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Over 48% of the world’s energy is consumed by buildings in their construction and operation alone, which add to over 39% of global carbon emissions. In addition, the building sector generates over 569 million tons of waste every year within just the United States. Reducing the environmental impacts and construction waste generated by buildings has, therefore, become a concerning global issue. Very few studies have addressed how site logistics planning may impact construction resource use on a site and how it may affect a project’s embodied energy. Site logistics plans control the sequencing of labor, materials, and equipment. Inefficient plans may lead to rework, material damage, and waste generation, requiring additional materials to complete the same task, which eventually increases the embodied energy of a project. In this study, we investigated, identified, and ranked site logistics-related factors that may affect the amount of resources used in a construction project. The Delphi Method is applied to determine, verify, and rank these factors to help improve existing methods of site logistics planning from an embodied energy perspective. Results show that the installer’s skill, technology/equipment, prefabrication, planning and forecasting, and material movement are among the top influential site logistics-related factors that may help reduce construction waste. Considering these factors while developing the site logistics plan will help lower the energy and carbon footprint of a construction project.
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INTRODUCTION
A major portion of the world’s natural resources (48%) is consumed by buildings during their life span, making the construction industry a main target for the global sustainability agenda (Cabeza et al., 2014). Therefore, building professionals are constantly looking for ways to construct energy-efficient buildings, while attempting to lower cost and maintain quality. Commonly used approaches to improve the energy performance of a building involve changing building design features (e.g., material choices, fenestration areas, interior layouts, etc.) or installing energy-efficient systems (Venkatraj et al., 2020). Literature shows that efforts to reduce energy consumption predominantly focus on the design and operation phase of a project, while the energy expenditure that occurs during the construction and demolition phase is seldom considered. More specifically, not much emphasis is given to evaluating environmental impacts caused by improper construction planning (Formoso et al., 1999).
Construction managers are responsible for managing resources such as construction material, labor, and equipment; their proper sequencing is key for construction planning. Ultimately, the success of a project critically depends on construction planning, since it provides a set of guidelines to construct a quality building on time, within budget, and without safety incidents. In most cases, the lack of proper planning and management generates massive amounts of construction waste (Formoso et al., 1999; Ajayi et al., 2017). According to the Environmental Protection Agency (EPA, 2017), nearly 569 million tons of construction and demolition (C&D) waste was created in 2017 in the United States. On a yearly basis, the magnitude of C&D waste generated is greater than twice the amount of municipal solid waste (MSW) generated. MSW, or trash, comprises everyday commodities, articles, or items that consumers usually discard (e.g., food waste, packaging waste, electronic waste, yard trimmings, etc.). Most MSW definitions do not include industrial, medical, or C&D waste (EPA, 2017). Therefore, the efficiency with which construction resources are transported, handled, stored, and used on the construction site may influence a project’s energy consumption, as each resource contains embodied energy (EE). EE represents the sum of direct and indirect energy used in construction materials and processes during the construction of a building (Dixit, 2017). During the process of initial construction, EE is used directly in the processes of onsite construction, transportation, fabrication, and administration, and indirectly through building materials, assemblies, and equipment (Dixit, 2017). The EE used in initial construction is termed initial embodied energy (IEE). On average, over 90% of the IEE can be attributed to building materials (Dixit, 2017). Because construction planning governs how well construction tasks have been planned and managed, it influences this resource-based energy consumption (IEE) on construction sites.
Nowadays, owners are interested not only in the schedule and cost of construction projects but also in the overall environmental performance and life cycle management of a building. To improve energy performance during the construction phase, we need to holistically reduce EE, specifically IEE. In this study, we identify site logistics factors that influence material usage on construction sites, eventually affecting the IEE of construction projects. We applied the Delphi method to determine, verify, and rank these site logistics-related factors to help improve existing methods of site logistics planning from an energy perspective. The results of the study would potentially help understand how site logistics planning could be geared towards reducing resource use to enhance the fields of Life Cycle Assessment (LCA) of buildings and lean construction. The results may also enable developing computational algorithm to optimize a site logistics plan for reduced material damage, rework, and construction waste.
The manuscript is organized in seven main sections. The first section of Background offers the current state of research to understand a need to identify factors that may influence and cause the problem of material damage, rework, and waste on a construction site. This section leads to the Problem Statement and Research Goal section that explains the main goal and research objectives to address this problem. Section 4 of Research Methods provides a step-by-step process from identifying an initial list of site logistics factors through literature review, selecting participants, to completing Delphi iterations. Results of the study are presented in the fifth section and discussed in the sixth section of Discussion. Finally, key conclusions and future research directions are offered in the seventh section.
BACKGROUND
Site Logistics
Logistics deals with the overall process of planning, coordinating, and executing several tasks related to the purchase, supply, storage, transportation, maintenance, and handling of resources such as materials, labor, and equipment (Regassa, 2015; Magill et al., 2020). Implementing this idea on a construction site requires great skill and a deep knowledge base. In construction, logistics mainly refers to the movement of materials and construction equipment on-site. Additional factors that play an important role in efficiently managing construction resources on-site include material procurement, handling, and storage (Tunji-Olayeni et al., 2017; Misron et al., 2018). A successful site logistics plan needs significant amounts of pre-planning and coordination between various trades and is, therefore, considered a complicated task (Tunji-Olayeni et al., 2017). Inefficient site logistics plans generate large amounts of waste and material losses, subsequently leading to time and cost overruns (Tunji-Olayeni et al., 2017; Misron et al., 2018). Ogundipe et al. (2020) identified 25 factors that hamper the full exploitation of the benefits of effective building materials management (EBMM), most of which relate to improper material handling and inefficient site logistics. Owolabi et al. (2021) also discussed how improper material management through poor construction site logistics planning could produce not just material waste but also time and cost overruns.
Construction Site Layout Planning
Construction site layout planning (CSLP) is a subset of project planning. An optimal CSLP improves project productivity and the level of safety on a construction site. Several practitioners and researchers, therefore, believe that an effective CSLP is of great importance to finish a construction project successfully (Ning et al., 2010; Misron et al., 2018; Magill et al., 2020). As we already know, because construction activities are usually performed in sequential or parallel stages, the late completion of a construction task can affect the start time of the next task. For example, poor weather conditions, moving equipment/labor, improper packaging, using improper equipment to offload material, poor staging conditions, or improper staging placement, may damage construction materials stored on-site (Ying et al., 2014; Misron et al., 2018). As a result, the material may require reordering, thus not being available for the workforce in a timely fashion. This highlights the importance of properly managing material logistics on a construction site (Misron et al., 2018; Owolabi et al., 2021). The field of lean construction directly connects CSLP to material and resource use, thereby linking CSLP to a construction project’s environmental impacts (Ghanem et al., 2018; Francis and Thomas, 2020). Utilizing innovative lean construction techniques such as just in time (JIT) to develop an efficient material logistics strategy minimizes the loss of material, time, and cost (Francis and Thomas, 2020). The JIT system was promoted in the early 1950s by the Toyota Motor Corporation to improve productivity in the manufacturing sector. Cars manufactured using this system were of better quality, highly reliable, and reduced the costs of maintaining inventory (Pheng and Hui, 1999). In fact, unnecessary and excessive use of resources such as material, equipment, and labor due to poor and inefficient site logistics layout and planning is considered a type of waste in lean construction theory (Francis and Thomas, 2020). Studies such as Lota and Trivedi (2020) connected lean construction and resulting environmental benefits to site logistics planning and layout and explored Building Information Modeling (BIM) to visualize and model space and route constraints, safety, and progress monitoring and reporting to reduce different type of waste defined by the lean construction theory. Some studies (e.g., Tetik et al., 2021) explored emerging lean constructs of material kitting to simplify construction site logistics, particularly relating to material handling and generate savings of materials as well as time and cost. Studies (e.g., Misron et al., 2018; Owolabi et al., 2021; Popoola et al., 2018) suggest that using a similar system as JIT to manage material logistics on construction sites would be extremely beneficial. An effective CSLP helps practitioners determine the set of activities that must occur in a certain sequence to avoid disrupting on-site work. This allows the project team to efficiently and safely maneuver people, mobilize equipment, and store/transport material. In addition, the CSLP also enables the project team to critically evaluate current issues and forecast the projects’ progress (Ning et al., 2011). A CSLP, therefore, may impact not just the use and waste of construction resources but IEE as well. Studies such as Whitlock et al. (2021) and Magill et al. (2020) explored how 3D and 4D Building Information Modeling (BIM) can help computationally optimized construction logistics management (CLM) to gain efficiencies of material handling, equipment use, and labor productivity, all of which can help save resources potentially leading to saving embodied impacts. The planning, layout, and management of construction site logistics can significantly affect the onsite use of construction resources (Popoola et al., 2018).
Rework in Construction Projects
Rework refers to re-doing a specific construction task that was previously carried out in an incorrect manner (Mahamid, 2020). The incidence of rework in construction projects is inevitably associated with cost and time overruns (Love et al., 2002; Popoola et al., 2018; Luangcharoenrat et al., 2019). Previous research shows that the overall cost of rework is between 2 and 3% of the contract value (Love et al., 1999). The general causes of rework include lack of skilled labor, variability associated with missing or inconsistent information, non-compliance with specification requirements, lack of supervision, lack of efficient relationships between construction phases, and change to the project scope (Mall, 2019; Lota and Trivedi, 2020; Mahamid, 2020). It is important to note that no studies discuss the concept of rework or have a clear definition from an industrial engineering standpoint. Moreover, limited discourse exists concerning the techniques used to measure rework.
Construction Waste
Construction waste is caused by inefficient use of equipment, manpower, resources, or capital (Fini and Forsythe, 2020; Correia et al., 2021; Luangcharoenrat et al., 2019; Formoso et al., 1999). It is defined by the Building Research Establishment as “the difference between materials ordered and those placed for fixing on building project” (Al-Hajj and Hamani, 2011). This includes material losses and carrying out unnecessary construction tasks/rework, which increases the project cost but adds no real value to the final product (Formoso et al., 1999; Luangcharoenrat et al., 2019). This also adversely influences a construction project’s IEE. Al-Hajj and Hamani (2011) also discussed other wastes in terms of time and values; anything that does not add value to a project can be considered waste in lean construction (Lota and Trivedi, 2020). Over the last few decades, lean strategies frequently have been implemented to reduce or eliminate waste (Nahmens and Ikuma, 2012). Ohno and Bodek (1988) defined seven types of waste that lean construction has adopted: Overproduction, Conveyance, Inventory, Correction, Processing, Motion, and Waiting. Case studies on lean construction report these seven manifestations in the production of buildings. Koskela (2004) observed that the first five types of waste refer to the flow of material, while the remaining relate to human work. Discrete waste, that is, material waste, is classified by type, weight (Gavilan and Bernold, 1994), volume (Alwi et al., 2002; Ekanayake and Ofori, 2004; Luangcharoenrat et al., 2019), and cost (Love et al., 1999; Love and Li, 2000), and it exists at the task level (Fernandez-Solis and Rybkowski, 2015). Task refers to a construction-related activity, such as pouring a concrete foundation or installing plumbing systems. Task-level metrics are used by contractors to measure the output and time taken (labor hours) to complete a task. The National Research Council (National Research Council, 2009) states that task-level metrics are utilized to determine the workforce’s performance on a daily or weekly basis. These evaluations enable contractors to quickly identify and resolve issues on active projects, and ultimately, reduce the amount of waste generated. In a recent study, Luangcharoenrat et al. (2019) conducted a review of literature to identify 28 causes of construction waste under four categories, three of which (materials and procurement; construction methods and planning; and human resources) cover factors relating to site logistics. Magill et al. (2020) examined the role of 4D Building Information Modeling (BIM) in achieving integrated construction supply chain logistics (ICSCL) to avoid clashes of onsite material management, stage out areas, and plan and equipment management for not just time and quality efficiency but also environmental benefits.
Construction Waste Management
The construction industry is plagued by massive amounts of construction waste (CW) generated each year (Udawatta et al., 2015; Park and Tucker, 2017). According to the United Kingdom’s Department for Environment Food and Rural Affairs report (DEFRA, 2013), the construction industry contributes 44% of the waste that ends up in a landfill, whereas commercial and domestic industries generate waste as low as 14 and 13%, respectively. This huge proportion of construction waste has prompted governments around the world to implement waste management strategies that would reduce the generation of CW and prevent the “garbage siege” phenomenon (Tan, 2011). In addition, several legislative and fiscal provisions as well as substantial research efforts are focused on developing policies to help mitigate construction waste (Ajayi et al., 2017). Measures to reduce waste may include logistics management, supply chain management, modern construction methods, and training and incentivizing, most of which are related to site logistics planning (Al-Hajj and Hamani, 2011). Despite these efforts, the amount of waste generated by construction activities continuously increases (Ajayi et al., 2015). Ding et al. (2016) created a dynamic framework to effectively reduce and manage CW during the construction phase of a project. Their study showed that implementing the waste reduction framework reduced waste generated by nearly 27%. Few sources of CW generated on a construction site include material losses due to design modifications or detailing errors, packaging waste, and damaged materials. Waste minimization design (WMD) is a widely adopted strategy to holistically reduce waste (Baldwin et al., 2009). Al-Hajj and Hamani (2011) discussed the concept of advanced Material Logistics Plan to reduce waste on construction sites. Correia et al. (2021) explored barriers that impede the adoption of the Reverse Logistics (RL) process to minimize construction waste and enhance reuse and recycling for moving products back to the vendors or manufacturers. Likewise, Fini and Forsythe (2020) researched construction logistics-related barriers to reusing and recycling waste from office fit-out demolition.
Influence of Site Logistical Factors on Embodied Energy
To understand EE, one must first understand the concept of building life cycle energy (LCE). The total building LCE includes embodied and operating energy (Crowther, 1999; Ding, 2004; Venkatraj et al., 2020; Pradeep Kumar et al., 2022). EE is consumed during the process of construction, whereas operating energy is consumed to maintain thermal comfort within the building (Venkatraj et al., 2020; Pradeep Kumar et al., 2022). To elaborate further, EE is sequestered in all building materials/products as well as processes of procuring/mining raw materials, product manufacturing, construction, building maintenance during use, and final demolition (Dixit et al., 2010; Venkatraj et al., 2020; Pradeep Kumar et al., 2022). Buildings are constructed using different kinds of materials and each of these materials consumes energy during the life cycle phases of production, operation, and demolition. Based on these life cycle phases, EE can be segregated into initial embodied energy (IEE), recurrent embodied energy (REE), and demolition energy (DE) (Venkatraj and Dixit, 2021). IEE is consumed by the material/product manufacturing processes, including the mining of raw materials, production, fabrication, and transporting the final product to the construction site (Dixit et al., 2010; Dixit and Singh, 2018). REE is consumed by processes associated with building maintenance, repair, replacement, and refurbishment during their useful life (Dixit, 2019; Venkatraj and Dixit, 2021). DE is the net energy consumed to deconstruct the building and dispose of the waste (Dixit et al., 2010).
The IEE of a construction project consists of direct and indirect energy components (Dixit et al., 2010; Dixit, 2019). Direct energy is used by processes such as construction, manufacturing, product delivery, and administration, whereas indirect energy is consumed through construction materials/assemblies, or other building systems installed in the building. The management of resources on a construction site affects both the direct and indirect aspects of IEE. For example, proper construction planning can prevent 1) rework that requires additional energy in terms of labor, management, administration, etc (direct energy), and 2) the use of additional material (indirect energy) to complete a specific construction task (Popoola et al., 2018; Luangcharoenrat et al., 2019; Mall, 2019). Therefore, the efficient use of resources would help reduce the IEE of a construction project. In this paper, we study factors relating to site logistics that may influence IEE.
PROBLEM STATEMENT AND RESEARCH GOALS
Our review of the literature revealed that site logistics planning may influence the use of construction resources ultimately affecting IEE. However, there is little research on site logistics factors that may influence the use of construction materials responsible for over 90% of the IEE of a building. Such an investigation is essential to help understand how construction planning can be geared toward reducing construction resource use and the overall LCE of a construction project. The goal of this study is to enable IEE reduction by efficiently managing construction resources on a job site. This goal will be achieved by the following two research objectives:
• Identify factors relating to site logistics planning that may help reduce the amount of construction materials used in a project.
• Determine and analyze the rank of these factors in terms of their influence on onsite material and resource use.
• Discuss the implied relationship of these factors to construction projects’ embodied energy impacts, particularly the initial embodied energy (IEE).
RESEARCH METHODS
This study was conducted in three stages: 1) literature review; 2) data collection using the Delphi method; and 3) data analysis as described in the subsequent sections.
Literature Review
To identify relevant literature, we first defined the research question and determined the scope of our study (Figure 1). Following this, keywords such as construction waste, waste minimization, material damage, construction rework, embodied energy, site logistics, material movement, Delphi method, etc., were entered into the Google Scholar search engine. In addition, we also used the Texas A&M University library and the ASCE library to collect related information. This search helped us collect peer-reviewed journal and conference papers, government reports, and other technical documents. Inclusion and exclusion criteria were developed by accounting for the research questions. We included studies that focus specifically on construction sites. Furthermore, the articles for the literature review were selected based on text availability, language, article type, and date of publication. As a result, articles focusing on time wastage, cost wastage, and design factors were excluded. Eventually, we shortlisted 13 relevant articles as described and listed in Table 1.
[image: Figure 1]FIGURE 1 | Systemic literature review framework (adopted from Hurwitz et al., 2016).
TABLE 1 | Site logistics factors identified by the corresponding study.
[image: Table 1]Data Collection Using Delphi Method
Delphi Method
This study applied the Delphi method to identify and rank site logistics planning factors that may influence EE. The Delphi method draws from expert opinions on a topic under study to seek consensus through an iterative process involving 2-3 rounds of discussions/data collection. To successfully achieve a reliable consensus, we engaged a panel of 28 experts through the Delphi technique. The expert panel consisted of construction professionals with varying levels of education, industry experience, and positions. In the context of this paper, the term “expert” indicates a person who is knowledgeable or skillful in the construction domain. These members participated in three rounds of a structured questionnaire survey. Due to limited time availability, the questionnaires were administered to the panelists via either email or telephonic interviews. The responses from the panelists were also collected using the same approach. After each round, the survey facilitator prepared a summary of participant responses collected in the round. The participants’ anonymous opinions were distributed before the next round of the survey to provide participants with the opportunity to refine and finalize their previous responses based on their review of the administered summary. The main intention of this process was to help participants reach consensus regarding the correct response. When using the Delphi technique, this process continues either until the completion of a certain number of rounds or a unanimous decision is made (Hallowell and Gambatese, 2010). Our literature review showed that very few studies in the construction practice domain have utilized the Delphi method. According to Sourani and Sohail (2015), the lack of awareness, proper guidelines, and detailed explanation of how the Delphi method operates impede its application in construction-related research. The following four steps were applied:
Step 1: Selecting Delphi Panelists: Potential participants with at least 5 years of industry experience from different construction companies were contacted through emails and phone calls and asked to participate in the two or more rounds of the Delphi process. The members of the panel were carefully selected based on their qualifications, years of professional experience, and varying backgrounds to ensure minimal bias. Hallowell and Gambatese (2010) developed an expert evaluation system that can be used to determine whether an individual can be qualified as a panel “expert.” According to their system, an individual must score a minimum of 11 points to qualify as an “expert.” We utilized a similar expert evaluation system to select qualified individuals to participate in our study; Table 2 lists selection criteria and points used to select the panel. The characteristics of the 28 Delphi expert panelists are presented in Table 3. Since the focus of the study was on construction sites, we limited the expert panel to industry professionals. While selecting participants, we assumed that panelists may not have a complete understanding of embodied energy. In other words, participants’ opinion was directly linking site logistics factors to material damage, rework, and waste. The linkage of material damage, rework, and waste to embodied energy was implied and not directly expressed by the participants.
TABLE 2 | Expert Evaluation System.
[image: Table 2]TABLE 3 | Industry Expert Characteristics.
[image: Table 3]Step 2: Determining the number of Delphi rounds: The purpose of administering several Delphi rounds is to reach a consensus amongst the members of the expert panel (Sourani and Sohail, 2015). This iterative approach of utilizing controlled feedback is known to improve the accuracy of the judgment (Hallowell and Gambatese, 2010). Our review of the literature did not provide conclusive guidelines to determine the optimal number of Delphi rounds. Although previous studies show that Delphi expert panelists often reach the desired consensus after either two or three rounds (Chan et al., 2001; Hallowell and Gambatese, 2010; Ameyaw et al., 2016), having three rounds helps collect different viewpoints as well as enough justifications for each response (Hallowell and Gambatese, 2010). Consequently, we conducted three Delphi rounds in this study.
Step 3: Determining the number of Delphi panelists: Existing literature does not offer significant direction for ascertaining the number of Delphi panelists. From the 66 construction-related research articles Ameyaw et al. (2016) reviewed, 41 studies involved 8 to 20 panelists. The main difference between the Delphi approach and other traditional statistical survey methods is that the former relies on responses given by experts in the field, whereas the latter utilizes a representative sample of the entire population. Since the Delphi technique considers expert opinion, it is considered to yield more accurate results in comparison to other statistical methods (Kirun and Varghese, 2015). In this study, the panel size decreased from 28 in Round I to 25 and 21 in Rounds II and III, respectively.
Step 4: Applying the Delphi method: Delphi method was applied in the following three rounds:
Round I: From the literature, we first identified a list of 9 site logistics factors that cause material waste and damage on construction job sites, and eventually influence IEE. We also conducted open-ended interviews with the experts to 1) include a broader perspective on the issue, and 2) improve the site logistics factors list. Eventually, we made no changes to the initial list of factors identified through the literature review. The panelists were asked for agreement on the 9 original choices, and for adding 4 additional factors, including installers’ skill, material movement, company culture, and finished material protection. These factors had the most frequent occurrence and were added to the original list, resulting in a total of 13 factors. This process took 27 days.
Round II: In this round, the panelists were asked to rank the level of importance of each site logistics factor based on their impact on material use and IEE. The questionnaire for Round II was developed based on the findings of the literature review and responses obtained in the first round. The questionnaire included two sections. The first section gathered demographic information such as professional background, gender, job title, and years of experience with the construction industry, whereas the second section collected the experts’ perspectives on the factors influencing site logistics planning. The survey was saved as a Word document and was administered using email and phone conversations. The experts participated voluntarily, and participant information collected during this survey process was kept confidential. Round II of the survey took 20 days to complete.
Round III: This round of the survey allowed the experts to reevaluate their responses from Round II. The questionnaire for this round was based on responses received in the second round. The feedback we received in Round II showed that it was impossible for the experts to differentiate the importance of the 13 factors. According to Miller’s law (1956), the limitations of average human memory allow an individual to compare only 7 ± 2 factors, simultaneously. This could be one reason the experts failed to distinguish the relative importance of the 13 factors. Accordingly, Round III was designed to investigate if the participants could reach consensus on the importance of a smaller number of factors. With this purpose in mind, the seven factors with the lowest mean ranks in Round II were selected for Round III. The participants were asked for agreement on these 7 factors being important site logistics factors. This round lasted for 15 days.
Data Analysis
The data obtained from the three Delphi rounds was analyzed to evaluate differences in the importance of the 13 site logistics planning factors. A Friedman Test was conducted to test the following null and alternative hypotheses:
H0∶ In the experts’ opinions, there is no difference in the importance of the 13 site logistics planning factors.
Ha∶ In the experts’ opinions, there is a difference in the importance of the 13 site logistics planning factors.
For a significance level of α (that is 0.05 in this study), if p-value ≤ α, the null hypothesis is rejected; otherwise, it is not rejected.
RESULTS
Delphi Questionnaire: Round I
The 28 participants were asked to remove unimportant factors from the original list provided in the questionnaire. Participants could also add up to 4 additional factors to the list. Table 4 shows the number and percentage of participants who removed each factor from or added to the original list. Since none of the 9 original factors were removed by at least 20% of the participants, all were retained. The 4 factors added by the highest percentage of participants were installer skill (57%), material movement (43%), company culture (39%), and finished material protection (36%). The fifth highest percentage belonged to defective materials which was added by less than 20% of participants. Accordingly, only the 4 factors with the highest percentages were added to the original list, resulting in a total of 13 factors.
TABLE 4 | Factors removed from or added to the original list provided in Round I.
[image: Table 4]Delphi Questionnaire: Round II
The 25 participants were asked to rank the 13 potential site logistics factors based on their importance. We utilized the Friedman Test to determine any difference in the importance of the 13 potential site logistics factors based on participants’ responses. The calculated results of this test show that χ2 (12) = 18.146, p = 0.111 (Table 5). Since the p-value > 0.05, we supported the null hypothesis (i.e.) that in the experts’ opinions, there were no differences in the importance of the 13 site logistics planning factors. Table 6 provides information regarding the mean rank of each factor.
TABLE 5 | Friedman test results.
[image: Table 5]TABLE 6 | Mean ranks of the factors considering all participants’ responses.
[image: Table 6]Furthermore, the entire analysis process was repeated for different subpopulations of the participants to explore potential subpopulation differences in the importance of the 13 site logistics planning factors. In one division, the participants were divided into the following two groups based on their years of experience: 1) seniors with years of experience ≥15 and 2) juniors with years of experience <15. The results of the Friedman test indicated no differences in the importance of the 13 site logistics planning factors from the seniors’ and juniors’ perspectives [χ2 (12) = 9.195, p = 0.686 for seniors and χ2 (12) = 15.712, p = 0.205 for juniors] (Table 5). Table 7 and Table 8 present the mean ranks of each factor given the seniors’ and juniors’ responses, respectively.
TABLE 7 | Mean ranks of the factors: seniors’ responses.
[image: Table 7]TABLE 8 | Mean ranks of the factors: juniors’ responses.
[image: Table 8]In another division, the participants were subdivided into two groups according to educational background: 1) holding a bachelor’s or a master’s degree; and 2) a high school diploma as the highest degree.
The results of the Friedman test indicated no difference in the importance of the 13 site logistics planning factors from the first and second groups’ perspectives [χ2 (12) = 11.458, p = 0.490 for the participants with either a bachelor’s or a master’s degree and χ2 (12) = 8.101, p = 0.777 for the participants with a high school diploma as the highest degree] (Table 5). Table 9 and Table 10 present the mean ranks of each factor given the first and second group’s responses, respectively.
TABLE 9 | Mean ranks of the factors: responses of the participants with a bachelor’s or a master’s degree.
[image: Table 9]TABLE 10 | Mean ranks of the factors: responses of the participants with a high school diploma.
[image: Table 10]Delphi Questionnaire: Round III
For Round III, the 7 factors with the lowest mean ranks (considering all participants’ responses) were selected (Table 6). The participants were asked for agreement on these 7 factors are important site logistics factors. In this round, 21 participants completed the questionnaire, with 81% (17 of 21 participants) agreeing that all 7 factors are important site logistics factors. Two participants believed that “site conditions” must be removed from the list, and two other participants mentioned that “company culture” must be removed from the list; thus, all participants agreed with these 5 items -- installer skill, technology/equipment, prefabrication, planning and forecasting, and material movement -- being important site logistics factors. Moreover, two participants believed that “government regulations” should be added to the list and another participant mentioned that “material packaging” should be added to the list.
DISCUSSION
The results of the literature review helped us initially identify 13 site logistics-related factors that influence the amount of construction material used in a project. These include 1) installer skill, 2) technology/equipment, 3) prefabrication, 4) planning and forecasting, 5) company culture, 6) site condition, 7) material movement, 8) material packaging, 9) superintendent experience, 10) on-site waste system, 11) government regulations, 12) weather conditions, and 13) finished material protection (Table 7). The impacts of these factors can be mainly observed across the three categories of resource use affected by site logistics: 1) material damage, 2) rework, and 3) construction waste. Not all factors influence all three categories. For instance, the installer’s skill may affect all three: material damage, rework, and material waste. Certain installers may carry out a construction task incorrectly due to either the lack of knowledge or skill, which may result in material damage as well as wastage. Moreover, the construction task needs to be re-done accurately, which may involve reordering the required materials. In such cases, the material needed for rework may not be available in a timely fashion, thereby impacting the overall project progress. Similarly, factors such as technology/equipment, prefabrication, planning and forecasting, superintendent experience, and site/weather conditions, have an impact across all three categories of site planning. Other factors such as material movement and material packaging may only impact material damage and construction waste (material damage due to improper storage or handling) categories, whereas other factors such as company culture and on-site waste systems may address construction waste more than the other categories.
Reducing material waste on construction sites is considered a major challenge. As elaborated earlier, waste mainly occurs due to poor logistics and inefficiencies in material procurement. Based on our survey results, we found that installer skill is an important site logistics-related factor affecting the amount of construction material used in a project. As we already know, the competency of the installer affects both productivity and overall quality of the project. Installer inability often extends the end time of a specific task, thereby delaying the start time of the next task. The study conducted by Tunji-Olayeni et al. (2017) further corroborates the findings of our study, listing site logistics-related factors such as technology/equipment and prefabrication as crucial factors.
Several studies have indicated that the EE of a construction project can be reduced by design improvements. However, our study shows that a portion of EE is also impacted by site logistical planning. Handling construction activities efficiently helps lower the amount of material and construction resources used in a project. For instance, an effective CSLP can be extremely beneficial in reducing EE spent on processes such as material manufacturing, labor, transportation of materials, administration, etc. Furthermore, rework and material damage have detrimental implications for the IEE of a project since these require additional material to complete a specific construction task. Therefore, developing an efficient site logistics plan is critical for reducing not just the overall EE of a construction project, but embodied carbon as well. This could help lower the overall energy and environmental footprint of the construction sector.
This paper identified and ranked factors related to site logistics that may impact onsite material damage, rework, and construction waste. The results of this study add new knowledge in three key areas. First, the results explain how site logistics and its planning may impact material consumption and indirectly affect the initial embodied energy (IEE) of a construction project, improving the current understanding of embodied energy analysis. Second, the findings enhance the knowledge base of the field of lean construction by linking a site logistics plan to onsite resource use and waste. This makes the case of efficient and effective project planning more compelling for environmental and business benefits. Third, the identified factors can be integrated into a computation algorithm such as the ant colony algorithm to optimize a site logistics plan for the efficiency of construction operations.
The results of this study may be limited to the state of Texas from which the participants were selected. These may not be generalized to the national and global levels. The relationship of material use and waste to embodied energy is not directly expressed by the participants. It is rather implied by the authors on the basis of the fact that reducing material damage, rework, and waste will lead to saving embodied impacts of construction.
CONCLUSION
Following a rigorous literature review, this study applied the Delphi method to identify and rank site logistics-related factors that impact the amount of resources used on a construction site. The results indicate that the installer’s skill, technology/equipment, prefabrication, planning and forecasting, and material movement are five important site logistics-related factors that help minimize construction waste. This knowledge is essential to enable construction professionals to develop a more comprehensive site logistics plan that would play a crucial role in a project’s success in terms of business benefits as well as environmental quality. Addressing these factors during the preconstruction phase could potentially help reduce construction waste and the IEE associated with it, not to mention a proportional reduction in carbon emissions. These factors can also be used to develop computational algorithms such as ant colony optimization or multi-objective genetic algorithms to optimize, for instance, the movement and staging of materials, assemblies, equipment, and labor that may generate profound benefits in terms of profit, safety, and a lower energy and carbon footprint. Although this study was limited to the state of Texas, future research could: 1) include a larger and broader population by increasing the number of participants; 2) cover most states of the United States to make results generalizable to the national level; and 3) expand the pool of participants to include research scholars working in the fields of project management, Life Cycle Assessment, lean construction, and industrial ecology.
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~Ordering errors

—~Over/under ordering

~Waste from uneconomical shapes
~Lack of onsite materal control
—~Double handing of materials
—~Poor workmanship

~Lack of onsite material control
—Damage caused by subsequent trades
~Offeuts

—Poor planning and scheduling

~Lack of trade skils

—Poor site layout

—Poor equipment choice or ineffective
equipment

~Over ordering

~Untidy construction sites.
~Poor handiing

—~Over ordering

~Method of material packaging
~Prefabrication

—~Overconsumption of resources

~Material damage on site due to mishandiing
or careless delivery

~Rework

—Materials availability

Survey respondents/participants

85 contractors participated from Abuja, Nigeria

62 participants belonging to the Gauteng and Western Cape provinces of
South Afica. 87.1% of the participants worked with a contractor's fim

102 individuals completed the questionnaire survey; 40% were project
site managers, 20% were site managers and 10% were contract
managers. Nearly 84% of participants had more than 5 years of
professional experience

84 participants from China completed the questionnaire survey. The
participants included government officials, designers, contractors, and
engineers. In addition, 17 project representatives were interviewed to
collect data on waste generation

31 construction professionals participated in an interview survey.
Participants included project managers, architects, surveyors, and
engineers with 10-25 years of experience

A questionnaire survey was administered to 354 construction
practitioners located in Hong Kong. Only 84 individuals participated in the
survey process; 28% were experienced engineers, 21% were architects
and 18% were buiders

7 construction professionals were intenviewed to identify factors that
contribute to construction waste generation. These professionals
included engineers, surveyors, and directors with 11-30 years of work
experience

N/A

A questionnaire survey was administered to gather responses from
consultants and contractors located in Nigeria. 86 individuals responded
to this survey

500 questionnaires were administered; 306 contractors located in
Malaysia responded to the survey. The majority of these contractors
belonged to the executive-level

207 questionnaires were administered; 159 responded. After screening
the responses, only 128 responses were sitabie for use. The participant
population consisted of site engineers, project managers, site managers,
andiforemen. Most respondents (66%) had 3-6 years of work experience

Direct observations were made from the construction sites. Interviews
with construction workers and site engineers provided further insight
regarding the construction waste generated on-site

80 questionnaires were distributed; 78 were usable. The participant
population consisted of builders, architects, surveyors, and engineers.
50.66% of the respondents had 0-5 years of work experience
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