝑝𝑝) ��𝑧𝑧𝑎𝑎,𝑚𝑚,𝑡𝑡
𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡

= 1 

(19) 

� ���𝐶𝐶𝑠𝑠,𝑚𝑚′,𝑡𝑡
𝑏𝑏𝑏𝑏𝑏𝑏

𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝∈𝑃𝑃𝑚𝑚′

𝑞𝑞𝑞𝑞𝑠𝑠,𝑚𝑚′,𝑝𝑝,𝑡𝑡
𝑠𝑠∈𝑆𝑆(𝑟𝑟)

+ � ���𝐶𝐶𝑠𝑠,𝑚𝑚′ ,𝑡𝑡
𝑜𝑜𝑜𝑜𝑜𝑜

𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝∈𝑃𝑃𝑚𝑚′

𝑥𝑥𝑠𝑠,𝑚𝑚′,𝑝𝑝,𝑡𝑡
𝑠𝑠∈𝑆𝑆(𝑟𝑟)

+ � ��𝑑𝑑𝑑𝑑𝑠𝑠,𝑝𝑝 𝐶𝐶𝑠𝑠,𝑝𝑝
𝑡𝑡𝑡𝑡𝑡𝑡  𝑁𝑁𝑠𝑠,𝑡𝑡,𝑝𝑝

𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠∈𝑆𝑆(𝑟𝑟)

+ �𝐶𝐶𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑(𝑇𝑇𝑇𝑇𝑝𝑝)
𝑝𝑝𝑝𝑝𝑝𝑝

+ ���𝐶𝐶𝑟𝑟,𝑝𝑝,𝑡𝑡
𝑚𝑚𝑚𝑚𝑚𝑚

𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝

  𝐼𝐼𝑟𝑟,𝑝𝑝,𝑡𝑡
𝑟𝑟𝑟𝑟𝑟𝑟

+ ���𝑧𝑧𝑎𝑎,𝑚𝑚,𝑡𝑡 𝐶𝐶𝑎𝑎,𝑚𝑚
𝑒𝑒𝑒𝑒𝑒𝑒

𝑡𝑡∈𝑇𝑇𝑚𝑚𝑎𝑎∈𝐴𝐴

≤ 𝐵𝐵𝐵𝐵𝐵𝐵 

𝑥𝑥𝑠𝑠,𝑚𝑚′,𝑝𝑝,𝑡𝑡 , 𝑦𝑦𝑎𝑎,𝑏𝑏 , 𝑧𝑧𝑎𝑎,𝑚𝑚,𝑡𝑡 ∈ {0,1) 
𝑞𝑞𝑞𝑞𝑠𝑠,𝑚𝑚′,𝑝𝑝,𝑡𝑡 ,𝑆𝑆𝑆𝑆𝑎𝑎 ,𝐶𝐶𝐶𝐶𝑝𝑝,𝐷𝐷𝐷𝐷𝑝𝑝 ,𝑇𝑇𝑇𝑇𝑝𝑝 ,𝑁𝑁𝑠𝑠,𝑝𝑝,𝑡𝑡 , 𝐼𝐼𝑟𝑟,𝑝𝑝,𝑡𝑡 ≥ 0 

 
 This study proposes an integrated model for quality 
management within the construction supply chain, addressing 
a recently recognized challenge. Eq. (1) defines the primary 
objective function, which aims to minimize the total project 
cost, including expenses related to procurement, ordering, 
transportation, project delays, inventory maintenance, and the 
execution of summary tasks. This objective captures the total 
economic effect of both procurement and downstream project 
execution decisions within a unified construction supply 

chain framework. Eq. (2) represents the second objective 
function aimed at improving the quality of task execution 
across the projects. In this study, Eq. (2) is defined as a 
composite quality index that incorporates two separate quality 
components, namely supplier-side quality and execution-side 
quality. These two components arise from different decision 
layers of the construction supply chain and are represented by 
distinct variables in the model. Therefore, they are aggregated 
linearly in the quality objective to evaluate their combined 
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contribution to overall project quality while preserving the 
linear structure and tractability of the proposed bi-objective 
optimization model [46-48]. Eq. (3) ensures that the total 
amount of resources shipped from each supplier to all projects 
in a given period does not exceed the supplier's capacity for 
that quality level and time. This prevents infeasible 
procurement plans by linking purchasing decisions directly to 
the available production capacity of each supplier. Eq. (4) 
presents the inventory balance. It tracks the inflow of 
procured resources and the outflow caused by the start of 
summary tasks in each project and period. Eq. (5) restricts the 
inventory level in each time unit and each project to the 
corresponding warehouse capacity. This ensures that 
procurement decisions remain consistent with the physical 
storage limitations of each project site. Eq. (6) ensures that 
the total quantity of resources delivered by each supplier (in 
all quality modes) to each project during time “t” does not 
exceed the vehicle capacity. If a supplier is selected for a 
project, resource delivery is permitted as specified in Eqs. (7) 
and (8), subject to preparation and shipping lead time. No 
delivery can occur before this time. These equations link the 
supplier selection decision to actual resource arrival and 
ensure that materials become available only after the required 
lead time has passed. Eq. (9) restricts supplier selection so that 
only one supplier and one quality mode can be chosen for 
each project at each time unit. As a result, the model avoids 
simultaneous assignment of multiple suppliers or multiple 
supply quality modes to the same project-period combination. 
Eq. (10) defines the precedence relationship among summary 
tasks. It guarantees that each successor summary task can start 
only after the completion of its required predecessor within 
the same project. The predecessor and successor of two 
summary tasks with a shared renewable resource are 
determined by Eqs. (11) and (12). Together, these two 
constraints prevent overlapping execution of summary tasks 
that compete for the same renewable resource. Eq. (13) 
calculates the project’s finish time, and Eq. (14) accounts for 

the completion time, including the final inspection. In this 
way, the model distinguishes between the end of execution 
activities and the final delivery time after quality inspection 
is completed. Eq. (15) calculates the project delay based on 
scheduled and actual completion times. This allows delay 
penalties to be incorporated directly into the cost objective 
whenever the due date is violated. Eqs. (16) and (17) are used 
to compute the start time of each summary task. These 
constraints connect the binary task-start decision to the 
continuous start-time variable and ensure temporal 
consistency in the schedule. Eq. (18) ensures that each 
summary task in every project begins in only one period. 
Therefore, each summary task is assigned a unique execution 
start, which avoids fragmented or repeated task initiation 
across periods. Finally, Eq. (19) ensures that the project's total 
cost does not exceed the approved budget. This constraint 
guarantees that all procurement, inventory, transportation, 
delay, and execution decisions remain financially feasible. 

3.4. Mathematical model for Scenario 2: Quality 
consideration in a multi-project supply chain with 
a discount policy 

This section presents the mathematical formulation for 
Scenario 2, which extends the initial model by incorporating 
a supplier discount policy. The aim is to analyze how discount 
strategies impact cost-quality trade-offs within a multi-
project construction supply chain. Only the constraints that 
have been modified or newly introduced compared to 
Scenario 1 are presented in this section. 

3.4.1. Definition of symbols 
This section presents the symbols and notations specific to the 
second scenario, incorporating the supplier discount strategy 
into the supply chain model (Table 3). 

3.4.2. Mathematical model formulation 
The formula for Scenario 2 is explained in full detail. 

(20) 

𝑀𝑀𝑀𝑀𝑀𝑀 𝑍𝑍1 = � ����𝐶𝐶𝑠𝑠,𝑚𝑚′,𝑘𝑘,𝑡𝑡
𝑏𝑏𝑏𝑏𝑏𝑏

𝑘𝑘

𝑞𝑞𝑞𝑞𝑠𝑠,𝑚𝑚′,𝑘𝑘,𝑝𝑝,𝑡𝑡
𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝∈𝑃𝑃𝑚𝑚′𝑠𝑠∈𝑆𝑆(𝑟𝑟)

+ � ���𝐶𝐶𝑠𝑠,𝑚𝑚′ ,𝑡𝑡
𝑜𝑜𝑜𝑜𝑜𝑜

𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝∈𝑃𝑃𝑚𝑚′

𝑥𝑥𝑠𝑠,𝑚𝑚′,𝑝𝑝,𝑡𝑡
𝑠𝑠∈𝑆𝑆(𝑟𝑟)

+ � ��𝑑𝑑𝑑𝑑𝑠𝑠,𝑝𝑝 𝐶𝐶𝑠𝑠,𝑝𝑝
𝑡𝑡𝑡𝑡𝑡𝑡  𝑁𝑁𝑠𝑠,𝑡𝑡,𝑝𝑝

𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠∈𝑆𝑆(𝑟𝑟)

+ �𝐶𝐶𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑(𝑇𝑇𝑇𝑇𝑝𝑝)
𝑝𝑝𝑝𝑝𝑝𝑝

+  ���𝐶𝐶𝑟𝑟,𝑝𝑝,𝑡𝑡
𝑚𝑚𝑚𝑚𝑚𝑚

𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝

  𝐼𝐼𝑟𝑟,𝑝𝑝,𝑡𝑡
𝑟𝑟𝑟𝑟𝑟𝑟

+ ���𝑧𝑧𝑎𝑎,𝑚𝑚,𝑡𝑡  𝐶𝐶𝑎𝑎,𝑚𝑚
𝑒𝑒𝑒𝑒𝑒𝑒

𝑡𝑡∈𝑇𝑇𝑚𝑚𝑎𝑎∈𝐴𝐴

 

S.T: 

(21) ∀𝑠𝑠 ∈ 𝑆𝑆, 𝑡𝑡𝑡𝑡𝑡𝑡 ���𝑞𝑞𝑞𝑞𝑠𝑠,𝑚𝑚′,𝑘𝑘,𝑝𝑝,𝑡𝑡
𝑘𝑘𝑚𝑚′𝑝𝑝𝑝𝑝𝑝𝑝

≤ 𝐶𝐶𝐶𝐶𝑠𝑠 

(22) ∀  𝑡𝑡𝑡𝑡𝑡𝑡, 𝑝𝑝 ∈ 𝑃𝑃, 𝑟𝑟 ∈ 𝑅𝑅(𝑃𝑃) 𝐼𝐼𝑟𝑟,𝑝𝑝,𝑡𝑡 =  𝐼𝐼𝑟𝑟,𝑝𝑝,𝑡𝑡−1  +  � ��𝑞𝑞𝑞𝑞𝑠𝑠,𝑚𝑚′,𝑘𝑘,𝑝𝑝,𝑡𝑡
𝑘𝑘𝑚𝑚′𝑠𝑠∈𝑆𝑆(𝑟𝑟)

−  � �𝐷𝐷𝑎𝑎,𝑝𝑝,𝑟𝑟  𝑧𝑧𝑎𝑎,𝑚𝑚,𝑡𝑡
𝑚𝑚𝑎𝑎∈𝐴𝐴(𝑝𝑝)

 

(23) ∀𝑠𝑠 ∈ 𝑆𝑆(𝑟𝑟), 𝑝𝑝 ∈ 𝑃𝑃, 𝑡𝑡𝑡𝑡𝑡𝑡 ��𝑞𝑞𝑞𝑞𝑠𝑠,𝑚𝑚′,𝑘𝑘,𝑝𝑝,𝑡𝑡
𝑘𝑘𝑚𝑚′

≤ 𝑁𝑁𝑠𝑠,𝑝𝑝,𝑡𝑡 ×  𝐶𝐶𝐶𝐶𝑣𝑣𝑣𝑣𝑣𝑣  

(24) ∀ 𝑝𝑝 ∈ 𝑃𝑃, 𝑠𝑠 ∈ 𝑆𝑆(𝑟𝑟),𝑚𝑚′, 𝑘𝑘, 𝑡𝑡
≥ 𝑡𝑡𝑠𝑠

𝑝𝑝𝑝𝑝𝑝𝑝 + 𝑡𝑡𝑠𝑠,𝑝𝑝
𝑡𝑡𝑡𝑡𝑡𝑡

+ 1 

𝑞𝑞𝑞𝑞𝑠𝑠,𝑚𝑚′,𝑘𝑘,𝑝𝑝,𝑡𝑡 ≤ 𝜇𝜇 × 𝑥𝑥𝑠𝑠,𝑚𝑚′ ,𝑝𝑝,𝑡𝑡−(𝑡𝑡𝑠𝑠
𝑝𝑝𝑝𝑝𝑝𝑝+𝑡𝑡𝑠𝑠,𝑝𝑝

𝑡𝑡𝑡𝑡𝑡𝑡) 
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Table 3. The table of model notation for the second scenario 
Sets and Indices  
𝑘𝑘 Set of discount ranges 
Parameters 
𝐶𝐶𝑠𝑠,𝑚𝑚′,𝑘𝑘,𝑡𝑡
𝑏𝑏𝑏𝑏𝑏𝑏  The cost per unit of each purchase made from a supplier 𝑠𝑠 over time unit 𝑡𝑡 in mode 𝑚𝑚′ within a 

discount range 𝑘𝑘 
𝑈𝑈𝑠𝑠,𝑘𝑘 The maximum value within the discount range associated with supplier 𝑠𝑠 
Decision variables 
𝑞𝑞𝑞𝑞𝑠𝑠,𝑚𝑚′,𝑘𝑘,𝑝𝑝,𝑡𝑡 The quantity of non-renewable resources received from supplier 𝑠𝑠 in mode 𝑚𝑚′ and discount range 𝑘𝑘 

for project 𝑝𝑝 in time unit 𝑡𝑡 
𝛾𝛾𝑠𝑠,𝑘𝑘,𝑝𝑝,𝑡𝑡 Binary variable, if the purchase amount in the 𝑘𝑘-th discount range from supplier 𝑠𝑠 for project 𝑝𝑝 

reaches its upper limit, 1, otherwise 0 
 

(25) 
��� � �𝑞𝑞𝑞𝑞𝑠𝑠,𝑚𝑚′,𝑘𝑘,𝑝𝑝,𝑡𝑡

𝑘𝑘𝑡𝑡∈𝑡𝑡≤𝑡𝑡𝑠𝑠
𝑝𝑝𝑝𝑝𝑝𝑝+𝑡𝑡𝑠𝑠,𝑝𝑝

𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝𝑚𝑚′𝑠𝑠

= 0 

(26) 

� ����𝐶𝐶𝑠𝑠,𝑚𝑚′ ,𝑘𝑘,𝑡𝑡
𝑏𝑏𝑏𝑏𝑏𝑏

𝑘𝑘

𝑞𝑞𝑞𝑞𝑠𝑠,𝑚𝑚′,𝑘𝑘,𝑝𝑝,𝑡𝑡
𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝∈𝑃𝑃𝑚𝑚′𝑠𝑠∈𝑆𝑆(𝑟𝑟)

+ � ���𝐶𝐶𝑠𝑠,𝑚𝑚′,𝑡𝑡
𝑜𝑜𝑜𝑜𝑜𝑜 𝑥𝑥𝑠𝑠,𝑚𝑚′ ,𝑝𝑝,𝑡𝑡

𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝∈𝑃𝑃𝑚𝑚′𝑠𝑠∈𝑆𝑆(𝑟𝑟)

+ � ��𝑑𝑑𝑑𝑑𝑠𝑠,𝑝𝑝 𝐶𝐶𝑠𝑠,𝑝𝑝
𝑡𝑡𝑡𝑡𝑡𝑡  𝑁𝑁𝑠𝑠,𝑡𝑡,𝑝𝑝

𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠∈𝑆𝑆(𝑟𝑟)

+ �𝐶𝐶𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑(𝑇𝑇𝑇𝑇𝑝𝑝)
𝑝𝑝𝑝𝑝𝑝𝑝

+ ���𝐶𝐶𝑟𝑟,𝑝𝑝,𝑡𝑡
𝑚𝑚𝑚𝑚𝑚𝑚

𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝

  𝐼𝐼𝑟𝑟,𝑝𝑝,𝑡𝑡
𝑟𝑟𝑟𝑟𝑟𝑟

+ ���𝑧𝑧𝑎𝑎,𝑚𝑚,𝑡𝑡 𝐶𝐶𝑎𝑎,𝑚𝑚
𝑒𝑒𝑒𝑒𝑒𝑒

𝑡𝑡∈𝑇𝑇𝑚𝑚𝑎𝑎∈𝐴𝐴

≤ 𝐵𝐵𝐵𝐵𝐵𝐵 

(27) ∀ 𝑝𝑝 ∈ 𝑃𝑃, 𝑠𝑠 ∈ 𝑆𝑆(𝑟𝑟), 𝑡𝑡 �𝛾𝛾𝑠𝑠,𝑘𝑘,𝑝𝑝,𝑡𝑡
𝑘𝑘

≤ 1 

(28) ∀ 𝑝𝑝 ∈ 𝑃𝑃, 𝑠𝑠 ∈ 𝑆𝑆(𝑟𝑟), 𝑡𝑡, 𝑘𝑘 𝑈𝑈𝑠𝑠,𝑘𝑘−1𝛾𝛾𝑠𝑠,𝑘𝑘,𝑝𝑝,𝑡𝑡 ≤ �𝑞𝑞𝑞𝑞𝑠𝑠,𝑚𝑚′,𝑘𝑘,𝑝𝑝,𝑡𝑡
𝑚𝑚′

≤ 𝑈𝑈𝑠𝑠,𝑘𝑘𝛾𝛾𝑠𝑠,𝑘𝑘,𝑝𝑝,𝑡𝑡 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (2,5,9,10,11,12,13,14,15,16,17,18) 
𝛾𝛾𝑠𝑠,𝑘𝑘,𝑝𝑝,𝑡𝑡 ∈ {0,1) 
𝑞𝑞𝑞𝑞𝑠𝑠,𝑚𝑚′,𝑝𝑝,𝑡𝑡 ≥ 0 

 
 Eq. (20) defines the first objective function by applying a 
discount strategy to the buying cost. This allows the model to 
evaluate how supplier discount policies affect the overall cost 
structure of the construction supply chain. Eq. (21) ensures 
that the quantity of non-renewable resources purchased 
within the discount range from each supplier across all 
projects in a given time does not exceed the supplier’s 
capacity for that quality level. Thus, discounted procurement 
decisions remain bounded by the supplier’s actual delivery 
capability. The updated inventory balance, accounting for 
discount-based procurement, is presented in Eq. (22). This 
equation preserves the same inventory logic as Scenario 1 
while incorporating the effect of purchasing quantities under 
different discount ranges. Eq. (23) defines the revised vehicle 
capacity for transporting discounted resources. Therefore, the 
transportation limitation remains active even when 
procurement quantities are split across discount intervals. 
Eqs. (24) and (25) specify the shipping lead time following 
the application of the discount strategy. These constraints 
ensure that discounted purchases are still subject to the same 
preparation and transportation delays as regular procurement 
decisions. Eq. (26) introduces the updated budget constraint 
reflecting the impact of discounts. Accordingly, the model 
evaluates whether the reduced procurement cost under 
discount policies improves overall budget feasibility. The 

amount of procured non-renewable resources is limited by 
Eq. (27) since it is within a discount range. This constraint 
allows only one discount range to be selected for each 
supplier, project, and time period. Eq. (28) restricts the value 
of procured non-renewable resources to fall within the range 
defined by the supplier’s discount thresholds. In this way, the 
purchased quantity is forced to remain consistent with the 
lower and upper bounds of the selected discount level. In the 
proposed formulation, the discount policy is modeled as an 
all-unit discount, meaning that once a purchase quantity falls 
within a selected discount range, the corresponding 
discounted unit price applies to the total purchased quantity 
in that range. 
 
4. Results and Analysis 
In this section, the results generated by the model are 
presented. Additionally, a scalar example is provided to 
illustrate the applicability of the proposed model and to 
analyze its decision-making behavior under the two scenarios. 
Subsequently, the model results are analyzed. 

4.1. Numerical example 
The numerical example is developed as a case-inspired 
illustration based on the structure of industrial construction 
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projects undertaken in the context of Piramoon System 
Qeshm Company. Piramoon System Qeshm is considered in 
this study as an engineering and construction-oriented 
company involved in industrial electromechanical and 
control-system projects, where project delivery requires the 
coordination of engineering, procurement, integration, 
installation, supplier selection, inventory planning, and final 
quality inspection. 
 To make the numerical example more representative of 
construction project practice, three construction projects are 
considered: Assaluyeh, Ferdowsi, and Zanjan. Each project is 
decomposed into four construction-related summary tasks, 
namely Engineering, Supply, Integrating, and Installation. 
These summary tasks represent aggregated work packages 
commonly observed in industrial construction and 
electromechanical project delivery. The use of summary 
tasks, rather than a large number of detailed activities, is 
adopted to keep the mixed-integer programming model 
computationally tractable while preserving the main planning 
relationships among procurement, resource availability, task 
execution, and project completion. 
 The two non-renewable resources required by the projects 
are Control Panel and Header, and Valve and Connection. 
Control Panel and Header are supplied by three alternative 
suppliers: Teyf Tablo, Tablosazan, and Elte. Valve and 
Connection is supplied by two alternative suppliers: 
Swagelok and Parker. In addition, two renewable resources 
are considered in the execution stage: the mechanical 
engineering team and the electrical engineering team. These 
renewable resources are shared among the summary tasks and 
therefore affect the feasible scheduling of construction 
activities. 
 The numerical values used in the example are scaled and 
adjusted to fit the size of the mathematical model and to allow 
exact solution using the selected optimization environment. 
However, the structure of the case, including the project 
names, construction-related summary tasks, resource types, 
supplier groups, and renewable resources, reflects the 
planning logic of real-world industrial construction projects. 
Therefore, the example demonstrates how the proposed 
model can support integrated decision-making in construction 
projects by linking supplier selection, procurement timing, 
inventory management, renewable resource allocation, task 
scheduling, quality mode selection, and final inspection. 
 For simplicity of presentation, the summary tasks are 
denoted by symbols a1 to a12. Each project consists of four 
construction-related summary tasks, namely Engineering, 
Supply, Integrating, and Installation. Accordingly, a1–a4 
represent these four summary tasks for the Assaluyeh project, 
a5–a8 represent the same summary tasks for the Ferdowsi 
project, and a9–a12 represent the corresponding summary 
tasks for the Zanjan project. Each summary task can be 
performed in three modes: low, medium, and high. In this 
study, these modes refer only to the level of mechanized tools 
used in task execution. A higher mode represents the use of 

more mechanized tools, which increases execution speed and 
therefore reduces task duration. This is a problem-specific 
modeling assumption adopted in this paper and is not 
intended to be a general characteristic of all construction 
projects. 
 Type 1 non-renewable resource is delivered to the project 
sites by suppliers 1 to 3, each offering different quality levels, 
capacities, purchase and ordering costs, preparation times, 
and shipping durations. Similarly, suppliers 4 and 5 provide 
type 2 non-renewable resources under varying quality, 
capacity, cost, and delivery time conditions. Each supplier 
also offers a volume-based discount policy. 
 Moreover, the third project is assumed to include 
renewable resources shared between summary tasks 11 and 
12. In Scenario 2, three discount ranges are considered for 
each supplier as an illustrative volume-discount policy for the 
numerical example. No discount is applied in the first range, 
while 20% and 40% discounts are assigned to the second and 
third ranges, respectively, in order to examine the effect of 
increasing discount intensity on procurement decisions. No 
discount is applied if the purchase amount falls within the first 
range. However, 20% and 40% discounts are applied if the 
amount falls within the second and third ranges. Suppliers 1 
and 4 offer higher discounts at lower purchase volumes than 
other suppliers due to differences in the length of their 
discount ranges. Fig. 1 illustrates the structure of this 
construction supply chain. 
 Table 4 presents the parameters associated with each 
supplier, including production capacity, preparation time, 
transportation time to the project site, quality level of non-
renewable resources, and distance to the site. These 
parameters vary from one supplier to another. 
 The quality levels of each supplier’s non-renewable 
resources, as well as the execution modes of summary tasks, 
have been quantified using preference-based utility scores. 
Accordingly, the values 10, 30, and 50 correspond to low, 
medium, and high-quality levels.  
 The contractor is responsible for ensuring the timely 
delivery of the project to the employer. In the event of 
rescheduling that results in delays, the associated delay costs 
must be borne by the contractor. As a result, Table 5 presents 
project-specific data, including inspection time, required 
quantities of non-renewable resources (types 1 and 2), 
expected project durations, delay costs, and warehouse 
capacities. 
 Table 6 presents the ordering costs across different time 
units, providing a comparative view of how these costs vary 
over time. 
 Table 7 presents the purchase cost across different time 
units. 
 Table 8 presents the transportation cost of each supplier 
along with the quality of non-renewable resources. 
 Table 9 shows the duration of each summary task 
according to the mode of execution quality. 
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Fig. 1. The construction supply chain of the proposed model 

 
Table 4. Parameters related to the suppliers 

Distance from the Supplier 
to the Project Site 

Quality modes of non-
renewable resources Shipping time 

Preparation time Production 
capacity Suppliers 

𝑝𝑝3 𝑝𝑝2 𝑝𝑝1 𝑚𝑚′3 𝑚𝑚′2 𝑚𝑚′1 𝑝𝑝3 𝑝𝑝2 𝑝𝑝1 

50 100 100    1 2 1 2 95 𝑆𝑆1 
300 100 300    3 1 2 1 100 𝑆𝑆2 
200 300 300    1 3 1 3 88 𝑆𝑆3 
200 100 200    3 2 2 1 120 𝑆𝑆4 
150 300 250    2 1 3 4 110 𝑆𝑆5 

 
Table 5. Parameters related to the project 

Inspection time Type 2 non-renewable 
resource demand 

Type 1 non-renewable 
resource demand 

Warehouse 
capacity 

Cost of 
delay 

Project 
deadline 

Projects 

1 14.5 18 200 3 10 𝑝𝑝1 
3 15 10.5 190 2 12 𝑝𝑝2 
2 13.5 13.5 175 4 16 𝑝𝑝3 

 
Table 6. The cost of ordering in different time units 

Suppliers Modes T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 

S1 𝑚𝑚′1 15 15.2 15.4 15.6 15.8 16 16.2 16.4 16.6 16.8 
𝑚𝑚′2 16 16.2 16.4 16.6 16.8 17 17.2 17.4 17.6 17.8 
𝑚𝑚′3 17 17.2 17.4 17.6 17.8 18 18.2 18.4 18.6 18.8 

S2 𝑚𝑚′1 16 16.2 16.4 16.6 16.8 17 17.2 17.4 17.6 17.8 
𝑚𝑚′2 17 17.2 17.4 17.6 17.8 18 18.2 18.4 18.6 18.8 
𝑚𝑚′3 18 18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8 

S3 𝑚𝑚′1 14 14.2 14.4 14.6 14.8 15 15.2 15.4 15.6 15.8 
𝑚𝑚′2 15 15.2 15.4 15.6 15.8 16 16.2 16.4 16.6 16.8 
𝑚𝑚′3 16 16.2 16.4 16.6 16.8 17 17.2 17.4 17.6 17.8 

S4 𝑚𝑚′1 17 17.2 17.4 17.6 17.8 18 18.2 18.4 18.6 18.8 
𝑚𝑚′2 18 18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8 
𝑚𝑚′3 19 19.2 19.4 19.6 19.8 20 20.2 20.4 20.6 20.8 
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Table 6. Cont’d 
S5 𝑚𝑚′1 18 18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8 

𝑚𝑚′2 19 19.2 19.4 19.6 19.8 20 20.2 20.4 20.6 20.8 
𝑚𝑚′3 20 20.2 20.4 20.6 20.8 21 21.2 21.4 21.6 21.8 

 
Table 7. Purchase cost in different time units 

Suppliers Modes T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 

S1 𝑚𝑚′1 5 5.2 5.4 5.6 5.8 6 6.2 6.4 6.6 6.8 
𝑚𝑚′2 6 6.2 6.4 6.6 6.8 7 7.2 7.4 7.6 7.8 
𝑚𝑚′3 7 7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 8.8 

S2 𝑚𝑚′1 8 8.2 8.4 8.6 8.8 9 9.2 9.4 9.6 9.8 
𝑚𝑚′2 9 9.2 9.4 9.6 9.8 10 10.2 10.4 10.6 10.8 
𝑚𝑚′3 10 10.2 10.4 10.6 10.8 11 11.2 11.4 11.6 11.8 

S3 𝑚𝑚′1 7 7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 8.8 
𝑚𝑚′2 8 8.2 8.4 8.6 8.8 9 9.2 9.4 9.6 9.8 
𝑚𝑚′3 9 9.2 9.4 9.6 9.8 10 10.2 10.4 10.6 10.8 

S4 𝑚𝑚′1 6 6.2 6.4 6.6 6.8 7 7.2 7.4 7.6 7.8 
𝑚𝑚′2 7 7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 8.8 
𝑚𝑚′3 8 8.2 8.4 8.6 8.8 9 9.2 9.4 9.6 9.8 

S5 𝑚𝑚′1 9 9.2 9.4 9.6 9.8 10 10.2 10.4 10.6 10.8 
𝑚𝑚′2 10 10.2 10.4 10.6 10.8 11 11.2 11.4 11.6 11.8 
𝑚𝑚′3 11 11.2 11.4 11.6 11.8 12 12.2 12.4 12.6 12.8 

 
Table 8. Transportation cost to the project site and quality of non-renewable resources 

Suppliers 
Transportation cost of each supplier The quality of non-renewable resources 

P1 P2 P3 𝑚𝑚′1 𝑚𝑚′2 𝑚𝑚′3 

S1 1 1 5 10 30 50 
S2 3 1 3 10 30 50 
S3 3 3 2 10 30 50 
S4 2 1 2 10 30 50 
S5 2.5 3 1.5 10 30 50 

 
Table 9. The duration of each summary task according to the mode of execution quality 

Projects Summary Tasks 
Quality of summary tasks 

M1 M2 M3 

P1 a1 3 2 1 
a2 4 3 2 
a3 3 2 1 
a4 4 3 2 

P2 a5 3 2 1 
a6 4 3 2 
a7 3 2 1 
a8 4 3 2 

P3 a9 3 2 1 
a10 4 3 2 
a11 3 2 1 
a12 4 3 2 

 
 Table 10 outlines the quality and implementation cost of 
each summary task. 
 Suppliers offer three different discount ranges. The 
discount rate increases proportionally to the quantity of non-
renewable resources purchased. No discount is applied within 
the first range. 20% and 40% discounts are applied within the 
second and third ranges, respectively. 

4.2. Results 
The augmented epsilon constraint model was solved using the 
CPLEX solver. The computations were performed on a 
system with a Core i7 CPU (3.30 GHz) and 16 GB of RAM. 
The outcomes are presented in this section. After solving the 
model, the set of Pareto-optimal points was obtained, which 
enabled the construction of the Pareto frontier.  
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Table 10. Quality and cost of implementation of each summary tasks 

Summary Tasks 
The quality of summary tasks Implementation Cost of summary tasks 

M1 M2 M3 M1 M2 M3 
a1 10 30 50 15 25 32 
a2 10 30 50 17 20 35 
a3 10 30 50 10 17 20 
a4 10 30 50 21 32 40 
a5 10 30 50 25 27 30 
a6 10 30 50 26 46 52 
a7 10 30 50 15 16 20 
a8 10 30 50 51 67 87 
a9 10 30 50 24 36 49 
a10 10 30 50 27 29 33 
a11 10 30 50 32 36 38 
a12 10 30 50 22 29 34 

 
Since the augmented ε-constraint method was used to 
generate the Pareto frontier, the trade-off between cost and 
quality was explored by varying the ε level of the secondary 
objective rather than by combining the two objectives through 
weighted coefficients. The objective function values are 
illustrated graphically in Fig. 2. 
 Fig. 2 indicates a clear trade-off between total supply 
chain cost and overall quality. In line with the time–cost–
quality trade-off literature in construction projects, improving 
quality is generally associated with higher cost [42]. 
However, this relationship is not uniform across the Pareto 
frontier in the present study. In the lower and middle regions 
of the frontier, a moderate increase in cost leads to a 
meaningful improvement in quality, whereas near the extreme 
high-quality solutions, further cost increases provide only 
limited additional quality gains. This suggests that the middle 
Pareto solutions offer a more efficient cost–quality 
compromise than the two extreme ends of the frontier. 
Moreover, the comparison between the two scenarios shows 
that the discount policy mainly improves cost performance, 

while the quality level is affected more by the selected 
execution and procurement modes than by the discount itself. 
 Fig. 2 also suggests the presence of a knee region in the 
middle part of the Pareto frontier, where a moderate increase 
in cost leads to a relatively large improvement in quality. In 
contrast, moving from the middle region toward the extreme 
high-quality solutions yields only limited additional quality 
gains, indicating diminishing marginal returns. From a 
managerial perspective, these middle Pareto solutions may 
therefore provide a more balanced compromise between cost 
and quality than the extreme points. This interpretation is 
consistent with the observed solution structure, where low-
cost solutions rely more on lower procurement quality modes, 
while higher-quality solutions increasingly adopt higher 
execution modes to reduce delay effects and improve project 
performance. Since the Pareto frontier was generated using 
the augmented ε-constraint method for the numerical 
example, the emphasis of this study is on interpreting the 
obtained non-dominated solutions rather than benchmarking 
an approximate Pareto set through performance metrics such 
as hypervolume. 

 

 
Fig. 2. Pareto points based on cost and quality functions 
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 Fig. 3 illustrates the discount rates applied to each non-
renewable resource type. The first and third projects applied 
the second discount tier for type 1 resources and the third tier 
for type 2 resources. In contrast, no discounts were applied in 
the second project for either resource type due to insufficient 
purchase volume. 
 The model determines the most cost-effective time to 
purchase each resource, accounting for the time required for 
preparation and shipping before suppliers deliver the order. 
The model tends to procure and store resources earlier since 
maintaining inventory is generally more economical than 
repeated purchasing and ordering. It also selects appropriate 
quality modes for each supplier based on timing and cost 
factors. 
 Fig. 4 presents the selected quality modes for types 1 and 
2 non-renewable resources across all projects. The results 
indicate that suppliers 1 and 4 were selected to provide type 1 
and type 2 resources, respectively, due to their lower costs and 
shorter lead times. Among the type 1 suppliers, Supplier 1 
offers the most competitive price. Similarly, supplier 4 is the 
more cost-effective option for type 2 resources. Moreover, 
delay penalties are incurred if a project fails to meet its 
planned deadline. 
 At the first Pareto point, all resources are allocated using 
quality mode 1 (lowest quality), reflecting a cost-oriented 
strategy. Conversely, the highest quality mode (mode 3) is 
selected at the final Pareto point, prioritizing quality over 
cost. Quality mode 1 is generally preferred for both resource 

types, as higher-quality alternatives entail significantly higher 
procurement costs. 
 The Gantt chart of summary tasks and the inventory levels 
of each project per time are shown in Fig. 5. In this figure, 
Project 1 is represented in orange, Project 2 in green, and 
Project 3 in blue. The inspection periods for each project are 
highlighted in gray. 
 The earliest feasible delivery of the required non-
renewable resources determines the start time of each 
summary task. A red line indicates the planned completion 
time for each project. If a project exceeds this deadline, a 
delay cost will be incurred. 
 Furthermore, the required quantities of non-renewable 
resources and the inventory levels for each project are 
illustrated across all periods. The inventory level is zero at the 
beginning and end of the planning horizon. No summary task 
can commence before period 3, as the required non-renewable 
resources have not yet arrived. The first and second summary 
tasks start at period 4, consuming part of the received 
resources, while the remaining quantity is stored as inventory. 
This process continues throughout the project timeline until 
all tasks are completed. 
 To further examine the structural behavior of the model 
under extreme conditions, two illustrative stress-test 
scenarios are considered in this section by assigning very 
large values to selected cost parameters. These scenarios are 
not intended to represent typical market conditions, but to 
verify whether the model responds in a logically consistent 
way when one cost component becomes dominant. 
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Fig. 3. Selected discount ranges for each project 
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Fig. 4. Quality mode of selected non-renewable resources 

 

 
Fig. 5. Gantt chart of activities along with required resources and inventory of warehouses 
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 As shown in Fig. 6, when the inventory holding cost is set 
to a very large value (100 times its base value), the inventory 
level drops to zero, and resources are delivered precisely at 
the time they are needed. This stress-test scenario confirms 
that the model avoids inventory whenever storage becomes 
economically unattractive. 
 Additionally, the model selects the fifth supplier for the 
third project due to its long preparation and shipping times, 
requiring earlier ordering. The timing of summary tasks is 
also slightly adjusted, as reflected in the updated Gantt chart. 
Although the first and second projects experienced delays, the 
third project was completed on schedule. 
 While other parameters remain constant, the purchasing 
price is set to a very large value (100 times its base value). As 
illustrated in Fig. 7, placing frequent orders becomes less 
economical than maintaining inventory under these 
conditions. Accordingly, the model shifts to bulk purchasing 
and temporary warehousing. This stress-test scenario 
confirms that the model prefers inventory accumulation when 
repeated procurement becomes excessively expensive. 
 This change also affects the scheduling of summary tasks. 
In the original schedule, Projects 1 and 2 started in period 4, 
and Project 3 at period 5. After the change, project 1 
maintained its original start time, while projects 2 and 3 began 
in period 5. Only project 2 benefits from a one-day reduction 

in duration, while the delays in projects 1 and 3 remain 
unaffected. 
 Fig. 8 graphically illustrates the selected quality modes for 
each summary task. The selection of each mode is based on a 
trade-off between execution time, quality, and cost. In manual 
execution modes, higher quality levels may result in longer 
durations due to more detailed work. In contrast, higher-
quality modes often involve mechanized execution, reducing 
the time required to complete the task while increasing quality 
and execution costs. 
 The data shows that most summary tasks are performed in 
quality mode 3, representing the highest quality level. This 
mode is often preferred as it enables faster task completion, 
contributing to on-time project delivery despite its higher 
cost. Choosing the third quality mode is more cost-effective 
than incurring delay penalties, even if it requires a higher 
execution cost. 

4.3. Sensitivity analysis 
Multiple factors can increase or reduce construction project 
supply chain costs. In the sensitivity analysis, input 
parameters are varied to evaluate their impact on the objective 
functions and identify the most influential ones. If significant 
variations are observed in response to parameter changes, 
further investigation and model adjustment may be required. 

 

 
Fig. 6. Gantt chart of activities along with inventory of warehouses with the increase in inventory holding cost 
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Fig. 7. Gantt chart of activities along with inventory of warehouses, with the increase in buying cost 

 

 
Fig. 8. Selected quality modes for each summary task 

 
 Fig. 9 shows notable fluctuations in the purchase and 
ordering cost parameters. In each figure, the right-hand graph 
shows changes under a constrained budget (5600 units), while 
the left-hand graph shows results under an unconstrained 
budget (8000 units). 
 When purchase or ordering costs increase, the model tends 
to place bulk orders at the beginning of the planning horizon, 

as inventory holding remains more economical than multiple 
smaller purchases. 
 Under an unconstrained budget with increased costs, all 
Pareto points show a slight increase in the cost objective 
function. However, cost values decrease when budget 
constraints are applied in regions where projected costs 
exceed the available budget. 

Summary Task T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T15 T16 T17
a1
a2
a3
a4
a5
a6
a7
a8
a9

a10
a11
a12

0

5

10

15

20

25

30

35

40

45

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T15 T16 T17

The quantity of type 1 non-renewable resources The quantity of type 2 non-renewable resources

Total inventory of warehouses for non-renewable resource 1 Total inventory of warehouses for non-renewable resource 2

0

2

4

6

8

10

12

a1 a2 a3 a4 a5 a6 a7 a8 a9 a10 a11 a12

Q
ua

lit
y 

m
od

es
 o

f s
um

m
ar

y 
ta

sk
s

Summary tasks

Quality modes of summary tasks

M1 M2 M3



M. Izadbakhsh et al.  

677-19 
 

 

  
Fig. 9. Changes in objective functions after an alteration in buying and ordering prices 

 
 The selected quality modes influence the behavior of the 
quality objective function. Without a budget constraint, its 
value increases slightly before stabilizing as higher-quality 
resources are chosen. Conversely, the quality objective 
function fluctuates under budget restrictions due to limited 
feasibility in selecting premium options. 
 Fig. 10 illustrates the changes in the execution cost of 
summary tasks under two conditions: an unconstrained 
budget (8000 units) and a constrained budget (5400 units). 
When the budget is unconstrained and execution costs 
increase, the quality objective function initially decreases and 
stabilizes. This occurs because the model selects lower-
quality modes to limit overall cost increases. 
 In contrast, under a constrained budget, an increase in 
execution cost leads to a decline in the quality objective 
function, while the cost objective function shows an upward 
trend. In such scenarios, summary tasks are executed in 
lower-quality modes to minimize additional costs.  
 The figure also compares the impact of changes in 
inventory holding costs under budget-constrained (5500 
units) and unconstrained (8000 units) conditions. Generally, 
the cost objective function increases as inventory holding 
costs rise. However, the quality objective function remains 
unaffected since inventory costs are independent of quality. 

Under budget constraints, the cost objective function may 
fluctuate as lower-quality modes are increasingly selected. 
 Fig. 11 illustrates how changes in the required non-
renewable resources for summary tasks affect the objective 
functions under unconstrained (8000 units) and constrained 
(5700 units) budgets. An increase in resource demand 
significantly impacts the cost objective function, as more 
funds are required to procure additional materials. However, 
because quality selection does not affect the quantity of 
resources needed, its influence on the quality objective 
function is minimal. Under budget constraints, the cost 
objective function increases with rising demand until a 
threshold is reached, after which it begins to decline. In this 
context, reducing quality levels also helps keep total costs 
within the budget. 
 The figure also shows how variations in the upper limit of 
discount ranges affect the objective functions under budget-
constrained (5500 units) and unconstrained (8000 units) 
scenarios. This case exhibits a broader range of variation 
compared to previous scenarios, making the trends more 
distinguishable. When the discount threshold is lowered, 
more non-renewable resources become eligible for 
discounted pricing, thereby reducing overall expenses. 
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Fig. 10. Changes in objective functions after an alteration in execution and inventory holding prices 

 

 

  
Fig. 11. Changes in objective functions after an alteration in limited discount ranges and resources 
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 In certain instances, the quality objective function 
increases because savings from discounted purchases allow 
for reinvestment in higher-quality options. However, under 
strict budget conditions, the quality objective function must 
decrease to stay within financial limits. 

4.4. Research findings and innovation 
The key findings of this study are outlined below: 
• A slight increase in construction expenses can 
significantly improve overall quality, supporting a cost-
effective balance between quality and cost. 
• Based on the results, non-renewable resources are often 
procured in lower-quality modes due to their strong 
dependence on ordering and purchasing costs. In contrast, 
many summary tasks are executed at the highest quality levels 
to meet project cost and scheduling requirements. There is a 
clear correlation between the quality level of a summary task 
and its implementation cost—higher quality generally implies 
greater cost but shorter duration due to advanced 
technologies. 
• Although suppliers 2, 3, and 5 offer better discount rates 
for smaller purchase volumes than suppliers 1 and 4, the 
model still selects suppliers 1 and 4. Multiple criteria guide 
this choice, including ordering costs, unit price, transportation 
expenses, proximity to project sites, and material quality. 
Therefore, changing a single parameter does not typically 
alter the supplier selection, as the model evaluates all 
influencing factors holistically. 
• The sensitivity analysis identified key influential 
parameters, such as ordering costs, required quantities of non-
renewable resources, purchase prices, and inventory holding 
costs. 
• This research is distinguished by its integrated 
consideration of quality and cost across the construction 
supply chain. The proposed model provides a comprehensive 
framework that addresses quality in every stage—from 
procurement and resource allocation to execution and final 
inspection—making it a practical tool for enhancing decision-
making in construction management. 

4.5. Managerial insights 
Based on the numerical results, several practical decision 
implications can be derived for construction project managers 
and procurement planners. First, when inventory holding cost 
becomes very high, the model shifts toward just-in-time 
deliveries and avoids inventory accumulation, indicating that 
storage should be minimized when inventory becomes 
economically unattractive. Second, when purchasing cost 
becomes dominant, the model prefers consolidated 
procurement and temporary warehousing rather than repeated 
small orders. Third, supplier selection is not determined by 
discount rate alone; lower transportation cost, shorter lead 
time, and lower base purchasing cost may outweigh more 
attractive discount thresholds. Fourth, higher execution 
modes are selected when their additional execution cost is 

lower than the delay cost that would be incurred under slower 
modes. Finally, when the expected delay penalty exceeds the 
additional execution cost of a higher mode, the model prefers 
the higher execution mode because faster completion 
becomes more economical than accepting project delay. 
 Despite the advantages of the proposed model, access to 
accurate and up-to-date information on supplier 
characteristics (such as preparation and delivery times) may 
be limited in real-world settings, which can affect the 
accuracy of the model's outputs. Moreover, the model 
assumes homogeneous vehicles, whereas variations in 
capacity or cost may exist in practice. It should also be noted 
that the quality objective used in this study is intended as an 
aggregated decision-support measure for comparing 
alternative solutions, rather than as a comprehensive physical 
measure of all dimensions of project quality. Nevertheless, 
the model's structure is flexible and can be easily extended to 
incorporate such differences, which could be explored in 
future research. In addition, the assumptions that each 
supplier provides only one resource type and that summary 
tasks proceed without interruption may limit the direct 
generalizability of the model in more complex construction 
environments. Since the main contribution of this study is the 
development of an integrated quality-oriented optimization 
framework for the construction supply chain, extensive large-
scale computational experiments and comparisons with 
alternative solution approaches were beyond the scope of the 
current paper and can be addressed in future research. 
 
5. Conclusions 
In the construction sector, firms develop and execute multiple 
projects each year. These projects demand coordination of 
investment planning, client requirements, engineering design, 
and contractor expertise to achieve efficient, high-quality 
outcomes. Firms strive to deliver top-tier services, yet 
obstacles often arise that a comprehensive model can address. 
Recent work has called for an integrated view of quality 
across the construction supply chain, but most studies 
examine only a single stage. The lack of a decision-support 
model spanning all phases represents a critical challenge in 
supply chain management. To meet this need, this study 
proposes a bi-objective linear programming model that raises 
overall quality while cutting logistics costs. The model treats 
inventory control and supplier selection as core decisions and 
embeds quality checks throughout procurement, execution of 
summary tasks, and final inspection. Linking these processes 
guides decision-makers in selecting suppliers, allocating 
resources, and scheduling tasks to reliably balance cost and 
quality. 
 Furthermore, each summary task and supplier offer 
multiple quality modes, and the model selects the optimal 
mode for each decision. A review committee then evaluates 
each project once all tasks are finished. In the second 
scenario, the supplier discount policy is applied. The study 
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solves the bi-objective model using the augmented ε-
constraint method and validates the solution using a 
numerical example. Results indicate discounts lower total 
costs and affect quality only under strict budget limits. Order 
quantities are set to ensure each summary task starts on 
schedule, prevent project delays, and reduce inventory and 
shipping expenses. Suppliers are chosen based on the cost and 
quality of the service they provide for each non-renewable 
resource. A Gantt chart illustrates project timelines alongside 
the selected quality modes for each summary task. As 
demonstrated, a critical step in construction project 
management is choosing the supplier and the execution mode 
for summary tasks based on cost and quality trade-offs. 
Sensitivity analysis reveals that parameters such as required 
non-renewable resources, purchase prices, ordering costs, and 
inventory policies significantly affect the cost objective. From 
a managerial standpoint, the proposed model provides a 
rigorous decision-support tool, enabling project managers to 
base supplier selection, resource planning, and quality 
oversight on quantitative analysis across multiple projects. 

 Several avenues exist for extending the proposed model. 
First, researchers could develop a closed-loop supply chain 
incorporating repair and rework processes. Second, although 
this study uses fixed parameters for tractability and clarity in 
balancing cost and quality, future work might introduce 
uncertainty, such as supplier delays, quality variability, and 
inventory risks, to better reflect real-world conditions. 
Adding these stochastic elements would strengthen the 
model’s resilience and broaden its use in dynamic 
construction settings. Third, the current model assumes a 
uniform fleet of transport vehicles to keep the formulation 
straightforward; subsequent studies could include 
heterogeneous fleets with varying capacities, costs, and 
availability to better reflect actual logistics challenges. 
Moreover, future studies using large-scale instances or 
approximate multi-objective algorithms may evaluate Pareto-
set quality by reporting hypervolume, spacing, or other 
frontier-quality indicators. 
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